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Preface 

Membrane traffic is a broad field that studies the complex exchange of membranes 
that occurs inside the cell. Protein, lipids and other molecules traffic among 
intracellular organelles, and are delivered to, or transported from the cell surface by 
virtue of membranous carriers generally referred as “transport intermediates”. These 
carriers have different shapes and sizes, and their biogenesis, modality of transport, 
and delivery to the final destination are regulated by a multitude of very complex 
molecular machineries, which include cytoskeletal elements, signaling complexes, and 
lipid modifying enzymes to name a few. A concept that has clearly emerged in the last 
decade is that each membrane pathway does not represent a close system, but is fully 
integrated with all the other trafficking pathways. The precise coordination and 
balance of membrane trafficking is an absolute requirement to ensure the correct 
functioning of the cell. The aim of this book is to provide the reader with a general 
overview of the extent of the crosstalk among the intracellular membrane pathways. 

Although this book is far from being exhaustive, it conveys some of the novel ideas 
and directions in the membrane trafficking field through a combination of review, 
research, and technical articles. The book is organized in a series of chapters that will 
“transport” the reader from the endoplasmic reticulum, where proteins and lipids are 
synthesized, to the plasma membrane, where molecules are either delivered or 
internalized via endocytosis. Some of the basic steps of the secretory pathway are here 
reviewed, such as the transport of cargo molecules from the ER to the Golgi apparatus, 
the sorting of transport intermediates at the Trans-Golgi Network, and the delivery of 
secretory vesicles to the plasma membrane. Several new aspects have been 
highlighted: for example, a novel role for lipids as receptors which drive protein 
sorting, the diversity of the sorting events that occur at the level of the Golgi 
apparatus, and the cross talk between exocytosis and autophagy. Moreover, an 
interesting example of how the knowledge of these pathways is exploited to generate 
novel secretory routes to direct the synthesis of bio-molecules in “cell factories” is 
discussed. This journey continues with an introduction to the events originated from 
the plasma membrane and their relationship to exocytic and signaling pathways. This 
area is particularly important since the precise coordination of these processes is 
fundamental in regulating events that affect cell motility, proliferation, and cell 
division, whereas their imbalance leads to pathological outcomes, such as cancer or 
degenerative diseases.  
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Semi-Intact Cell Systems – Application  
to the Analysis of Membrane Trafficking 

Between the Endoplasmic Reticulum and the 
Golgi Apparatus and of Cell Cycle-Dependent 

Changes in the Morphology of These Organelles 
Masayuki Murata and Fumi Kano 

The University of Tokyo 
Japan 

1. Introduction 
The endoplasmic reticulum (ER) and the Golgi apparatus both maintain their specific 
morphology, composition, and function in spite of the exchange of proteins and lipids 
between the two organelles through membrane trafficking. The morphology of the Golgi 
apparatus is closely linked to the balance between anterograde (ER-to-Golgi) and retrograde 
(Golgi-to-ER) transport. It has been reported that the inhibition of anterograde transport 
leads to the redistribution of Golgi components to the cytoplasm or the ER (Storrie et al., 
1998; Ward et al., 2001; Miles et al., 2001). Inhibition of anterograde transport at the onset of 
mitosis also results in the relocation of Golgi enzymes to the ER (Zaal et al., 1999; Altran-
Bonnet et al., 2006), although it is controversial as to whether the Golgi becomes integrated 
with the ER or whether they remain separate throughout mitosis (Lowe and Barr, 2007). 
Thus, in living cells, the rates of anterograde and retrograde transport between the two 
organelles appear to have a substantial effect on the morphology of the Golgi. The effect of 
the balance between anterograde and retrograde transport on the morphology of the ER 
remains to be explored. Recently, increasing evidence has suggested that alteration in Golgi 
morphology during mitosis is not a passive process but rather an active one, which is highly 
coordinated with entry into mitosis and its progression. On the basis of the concept that cell 
cycle-dependent membrane trafficking between the ER and Golgi during mitosis should be 
tightly coupled with the changes in their morphology, it will be important to elucidate the 
cell cycle-dependent regulation of membrane trafficking to understand the morphological 
changes in more detail. 

However, in general, investigation of morphological changes in the Golgi and ER during 
mitosis is hampered by the fact that it is difficult to observe the precise morphology of 
organelles in mammalian cells during mitosis by light microscopy due to the round shape of 
the cells. The perturbation of the distinct characteristics of the two organelles during mitosis 
makes it difficult to analyze the efficiency of membrane trafficking between the organelles 
using quantitative microscopic methods, such as fluorescence recovery after photobleaching 
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(FRAP), etc. In addition, the fact that concerted morphological changes occur in the 
organelles simultaneously and transiently in a single cell during mitosis makes it extremely 
difficult to dissect these changes morphologically and biochemically. The analysis is 
complicated further by the asynchronous progression of the cell cycle in individual cells.  

Herein, we describe a novel method that addresses the above-mentioned problems, namely, 
a semi-intact cell assay coupled with green fluorescence protein (GFP)-visualization 
techniques. By using the semi-intact cell system, we can observe the morphological changes 
that occur in “preexisting” organelles during mitosis more easily, and, at the same time, can 
investigate the effects of exogenously added antibodies, drugs, and recombinant proteins on 
the process. By reconstituting cell cycle-dependent morphological changes in organelles 
using interphase or mitotic phase cytosol, we can dissect processes that occur in an 
orchestrated manner in the cells, morphologically and biochemically, into elementary 
reactions, and investigate the biochemical requirements for each reaction. 

2. Semi-intact cell assays 
Semi-intact cells are cells whose plasma membrane has been permeabilized with detergent 
or toxins, and can be referred to as “cell-type test tubes” (Fig. 1). We use a bacterial pore-
forming toxin, streptolysin O (SLO), to permeabilize the cells. At 4℃, SLO binds to 
cholesterol in plasma membranes. At warmer temperatures, SLO assembles to form 
amphiphilic oligomers, which results in the generation of small, stable transmembrane 
pores (Bhakdi et al., 1985). SLO-induced pores are approximately 30 nm in diameter, which 
is sufficiently large to allow immunoglobulin to enter into the cells (immunoglobulin G: 150 
kDa). Protein complexes that are larger than immunoglobulin, such as homo- or hetero-
oligomers, can enter the cells through the pores as individual subunits, and the complexes 
are reconstituted inside the semi-intact cells. After permeabilization, almost ~80% of the 
cytosol flows out through the pores into the medium. However, despite this loss of cytosol, 
the relative intracellular configuration of the cytoskeleton and organelles or between 
independent organelles can be maintained because damage to the membranes of the 
intracellular organelles caused by entry of SLO into the semi-intact cells can be minimized 
by washing away any excess SLO at 4℃ before pore formation is initiated. In contrast, it is  

 
Fig. 1. A scheme of semi-intact cell assay 
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difficult to avoid damage to intracellular structures when cells are permeabilized with 
digitonin, a well-known pore-forming toxin, because digitonin-induced permeabilization is 
insensitive to temperature.  

By exchanging cytoplasmic proteins with exogenously added proteins, antibodies or cytosol 
that has been prepared from cells at distinct stages of the cell cycle or differentiation, or from 
disease states, we can modulate the intracellular environment and reconstitute various 
physiological phenomena in semi-intact cells. The semi-intact cell method was originally 
established by Dr. Simons’ group to study polarized vesicular trafficking in Madin-Darby 
canine kidney (MDCK) cells (Ikonen et al., 1995). We have refined the method by coupling it 
with GFP-visualization techniques and have established many types of assay for cell cycle-
dependent changes in organelle morphology and membrane trafficking. Using our 
analytical system, we can manipulate intracellular conditions and then observe the resulting 
morphological changes in GFP-tagged organelles by fluorescence microscopy. In addition, 
we are able to dissect complex reaction processes in cells on a morphological basis and to 
investigate the biochemical requirements and kinetics of each process, for example the 
vesicular transport between the ER and the Golgi during mitosis. In particular, the 
maintenance of the integrity of the organelles and their configuration in the semi-intact cells 
enables us to analyze membrane trafficking in as intrinsic environment as possible. 

3. Reconstitution of Golgi disassembly by mitotic cytosol in semi-intact cells 
Disassembly of the Golgi during mitosis is a dynamic and highly regulated process, and is 
required for an equal partitioning of Golgi membranes into the two daughter cells. To 
investigate the biochemical requirements and kinetics of Golgi disassembly during mitosis, 
we reconstituted the process by adding mitotic cytosol prepared from Xenopus eggs to semi-
intact cells and visualized it with GFP-tagged proteins (Kano et al., 2000). To this end, first, 
we produced the stable transfectant MDCK-GT, which continuously expresses mouse 
galactosyltransferase (GT) fused with GFP (GT-GFP). GT-GFP has been used to study Golgi 
membrane dynamics in living cells and has been characterized in detail (Cole et al., 1996). 
Next, we prepared semi-intact MDCK cells, which had been grown on polycarbonate 
membranes, incubated them with various types of cytosol, and observed the resulting 
changes in Golgi morphology. In semi-intact cells incubated with Xenopus interphase 
extracts, the Golgi apparatus forms perinuclear, tubular structures, which are typical of the 
Golgi apparatus in MDCK-GT cells. By contrast, incubation with Xenopus egg (M phase) 
extracts causes the Golgi to disassemble and the fluorescence of GT-GFP diffuses completely 
throughout the cytoplasm (see Fig. 2A, stage III). The diffuse staining pattern of GT-GFP 
that is observed, and which corresponds to small heterogeneous vesicular structures, is 
typical of Golgi membranes in living mitotic MDCK-GT cells. 

Fluorescence microscopic observation of Golgi disassembly induced by mitotic cytosol in 
single MDCK-GT cells revealed that the disassembly process can be divided into three 
stages: stage I (intact), II (punctate), and III (dispersed) (Fig. 2). During stage I (intact), the 
tubular and stacked structures of a typical intact Golgi apparatus are observed in the 
perinuclear region through the apical to the middle part of the cells. During stage II 
(punctate), punctate Golgi structures are observed on mainly the apical side of the nucleus 
(Fig. 2A, stage II). These punctate structures are seldom seen in the basolateral cytoplasm. 
During stage III (dispersed), a diffuse staining pattern is observed throughout the cytoplasm  
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with GFP-visualization techniques and have established many types of assay for cell cycle-
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analytical system, we can manipulate intracellular conditions and then observe the resulting 
morphological changes in GFP-tagged organelles by fluorescence microscopy. In addition, 
we are able to dissect complex reaction processes in cells on a morphological basis and to 
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we produced the stable transfectant MDCK-GT, which continuously expresses mouse 
galactosyltransferase (GT) fused with GFP (GT-GFP). GT-GFP has been used to study Golgi 
membrane dynamics in living cells and has been characterized in detail (Cole et al., 1996). 
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that is observed, and which corresponds to small heterogeneous vesicular structures, is 
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Fluorescence microscopic observation of Golgi disassembly induced by mitotic cytosol in 
single MDCK-GT cells revealed that the disassembly process can be divided into three 
stages: stage I (intact), II (punctate), and III (dispersed) (Fig. 2). During stage I (intact), the 
tubular and stacked structures of a typical intact Golgi apparatus are observed in the 
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(Fig. 2A, stage II). These punctate structures are seldom seen in the basolateral cytoplasm. 
During stage III (dispersed), a diffuse staining pattern is observed throughout the cytoplasm  
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For the morphometric analysis, we divided the disassembly process into three stages based on the Golgi 
morphology: stage I (intact); intact perinuclear Golgi cisternae (A), stage II (punctate); punctate 
structures on the apical side of the nucleus (B), stage III (dispersed); highly dispersed Golgi membranes 
throughout the cytoplasm (C). Cells at each stage were observed by confocal microscope. The lower 
panel shows xy images in an apical region of the cells and the upper panel shows xz sectioning images. 
Bars:10 µm. In stage III cells, the relocation of Golgi component (GT-GFP) to the ER and nuclear 
envelopes was frequently observed in the apical region of the cells (D). Schematic model of Golgi 
disassembly was shown in cartoon. The morphological change in mitotic Golgi disassembly was 
dissected into two processes biochemically. The first process from stage I to stage II is mainly regulated 
by MEK1 and the second from stage II to stage III is mainly cdc2. In stage III Golgi, the vesiculated 
Golgi diffused throughout cytoplasm (dispersed) or the Golgi component (GT-GFP) was traslocated to 
the ER (ER). 

Fig. 2. Morphological dissection of the Golgi disassembly process in semi-intact cells.  

(Fig. 2A, stage III). Interestingly, in stage III cells, some GT-GFP appears to translocate to the 
ER/nuclear membranes (see the lower image in Fig. 2D). Electron microscopy confirmed the 
morphological differences in the Golgi apparatus between each stage. In particular, in stage 
II (punctate), small stacked cisternae are found in the apical region, but not in the basolateral 
region. The Golgi mini-stacks are 800 nm in diameter, and are associated with microtubules. 
Thus, the disassembly of the Golgi can be dissected into two processes morphologically (Fig. 
2): the first process is the transition from stage I to stage II and the second is the transition 
from stage II to stage III. 

Previously, two reports revealed that protein kinases, cdc2 and MEK1, are required for the 
Golgi disassembly process (Acharya et al., 1998; Lowe et al., 1998). However, the results of 
the two studies were not consistent with each other. We tested the effect of these two 
kinases on Golgi disassembly in semi-intact cells using mitotic cytosol that contained kinase 
inhibitors. Inactivation of cdc2 kinase in mitotic cytosol by the addition of butyrolactone (BL) 
arrests Golgi disassembly at stage II (punctate). In contrast, inactivation of MEK by PD98059 
(PD) inhibits the initiation of Golgi disassembly (Fig. 3A). Next, we performed 
immunodepletion experiments using either cdc2- or MEK-depleted Xenopus egg mitotic 
extracts. Cdc2 was depleted from the extract by using Suc1-Sepharose beads, whereas MEK 
was depleted with rabbit anti-MEK polyclonal antibodies. In the presence of cdc2-depleted 
extract, punctate Golgi structures (stage II) are found in 90% of the cells. Furthermore, MEK- 
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(A)Effect of protein kinase inhibitors on the Golgi disassembly. Semi-intact MDCK-GT cells were 
incubated with Xenopus egg extracts (mitotic cytosol) and ATP containing either no inhibitor (control), 
staurosporine (SS), butyrolactone l (BL), PD98059 (PD), SB203580 (SB), or BL+PD, respectively, at 33℃ 
for 80 min. After incubation, the cells were fixed and morphometric analysis was performed. The 
protein concentration of the extract used was 5.0 mg/ml. 300 cells were counted in three randomly 
selected fields, and standard deviations are shown as vertical bars. (B) Inhibition of the Golgi 
disassembly by cdc2- or MEK-depleted Xenopus egg extracts (mitotic cytsol). Mock, cdc2- or MEK-
depleted Xenopus egg extracts were applied to semi-intact cells and incubated at 33℃ for 80 min. The 
cells were fixed and morphometric analysis was performed. Cdc2-depleted extracts arrested the 
disassembly process at stage II (punctate), and MEK-depleted extracts did so at stage I (intact). 

Fig. 3. Sequential effect of MEK and cdc2 kinase on the mitotic Gogi disassembly.  

depleted extract arrests the Golgi disassembly process at stage I (intact) in 60% of cells (Fig. 
3B). We also confirmed the effect of each kinase on Golgi disassembly by using cdc2- or 
MEK-activated interphase Xenopus extract in semi-intact cells. The results were consistent 
with the effects of the kinase inhibitors and supported our model that cdc2 is responsible for 
the process from stage II to III, and MEK from stage I to II (Fig. 2).  

However, more detailed studies using semi-intact cells revealed that each kinase does not 
correspond independently to the different steps. The two kinases might have overlapping 
functions, the first step is regulated mainly by MEK and the second step by cdc2. 
Interestingly, a delay in mitotic entry was observed upon inhibition of MEK1 activity. One 
of peripheral membrane proteins of the Golgi, GRASP55, was reported to be a substrate of 
MEK1 and can connect the Golgi stacks laterally into a ribbon as well as regulating mitotic 
progression (Feinstein and Linstedt, 2007, 2008). ERK1c and polo-like kinase-3, which are 
downstream of MEK1, have also been reported to contribute to Golgi disassembly during 
mitosis (Shaul and Seger, 2006; Xie et al., 2004). On the other hand, another peripheral Golgi 
protein GRASP65, which is known to function in cisternal stacking as well as in the lateral 
linking of stacks, was reported to be phosphorylated by cdc2 and the phosphorylation was 
required for entry into mitosis (Yoshimura et al., 2005; Preisinger, et al., 2005). Collectively, 
these results confirm our findings that the Golgi mini-stacks in stage II are generated from 
intact Golgi by the activation of MEK1, and the dispersed Golgi observed in stage III from 
the Golgi mini-stacks by the activation of cdc2. In addition, MEK1- or cdc2-dependent 
changes in Golgi morphology might be essential for mitotic entry.  

Cdc2 is also likely to be involved in COPI-dependent disassembly of the Golgi during 
mitosis. At the onset of mitosis, the peripheral Golgi protein GM130 is known to be 
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Fig. 2. Morphological dissection of the Golgi disassembly process in semi-intact cells.  
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these results confirm our findings that the Golgi mini-stacks in stage II are generated from 
intact Golgi by the activation of MEK1, and the dispersed Golgi observed in stage III from 
the Golgi mini-stacks by the activation of cdc2. In addition, MEK1- or cdc2-dependent 
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phosphorylated by cdc2; GM130 phosphorylation inhibits p115-dependent tethering and the 
subsequent fusion of Golgi-derived COPI-dependent vesicles to the Golgi cisternae (Lowe et 
al., 2000). Continuous budding without the fusion of new vesicles might reduce the cisternae 
rapidly and facilitate the mitotic disassembly of the Golgi. Thus, it is likely that the roles of 
MEK1 and cdc2 in mitotic Golgi disassembly involve both COPI-dependent and -
independent processes.  

4. Reconstitution of cell cycle-dependent morphological changes in the ER 
network in semi-intact cells 
To investigate the cell cycle-dependent changes in the morphology of the ER network in 
mammalian cells, we created a clonal cell line derived from Chinese Hamster Ovary (CHO) 
cells that constitutively express GFP-HSP47 (CHO-HSP) and have a flat morphology when 
grown in culture, such that the cytoplasm is easy to visualize (Fig. 4). Using confocal 
microscopy, we found that, during interphase, GFP-HSP47 in CHO-HSP cells is associated 
with polygonal structures with three-way junctions that are located at the periphery of the 
cells and in the cisternae in the perinuclear region (Fig. 4, interphase). Interestingly, at the 
onset of mitosis, the ER appears to retain its network structure rather than being disrupted into 
vesicles, in contrast to the Golgi apparatus (Fig. 4, mitotic phase). Further observation with the 
fluorescence microscope revealed that the ER is partially severed at the onset of mitosis. In 
fact, recent advances in quantitative confocal and electron microscopy (EM) analyses by the 
application of electron tomography techniques have revealed that, in the mitotic ER, the 
tubules are shorter and more branched and cisternae are extended in comparison with the ER 
during interphase (Puhka et al., 2007; Lu et al., 2009). These results confirm our observations 
by fluorescence microscopy, and show that the cell cycle-dependent changes in ER 
morphology seem to be completely different from those in Golgi morphology. 

 
The ER network connected with three-way junctions is visible in interphase CHO-HSP cells (see inset of 
image for interphase ER network). The ER tubules fuse with each other to make new three-way 
junctions. At the onset of mitosis, the ER network appears to retain the network structure, and dose not 
seem to be disrupted into vesicles like mitotic Golgi vesicules. Further observation by fluorescence 
microscope enables us to discover the ER is partially severed during mitosis.  

Fig. 4. Cell cycle-dependent morphological changes in the ER network.  
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We reconstituted the cell cycle-dependent changes in ER morphology in semi-intact cells, 
identified regulatory factors, and elucidated the mechanisms that underlie the 
morphological changes (Kano et al., 2005a and b). First, we preincubated CHO-HSP cells 
with nocodazole to disrupt the microtubules and then permeabilized them with SLO. Then, 
we incubated the semi-intact CHO-HSP cells with mitotic cytosol, which was prepared from 
synchronized mitotic L5178Y cells, and found that the continuous network of the ER was 
partially severed, as was seen in intact mitotic CHO-HSP cells. As shown in Fig. 5A, in the 
presence of mitotic cytosol, the ER network is partially disrupted and, thus, the connections 
between ER tubules are broken. In contrast, in the presence of interphase cytosol, the ER 
network remains intact. To quantify the partial disruption of the ER, we counted the number 
of three-way junctions per defined area (Fig. 5B). Mitotic cytosol induces a decrease in the 
number of three-way junctions, which signifies that the ER network is disrupted. In 
addition, we found that when nocodazole is not added the ER network remains intact even 
in the presence of mitotic cytosol. These results suggest that microtubules strengthen the 
integrity of the ER network, and that both depolymerization of microtubules and exposure 
to mitotic cytosol are necessary for the complete disruption of the ER network. Interestingly, 
we frequently observed dynamic tubulation/bifurcation of ER tubules in the presence of 
either mitotic or interphase cytosol, which suggests that partial disruption of the ER 
network by mitotic cytosol results from inhibition of the fusion process, rather than 
inhibition of tubulation/bifurcation (unpublished data).  

 
(A) CHO-HSP cells were pretreated with nocodazole and permeabilized with SLO. The cells were 
incubated with interphase (a, b) or mitotic (c, d) cytosol at 32℃ for 40 min, and observed under a 
confocal microscope at low(a, c) or high (b, d) magnification. Bar = 10 μm (low mag.), 5 μm (high mag.). 
(B) After the incubation, to quantify the partial disruption of the ER network, we counted the number of 
three-way junctions per area and compared (three-way junction assay). Nocodazole-treated semi-intact 
CHO-HSP cells were incubated with interphase cytosol (I, cdc2 kinase activity was 0.27 units/μL), 
mitotic cytosol (M, 5.68 units/μL), mitotic cytosol containing 30 μm butyrolactone1 (M+BL, 1.86 
units/μL), mock mitotic cytosol (mock (M), 6.55 units/μL), cdc2-depleted mitotic cytosol (cdc2 dep.1.66 
units/μL), mock interphase cytosol (mock (I), 0.52 units/μL), or interphase cytosol treated with cyclin A 
(I+cycA, 5.18 units/μL). After the incubation, three-way junction assay was performed. Cdc2 kinase 
activity in each reaction mixture (means from two independent measurements) is shown in the right 
hand column, where 100% represents the value of cdc2 kinase activity in mitotic cytosol. Cdc2 kinase 
activity correlated with the disruption of ER network. 

Fig. 5. Disruption of the ER network by mitotic cytosol in semi-intact CHO-HSP cells.  
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With regard to the fusion process, some cytosolic proteins or their regulators that are 
downstream of cdc2 kinase are thought to be inactive in mitotic cytosol (Lowe et al. 1998; 
Kano et al. 2000a). Extrapolating from these findings, the disruption of the ER network by 
mitotic cytosol in vitro could also result from the blocking of fusion events by cdc2 kinase-
mediated phosphorylation. One of the candidates for this inhibition is p47, a cofactor of p97, 
which mediates the fusion of Golgi membranes (Kondo et al. 1997). More recently, 
Uchiyama et al. (2003) found that Ser140 of p47 was selectively phosphorylated by cdc2 
kinase and that this phosphorylation was involved in Golgi disassembly during mitosis. 
They also found that a non-phosphorylated form of p47, p47 (S140A), which is referred to as 
p47NP, inhibited mitotic Golgi disassembly. Phosphorylation of p47 by cdc2 dissociated the 
p97/p47 fusion complex from membranes, which has the potential to inhibit membrane 
fusion between ER tubules. To test this, we investigated the effect of p47NP on the partial 
disruption of the ER network that is induced by mitotic cytosol in semi-intact cells. In the 
presence of p97/p47NP, the partial disruption of the ER network was inhibited. Therefore, 
we concluded that the disruption of the ER during mitosis depends on phosphorylation of 
p47 by cdc2 (Fig. 6).  

 
(A) Nocodazole-treated semi-intact CHO-HSP cells were incubated with interphase cytosol (I), mitotic 
cytosol (M), mitotic cytosol +recombinant p97 and p47 (M+p97/p47), mitotic cytosol +p97 and mutated 
p47S140 A (M+p97/p47NP), at 32℃ for 40 min. The cells were observed by confocal microscopy (A) and 
were subjected to a three-way junction assay (B). Bar = 10 μm. 

Fig. 6. Phosphorylation of p47 by cdc2 results in the disruption of the ER network.  

Next, we reconstituted the reformation of the ER network after cell division (Kano et al., 
2005b). First, semi-intact CHO-HSP cells were incubated with mitotic cytosol to induce the 
partial disruption of the ER network. After the mitotic cytosol had been removed, the semi-
intact cells were incubated with interphase cytosol, which led to the reformation of the ER 
network (Fig. 7). This reformation is induced by the fusion protein complexes in the 
interphase cytosol. There are two well-characterized protein complexes involved in 
intracellular membrane fusion: the NSF/SNAP complex and the p97/p47 complex.  
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Nocodazole-treated, semi-intact CHO-HSP cells were incubated with interphase (I→) or mitotic (M→) 
cytosol at 32℃ for 40 min. After washing out the cytosol with cold TB, the cells were further incubated 
with interphase (I→I, M→I), or mitotic cytosol (M→M). The cells were fixed, and images were acquired 
by confocal microscopy (A) or were subjected to a three-way junction assay (B). Bar = 10 μm. 

Fig. 7. Reformation of the ER network from the disrupted ER tubules by interphase cytosol.  

Antibodies against NSF or p47 that inhibit NSF/SNAP- or p97/p47-mediated intracellular 
membrane fusion also inhibit the reformation of the ER that is induced by interphase 
cytosol, which indicates that the reformation process is regulated by both the NSF/SNAP 
complex and the p97/p47 complex (Fig. 8A). These results were confirmed by the following 
experiment. Both NSF and p97 are sensitive to the alkylating reagent N-ethylmaleimide 
(NEM), and NEM treatment inactivates the fusion of Golgi vesicles. Interphase cytosol was 
treated with NEM and the effect of the cytosol on ER reformation was examined. As 
expected, the NEM-treated cytosol did not induce reformation of the ER network. However, 
the addition of recombinant NSF/SNAP and p97/p47 complexes to the NEM-treated 
interphase cytosol restored its ability to induce reformation of the network (Fig. 8B). Next, 
we incubated semi-intact CHO-HSP cells in which the ER network had been disrupted by 
the addition of mitotic cytosol with a mixture of NSF/SNAP and p97/p47 complexes only 
(without NEM-treated cytosol), and found that the ER network was not reformed fully. This 
suggested that other factor(s) in NEM-treated cytosol are required for the ER reformation. 
We found that VCIP135, a deubiquitinating enzyme that transiently associates with the 
p97/p47 complex, is necessary for the reformation but p115, which plays a role in tethering 
Golgi-derived vesicles to Golgi cisternae, is not. Consequently, this result signified that the 
NSF/SNAP and p97/p47/VCIP135 complexes are the minimal factors required for the ER 
reformation. In addition, we found that the order of action of the NSF/SNAP and 
p97/p47/VCIP135 complexes is crucial for the reformation (Fig. 8B). When we incubated 
the disrupted ER network with the NSF/SNAP complex first, and then the 
p97/p47/VCIP135 complex, the ER network reformed. However, when the disrupted 
network was incubated with the p97/p47/VCIP135 complex first, and then the NSF/SNAP 
complex, the network remained disrupted. 
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(A) The ER reformation assay was performed using interphase cytosol with pre-immune serum (cont), 
interphase cytosol with anti-NSF antibody (anti-NSF), interphase cytosol with anti-p47 antibody (anti-
p47). (B) The ER reformation assay was performed using NEM-treated interphase cytosol (NEM(I)), 
NEM-treated interphase cytosol with NSF+SNAPs (NEM(I)+NSFs), NEM(I) cytosol with p97+p47 
(NEM(I) +p97s), NEM(I) cytosol with both (NEM(I)+NSFs+p97s), NSFs+p97s, or NSFs+ p97s+VCIP135 
at 32℃ for 80 min. When cells were incubated in a sequential manner, semi-intact cells, treated with 
mitotic cytosol were incubated with NSFs or p97s+VCIP135 at 32℃ for 40 min, washed with 2M KCl in 
TB for 25 min, then further incubated with p97s+VCIP135+anti-NSF antibodies or NSFs+anti-p47 
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Fig. 8. NSF/SNAP complex and p97/p47 complex are required for ER network reformation.  

Fig. 9 shows a schematic model of the cell cycle-dependent morphological changes in the ER 
network. As mentioned above, we found that the cdc2-dependent phosphorylation of p47 
induces the partial disruption of the ER network during mitosis. Interestingly, the 
reformation of the ER network is not accomplished by a single fusion reaction, but rather 
requires two sequential fusion reactions. The first fusion event is mediated by the 
NSF/SNAP complex, which creates intermediate membranous structures between the 
disrupted ER tubules. These intermediate structures can be observed only by EM. The 
second fusion event is mediated by the p97/p47/VCIP135 complex, which induces the 
fusion of connected ER tubules to form three-way junctions.  
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The process of ER network reformation was dissected into two elementary process. Firstly, disrupted 
ER tubules, induced by mitotic cytosol, are connected by two types of intermediate structures; fine 
junctions or vesicle aggregates. Both of these intermediate structures are created by NSFcomplex and 
may function as a “connecting” system. Secondly, the “connected” ER tubules completely fuse with 
each other directly or through the intermediate structures indirectly to form three-way junctions. This 
process is dependent on p97/p47 and VCIP135. Syntaxin family is involved in both NSF- and p97-
mediated fusion processes with unidentified vesicle-localizing receptors. 

Fig. 9. Schematic model for the ER network reformation process.  

Given that the NSF/SNAP and p97/p47/VCIP135 complexes are required for the 
reassembly of the Golgi apparatus after mitosis, it is not surprising that both fusion 
complexes play a crucial role in the reformation of disrupted ER networks. During Golgi 
reassembly, the p97/p47 complex is reported to generate single, long cisternae, whereas the 
NSF/SNAP complex fuses membranes into much shorter but stacked cisternae (Tang et al., 
2008). As described above, in our EM study of ER reformation, fine junctions that connected 
two individual tubules or vesicle aggregates were frequently observed as intermediate 
structures between the disrupted ER tubules. It is likely that these intermediate structures 
are produced by the NSF/SNAP complex from Golgi vesicles. The intermediates 
disappeared within 5 min of incubation with the p97/p47/VCIP135 complex, and formed 
long tubular structures with bifurcations (three-way junctions), which were also seen in 
intact cells. Thus, the two fusion complexes seem to generate similar membrane products 
during both Golgi reassembly and ER reformation. 

It might be important to note that p47 contains a UBA (ubiquitin-associated) domain and 
recruits p97 to monoubiquitinated substrates (Meyer et al., 2002). Taking into consideration 
the fact that VCIP135 is a deubiquitinating enzyme, regulation of the balance between 
ubiquitination-deubiquitination might be involved in the disassembly and reformation of 
the ER network during mitosis, as is the case for Golgi reassembly. 

5. Reconstitution of cell cycle-dependent anterograde or retrograde transport 
between the ER and the Golgi in semi-intact cells 
Using our semi-intact cell system, we reconstituted cell cycle-dependent vesicular transport 
between the ER and the Golgi (Kano et al., 2009). To measure the vesicular transport 
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between the ER and Golgi, we used FRAP. Firstly, we established CHO-GT cells, in which 
GT-GFP was stably expressed. GT-GFP is trafficked between the ER and Golgi by vesicular 
transport, but in the steady state, GT-GFP is mainly localized to the Golgi apparatus, with a 
small proportion in the ER. For FRAP, the fluorescence of GT-GFP in the Golgi region is 
bleached by repetitive laser illumination. After bleaching, fluorescence in the Golgi area is 
recovered due to anterograde transport of GT-GFP from the ER to the Golgi. By measuring 
the fluorescence recovery in the Golgi area, we can estimate the extent of transport of GT-
GFP from the ER to the Golgi (Fig.10). To examine retrograde transport from the Golgi to the 
ER, the fluorescence in the ER region is bleached and the fluorescence recovery of the ER 
(whole area of the cell except for the nucleus) is determined (Fig. 11). We confirmed that 
fluorescence recovery in the ER region is not due to the appearance of newly synthesized 
GT-GFP by pretreating the cells with cycloheximide to inhibit protein synthesis. In fact, 
when both the Golgi and ER regions were photobleached simultaneously, no fluorescence 
recovery was observed in the ER region (F. K., unpublished results). Figure 12 shows 
representative kinetic curves for the anterograde and retrograde transport of GT-GFP that 
were obtained from the assay. In the presence of mitotic cytosol, anterograde transport is  

 
(A) CHO-GT cells were pretreated with cycloheximide (CHX). GT-GFP in the Golgi region of a single semi-
intact CHO-GT cell was photobleached by laser illumination (bleach). The cell was incubated in the 
presence of cytosol/ATP for the indicated times (sec). PI, propidium iodide. Scale bar: 10 µm. (B) Kinetics 
of fluorescence recovery after photobleaching in the Golgi region in the presence of cytosol/ATP 
(cytosol+ATP), an ATP regenerating system only (ATP), or cytosol/ATP plus 1 mM GTPγS (GTPγS). After 
CHX treatment, GT-GFP in the Golgi region was photobleached, and the semi-intact cells were incubated 
at 32°C for 10 minutes in the presence of cytosol/ATP. Cells were then treated with 10 µg/ml brefeldin A 
(BFA) for 30 minutes to relocate the Golgi-localized GT-GFP to the ER. This indicated that the recovered 
fluorescent structure was the Golgi apparatus. (C) Semi-intact CHO-GT cells that had been treated with 
CHX were incubated with cytosol/ATP (cytosol+ATP), an ATP regenerating system only (ATP), cytosol 
plus 1 mM AMP-PNP (AMP-PNP), or cytosol/ATP plus 1 mM GTPγS (GTPγS), and then subjected to the 
anterograde transport assay. In addition, intact CHO-GT cells were treated with nocodazole (nocodazole), 
and then subjected to the anterograde transport assay. In our anterograde transport assay, we confirmed 
that the fluorescence recovery in the Golgi was attributable to the anterograde transport of GT-GFP alone, 
and was not affected by retrograde transport from the Golgi. 

Fig. 10. Reconstitution of anterograde transport of GT-GFP in semi-intact cells.  
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(A) After cycloheximide (CHX) treatment to inhibit protein synthesis, GT-GFP within the ER region was 
photobleached by laser illumination (bleach). Semi-intact cells were then incubated with cytosol/ATP at 
32°C for the indicated times (sec). PI represents propidium iodide. Scale bar: 10 µm. (B) Semi-intact 
CHO-GT cells that had been treated with CHX were incubated with cytosol/ATP (cytosol+ATP), an 
ATP regenerating system only (ATP), cytosol plus 1 mM AMP-PNP (AMP-PNP), or cytosol/ATP plus 1 
mM GTPγS (GTPγS), and then subjected to the retrograde transport assay. In addition, intact CHO-GT 
cells were treated with nocodazole (nocodazole), and then subjected to the retrograde transport assay. 

Fig. 11. Reconstitution of the retrograde transport of GT-GFP in semi-intact cells. 

 
The antrograde or retrograde transport assay described in Fig.10 and 11 were performed using 
interphase or mitotic cytosol. In the transport kinetics graph, representative kinetics of fluorescence 
recovery after photobleaching was shown in the presence of interphase (I) or mitotic (M) cytosol and 
ATP-generating system. In the presence of mitotic cytosol, the anterograde transport was selectively 
inhibited, but the retrograde one remained intact. By using cdc2-depleted mitotic cytosol, we also found 
that the mitotic inhibition of the anterograde transport was dependent on cdc2 kinase. 

Fig. 12. Reconstitution of anterograde or retrograde transport of GT-GFP in the presence of 
interphase or mitotic cytosol.  
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selectively inhibited, whereas retrograde transport remains intact. In addition, we found 
that cdc2-depleted mitotic cytosol induces anterograde transport normally, which indicates 
that the mitotic inhibition of anterograde transport is also dependent on cdc2 kinase.  

Next, we examined which process in the anterograde transport is inhibited by mitotic 
cytosol. For this purpose, we focused on the cell cycle-dependent changes in the 
morphology of ER exit sites. ER exit sites (ERES) are specialized membrane domains in the 
ER from which vesicles that contain cargo proteins destined for the Golgi bud. To visualize 
ERES, we established CHO-YIP cells, which stably express the ERES resident protein Yip1A 
as a fusion with GFP (Fig. 13A). Yip1A belongs to the Yip family of proteins, which contain 
the Yip domain, and is thought to have a role in membrane trafficking. Although we have 
confirmed recently that endogenous Yip1A is localized to the ERGIC (ER-Golgi intermediate 
compartment) by immunofluorescence using an anti-Yip1A antibody, we also observed that 
in CHO cells Yip1A fused with GFP accumulates at ERES as bright punctate structures 
throughout the ER network (Fig. 13A). By observing the morphological changes in ERES 
that occur in CHO-YIP cells during the cell cycle, we found that ERES are disrupted and 
Yip1A-GFP is dispersed throughout the ER network at the onset of mitosis. After cell 
division, the diffuse Yip1A-GFP fluorescence accumulates at the ERES in daughter cells (Fig. 
13B). The disruption of ERES during mitosis suggests that vesicle budding from ERES does 
not occur during mitosis. To test this, we reconstituted the mitotic disassembly of ERES by 
adding mitotic cytosol to semi-intact CHO-YIP cells and investigated the biochemical 
requirements for the disassembly process. As shown in Fig. 14, the addition of mitotic  

 
(A) ERES, which is the specialized membrane domain in the endoplasmic reticulum where vesicles that 
contained cargo proteins budded, were visualized using Yip1A-GFP in CHO-YIP cells (arrows). In 
CHO-YIP cells the majority of the Yip1A-GFP fluorescence accumulated as bright punctate structures 
throughout the ER network. (B) Observing the morphological changes of the ERES during cell cycle. 
The ERES was disrupted and Yip1A-GFP was dispersed throughout the ER network at the onset of 
mitosis. This proves that the vesicle budding at ERES failed to occur during mitosis. 

Fig. 13. ER exit sites (ERES) visualized by Yip1A-GFP in CHO-YIP cells.  
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(A) Semi-intact CHO-YIP cells were incubated with interphase or mitotic cytosol with an ATP-
regenerating system at 32°C for 20 min and then viewed by a confocal microscope. Bar, 10µm. (B) 
Number of ERES in interphase cells (intact I) or mitotic cells (intact M) was calculated using the 
ERES disassembly assay (see in details in Kano et al., 2004). Semi-intact CHO-YIP cells were 
incubated with interphase cytosol (semi-intact I), mitotic cytosol (semi-intact M), mock mitotic 
cytosol (mock), Cdc2-depleted mitotic cytosol (Cdc2 dep), or Cdc2-depleted mitotic cytosol plus 72 U 
of Cdc2/cyclin B (Cdc2 dep +Cdc2). After the incubation, the cells were subjected to the ERES 
disassembly assay. Cdc2 kinase activity in each reaction mixture (means from two independent 
measurements) is shown in the right hand column, in which 100% represents the value of Cdc2 
kinase activity in mitotic cytosol. Three independent assays were performed and the means and 
standard deviations are plotted in the graph. 

Fig. 14. Biochemical requirements for ERES disassembly by mitotic cytosol.  

cytosol causes ERES to disassemble and reduces their number significantly, perhaps by as 
much as 80%, as compared with interphase cytosol. In addition, cdc2-depleted mitotic 
cytosol does not induce the disassembly of ERES. Furthermore, addition of recombinant 
cdc2 kinase to mitotic cytosol from which cdc2 has been depleted restores the ability of the 
cytosol to induce disassembly. Taken together, the results show that the mitotic disruption 
of ERES also depends on the activation of cdc2 kinase. 

One of the target proteins of cdc2 kinase that might be involved in the mitotic disassembly 
of ERES is p47. p47 has been reported to play a crucial role in the de novo formation of 
ERES in vitro (Roy et al., 2000) and in the formation of ER network from microsomal 
membrane vesicles (Hetzer et al., 2001) or the reformation of disrupted ER networks after 
mitosis (Kano et al., 2005b). On the basis of these results, we hypothesized that p47 is also 
required for the maintenance of ERES and that the disassembly of preexisting ERES is 
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controlled by phosphorylation of p47, in a cdc2-dependent manner. To test this, we 
assayed ERES disassembly in semi-intact cells incubated with mitotic cytosol and ATP in 
the presence of p97 and p47 or p97 and p47NP. The mitotic disassembly of ERES is 
partially blocked in the presence of p97 and p47. However, in the presence of p97 and 
p47NP, disassembly is completely inhibited. We also examined the effect of p97/p47NP 
on the dissociation of Sec13, one of the components of COPII vesicles, from ERES, and 
confirmed that the dissociation of Sec13 induced by mitotic cytosol is substantially 
inhibited by p97/p47NP and partially inhibited by p97/p47. These results suggest that 
the cdc2-dependent phosphorylation of p47 plays a crucial role in the disassembly of 
preexisting ERES. We assumed that the complete inhibition of the disassembly by 
p97/p47NP would preserve the anterograde transport of VSVGts045-GFP. However, 
anterograde transport is only partially restored under these conditions. Other factors, 
such as microtubule-dependent motor proteins, probably contribute to the specific block 
of anterograde transport during mitosis.  

These results suggest that the phosphorylation of p47 triggers the disassembly of ERES and 
corresponding inhibition of anterograde transport. Recently, Hughes and Stephens (2010) 
found that Sec16A, which interacts with Sec23 and Sec13 and serves to optimize COPII 
assembly at ERES, remains associated with ERES throughout mitosis. They suggested that 
the Sec16A at ERES facilitates full assembly of COPII vesicles during anaphase, which 
precedes the reassembly of the Golgi apparatus during telophase. 

The mechanism that regulates the partitioning of Golgi vesicles during mitosis remains 
controversial. Two mechanisms have been proposed: 1) the Golgi fragmentation model by 
Warren (1993) and 2) the Golgi absorption model by Zaal et al. (1999). In the first model, the 
distinction between the Golgi and the ER persists during mitosis and the components of the 
two organelles are inherited independently. In the second model, some components of the 
Golgi translocate to and merge with the ER, and thus are inherited as components of the 
ER/nuclear envelope. Although both models are supported extensively by evidence from 
several elegant experimental systems, the issue remains to be resolved (Atlan-Bonnet et al., 
2006; Bartz et al., 2008). Our retrograde transport assay using semi-intact cells revealed that 
mitotic cytosol is competent to induce mitotic processes, including vesicle budding, vesicle 
transport, and vesicle fusion, and results in the translocation of Golgi components to the ER. 
In addition, as described in the experiments on mitotic Golgi disassembly in semi-intact 
cells, during the late steps of Golgi disassembly (most likely at stage III), substantial 
amounts of GT-GFP can be observed in the nuclear envelope and ER-like networks, having 
translocated from the Golgi. Furthermore, staining of the nuclear envelope with GT-GFP is 
more extensive at stage III than at stage II. These findings suggest that the relocation of 
Golgi components (in this case, GT-GFP) to the ER does occur during Golgi disassembly, at 
least in mitotic MDCK cells, and most likely takes place during the later steps of 
disassembly. However, it is difficult for us to address whether the Golgi membranes are 
converted into vesicles during disassembly or fuse with the ER. Given that GT-GFP is 
known to be a cargo for COPI-independent retrograde transport from the Golgi to the ER, 
the translocation of GT-GFP to the ER during mitosis might be attributed to COPI-
independent Golgi disassembly, which is frequently observed as the transformation of 
cisternae into an extensive tubular network in a cell-free system or semi-intact cells (Misteli 
et al., 1995).  
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6. Schematic model for the coupling of ER and Golgi biogenesis to vesicular 
transport during the cell cycle 
On the basis of our results and those of others, we have developed a hypothesis about the 
relationship between the cell cycle-dependent morphological changes in the ER and Golgi 
and the regulation of vesicular transport between the ER and Golgi in mammalian cells (Fig. 
15). During the earlier steps of mitosis, activation of cdc2 kinase induces the 
phosphorylation of p47 and other proteins. The phosphorylated p47 causes the disassembly 
or vesiculation of the Golgi apparatus, and concurrently causes the partial severance of the 
ER network and disassembly of ERES. The disassembly of ERES inhibits anterograde 
transport from the ER to the Golgi, but retrograde transport remains intact. As a result, 
some components of the Golgi apparatus translocate to the ER network during the early 
phase of mitosis. The severed ER network and vesiculated Golgi membranes are easily 
distributed into two daughter cells, on a stochastic basis. After mitosis, the vesiculated Golgi 
membranes fuse with one another and reform intact Golgi stacks. In addition, the severed 
ER tubules are quickly reformed into a continuous ER network. These processes of 
reformation depend on the membrane fusion reactions that are mediated by the NSF/SNAP 
and p97/p47/VCIP135 systems. It is very interesting that, during Golgi reformation after 
mitosis, the two membrane fusion complexes act concurrently, whereas, in the reformation 
of the ER network, the two complexes act sequentially. It is likely that the reformation of 
ERES might involve the dephosphorylation of p47 given that the activity of cdc2 kinase 
diminishes in late mitosis and anterograde transport resumes in conjunction with Golgi 
reassembly and ER reformation after cell division. Probably, Sec16A, which remains 
associated with ERES throughout mitosis, facilitates the resumption of anterograde 
transport. 

 
Fig. 15. Schematic model of cell cycle-dependent organelle morphology coupling and 
membrane traffics.  
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controlled by phosphorylation of p47, in a cdc2-dependent manner. To test this, we 
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Golgi components (in this case, GT-GFP) to the ER does occur during Golgi disassembly, at 
least in mitotic MDCK cells, and most likely takes place during the later steps of 
disassembly. However, it is difficult for us to address whether the Golgi membranes are 
converted into vesicles during disassembly or fuse with the ER. Given that GT-GFP is 
known to be a cargo for COPI-independent retrograde transport from the Golgi to the ER, 
the translocation of GT-GFP to the ER during mitosis might be attributed to COPI-
independent Golgi disassembly, which is frequently observed as the transformation of 
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of certain proteins in mitotic cells might be masked. Our semi-intact cell assay is suitable for 
investigating the biochemical requirements of specific processes, which might be masked by 
the orchestrated physiological reactions. For example, the ER disassembly assay revealed 
that a p97/p47-mediated fusion process plays a crucial role in the maintenance of the ER 
network when microtubules are disrupted by nocodazole. In another case, the ER 
reformation assay revealed that reformation of the ER is accomplished even in nocodazole-
treated semi-intact cells. When microtubules are intact, the contribution of the fusion 
process to the maintenance or reformation of the ER network appears to be masked. Our 
transport assay also revealed that, even in the presence of mitotic cytosol, the retrograde 
transport of GT-GFP occurs normally when microtubules remain intact, but ERES are 
disassembled easily under these conditions (Fig.14). The findings suggest that mitotic 
cytosol can facilitate retrograde transport as long as microtubule integrity is maintained, but 
anterograde transport ceases rapidly in the presence of mitotic cytosol. Thus, the ability to 
manipulate the cytoskeleton easily in semi-intact cell systems will be useful in elucidating 
the role of the cytoskeleton in the process of morphological change in organelles or 
membrane trafficking during mitosis. 

Many in vitro reconstitution assays have been developed to investigate the biochemical 
requirements for the maintenance or mitotic alteration of Golgi or ER morphology, and a 
variety of key molecules have been identified using these methods (Acharya et al.,1998; 
Lowe et al., 1998,2000; Hetzer et al., 2001). Our semi-intact cell assays will be useful for 
confirming the precise role of these molecules in the maintenance or alteration of 
morphology under conditions in which the configuration between organelles and the 
cytoskeleton is almost the same as in living cells. Thus, our assays will provide additional 
spatial information about where the molecules function or where the biological reactions 
occur in cells. By applying the Golgi disassembly assay in semi-intact cells, we found that 
punctate Golgi structures (Fig. 3, stage II Golgi), which are produced mainly by MEK1 from 
cisternal Golgi and are referred as to Golgi mini-stacks, are found mainly on the apical side 
of the nucleus and are associated with apical microtubules. Given that the spatial 
configuration of the cell is virtually unaffected in semi-intact cells, the semi-intact cell assays 
are superior to in vitro reconstitution assays for investigating the anterograde or retrograde 
transport between the Golgi and the ER. 

There are some differences between in vitro reconstitution systems and our semi-intact cell 
system. For example, an in vitro ER formation assay developed by Dreier and Rapoport 
(2000) revealed that the characteristic polygonal structure of the ER was formed from 
microsomal membranes. However, the in vitro network produced in their assay appeared to 
be slightly different from the ER network formed in CHO-HSP cells. The length of one side 
of the three-way junctions was approximately 5 μm in their reconstituted network, 
compared to 1–1.5 μm in our intact or semi-intact CHO-HSP cells. We have frequently 
observed that this length varies with the cellular conditions. For example, following serum 
starvation, the length appears to be greater than 5 μm (F. K., unpublished data).  

Collectively, our semi-intact cell assays are superior to in vitro reconstitution assays in 
terms of obtaining morphological or spatial information, but in vitro assays are more 
appropriate for determining biochemical requirements than semi-intact cell assays. Using 
both assays together will enable us to identify the key molecules involved in 
morphological changes, which might be masked by the orchestrated processes that occur 
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during mitosis, and to elucidate the underlying mechanisms more precisely on the basis 
of morphological data. 

8. Conclusions 
The mechanisms that regulate the cell cycle-dependent changes in Golgi morphology in 
mammalian cells have been studied extensively (see reviews, Wei & Seemann, 2009). In 
terms of the relationship between Golgi morphology and membrane trafficking, the size and 
morphology of the Golgi are thought to be determined mainly by the membrane 
influx/efflux ratio. Thus, the characteristic features of Golgi morphology could depend on 
the stage of the cell cycle, cell type or intracellular conditions (Sengupta & Linstedt, 2011). In 
contrast, many aspects of the regulation of the morphology of the ER network remain poorly 
understood. The ratio of membrane influx/efflux at the ER seems to affect ER morphology 
less than the ratio at the Golgi affects Golgi morphology because a large amount of 
membrane is retained in ER structures and this could have a buffering effect on ER 
morphology. Unlike the case of the Golgi, a variety of ER stress responses might be induced 
by the aberrant accumulation of secreted proteins in the ER by the inhibition of anterograde 
transport, and these responses might cause not only ER dysfunction but also the change in 
its morphology. Furthermore, accumulating evidence suggests that the communication 
between the early secretory organelles and plasma membrane exists. For example, signaling 
by growth factors (e.g. MAPK/ERK) at plasma membranes affects the early secretory 
pathway (anterograde transport) via the ERES (Farhan et al., 2010). Thus, it is important to 
investigate the overall balance of membrane trafficking between the relevant organelles, as 
well as the plasma membrane, to elucidate the changes in Golgi and ER morphology that 
occur during mitosis more fully. The quantitative analysis of membrane trafficking while 
the spatial configuration of cells is maintained will be of increasing significance. Therefore, 
our semi-intact cell assays will provide one suitable tool for studying the regulatory 
mechanisms of membrane trafficking, not only during mitosis, but also under other cellular 
conditions, for example, disease conditions. 
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network when microtubules are disrupted by nocodazole. In another case, the ER 
reformation assay revealed that reformation of the ER is accomplished even in nocodazole-
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transport assay also revealed that, even in the presence of mitotic cytosol, the retrograde 
transport of GT-GFP occurs normally when microtubules remain intact, but ERES are 
disassembled easily under these conditions (Fig.14). The findings suggest that mitotic 
cytosol can facilitate retrograde transport as long as microtubule integrity is maintained, but 
anterograde transport ceases rapidly in the presence of mitotic cytosol. Thus, the ability to 
manipulate the cytoskeleton easily in semi-intact cell systems will be useful in elucidating 
the role of the cytoskeleton in the process of morphological change in organelles or 
membrane trafficking during mitosis. 

Many in vitro reconstitution assays have been developed to investigate the biochemical 
requirements for the maintenance or mitotic alteration of Golgi or ER morphology, and a 
variety of key molecules have been identified using these methods (Acharya et al.,1998; 
Lowe et al., 1998,2000; Hetzer et al., 2001). Our semi-intact cell assays will be useful for 
confirming the precise role of these molecules in the maintenance or alteration of 
morphology under conditions in which the configuration between organelles and the 
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morphology. Unlike the case of the Golgi, a variety of ER stress responses might be induced 
by the aberrant accumulation of secreted proteins in the ER by the inhibition of anterograde 
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by growth factors (e.g. MAPK/ERK) at plasma membranes affects the early secretory 
pathway (anterograde transport) via the ERES (Farhan et al., 2010). Thus, it is important to 
investigate the overall balance of membrane trafficking between the relevant organelles, as 
well as the plasma membrane, to elucidate the changes in Golgi and ER morphology that 
occur during mitosis more fully. The quantitative analysis of membrane trafficking while 
the spatial configuration of cells is maintained will be of increasing significance. Therefore, 
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1. Introduction 
The identities of many intracellular organelles and of specific domains of the cell surface 
rely on the delivery of proteins and lipids through biosynthetic or/and endocytic pathways 
to the sites of their specific activities. The Golgi complex serves as a central station in the 
biosynthetic pathway, from where proteins are sorted towards their different destinations, 
such as various domains of the cell surface or the endosomal-lysosomal system. To be 
delivered from the Golgi complex to their target compartments, cargo proteins are 
incorporated into dynamic membrane-bound organelles that are generally known as ‘post-
Golgi carriers’. Given that these post-Golgi carriers have such an important role in the 
process of intracellular transport their morphology, living dynamics and molecular 
composition became the subjects of significant interest over the last decade.  

Post-Golgi carriers (PGCs) were originally discovered and described as a result of the 
development of green fluorescent protein (GFP) technology and live-cell imaging 
(Lippincott-Schwartz et al., 2000). The first few fluorescently tagged cargo proteins observed 
in living cells revealed a new world of highly dynamic structures traveling from the Golgi 
complex to the plasma membrane (Hirschberg et al., 1998; Nakata et al., 1998). With time, 
the list of molecules that could be visualized in vivo expanded greatly, to expose the 
unexpected complexity of the post-Golgi transport pathways. However, in mammalian cells, 
most of PGSs have several common features that are independent of the pathway(s) to 
which they belong. 

PGCs form from membrane domains of the Golgi complex that lack resident Golgi enzymes, 
and there are known as ‘PGC precursors’ (Hirschberg et al., 1998; Keller et al., 2001; 
Polishchuk et al., 2003; Puertollano et al., 2003). The shapes and sizes of PGCs that can even 
carry the same cargo vary across a relatively wide range. Most that were seen under light 
microscopy were clearly larger that plasma membrane (PM)-associated clathrin vesicles and 
100-nm-diameter fluorescent beads (Lippincott-Schwartz et al., 2000). Indeed, while the 
smaller PGSs can usually have an extension of 300 nm to 400 nm, some large carriers can 
reach dozens of microns in length. Video microscopy has revealed that many of these 
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carriers are globular in appearance, although they are frequently stretched into tubular 
shapes during their translocation through the cytosol. Thus, PGCs have been frequently 
referred to as ‘pleiomorphic’ structures. PGCs use microtubules to move towards particular 
locations within the cell. Although carriers can form and support post-Golgi transport 
without association with microtubules, the correct targeting of cargo proteins is usually 
compromised under such conditions (Kreitzer et al., 2003; Rindler et al., 1987) 

The life cycle of a PGC consists of three stages: (i) formation; (ii) transition through the 
cytosol; and (iii) docking and fusion with the target membrane (Fig. 1) (Polishchuk et al., 
2000). In this chapter we take you on a journey with newly born PGCs, to follow them 
through all of the stages of their life cycle. 

 
A. An example of PGCs dynamics, as taken in the area (dashed box) of a living cell expressing VSVG-
GFP upon release of this chimeric protein from the Golgi complex. B. Representative images extracted 
from a time-lapse sequence (corresponding to the area outlined by the dashed box in panel A) show the 
dynamics of PGC formation from the Golgi complex (arrows). C. Transition of the same newly formed 
PGC through the cytoplasm (arrows). D. Fusion of the same PGC (panels B, C) with the target 
membrane, as shown in these three subsequent time-lapse images by arrows. 

Fig. 1. The life cycle of a PGC.  

2. PGC formation 
The process PGC morphogenesis occurs at the level of the most distal Golgi compartment, 
known as the trans-Golgi network (TGN), and this was characterized in detail using a 
combination of time-lapse and electron microscopy (EM). This process comprises three main 
steps: (i) formation of specialized TGN export domain, known as the PGC precursor; (ii) 
extrusion of this domain along microtubules; and (iii) fission of the export domain to 
generate a free carrier (Polishchuk et al., 2003).  
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2.1 Morphogenesis of PGC precursors at the TGN 

The first step of PGC formation coincides with the segregation of the cargo proteins from the 
Golgi-resident enzymes. This appears to be a common process for proteins that exit the Golgi 
complex to head towards different post-Golgi compartments, such as the basolateral PM 
(Hirschberg et al., 1998; Polishchuk et al., 2003), the apical PM (Keller et al., 2001), and the 
endosomal-lysosomal system (Puertollano et al., 2003). These enzyme-free Golgi domains 
usually exhibit a tubular structure and contain bona-fide TGN markers (Polishchuk et al., 2003; 
Puertollano et al., 2003). At the EM level, this segregation of the cargo proteins from the Golgi-
resident enzymes corresponds to the transition of the cargo-containing compartments from 
cisterna-like into a tubular network morphology (Polishchuk et al., 2003).  

This thus raises the question of the mechanism by which the originally flat Golgi membranes 
are converted into highly bent, tubular-reticular TGN structures. A long time ago, Rambourg 
and Clermont (Rambourg and Clermont, 1990) noted that the cisternae in the middle of a Golgi 
stack appear quite ‘solid’ and contain just a few small fenestrae (Fig. 2A). During progression 
toward the trans face of the Golgi complex, both the number and size of these fenestrae increase 
(Rambourg and Clermont, 1990). Thus the trans-most Golgi cisternae generally look like flat 
tubular webs (Fig. 2A, B), which frequently ‘peel off’ from the Golgi stack (Rambourg and 
Clermont, 1990) (Fig. 2C, D), and these can then be easily transformed into TGN membranes by 
a few fission events (see Fig. 2B). A similar conversion of the Golgi compartments was seen to 
occur along the Golgi stack in the yeast Pichia pastoris (Mogelsvang et al., 2003).  

The mechanisms behind this transformation are not yet completely clear. The cisterna-like 
morphology of the Golgi compartments can be stabilized through the formation of large 
polymers formed by the Golgi enzymes (Nilsson et al., 1996). Indeed, truncation of the 
protein domains responsible for enzyme oligomerization results in a loss of the regular 
Golgi morphology (Nilsson et al., 1996). Thus, a gradual reduction in Golgi enzyme 
polymers in the trans-Golgi compartments would favor transformation of cargo-containing 
cisternae into networks of tubular membranes. This process can be further assisted by 
changes in the lipid composition of the trans-Golgi membranes, which include the input of 
material from the endocytic system (Pavelka et al., 1998) and the local activities of TGN-
specific lipid-modifying enzymes or lipid-transfer proteins (De Matteis and Luini, 2008). 
Therefore, the membranes become thicker in the TGN and they thus fail to provide a 
favorable environment for the short transmembrane domains of the Golgi enzymes (Munro, 
1995). As a result, the Golgi enzymes get pushed out of the tubular TGN back towards the 
core Golgi regions that are composed of the stacked cisternae. 

The bending of the flat cisternae membranes into TGN tubules might be also facilitated by 
the action of specific proteins. Various roles of structural proteins in membrane 
deformation/ tubulation have been widely recognized (McMahon and Gallop, 2005). These 
proteins act either by forcing membrane curvature or by sensing and stabilizing it. As an 
example of the former, coat proteins (such as clathrin) polymerize into curved structures 
that can bend membrane domains (Antonny, 2006). Alternatively, such TGN proteins as the 
FAPPs can insert their amphipathic helices into the outer leaflet of a lipid bilayer, thereby 
increasing the positive membrane curvature (Lenoir et al., 2010). Other rigid curved 
proteins, or protein modules (such as the BAR domain), can bind to curved membranes and 
stabilize them by electrostatic interactions (Cullen, 2008; McMahon and Gallop, 2005).  
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A. Thin en-face section of the Golgi stack in cells transfected with a TGN38-HRP chimera. The solid 
arrows show the increase in size of the fenestrae of a TGN38-positive cisterna (dark staining) over the 
fenestrae of an unstained cisterna (empty arrows). B. Scheme showing how highly fenestrated trans-
most Golgi cisternae can be transformed into tubular network through a few fission events (red lines). 
C. Thin section across the Golgi complex in cells transfected with a TGN38-HRP chimera to show two of 
the trans-most cisternae (arrows) detaching from the rest of the stack. D. The process of cisternae 
peeling off from the rest of the Golgi stack might be determined by a loss of the stacking proteins/ 
mechanisms (red dashed line) in the trans-Golgi compartment. 

Fig. 2. Transformation of Golgi cisternae into TGN. 

On the other hand, changes in lipid content, and hence membrane curvature, can be 
modulated via lipid-metabolizing enzymes that reside at the Golgi complex (De Matteis and 
Luini, 2008). The transmembrane or inter-organelle transfer of lipids can contribute to the 
generation of particular lipid environments in the membranes of the TGN. In this respect, it is 
important to note that numerous contact sites between the ER and the trans-cisternae of the 
Golgi complex have been detected by EM tomography (Ladinsky et al., 1999). Such contact 
sites can be used for lipid transfer between the ER and the trans-Golgi, which can be mediated 
by specific lipid-transfer proteins, such as CERT and OSBP (De Matteis et al., 2007).  

Finally, conversion of the Golgi cisternae into tubular PGC precursors at the TGN can be 
accompanied by the loss of the stacking mechanisms at the trans side of the Golgi complex. 
The two main proteins that are involved in the maintenance of cisterna stacking, GRASP65 
and GRASP55, have been detected mainly in the cis and medial Golgi, rather than in the 
trans-Golgi (Barr et al., 1997; Shorter et al., 1999). Therefore, this intercisternal ‘glue’ migh be 
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gradually lost as a cisterna progresses towards the trans pole of the Golgi complex. This has 
been confirmed both in mammals and yeast by observations that the trans-most cisterna 
frequently peels off from the main Golgi stack (Clermont et al., 1995; Mogelsvang et al., 
2003) (Fig. 2C, D). It is likely that two or more mechanisms act in synergy here, to allow the 
conversion of flat Golgi cisternae into the tubulo-reticular PGC precursors at the TGN. 

In addition to the formation of tubular domains at the exit face of the Golgi complex, this is 
also the level at which the cargo proteins that are directed to different post-Golgi 
destinations need to be sorted. The classical view in the membrane transport field implies 
that this sorting at the TGN (as well as throughout the whole secretory pathway) is driven 
mainly by the coat-adaptor-protein machinery, which interacts specifically with amino-acid 
signals of certain transmembrane cargo proteins; this then provides the mechanical force for 
the budding and fission of transport vesicles (Mellman and Warren, 2000). 

This holds true for endo-lysosome-directed carriers, which have been scrupulously 
characterized. In contrast, PGCs carrying a cargo like the G-protein of vesicular stomatitis 
virus (VSVG) can be formed in a coat-protein-independent and AP-independent manner. 
Both VSVG-positive PGCs and their precursors do not exhibit β-COP or γ-, δ- and ε-adaptins 
at their membranes (Polishchuk et al., 2003). Other clathrin adaptors, such as the GGAs, are 
excluded from VSVG carriers as well (Polishchuk et al., 2003; Puertollano et al., 2003). 
Similarly, coats and adaptors have never been detected on PGCs that are carrying proteins 
to the apical PM surface in polarized cells (Kreitzer et al., 2003). Thus, these carriers should 
form either by virtue of some still-unknown adaptors that have not yet been visualized by 
EM, or by their association with specific lipid microdomains that are involved in sorting 
(Simons and Gerl, 2010). This might be the case for proteins directed to the apical surface of 
the PM in polarized epithelial cells, the concentration of which at the TGN appears to be 
through their partition into cholesterol-rich and sphingolipid-rich membrane domains, 
which are known as ‘membrane rafts’ (Simons and Gerl, 2010). 

Thus, the TGN represents a mosaic of different export domains, which strongly resemble 
free PGCs in their molecular composition. EM has also revealed structural similarities 
between carriers and their precursors at the TGN. For example, while the PGCs that carry 
VSVG mainly have a tubular morphology, several can have a complex structure and even 
contain clearly visible fenestrae (Polishchuk et al., 2003; Polishchuk et al., 2000), as would be 
expected of membranes that derive from a protrusion of the TGN. Indeed, PGC precursors 
visualized using correlative light-electron microscopy (CLEM) comprise tubular segments 
that consist of complex branching and fenestrated membranes remaining continuous with 
the parent membranes of the Golgi stack (Polishchuk et al., 2003). Similarly, carriers 
containing the apical cargo protein HA frequently exhibit tubular morphology, as do the 
HA-positive domains at the TGN (Puertollano et al., 2001). Thus structural similarities with 
their precursor at the TGN appear to be a common feature of the different types of PGCs. 
This strongly suggests that PGCs form by the fission of these precursor domains (or large 
parts of them) from the rest of the TGN membranes. 

2.2 Elongation of PGC precursors 

After the initial budding from the donor compartment, PGC precursors frequently undergo 
further extension, which in some cases, can reach to lengths of over a dozen microns. This 
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A. Thin en-face section of the Golgi stack in cells transfected with a TGN38-HRP chimera. The solid 
arrows show the increase in size of the fenestrae of a TGN38-positive cisterna (dark staining) over the 
fenestrae of an unstained cisterna (empty arrows). B. Scheme showing how highly fenestrated trans-
most Golgi cisternae can be transformed into tubular network through a few fission events (red lines). 
C. Thin section across the Golgi complex in cells transfected with a TGN38-HRP chimera to show two of 
the trans-most cisternae (arrows) detaching from the rest of the stack. D. The process of cisternae 
peeling off from the rest of the Golgi stack might be determined by a loss of the stacking proteins/ 
mechanisms (red dashed line) in the trans-Golgi compartment. 

Fig. 2. Transformation of Golgi cisternae into TGN. 

On the other hand, changes in lipid content, and hence membrane curvature, can be 
modulated via lipid-metabolizing enzymes that reside at the Golgi complex (De Matteis and 
Luini, 2008). The transmembrane or inter-organelle transfer of lipids can contribute to the 
generation of particular lipid environments in the membranes of the TGN. In this respect, it is 
important to note that numerous contact sites between the ER and the trans-cisternae of the 
Golgi complex have been detected by EM tomography (Ladinsky et al., 1999). Such contact 
sites can be used for lipid transfer between the ER and the trans-Golgi, which can be mediated 
by specific lipid-transfer proteins, such as CERT and OSBP (De Matteis et al., 2007).  

Finally, conversion of the Golgi cisternae into tubular PGC precursors at the TGN can be 
accompanied by the loss of the stacking mechanisms at the trans side of the Golgi complex. 
The two main proteins that are involved in the maintenance of cisterna stacking, GRASP65 
and GRASP55, have been detected mainly in the cis and medial Golgi, rather than in the 
trans-Golgi (Barr et al., 1997; Shorter et al., 1999). Therefore, this intercisternal ‘glue’ migh be 
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gradually lost as a cisterna progresses towards the trans pole of the Golgi complex. This has 
been confirmed both in mammals and yeast by observations that the trans-most cisterna 
frequently peels off from the main Golgi stack (Clermont et al., 1995; Mogelsvang et al., 
2003) (Fig. 2C, D). It is likely that two or more mechanisms act in synergy here, to allow the 
conversion of flat Golgi cisternae into the tubulo-reticular PGC precursors at the TGN. 

In addition to the formation of tubular domains at the exit face of the Golgi complex, this is 
also the level at which the cargo proteins that are directed to different post-Golgi 
destinations need to be sorted. The classical view in the membrane transport field implies 
that this sorting at the TGN (as well as throughout the whole secretory pathway) is driven 
mainly by the coat-adaptor-protein machinery, which interacts specifically with amino-acid 
signals of certain transmembrane cargo proteins; this then provides the mechanical force for 
the budding and fission of transport vesicles (Mellman and Warren, 2000). 
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characterized. In contrast, PGCs carrying a cargo like the G-protein of vesicular stomatitis 
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at their membranes (Polishchuk et al., 2003). Other clathrin adaptors, such as the GGAs, are 
excluded from VSVG carriers as well (Polishchuk et al., 2003; Puertollano et al., 2003). 
Similarly, coats and adaptors have never been detected on PGCs that are carrying proteins 
to the apical PM surface in polarized cells (Kreitzer et al., 2003). Thus, these carriers should 
form either by virtue of some still-unknown adaptors that have not yet been visualized by 
EM, or by their association with specific lipid microdomains that are involved in sorting 
(Simons and Gerl, 2010). This might be the case for proteins directed to the apical surface of 
the PM in polarized epithelial cells, the concentration of which at the TGN appears to be 
through their partition into cholesterol-rich and sphingolipid-rich membrane domains, 
which are known as ‘membrane rafts’ (Simons and Gerl, 2010). 

Thus, the TGN represents a mosaic of different export domains, which strongly resemble 
free PGCs in their molecular composition. EM has also revealed structural similarities 
between carriers and their precursors at the TGN. For example, while the PGCs that carry 
VSVG mainly have a tubular morphology, several can have a complex structure and even 
contain clearly visible fenestrae (Polishchuk et al., 2003; Polishchuk et al., 2000), as would be 
expected of membranes that derive from a protrusion of the TGN. Indeed, PGC precursors 
visualized using correlative light-electron microscopy (CLEM) comprise tubular segments 
that consist of complex branching and fenestrated membranes remaining continuous with 
the parent membranes of the Golgi stack (Polishchuk et al., 2003). Similarly, carriers 
containing the apical cargo protein HA frequently exhibit tubular morphology, as do the 
HA-positive domains at the TGN (Puertollano et al., 2001). Thus structural similarities with 
their precursor at the TGN appear to be a common feature of the different types of PGCs. 
This strongly suggests that PGCs form by the fission of these precursor domains (or large 
parts of them) from the rest of the TGN membranes. 

2.2 Elongation of PGC precursors 

After the initial budding from the donor compartment, PGC precursors frequently undergo 
further extension, which in some cases, can reach to lengths of over a dozen microns. This 
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process is usually coupled to the loading of the cargo, and it allows the adapting of bulky 
proteins into budding PGCs; e.g. rigid 300-nm-long procollagen rods (Polishchuk et al., 
2003), and long tubular multimers of von Willebrand blood coagulation factor (Zenner et al., 
2007).  

The process of tubule elongation can be supported via the recruitment of various scaffold 
proteins. Clathrin has been shown to polymerize into tubular shapes (Zhang et al., 2007). In 
addition, local activities of lipid-modifying enzymes might be required to maintain the 
production of specific lipids that favor a tubule-like conformation of membranes, and 
therefore, to support PGC growth (Brown et al., 2003). Finally, elongation of PGC precursors 
is frequently assisted by the cytoskeleton. A number of actin-associated and microtubule-
associated motor proteins appear to be implicated in the pulling out of tubular structures 
from donor membranes (Kreitzer et al., 2000; Sahlender et al., 2005). Remarkably, 
microtubules and kinesin alone appear to be sufficient to trigger the formation of long 
membrane tubules from liposomes in vitro (Roux et al., 2002) and this process has been 
shown to operate for PGC elongation (Polishchuk et al., 2003). 

2.3 Fission of PGCs from the TGN 

The dynamics of the PGC fission process appears to be fairly complex. Live-cell imaging has 
revealed PGC fission frequently to coincide with the mechanical pulling out of carrier 
precursor from the TGN along microtubules (Polishchuk et al., 2003). Apparently, this 
pulling force that the molecular motors such as kinesin (see below) can apply to the TGN 
membranes is important in the extension of PGC precursors from the Golgi body and for the 
later fission of the PGC (Kreitzer et al., 2000; Polishchuk et al., 2003). In cell-free systems, 
addition of kinesin to Golgi membranes (and even to liposomes) together with microtubules 
induces the formation of tubule-like membranes that are similar to PGC precursors (Roux et 
al., 2002), while a block in kinesin function in cells by microinjection of an inhibitory 
antibody (Kreitzer et al., 2000) or expression of a ‘headless’ kinesin mutant (Nakata and 
Hirokawa, 2003) prevents PGC formation from the Golgi complex. Kinesin has been seen to 
be associated with the tip of PGC precursors, although it can also attach to other points 
along the membrane of a PGC precursor (Polishchuk et al., 2003). The movement of kinesins 
along microtubules can then create tension within a PGC precursor that will facilitate the 
fission process (Shemesh et al., 2003). Indeed, based on in-vitro data, membranes under 
tension have recently been proposed to have an important role in fission (Roux et al., 2006). 
The extension of tubular PGC precursors might also result in looser lipid packing in its 
membrane. This exposes the membranes of a budding PGC to easier access by proteins that 
promote membrane fission at the TGN, such as dynamin and CtBP1-S/BARS (Corda et al., 
2006; McNiven et al., 2000). Nonetheless, PGCs can also form when microtubules have been 
destroyed by nocodazole treatment; in this case, the pulling force to create membrane 
tension in fission-prone regions might be applied by the actin motors (Miserey-Lenkei et al., 
2010; Sahlender et al., 2005). 

Live-cell imaging and CLEM have also shown that fission does not take place randomly 
along the membranes of PGC precursors. Fission frequently takes place at the thinnest and 
geometrically simplest regions of the elongating PGC membranes (Fig. 3A), which at the EM 
level correspond to thin tubular segments of membranes (Polishchuk et al., 2003). In contrast, 
fission does not take place at the TGN regions with a complex morphology (i.e., in  
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A. TGN precursors of post-Golgi carriers are pulled along microtubules by kinesin. The fission of the 
carriers (dashed line) occurs at the thinnest parts of the PGC precursor, which correspond to thin 
tubular segments of the TGN membrane at the EM level. In contrast, fission does not take place at TGN 
regions with a complex morphology (i.e., containing tubular networks and fenestrae, or in thick 
vacuolar regions). If fission occurs close to the tip of a PGC precursor, the carrier will be smaller in size 
(panel 1). In contrast, larger PGCs can be formed by cleavage at the base of a PGC precursor (panel 2). 
B. PGCs directed to endosomes can detach from the TGN as simple clathrin-coated vesicles when the 
fission (dashed line) occurs at the neck of the clathrin-coated bud (1). Alternatively, entire chunks of the 
TGN membrane containing 2-3 clathrin-coated buds can be cleaved from the Golgi complex (2). C. In 
budding PGCs that contain raft and non-raft proteins and lipids, fission (dashed line) can occur at the 
fission-prone border between raft and nonraft areas, which leads to the formation of PGCs with either 
single (1) or several (2) membrane microdomains. D. The subsequent frames extracted from the time-
lapse sequence to demonstrate budding (1) and fission (2) of PGC that contains different membrane 
microdomains, which are labeled with either the raft cargo GPI-YFP (green arrow) or with the nonraft 
cargo VSVG-CFP (red arrows). 

Fig. 3. Fission of post-Golgi transport carriers.  
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process is usually coupled to the loading of the cargo, and it allows the adapting of bulky 
proteins into budding PGCs; e.g. rigid 300-nm-long procollagen rods (Polishchuk et al., 
2003), and long tubular multimers of von Willebrand blood coagulation factor (Zenner et al., 
2007).  

The process of tubule elongation can be supported via the recruitment of various scaffold 
proteins. Clathrin has been shown to polymerize into tubular shapes (Zhang et al., 2007). In 
addition, local activities of lipid-modifying enzymes might be required to maintain the 
production of specific lipids that favor a tubule-like conformation of membranes, and 
therefore, to support PGC growth (Brown et al., 2003). Finally, elongation of PGC precursors 
is frequently assisted by the cytoskeleton. A number of actin-associated and microtubule-
associated motor proteins appear to be implicated in the pulling out of tubular structures 
from donor membranes (Kreitzer et al., 2000; Sahlender et al., 2005). Remarkably, 
microtubules and kinesin alone appear to be sufficient to trigger the formation of long 
membrane tubules from liposomes in vitro (Roux et al., 2002) and this process has been 
shown to operate for PGC elongation (Polishchuk et al., 2003). 

2.3 Fission of PGCs from the TGN 

The dynamics of the PGC fission process appears to be fairly complex. Live-cell imaging has 
revealed PGC fission frequently to coincide with the mechanical pulling out of carrier 
precursor from the TGN along microtubules (Polishchuk et al., 2003). Apparently, this 
pulling force that the molecular motors such as kinesin (see below) can apply to the TGN 
membranes is important in the extension of PGC precursors from the Golgi body and for the 
later fission of the PGC (Kreitzer et al., 2000; Polishchuk et al., 2003). In cell-free systems, 
addition of kinesin to Golgi membranes (and even to liposomes) together with microtubules 
induces the formation of tubule-like membranes that are similar to PGC precursors (Roux et 
al., 2002), while a block in kinesin function in cells by microinjection of an inhibitory 
antibody (Kreitzer et al., 2000) or expression of a ‘headless’ kinesin mutant (Nakata and 
Hirokawa, 2003) prevents PGC formation from the Golgi complex. Kinesin has been seen to 
be associated with the tip of PGC precursors, although it can also attach to other points 
along the membrane of a PGC precursor (Polishchuk et al., 2003). The movement of kinesins 
along microtubules can then create tension within a PGC precursor that will facilitate the 
fission process (Shemesh et al., 2003). Indeed, based on in-vitro data, membranes under 
tension have recently been proposed to have an important role in fission (Roux et al., 2006). 
The extension of tubular PGC precursors might also result in looser lipid packing in its 
membrane. This exposes the membranes of a budding PGC to easier access by proteins that 
promote membrane fission at the TGN, such as dynamin and CtBP1-S/BARS (Corda et al., 
2006; McNiven et al., 2000). Nonetheless, PGCs can also form when microtubules have been 
destroyed by nocodazole treatment; in this case, the pulling force to create membrane 
tension in fission-prone regions might be applied by the actin motors (Miserey-Lenkei et al., 
2010; Sahlender et al., 2005). 

Live-cell imaging and CLEM have also shown that fission does not take place randomly 
along the membranes of PGC precursors. Fission frequently takes place at the thinnest and 
geometrically simplest regions of the elongating PGC membranes (Fig. 3A), which at the EM 
level correspond to thin tubular segments of membranes (Polishchuk et al., 2003). In contrast, 
fission does not take place at the TGN regions with a complex morphology (i.e., in  
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A. TGN precursors of post-Golgi carriers are pulled along microtubules by kinesin. The fission of the 
carriers (dashed line) occurs at the thinnest parts of the PGC precursor, which correspond to thin 
tubular segments of the TGN membrane at the EM level. In contrast, fission does not take place at TGN 
regions with a complex morphology (i.e., containing tubular networks and fenestrae, or in thick 
vacuolar regions). If fission occurs close to the tip of a PGC precursor, the carrier will be smaller in size 
(panel 1). In contrast, larger PGCs can be formed by cleavage at the base of a PGC precursor (panel 2). 
B. PGCs directed to endosomes can detach from the TGN as simple clathrin-coated vesicles when the 
fission (dashed line) occurs at the neck of the clathrin-coated bud (1). Alternatively, entire chunks of the 
TGN membrane containing 2-3 clathrin-coated buds can be cleaved from the Golgi complex (2). C. In 
budding PGCs that contain raft and non-raft proteins and lipids, fission (dashed line) can occur at the 
fission-prone border between raft and nonraft areas, which leads to the formation of PGCs with either 
single (1) or several (2) membrane microdomains. D. The subsequent frames extracted from the time-
lapse sequence to demonstrate budding (1) and fission (2) of PGC that contains different membrane 
microdomains, which are labeled with either the raft cargo GPI-YFP (green arrow) or with the nonraft 
cargo VSVG-CFP (red arrows). 

Fig. 3. Fission of post-Golgi transport carriers.  
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those containing tubular networks and branching tubules, or in thick vacuolar regions). 
Obviously, the precise points of fission will define not only the composition of a PGC 
carrier, but also its morphology. If fission occurs close to the tip of the TGN tubule, a carrier 
will be smaller in size. In contrast, larger PGCs can form by cleavage at the base of a PGC 
precursor (Fig. 3A). Similarly, endosome-directed PGCs can apparently detach from the 
TGN as simple cargo-containing vesicles if the fission occurs at the neck of the clathrin-
coated buds (Fig. 3B). However, many clathrin-positive PGCs have a grape-like morphology 
(a tubule with several ‘buds’), which suggests that entire chunks of TGN membranes that 
contain 2-3 clathrin-coated buds can be cleaved from the Golgi complex (Polishchuk et al., 
2006). 

Fission along a budding PGC precursor might also be greatly facilitated by heterogeneous 
lipid microdomains (Roux et al., 2005). Indeed, liposome tubules have been shown to break 
into small pieces at the border between phosphatidylcholine-enriched and cholesterol-
enriched regions (Roux et al., 2005). Given that multiple lipid microdomains can be seen 
along a forming PGC, it appears that large post-Golgi carriers might contain several regions 
that are filled with raft and non-raft proteins (Polishchuk et al., 2004) (Fig. 3C, D).  

Finally, fission of PGCs might be regulated by the cargo proteins themselves. According to a 
recent hypothesis, in some cases fission appears not to occur until the cargo is completely 
loaded into the budding tubule (Bard and Malhotra, 2006). For example, if a large and rigid 
procollagen rod is still present in the neck of a budding tubule, this neck can apparently not 
be constricted sufficiently (by dynamin or coat proteins) to trigger fission. 

3. PGC transition to the target membrane 
After fission from the TGN, PGCs move to their target membranes. Given that budding 
PGCs are associated with motor proteins, these can dock onto microtubules and use them as 
the ‘highways’ to reach their destination. In this context, different members of the kinesin 
superfamily (Kamal et al., 2000; Nakata and Hirokawa, 2003; Teng et al., 2005), or even other 
microtubule motors, such as dynein (Tai et al., 1999), have been shown to drive post-Golgi 
transport of specific cargo towards their acceptor compartment. Such high fidelity of cargo 
selection by motors at the TGN, and as a consequence, its further delivery to the correct 
surface or intracellular domain, might be regulated by interactions of motor proteins 
directly with the cargo (Kamal et al., 2000; Teng et al., 2005) or with components of the TGN 
sorting machinery (Nakagawa et al., 2000). For instance, transport of HA and annexin 13b to 
the apical PM surface in epithelial cells relies on the raft-associated motor protein KIFC3 
(Noda et al., 2001). KIF13A has been shown to operate in the other post-Golgi route that 
directs the mannose-6-phosphate receptor from the Golgi complex to the endosomes 
(Nakagawa et al., 2000). A number of neuronal proteins, such as bAPP, GAP43 and SNAP25, 
require KIF5 for their correct targeting (Nakata and Hirokawa, 2003). The microtubule 
minus-end-directed motor dynein has been described as supporting rhodopsin transport in 
rod photoreceptors (Tai et al., 1999; Yeh et al., 2006). 

Of note, the sorting of specific cargo to either axons or dendrites by different kinesins has 
been demonstrated in a single individual neuron (Nakata and Hirokawa, 2003). KIF5 has 
been shown to carry VSVG-containing PGCs to the axon, while KIF17A provides the 
delivery of the Kv2.1 ion channel to dendrites (Nakata and Hirokawa, 2003). In such cases, 
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how do the different motors know where to deliver these specific cargoes? Apparently 
motor heads of KIF5 and KIF17A can bind with higher affinity to different subsets of 
microtubules, which will provide directional cues for polarized axonal transport (Nakata 
and Hirokawa, 2003). Different populations of microtubules have been found also in other 
cell types, and therefore, these might serve as highways for polarized cargo delivery 
(Nakata and Hirokawa, 2003; Spiliotis et al., 2008).  

In this context, microtubule architecture appears to play a significant role in targeting of 
TGN-derived PGCs to their correct acceptor membrane(s). Several molecular players, such 
as Par-1 (Cohen et al., 2004) and septins (Spiliotis et al., 2008), have been shown to regulate 
microtubule organization in vertical or horizontal arrays during the polarization of 
columnar (MDCK cells) or planar (hepatocytes) epithelia, respectively. As a consequence of 
the divers microtubule architecture, same apical proteins can be delivered from the Golgi 
complex directly to the correct surface domain of MDCK cells, while in hepatocytes, these 
apical markers first appear at the basolateral surface, and then transcytosis is used for their 
apical delivery (Cohen et al., 2004).  

The other important issue that needs to be addressed is whether any sorting processes take 
place in the PGCs en route to their acceptor compartment. This occurs, for example, when the 
mannose-6-phosphate receptor is sorted from the maturing secretory granules by clathrin-
coated vesicles (Klumperman et al., 1998). So several approaches have been used to 
determine whether similar sorting events occur with PGCs. Mature TGN-derived carriers 
can be arrested before their fusion with the PM, either by microinjection of an anti-NSF 
antibody or by treatment with tannic acid (Polishchuk et al., 2003; Polishchuk et al., 2004). In 
contrast to secretory granules, a comparison of mature with newly formed PGCs did not 
reveal significant variations in either their ultrastructure or their molecular composition 
(Polishchuk et al., 2003; Polishchuk et al., 2004). Similarly, mature carriers directed from the 
Golgi complex to endosomes accumulated in cells upon endosome ablation. However, they 
did not show any significant transformation, except for a slight reduction in the area 
covered by clathrin (Polishchuk et al., 2006). 

Live-cell imaging of MDCK cells has revealed that PCGs that contain both the basolateral 
marker VSVG-CFP and the apical marker GPI-YFP do not sort out each of these proteins 
into separate structures, but deliver both of these proteins to the PM (Polishchuk and 
Mironov, 2004). GPI-YFP is then sorted from the basolateral surface to the apical surface 
through transcytosis. On the other hand, segregation of proteins from their common PGC 
into two separate carriers has also been documented (Jacob and Naim, 2001). This suggests 
that sorting from the PGC does happen, but that it is likely to depend on the nature of the 
transported cargo proteins.  

The complexity of sorting events in the post-Golgi space became more evident with 
discovery that certain cargoes can pass through an endosomal intermediate before their 
arrival at the PM. Such indirect ‘through-endosome’ trafficking of cargo to the cell surface 
might be significantly facilitated by close association of the TGN membranes with a number 
of the endocytic compartments in the perinuclear area of a cell (Pavelka et al., 1998). The list 
of the proteins using this pathway has been updated recently, and it has now been shown 
that in MDCK epithelial cells, VSVG, the LDL receptor, and E-cadherin can be detected in 
endosomes before their exit to the PM (Ang et al., 2004; Lock and Stow, 2005). These 
findings, however, raise a number of further questions. The first is whether this indirect 
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those containing tubular networks and branching tubules, or in thick vacuolar regions). 
Obviously, the precise points of fission will define not only the composition of a PGC 
carrier, but also its morphology. If fission occurs close to the tip of the TGN tubule, a carrier 
will be smaller in size. In contrast, larger PGCs can form by cleavage at the base of a PGC 
precursor (Fig. 3A). Similarly, endosome-directed PGCs can apparently detach from the 
TGN as simple cargo-containing vesicles if the fission occurs at the neck of the clathrin-
coated buds (Fig. 3B). However, many clathrin-positive PGCs have a grape-like morphology 
(a tubule with several ‘buds’), which suggests that entire chunks of TGN membranes that 
contain 2-3 clathrin-coated buds can be cleaved from the Golgi complex (Polishchuk et al., 
2006). 

Fission along a budding PGC precursor might also be greatly facilitated by heterogeneous 
lipid microdomains (Roux et al., 2005). Indeed, liposome tubules have been shown to break 
into small pieces at the border between phosphatidylcholine-enriched and cholesterol-
enriched regions (Roux et al., 2005). Given that multiple lipid microdomains can be seen 
along a forming PGC, it appears that large post-Golgi carriers might contain several regions 
that are filled with raft and non-raft proteins (Polishchuk et al., 2004) (Fig. 3C, D).  

Finally, fission of PGCs might be regulated by the cargo proteins themselves. According to a 
recent hypothesis, in some cases fission appears not to occur until the cargo is completely 
loaded into the budding tubule (Bard and Malhotra, 2006). For example, if a large and rigid 
procollagen rod is still present in the neck of a budding tubule, this neck can apparently not 
be constricted sufficiently (by dynamin or coat proteins) to trigger fission. 

3. PGC transition to the target membrane 
After fission from the TGN, PGCs move to their target membranes. Given that budding 
PGCs are associated with motor proteins, these can dock onto microtubules and use them as 
the ‘highways’ to reach their destination. In this context, different members of the kinesin 
superfamily (Kamal et al., 2000; Nakata and Hirokawa, 2003; Teng et al., 2005), or even other 
microtubule motors, such as dynein (Tai et al., 1999), have been shown to drive post-Golgi 
transport of specific cargo towards their acceptor compartment. Such high fidelity of cargo 
selection by motors at the TGN, and as a consequence, its further delivery to the correct 
surface or intracellular domain, might be regulated by interactions of motor proteins 
directly with the cargo (Kamal et al., 2000; Teng et al., 2005) or with components of the TGN 
sorting machinery (Nakagawa et al., 2000). For instance, transport of HA and annexin 13b to 
the apical PM surface in epithelial cells relies on the raft-associated motor protein KIFC3 
(Noda et al., 2001). KIF13A has been shown to operate in the other post-Golgi route that 
directs the mannose-6-phosphate receptor from the Golgi complex to the endosomes 
(Nakagawa et al., 2000). A number of neuronal proteins, such as bAPP, GAP43 and SNAP25, 
require KIF5 for their correct targeting (Nakata and Hirokawa, 2003). The microtubule 
minus-end-directed motor dynein has been described as supporting rhodopsin transport in 
rod photoreceptors (Tai et al., 1999; Yeh et al., 2006). 

Of note, the sorting of specific cargo to either axons or dendrites by different kinesins has 
been demonstrated in a single individual neuron (Nakata and Hirokawa, 2003). KIF5 has 
been shown to carry VSVG-containing PGCs to the axon, while KIF17A provides the 
delivery of the Kv2.1 ion channel to dendrites (Nakata and Hirokawa, 2003). In such cases, 
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how do the different motors know where to deliver these specific cargoes? Apparently 
motor heads of KIF5 and KIF17A can bind with higher affinity to different subsets of 
microtubules, which will provide directional cues for polarized axonal transport (Nakata 
and Hirokawa, 2003). Different populations of microtubules have been found also in other 
cell types, and therefore, these might serve as highways for polarized cargo delivery 
(Nakata and Hirokawa, 2003; Spiliotis et al., 2008).  

In this context, microtubule architecture appears to play a significant role in targeting of 
TGN-derived PGCs to their correct acceptor membrane(s). Several molecular players, such 
as Par-1 (Cohen et al., 2004) and septins (Spiliotis et al., 2008), have been shown to regulate 
microtubule organization in vertical or horizontal arrays during the polarization of 
columnar (MDCK cells) or planar (hepatocytes) epithelia, respectively. As a consequence of 
the divers microtubule architecture, same apical proteins can be delivered from the Golgi 
complex directly to the correct surface domain of MDCK cells, while in hepatocytes, these 
apical markers first appear at the basolateral surface, and then transcytosis is used for their 
apical delivery (Cohen et al., 2004).  

The other important issue that needs to be addressed is whether any sorting processes take 
place in the PGCs en route to their acceptor compartment. This occurs, for example, when the 
mannose-6-phosphate receptor is sorted from the maturing secretory granules by clathrin-
coated vesicles (Klumperman et al., 1998). So several approaches have been used to 
determine whether similar sorting events occur with PGCs. Mature TGN-derived carriers 
can be arrested before their fusion with the PM, either by microinjection of an anti-NSF 
antibody or by treatment with tannic acid (Polishchuk et al., 2003; Polishchuk et al., 2004). In 
contrast to secretory granules, a comparison of mature with newly formed PGCs did not 
reveal significant variations in either their ultrastructure or their molecular composition 
(Polishchuk et al., 2003; Polishchuk et al., 2004). Similarly, mature carriers directed from the 
Golgi complex to endosomes accumulated in cells upon endosome ablation. However, they 
did not show any significant transformation, except for a slight reduction in the area 
covered by clathrin (Polishchuk et al., 2006). 

Live-cell imaging of MDCK cells has revealed that PCGs that contain both the basolateral 
marker VSVG-CFP and the apical marker GPI-YFP do not sort out each of these proteins 
into separate structures, but deliver both of these proteins to the PM (Polishchuk and 
Mironov, 2004). GPI-YFP is then sorted from the basolateral surface to the apical surface 
through transcytosis. On the other hand, segregation of proteins from their common PGC 
into two separate carriers has also been documented (Jacob and Naim, 2001). This suggests 
that sorting from the PGC does happen, but that it is likely to depend on the nature of the 
transported cargo proteins.  

The complexity of sorting events in the post-Golgi space became more evident with 
discovery that certain cargoes can pass through an endosomal intermediate before their 
arrival at the PM. Such indirect ‘through-endosome’ trafficking of cargo to the cell surface 
might be significantly facilitated by close association of the TGN membranes with a number 
of the endocytic compartments in the perinuclear area of a cell (Pavelka et al., 1998). The list 
of the proteins using this pathway has been updated recently, and it has now been shown 
that in MDCK epithelial cells, VSVG, the LDL receptor, and E-cadherin can be detected in 
endosomes before their exit to the PM (Ang et al., 2004; Lock and Stow, 2005). These 
findings, however, raise a number of further questions. The first is whether this indirect 
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transport route exists in different cells. The second is whether different cargoes move 
through the same endosomal compartment on their way to the cell surface in epithelial cells. 
This appears not to be a case, as a number of proteins (such as VSVG and the LDL receptor) 
have been reported to use a Rab8-positive sub-population of endosomes as an intermediate 
station on their way to the basolateral PM in epithelial cells (Ang et al., 2004), while others 
cargoes (such as E-cadherin, for example) move to the PM through a Rab11-containing 
endocytic compartment (Lock and Stow, 2005). Furthermore, ablation of the different 
endocytic compartments through horseradish peroxidase (HRP)-catalyzed crosslinking has 
revealed a number of apical proteins to take various through-endosome routes to reach the 
cell surface (Weisz and Rodriguez-Boulan, 2009). It remains to be understood, however, 
whether any cross-talk between these routes exists. Unfortunately, detailed characterization 
of PGCs that operate either to or from these intermediate endocytic stations is still missing. 
Moreover, directionality and selectivity of the post-Golgi routes, and therefore the PGC 
properties, might change upon cell differentiation. For example, at the early stages in MDCK 
cells, GPI-anchored proteins are transported to the basolateral surface of the PM, from 
where that tend to be transcytosed to the apical surface (Polishchuk et al., 2004). Later, 
however, the cells tend to divert GPI-anchored proteins into a direct Golgi-to-apical surface 
route (Paladino et al., 2006). Further efforts need to be made to understand this interplay of 
the different mechanisms that define the PGC path from the TGN to the target 
compartment. 

4. Docking and fusion of PGCs with acceptor membranes 
To complete their movement across a cell, PGCs need to fuse with their acceptor membrane 
to deliver their contents. Docking and fusion of PGCs with the cell surface has been studied 
by total internal reflection (TIRF) microscopy, which allows the visualization of intracellular 
events within very narrow (50-150 nm) distance from the PM. This TIRF analysis 
demonstrated that after the docking heterogeneously sized PGCs, these usually fuse 
completely with the PM (Schmoranzer et al., 2000; Toomre et al., 2000). However, 
occasionally, larger tubular PGCs can fuse with the PM only partially, at their tips 
(Schmoranzer et al., 2000; Toomre et al., 2000), using a kind of ‘kiss-and-run’ mechanism. 
Interestingly, some PGCs also remain attached to microtubules even as their fusion with the 
PM initiates (Schmoranzer and Simon, 2003).  

PGC fusion with the PM might not be randomly distributed, and might instead be 
concentrated at several ‘hot spots’ along the PM (Toomre et al., 2000). In general, the 
delivery of the PGCs is frequently directed to rapidly growing membrane surfaces. In motile 
cells, this process is restricted to the leading edge of the cell (Polishchuk et al., 2004; 
Schmoranzer et al., 2003). Visualization of exocytosis in polarized cells has revealed that the 
vertical growth of epithelia relies on the directed delivery of PGCs to the lateral surface of 
the columnar cells, where the tethering factors, such as mammalian exocyst or Drosophila 
DLG, reside (Kreitzer et al., 2003; Lee et al., 2003; Polishchuk et al., 2004). Similarly, the 
exocyst can define PGC docking sites in neurite growth cones of differentiating neurons 
(Vega and Hsu, 2001). Interestingly, during tissue biogenesis, a number of cells (e.g. 
epithelial cells) show an incredible flexibility in terms of their transport routes (Mostov et 
al., 2003; Rodriguez-Boulan et al., 2005). In epithelia growing on a filter support for 2-3 days, 
GPI-anchored proteins (which are normally apically targeted) have been found together 
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with basolateral markers within the same carriers docked onto the lateral membranes of the 
MDCK cells (Polishchuk et al., 2004). Only after their arrival at the basolateral surface of the 
PM were these proteins sorted to the apical domain of the PM by transcytosis (Polishchuk et 
al., 2004). However, after 4 days in culture, MDCK cells apparently start to switch delivery 
of GPI-anchored proteins from a transcytotic to direct route (Paladino et al., 2006). Similarly, 
in thyroid epithelial cells, the delivery of dipeptidylpeptidase-IV to the apical PM surface 
changes from transcytosis to a direct route as the epithelial monolayer matures (Zurzolo et 
al., 1992). This might happen because the target patch for the PGC fusion forms at the lateral 
surface of epithelial cells earlier then at the apical targeting patch (Mostov et al., 2003; 
Nelson, 2003; Rodriguez-Boulan et al., 2005). Indeed, Sec6 undergoes recruitment to the sites 
of cell-to-cell junctions as soon as subconfluent cells start to contact each other (Yeaman et 
al., 2004), while expression of the apical sorting machinery components occurs later during 
the process of cell polarization (Halbleib et al., 2007). Thus, during the early stages of 
polarization, most of PGCs fuse near junctional complexes at the lateral domain of the PM 
(Kreitzer et al., 2003; Polishchuk et al., 2004), which contributes to fast vertical elongation of 
a cell within the epithelial sheet (Mostov et al., 2003; Nelson, 2003; Rodriguez-Boulan et al., 
2005). 

The precise spatial targeting of PGCs to the correct PM area might be important for 
processes that contribute to correct tissue development, such as, for example, the parallel 
alignment of collagen fibers in a tendon (Canty et al., 2004). The cellular mechanism of this 
alignment is thought to involve the assembly of intracellular collagen fibrils within PGCs. 
The PGCs carrying procollagen subsequently connect to the extracellular matrix via finger-
like projections of the PM, which are known as fibripositors, and which are oriented along 
the axis of the tendon (Canty et al., 2004). Interestingly, actin filament disassembly results in 
the rapid loss of fibripositors and in the subsequent disappearance of intracellular fibrils. In 
this case, a significant proportion of collagen fibrils are found to no longer be orientated 
with the long axis of the tendon. This suggests an important role for the actin cytoskeleton in 
the alignment of PGC delivery and in the further organization of the collagenous 
extracellular matrix in the embryonic tendon (Canty et al., 2006). 

In brain tissue, transformation of the contact between an axon and a dendrite into a synapse 
is accompanied by the accumulation of the synaptic machinery at the site, with these 
delivered in TGN-derived carriers. In cultured hippocampal neurons, PGCs are linked via 
spectrin to clusters of the neural cell adhesion molecule (NCAM) in the PM. These 
complexes are trapped at sites of initial neurite-to-neurite contact within several minutes of 
the formation of the initial contact. The accumulation of PGCs at contacts with NCAM-
deficient neurons is reduced when compared with wild-type cells, which suggests that 
NCAM mediates the anchoring of intracellular organelles in nascent synapses (Sytnyk et al., 
2002). 

5. Concluding remarks 
The extensive characterization of PGC morphology by the combination of live-cell imaging 
and EM has provided significant advances in our understanding of the mechanisms that 
operate during PGC morphogenesis and the other steps of the PGC lifecycle. It appears that 
the type and size of a cargo can strongly impact on the architecture of a PGC, its path to the 
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transport route exists in different cells. The second is whether different cargoes move 
through the same endosomal compartment on their way to the cell surface in epithelial cells. 
This appears not to be a case, as a number of proteins (such as VSVG and the LDL receptor) 
have been reported to use a Rab8-positive sub-population of endosomes as an intermediate 
station on their way to the basolateral PM in epithelial cells (Ang et al., 2004), while others 
cargoes (such as E-cadherin, for example) move to the PM through a Rab11-containing 
endocytic compartment (Lock and Stow, 2005). Furthermore, ablation of the different 
endocytic compartments through horseradish peroxidase (HRP)-catalyzed crosslinking has 
revealed a number of apical proteins to take various through-endosome routes to reach the 
cell surface (Weisz and Rodriguez-Boulan, 2009). It remains to be understood, however, 
whether any cross-talk between these routes exists. Unfortunately, detailed characterization 
of PGCs that operate either to or from these intermediate endocytic stations is still missing. 
Moreover, directionality and selectivity of the post-Golgi routes, and therefore the PGC 
properties, might change upon cell differentiation. For example, at the early stages in MDCK 
cells, GPI-anchored proteins are transported to the basolateral surface of the PM, from 
where that tend to be transcytosed to the apical surface (Polishchuk et al., 2004). Later, 
however, the cells tend to divert GPI-anchored proteins into a direct Golgi-to-apical surface 
route (Paladino et al., 2006). Further efforts need to be made to understand this interplay of 
the different mechanisms that define the PGC path from the TGN to the target 
compartment. 

4. Docking and fusion of PGCs with acceptor membranes 
To complete their movement across a cell, PGCs need to fuse with their acceptor membrane 
to deliver their contents. Docking and fusion of PGCs with the cell surface has been studied 
by total internal reflection (TIRF) microscopy, which allows the visualization of intracellular 
events within very narrow (50-150 nm) distance from the PM. This TIRF analysis 
demonstrated that after the docking heterogeneously sized PGCs, these usually fuse 
completely with the PM (Schmoranzer et al., 2000; Toomre et al., 2000). However, 
occasionally, larger tubular PGCs can fuse with the PM only partially, at their tips 
(Schmoranzer et al., 2000; Toomre et al., 2000), using a kind of ‘kiss-and-run’ mechanism. 
Interestingly, some PGCs also remain attached to microtubules even as their fusion with the 
PM initiates (Schmoranzer and Simon, 2003).  

PGC fusion with the PM might not be randomly distributed, and might instead be 
concentrated at several ‘hot spots’ along the PM (Toomre et al., 2000). In general, the 
delivery of the PGCs is frequently directed to rapidly growing membrane surfaces. In motile 
cells, this process is restricted to the leading edge of the cell (Polishchuk et al., 2004; 
Schmoranzer et al., 2003). Visualization of exocytosis in polarized cells has revealed that the 
vertical growth of epithelia relies on the directed delivery of PGCs to the lateral surface of 
the columnar cells, where the tethering factors, such as mammalian exocyst or Drosophila 
DLG, reside (Kreitzer et al., 2003; Lee et al., 2003; Polishchuk et al., 2004). Similarly, the 
exocyst can define PGC docking sites in neurite growth cones of differentiating neurons 
(Vega and Hsu, 2001). Interestingly, during tissue biogenesis, a number of cells (e.g. 
epithelial cells) show an incredible flexibility in terms of their transport routes (Mostov et 
al., 2003; Rodriguez-Boulan et al., 2005). In epithelia growing on a filter support for 2-3 days, 
GPI-anchored proteins (which are normally apically targeted) have been found together 
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with basolateral markers within the same carriers docked onto the lateral membranes of the 
MDCK cells (Polishchuk et al., 2004). Only after their arrival at the basolateral surface of the 
PM were these proteins sorted to the apical domain of the PM by transcytosis (Polishchuk et 
al., 2004). However, after 4 days in culture, MDCK cells apparently start to switch delivery 
of GPI-anchored proteins from a transcytotic to direct route (Paladino et al., 2006). Similarly, 
in thyroid epithelial cells, the delivery of dipeptidylpeptidase-IV to the apical PM surface 
changes from transcytosis to a direct route as the epithelial monolayer matures (Zurzolo et 
al., 1992). This might happen because the target patch for the PGC fusion forms at the lateral 
surface of epithelial cells earlier then at the apical targeting patch (Mostov et al., 2003; 
Nelson, 2003; Rodriguez-Boulan et al., 2005). Indeed, Sec6 undergoes recruitment to the sites 
of cell-to-cell junctions as soon as subconfluent cells start to contact each other (Yeaman et 
al., 2004), while expression of the apical sorting machinery components occurs later during 
the process of cell polarization (Halbleib et al., 2007). Thus, during the early stages of 
polarization, most of PGCs fuse near junctional complexes at the lateral domain of the PM 
(Kreitzer et al., 2003; Polishchuk et al., 2004), which contributes to fast vertical elongation of 
a cell within the epithelial sheet (Mostov et al., 2003; Nelson, 2003; Rodriguez-Boulan et al., 
2005). 

The precise spatial targeting of PGCs to the correct PM area might be important for 
processes that contribute to correct tissue development, such as, for example, the parallel 
alignment of collagen fibers in a tendon (Canty et al., 2004). The cellular mechanism of this 
alignment is thought to involve the assembly of intracellular collagen fibrils within PGCs. 
The PGCs carrying procollagen subsequently connect to the extracellular matrix via finger-
like projections of the PM, which are known as fibripositors, and which are oriented along 
the axis of the tendon (Canty et al., 2004). Interestingly, actin filament disassembly results in 
the rapid loss of fibripositors and in the subsequent disappearance of intracellular fibrils. In 
this case, a significant proportion of collagen fibrils are found to no longer be orientated 
with the long axis of the tendon. This suggests an important role for the actin cytoskeleton in 
the alignment of PGC delivery and in the further organization of the collagenous 
extracellular matrix in the embryonic tendon (Canty et al., 2006). 

In brain tissue, transformation of the contact between an axon and a dendrite into a synapse 
is accompanied by the accumulation of the synaptic machinery at the site, with these 
delivered in TGN-derived carriers. In cultured hippocampal neurons, PGCs are linked via 
spectrin to clusters of the neural cell adhesion molecule (NCAM) in the PM. These 
complexes are trapped at sites of initial neurite-to-neurite contact within several minutes of 
the formation of the initial contact. The accumulation of PGCs at contacts with NCAM-
deficient neurons is reduced when compared with wild-type cells, which suggests that 
NCAM mediates the anchoring of intracellular organelles in nascent synapses (Sytnyk et al., 
2002). 

5. Concluding remarks 
The extensive characterization of PGC morphology by the combination of live-cell imaging 
and EM has provided significant advances in our understanding of the mechanisms that 
operate during PGC morphogenesis and the other steps of the PGC lifecycle. It appears that 
the type and size of a cargo can strongly impact on the architecture of a PGC, its path to the 
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target compartment, and way of its fusion with the acceptor membrane. This is achieved 
through the interplay of the cargo molecules with the components of the sorting and 
transport machineries at the TGN and in the more distal compartments of the post-Golgi 
transport routes. Therefore, the integrity of the mechanisms involved in cargo sorting into 
PGCs, and its further delivery to the correct target destination plays a fundamental role in 
the maintenance of cell homeostasis, as well as in the organization of specific tissue 
architecture and function. 
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1. Introduction 
Every cell must sort and transport proteins. This is true for soluble proteins as well as 
proteins that are in membranes, each of which need to be directed to appropriate subcellular 
or extracellular destinations in order to perform their essential functions. In eukaryotes, 
selective trafficking contributes to maintaining the different compositions of different 
membranes such as apical and basolateral plasma membranes, as well as directing 
appropriate proteins to lysosomes, endosomes, multivesicular bodies, or other intracellular 
compartments. The normal physiology of the cell is critically dependent on selective 
trafficking of proteins and membranes between different transport pathways within the cell. 
Other chapters in this book focus on the mechanics of transporting cargo membranes, 
including the molecular aspects of vesicle fusion to specific target membranes. This chapter 
will focus on the importance and mechanisms of sorting luminal cargo into different 
pathways, i.e., the “selective” aspect of selective trafficking, particularly with respect to 
exocrine secretion.  

Selective trafficking of new proteins is largely achieved by budding of vesicles from the 
trans-Golgi network (TGN) for transport to specific organelles or to specific regions of the 
plasmalemma. Different terminology is used for these vesicles depending on their size, 
histological appearance, contents, or cell type. Granules (including dense-core secretory 
granules, DCSG) are secretory vesicles present in endocrine, exocrine, immune, and 
neuroendocrine cells, responsible for both storage and secretion of proteins. Lymphocytes, 
dendritic cells, and natural killer cells also contain secretory lysosomes for the release of 
lysosomal enzymes (Stanley and Lacy 2010), and neurons contain peptidergic synaptic 
vesicles (Park and Loh 2008; Park et al. 2011). However, all of these types of vesicles serve 
the same broad purpose of transporting specific cargo to specific destinations by an 
appropriately regulated pathway.  

The lipid membranes of these vesicles carry tightly associated cytoplasmic proteins (termed 
coat proteins) which not only help form the vesicle, but also direct the vesicle to the correct 
destination (De Matteis and Luini 2008; Santiago-Tirado and Bretscher 2011; Wilson et al. 
2011). The matrix of coat proteins on the cytosolic face of the membrane contributes to the 
bending of the TGN membrane during budding of the vesicle. This matrix is formed by 
multiple interactions, including binding of coat proteins to phosphatidylinositol phosphates 
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(PtdInsPs) in the TGN membrane, interactions between the coat proteins, and binding to 
integral proteins of the TGN membrane. Importantly, populations of vesicles are 
distinguished by the presence of specific combinations of coat proteins, such as clathrin, 
Adaptor Proteins (AP1-4), FAPP1/2, GGAs, ARF, v-snares, and synaptotagmin. In the 
parotid gland, VAMP2, VAMP8, syntaxin4/6, and synaptotagmin decorate the cytoplasmic 
side of secretory granules (Fujita-Yoshigaki et al. 2006; Wang et al. 2007). These different 
coat proteins on different vesicles direct the vesicles to the correct target membranes. For 
example, FAPP2 is critical for constitutive apical trafficking, whereas FAPP1 directs 
basolateral trafficking (Vieira et al. 2005). The coat proteins also mediate interactions with 
other proteins, including actins, to mediate transportation of that vesicle.  

Having vesicles destined for different targets raises the central question of how does the 
correct cargo get put into just the correct type of vesicle? These post-TGN vesicles carry 
integral membrane proteins, which are one type of cargo delivered by this process. 
Transmembrane cargo proteins (such as MPR300) are localized by direct interactions with 
coat proteins (such as GGAs) on the outside of the forming vesicle as it buds from the TGN 
(Ghosh et al. 2003). Sorting sequences which mediate these interactions have been identified 
on the cytosolic tails of many transmembrane cargo proteins (Folsch et al. 2009). Hence, the 
problem of sorting membrane cargo proteins to the correct vesicle has an elegant solution 
based on direct interactions of transmembrane cargo with the coat protein complex which 
identifies that vesicle and targets it to the correct destination (recently reviewed in (De 
Matteis and Luini 2011)).  

Importantly, the lumen of the vesicle contains a different type of cargo composed of specific 
soluble proteins. Luminal cargo proteins include lysosomal enzymes, hormones, cytokines, 
neurotransmitters, digestive enzymes, and salivary proteins. As can be seen from this list, 
soluble cargo proteins are present in a variety of different secretory cell types. These luminal 
cargo proteins cannot interact directly with the coat proteins on the cytoplasmic (outer) 
surface of the vesicle membrane; therefore, other mechanisms must be involved to localize 
the correct soluble cargo protein into the vesicle destined for the correct target, and not into 
the incorrect vesicles. This is an information transfer problem, i.e., how to get the 
information encoded by the cytoplasmic coat proteins (which determine the destination of 
the vesicle) to select the appropriate luminal cargo proteins.  

Information transfer for sorting is a typical problem in any distribution network and must 
be solved by companies involved with distribution, such as UPS or FedEx. The need for 
solutions to such problems is reflected by the growing number of Logistics and Distribution 
programs at universities. Notably, eukaryotic cells developed solutions to these logistics 
problems many eons ago. For an exocrine or endocrine cell, the problem is how to get the 
lysosomal enzymes (soluble cargo proteins) into a forming TGN vesicle destined for the 
lysosome, and secretory cargo proteins into a different TGN vesicle destined for the 
plasmalemma. This requires the transfer of information from the cytosolic side of the 
forming vesicle membrane to the luminal side of the membrane.  

While there are some good model systems, we do not have a clear understanding of the 
molecular mechanisms that direct the sorting of soluble cargo proteins between different 
vesicles. Nonetheless, this is an important issue since all eukaryotic cells produce several 
different types of vesicles at the TGN (Folsch et al. 2009), and many cell types secrete 
proteins by specific pathways such as apical versus basolateral pathways. Changes in 
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trafficking not only affect the physiology of the cell, but also embryonic development (Shilo 
and Schejter 2011) and disease. This chapter will focus on sorting (selective trafficking) for 
secretion of luminal cargo proteins. We will review some of the general aspects of selective 
trafficking, and then build on that background by focusing on our recent work suggesting a 
novel mechanism for sorting in the parotid salivary gland.  

2. Biogenesis during trans-Golgi network vesicle trafficking 
Secreted proteins are translated at the rough endoplasmic reticulum and transit from the ER, 
through the ER-Golgi Intermediate Compartment (ERGIC) to the Golgi and subsequently 
the trans-Golgi network (TGN) (Shilo and Schejter 2011). Post-translational modifications 
such as glycosylation occur in the ER and Golgi. Membranes on the trans side of the Golgi 
apparatus form dynamic tubular reticular structures having a large surface area (De Matteis 
and Luini 2008). This network of saccules and tubes is continuously remodeled such that 
both the structure and size of the TGN varies depending on the secretory activity and the 
cell type (Trucco et al. 2004). Selective trafficking at the TGN will sort cargo into vesicles or 
carrier tubules (De Matteis and Luini 2008), and this sorting requires the genesis of carrier 
vesicles targeted to specific membranes within the cell. As noted above, these vesicles are 
distinguished by the combination of coat proteins on the cytosolic face of the membrane 
which determine the target membrane for that vesicle. In some pathways additional sorting 
occurs at the recycling endosome (reviewed in (De Matteis and Luini 2008; Santiago-Tirado 
and Bretscher 2011)).  

The initiating event in vesicle biogenesis may be driven by the local membrane lipid 
composition where asymmetry in the types of lipid in the two faces of the membrane bilayer 
can induce bending (van Meer and Sprong 2004). Initiation may also involve membrane 
rafts, which are reported to be present in the TGN of all cells (Park and Loh 2008), and on 
membranes of secretory granules (Hosaka et al. 2004; Lang 2007; Guerriero et al. 2008). 
While membrane rafts are well characterized to play important roles in endocytosis at the 
plasmalemma, their role in vesicle formation at the TGN is not as well understood. Many 
vesicle coat proteins have been localized to lipid rafts on vesicles (Puri and Roche 2006). This 
has been suggested to be important for the formation of the coat protein complexes on the 
TGN for the initial creation of vesicle buds and selective trafficking (Simons and Sampaio 
2011). For example, SNARE proteins are enriched in cholesterol-dependent rafts in beta-cells 
and PC-12 cells (Lang 2007). However, technical issues have called into question the validity 
of some methods for isolation of ‘lipid rafts’, leading to a more stringent definition and the 
term ‘membrane rafts’ (Lang 2007). Nonetheless, even with the more stringent approach, 
SNAREs such as VAMP2 and VAMP3 are enriched in membrane rafts of vesicles. 
Membrane rafts can contain different complements of proteins due to specific protein 
interactions. One model for the formation of vesicle buds is that membrane rafts on the TGN 
(with associated transmembrane cargo proteins) coalesce creating a lipid domain that is 
favorable to bending the membrane, and containing transmembrane proteins which can 
facilitate the decoration of the cytosolic face of the membrane with adaptor and other coat 
proteins (De Matteis and Luini 2008; Simons and Sampaio 2011). Testing the relevance of 
this model to selective sorting for secretion in living cells is important, and requires 
determining whether trafficking vesicles in different pathways (e.g., regulated secretion 
versus constitutive secretion pathways) contain different types of membrane rafts, or that 
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(PtdInsPs) in the TGN membrane, interactions between the coat proteins, and binding to 
integral proteins of the TGN membrane. Importantly, populations of vesicles are 
distinguished by the presence of specific combinations of coat proteins, such as clathrin, 
Adaptor Proteins (AP1-4), FAPP1/2, GGAs, ARF, v-snares, and synaptotagmin. In the 
parotid gland, VAMP2, VAMP8, syntaxin4/6, and synaptotagmin decorate the cytoplasmic 
side of secretory granules (Fujita-Yoshigaki et al. 2006; Wang et al. 2007). These different 
coat proteins on different vesicles direct the vesicles to the correct target membranes. For 
example, FAPP2 is critical for constitutive apical trafficking, whereas FAPP1 directs 
basolateral trafficking (Vieira et al. 2005). The coat proteins also mediate interactions with 
other proteins, including actins, to mediate transportation of that vesicle.  

Having vesicles destined for different targets raises the central question of how does the 
correct cargo get put into just the correct type of vesicle? These post-TGN vesicles carry 
integral membrane proteins, which are one type of cargo delivered by this process. 
Transmembrane cargo proteins (such as MPR300) are localized by direct interactions with 
coat proteins (such as GGAs) on the outside of the forming vesicle as it buds from the TGN 
(Ghosh et al. 2003). Sorting sequences which mediate these interactions have been identified 
on the cytosolic tails of many transmembrane cargo proteins (Folsch et al. 2009). Hence, the 
problem of sorting membrane cargo proteins to the correct vesicle has an elegant solution 
based on direct interactions of transmembrane cargo with the coat protein complex which 
identifies that vesicle and targets it to the correct destination (recently reviewed in (De 
Matteis and Luini 2011)).  

Importantly, the lumen of the vesicle contains a different type of cargo composed of specific 
soluble proteins. Luminal cargo proteins include lysosomal enzymes, hormones, cytokines, 
neurotransmitters, digestive enzymes, and salivary proteins. As can be seen from this list, 
soluble cargo proteins are present in a variety of different secretory cell types. These luminal 
cargo proteins cannot interact directly with the coat proteins on the cytoplasmic (outer) 
surface of the vesicle membrane; therefore, other mechanisms must be involved to localize 
the correct soluble cargo protein into the vesicle destined for the correct target, and not into 
the incorrect vesicles. This is an information transfer problem, i.e., how to get the 
information encoded by the cytoplasmic coat proteins (which determine the destination of 
the vesicle) to select the appropriate luminal cargo proteins.  

Information transfer for sorting is a typical problem in any distribution network and must 
be solved by companies involved with distribution, such as UPS or FedEx. The need for 
solutions to such problems is reflected by the growing number of Logistics and Distribution 
programs at universities. Notably, eukaryotic cells developed solutions to these logistics 
problems many eons ago. For an exocrine or endocrine cell, the problem is how to get the 
lysosomal enzymes (soluble cargo proteins) into a forming TGN vesicle destined for the 
lysosome, and secretory cargo proteins into a different TGN vesicle destined for the 
plasmalemma. This requires the transfer of information from the cytosolic side of the 
forming vesicle membrane to the luminal side of the membrane.  

While there are some good model systems, we do not have a clear understanding of the 
molecular mechanisms that direct the sorting of soluble cargo proteins between different 
vesicles. Nonetheless, this is an important issue since all eukaryotic cells produce several 
different types of vesicles at the TGN (Folsch et al. 2009), and many cell types secrete 
proteins by specific pathways such as apical versus basolateral pathways. Changes in 
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trafficking not only affect the physiology of the cell, but also embryonic development (Shilo 
and Schejter 2011) and disease. This chapter will focus on sorting (selective trafficking) for 
secretion of luminal cargo proteins. We will review some of the general aspects of selective 
trafficking, and then build on that background by focusing on our recent work suggesting a 
novel mechanism for sorting in the parotid salivary gland.  

2. Biogenesis during trans-Golgi network vesicle trafficking 
Secreted proteins are translated at the rough endoplasmic reticulum and transit from the ER, 
through the ER-Golgi Intermediate Compartment (ERGIC) to the Golgi and subsequently 
the trans-Golgi network (TGN) (Shilo and Schejter 2011). Post-translational modifications 
such as glycosylation occur in the ER and Golgi. Membranes on the trans side of the Golgi 
apparatus form dynamic tubular reticular structures having a large surface area (De Matteis 
and Luini 2008). This network of saccules and tubes is continuously remodeled such that 
both the structure and size of the TGN varies depending on the secretory activity and the 
cell type (Trucco et al. 2004). Selective trafficking at the TGN will sort cargo into vesicles or 
carrier tubules (De Matteis and Luini 2008), and this sorting requires the genesis of carrier 
vesicles targeted to specific membranes within the cell. As noted above, these vesicles are 
distinguished by the combination of coat proteins on the cytosolic face of the membrane 
which determine the target membrane for that vesicle. In some pathways additional sorting 
occurs at the recycling endosome (reviewed in (De Matteis and Luini 2008; Santiago-Tirado 
and Bretscher 2011)).  

The initiating event in vesicle biogenesis may be driven by the local membrane lipid 
composition where asymmetry in the types of lipid in the two faces of the membrane bilayer 
can induce bending (van Meer and Sprong 2004). Initiation may also involve membrane 
rafts, which are reported to be present in the TGN of all cells (Park and Loh 2008), and on 
membranes of secretory granules (Hosaka et al. 2004; Lang 2007; Guerriero et al. 2008). 
While membrane rafts are well characterized to play important roles in endocytosis at the 
plasmalemma, their role in vesicle formation at the TGN is not as well understood. Many 
vesicle coat proteins have been localized to lipid rafts on vesicles (Puri and Roche 2006). This 
has been suggested to be important for the formation of the coat protein complexes on the 
TGN for the initial creation of vesicle buds and selective trafficking (Simons and Sampaio 
2011). For example, SNARE proteins are enriched in cholesterol-dependent rafts in beta-cells 
and PC-12 cells (Lang 2007). However, technical issues have called into question the validity 
of some methods for isolation of ‘lipid rafts’, leading to a more stringent definition and the 
term ‘membrane rafts’ (Lang 2007). Nonetheless, even with the more stringent approach, 
SNAREs such as VAMP2 and VAMP3 are enriched in membrane rafts of vesicles. 
Membrane rafts can contain different complements of proteins due to specific protein 
interactions. One model for the formation of vesicle buds is that membrane rafts on the TGN 
(with associated transmembrane cargo proteins) coalesce creating a lipid domain that is 
favorable to bending the membrane, and containing transmembrane proteins which can 
facilitate the decoration of the cytosolic face of the membrane with adaptor and other coat 
proteins (De Matteis and Luini 2008; Simons and Sampaio 2011). Testing the relevance of 
this model to selective sorting for secretion in living cells is important, and requires 
determining whether trafficking vesicles in different pathways (e.g., regulated secretion 
versus constitutive secretion pathways) contain different types of membrane rafts, or that 
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some pathways lack membrane rafts. Importantly, Guerriero et al. recently found that raft-
independent and raft-associated proteins collect in distinct sites at the Golgi, and likely enter 
different vesicles (Guerriero et al. 2008).  

2.1 Phosphatidylinositol phosphates in biogenesis of secretory vesicles 

In all cell types, the earliest events that are strongly linked to the biogenesis of secretory 
vesicles is the binding of coat proteins to phosphatidylinositol phosphate lipids (PtdInsP) 
and PI-kinases in the TGN membrane. The phosphoinositides and small GTPases of the Arf 
and Rab families define the identity of the membrane and recruit additional coat proteins 
(Di Paolo and De Camilli 2006; De Matteis and Luini 2008; Santiago-Tirado and Bretscher 
2011). PtdInsPs are recognized as being critical for selective trafficking of vesicles within 
cells (Di Paolo and De Camilli 2006; D'Angelo et al. 2008; Vicinanza et al. 2008; Graham and 
Burd 2011). Phosphatidylinositol comprises less than 10% of membrane phospholipids, and 
the individual phosphorylated forms total less than 1.5% of lipids (Di Paolo and De Camilli 
2006; Roth 2004). Phosphatidylinositol can be phosphorylated on any combination of 
carbons 3, 4, or 5 of the inositol ring (Fig. 1). The most abundant, PtdIns4P, occurs at 
approximately 0.05% of membrane lipids, whereas the low abundance forms such as 
PtdIns(3,4)P2 or PtdIns(3,4,5)P3 are approximately 0.0001% each (Cullen 2011). Subcellular 
pools of the 7 different PtdInsPs have diverse regulatory roles in cytoskeleton remodeling, 
second messenger signaling, endosomal trafficking, membrane trafficking, osmotic stress, 
nuclear signaling, and other aspects of cell physiology (Godi et al. 2004; Balla and Balla 2006; 
Di Paolo and De Camilli 2006). Cellular effects can be mediated by signaling through 
production of second messengers (diacylglycerol, and inositol trisphosphate). However, 
many cellular effects are mediated by the localized anchoring of cytosolic proteins having 
specific PtdInsP-binding domains (e.g., PH, FYVE, PX, ENTH-domains) (De Matteis et al. 
2005; Balla and Balla 2006). For example, Arf1 directly binds and recruits PI4-Kinases to the 
TGN. This produces PtdIns4P which aids in recruitment of coat proteins such as AP1, 
GGAs, VAMPs, and FAPP1/2 most of which interact with PtdIns4P as well as other proteins 
in the coat matrix (Balla and Balla 2006). This interaction provides identity to the membrane 
(reviewed in (Santiago-Tirado and Bretscher 2011)). PI3K-C2α is also present on the TGN. 
Each type of PtdInsP is localized to specific membranes within the cell. The most abundant 
phosphoinositides, PtdIns4P, and PtdIns(4,5)P2, are predominantly localized to the Golgi and 
plasma membrane, respectively, whereas PtdIns3P and PtdIns(3,5)P2 are predominantly 
localized to early and late endosomes (Di Paolo and De Camilli 2006; Santiago-Tirado and 
Bretscher 2011). PtdIns(3,4)P2 is rare in resting cells, but is present in the plasmalemma and 
multivesicular and early endosomes (Roth 2004; Di Paolo and De Camilli 2006). PtdIns(3,4)P2 
is not noted as being present in the Golgi or TGN (De Matteis et al. 2005), however, this 

 
Fig. 1. Structure of Phosphatidylinositol (3,4)bisphosphate. PtdIns(3,4)P2 is an exceedingly 
rare membrane lipid that is highly localized to specific subcellular membranes within the 
cell.  
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has not been well characterized in any cell type. Recently, PtdIns(3,4)P2 was found to be 
transiently synthesized at the plasmalemma as a second messenger of platelet-derived 
growth factor (PDGF) (Hogan et al. 2004). Importantly, our understanding of the roles of 
PtdInsPs derives primarily from studies of yeast and a few mammalian cell lines. It is 
unclear whether these generalizations carry over to well differentiated cells in tissues. For 
example, we find high levels of expression of PtdIns(3,4)P2 in parotid secretory granule 
membranes.  

Discrete and dynamic localization of PtdIns-kinases (PI-kinases) and PI-phosphatases 
regulate the production of PtdInsPs. Of these enzyme families, PI4-kinases have the 
dominant roles in Golgi function and secretion, although PI3-kinases and PI5-kinases also 
have roles in secretion (Wang et al. 2003; Roth 2004; Balla and Balla 2006). Several PI4-
kinases are localized to the Golgi, TGN, or endosomes, and form complexes with several 
coat proteins including GGA and FAPP1/2 (D'Angelo et al. 2008). Careful 
immunofluorescence co-localization studies with MDCK cells have found PI4KIIα in the 
TGN and PI4KIIIβ in the cis/medial Golgi (Weixel et al. 2005). This is consistent with 
PtdIns4P being the most abundant PtdInsP in the Golgi. PI4KIIIβ is recruited by the coat 
protein Arf1 to the Golgi, and in turn PI4KIIIβ recruits Rab11 and the PtdIns4P-binding 
protein FAPP1 (Godi et al. 2004). Knock-down of PI4KIIα by RNAi has little effect on intra-
Golgi transit, but inhibits TGN export of vesicles (Wang et al. 2003). These studies are 
interpreted as showing that PI4-kinases produce PtdIns4P on the cytosolic leaflet of the TGN 
and vesicles, which anchors essential adaptor proteins (Santiago-Tirado and Bretscher 2011). 
Importantly, class I PI3-kinases are also present on Golgi membranes, and are essential for 
tumor necrosis factor (TNF) secretion by macrophages (Low et al. 2010). Similarly, PI3-
kinase was localized to secretory granules of PC12 cells by both immunofluorescence and 
cell fractionation (Meunier et al. 2005). Transfection of a PtdIns3P-binding domain (FYVE), 
or a catalytically-inactive PI3-kinase, blocked regulated secretion, possibly by interfering 
with fusion of the granule at the plasmalemma (Meunier et al. 2005). In summary, certain PI-
kinases decorate the Golgi and TGN, interact with coat proteins, and produce PtdInsPs. 
These PtdInsPs are important for vesicle trafficking, however, the identities and roles of PI-
kinases have not been investigated in cells that are highly specialized for bulk exocrine 
secretion, such as the parotid.  

3. Selective trafficking for secretion 
The presence of multiple different trafficking pathways for secretion has been described in 
many cell types (Dikeakos et al. 2007; De Matteis and Luini 2008; Park et al. 2008; Folsch et 
al. 2009; Perez et al. 2010; Stanley and Lacy 2010; Lacy and Stow 2011; Santiago-Tirado and 
Bretscher 2011). The best characterized of these pathways have a specific cargo protein that 
is a unique marker of that route, which is essential for molecular characterization (Lara-
Lemus et al. 2006). For example, the cytolytic protein perforin of natural killer cells 
undergoes polarized secretion into the immune synapse, whereas the same cells secrete TNF 
in a non-polarized pattern (Reefman et al. 2010) thereby marking a different pathway. Also, 
some pituitary gonadotropes segregate luteinizing hormone into separate granules than 
follicle-stimulating hormone for different regulated secretion dynamics (Nicol et al. 2004). 
Alternatively, pathways can be marked by the use of different coat proteins. For example, 
the coat protein FAPP1 is essential for secretion by the basolateral pathway, whereas FAPP2 
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some pathways lack membrane rafts. Importantly, Guerriero et al. recently found that raft-
independent and raft-associated proteins collect in distinct sites at the Golgi, and likely enter 
different vesicles (Guerriero et al. 2008).  

2.1 Phosphatidylinositol phosphates in biogenesis of secretory vesicles 

In all cell types, the earliest events that are strongly linked to the biogenesis of secretory 
vesicles is the binding of coat proteins to phosphatidylinositol phosphate lipids (PtdInsP) 
and PI-kinases in the TGN membrane. The phosphoinositides and small GTPases of the Arf 
and Rab families define the identity of the membrane and recruit additional coat proteins 
(Di Paolo and De Camilli 2006; De Matteis and Luini 2008; Santiago-Tirado and Bretscher 
2011). PtdInsPs are recognized as being critical for selective trafficking of vesicles within 
cells (Di Paolo and De Camilli 2006; D'Angelo et al. 2008; Vicinanza et al. 2008; Graham and 
Burd 2011). Phosphatidylinositol comprises less than 10% of membrane phospholipids, and 
the individual phosphorylated forms total less than 1.5% of lipids (Di Paolo and De Camilli 
2006; Roth 2004). Phosphatidylinositol can be phosphorylated on any combination of 
carbons 3, 4, or 5 of the inositol ring (Fig. 1). The most abundant, PtdIns4P, occurs at 
approximately 0.05% of membrane lipids, whereas the low abundance forms such as 
PtdIns(3,4)P2 or PtdIns(3,4,5)P3 are approximately 0.0001% each (Cullen 2011). Subcellular 
pools of the 7 different PtdInsPs have diverse regulatory roles in cytoskeleton remodeling, 
second messenger signaling, endosomal trafficking, membrane trafficking, osmotic stress, 
nuclear signaling, and other aspects of cell physiology (Godi et al. 2004; Balla and Balla 2006; 
Di Paolo and De Camilli 2006). Cellular effects can be mediated by signaling through 
production of second messengers (diacylglycerol, and inositol trisphosphate). However, 
many cellular effects are mediated by the localized anchoring of cytosolic proteins having 
specific PtdInsP-binding domains (e.g., PH, FYVE, PX, ENTH-domains) (De Matteis et al. 
2005; Balla and Balla 2006). For example, Arf1 directly binds and recruits PI4-Kinases to the 
TGN. This produces PtdIns4P which aids in recruitment of coat proteins such as AP1, 
GGAs, VAMPs, and FAPP1/2 most of which interact with PtdIns4P as well as other proteins 
in the coat matrix (Balla and Balla 2006). This interaction provides identity to the membrane 
(reviewed in (Santiago-Tirado and Bretscher 2011)). PI3K-C2α is also present on the TGN. 
Each type of PtdInsP is localized to specific membranes within the cell. The most abundant 
phosphoinositides, PtdIns4P, and PtdIns(4,5)P2, are predominantly localized to the Golgi and 
plasma membrane, respectively, whereas PtdIns3P and PtdIns(3,5)P2 are predominantly 
localized to early and late endosomes (Di Paolo and De Camilli 2006; Santiago-Tirado and 
Bretscher 2011). PtdIns(3,4)P2 is rare in resting cells, but is present in the plasmalemma and 
multivesicular and early endosomes (Roth 2004; Di Paolo and De Camilli 2006). PtdIns(3,4)P2 
is not noted as being present in the Golgi or TGN (De Matteis et al. 2005), however, this 
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has not been well characterized in any cell type. Recently, PtdIns(3,4)P2 was found to be 
transiently synthesized at the plasmalemma as a second messenger of platelet-derived 
growth factor (PDGF) (Hogan et al. 2004). Importantly, our understanding of the roles of 
PtdInsPs derives primarily from studies of yeast and a few mammalian cell lines. It is 
unclear whether these generalizations carry over to well differentiated cells in tissues. For 
example, we find high levels of expression of PtdIns(3,4)P2 in parotid secretory granule 
membranes.  

Discrete and dynamic localization of PtdIns-kinases (PI-kinases) and PI-phosphatases 
regulate the production of PtdInsPs. Of these enzyme families, PI4-kinases have the 
dominant roles in Golgi function and secretion, although PI3-kinases and PI5-kinases also 
have roles in secretion (Wang et al. 2003; Roth 2004; Balla and Balla 2006). Several PI4-
kinases are localized to the Golgi, TGN, or endosomes, and form complexes with several 
coat proteins including GGA and FAPP1/2 (D'Angelo et al. 2008). Careful 
immunofluorescence co-localization studies with MDCK cells have found PI4KIIα in the 
TGN and PI4KIIIβ in the cis/medial Golgi (Weixel et al. 2005). This is consistent with 
PtdIns4P being the most abundant PtdInsP in the Golgi. PI4KIIIβ is recruited by the coat 
protein Arf1 to the Golgi, and in turn PI4KIIIβ recruits Rab11 and the PtdIns4P-binding 
protein FAPP1 (Godi et al. 2004). Knock-down of PI4KIIα by RNAi has little effect on intra-
Golgi transit, but inhibits TGN export of vesicles (Wang et al. 2003). These studies are 
interpreted as showing that PI4-kinases produce PtdIns4P on the cytosolic leaflet of the TGN 
and vesicles, which anchors essential adaptor proteins (Santiago-Tirado and Bretscher 2011). 
Importantly, class I PI3-kinases are also present on Golgi membranes, and are essential for 
tumor necrosis factor (TNF) secretion by macrophages (Low et al. 2010). Similarly, PI3-
kinase was localized to secretory granules of PC12 cells by both immunofluorescence and 
cell fractionation (Meunier et al. 2005). Transfection of a PtdIns3P-binding domain (FYVE), 
or a catalytically-inactive PI3-kinase, blocked regulated secretion, possibly by interfering 
with fusion of the granule at the plasmalemma (Meunier et al. 2005). In summary, certain PI-
kinases decorate the Golgi and TGN, interact with coat proteins, and produce PtdInsPs. 
These PtdInsPs are important for vesicle trafficking, however, the identities and roles of PI-
kinases have not been investigated in cells that are highly specialized for bulk exocrine 
secretion, such as the parotid.  

3. Selective trafficking for secretion 
The presence of multiple different trafficking pathways for secretion has been described in 
many cell types (Dikeakos et al. 2007; De Matteis and Luini 2008; Park et al. 2008; Folsch et 
al. 2009; Perez et al. 2010; Stanley and Lacy 2010; Lacy and Stow 2011; Santiago-Tirado and 
Bretscher 2011). The best characterized of these pathways have a specific cargo protein that 
is a unique marker of that route, which is essential for molecular characterization (Lara-
Lemus et al. 2006). For example, the cytolytic protein perforin of natural killer cells 
undergoes polarized secretion into the immune synapse, whereas the same cells secrete TNF 
in a non-polarized pattern (Reefman et al. 2010) thereby marking a different pathway. Also, 
some pituitary gonadotropes segregate luteinizing hormone into separate granules than 
follicle-stimulating hormone for different regulated secretion dynamics (Nicol et al. 2004). 
Alternatively, pathways can be marked by the use of different coat proteins. For example, 
the coat protein FAPP1 is essential for secretion by the basolateral pathway, whereas FAPP2 
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directs vesicles to the apical pathway (Godi et al. 2004; Vieira et al. 2005). Importantly, 
mutation of proteins involved with sorting between trafficking pathways can cause disease. 
This is also seen with non-genetic diseases, such as pancreatitis during which inappropriate 
basolateral (endocrine) secretion of cargo proteins occurs. Hence, pancreatic amylase or 
lipase in the serum are standard clinical markers of this disease. Given the presence of 
multiple different pathways for secretion, the key issue is to understand the molecular 
interactions of proteins destined for each pathway, which cause sorting to the correct 
immature granule or tubule as it forms, or which cause retention of the protein in the 
granule as it matures.  

The best characterized model for specific sorting of soluble cargo proteins involves a 
transmembrane sorting receptor protein (Fig. 2). The receptor protein is present in the TGN 
membrane and is able to interact with coat proteins on the cytosolic side of the vesicle bud, 
and can also bind luminal cargo proteins. The transmembrane receptor is localized to the 
vesicle bud by the appropriate coat proteins, and in turn, selects the correct cargo. Hence, a 
single protein serves to coordinate the identity of the vesicle with the luminal contents. This 
model is exemplified by mannose-6-phosphate sorting receptors (MPRs), which are type I 
transmembrane receptors present in the TGN (Ghosh et al. 2003). Both the cation-dependent 
(MPR300) and the cation-independent (MPR46) MPRs deliver lysosomal enzymes from the 
TGN to endosomes for subsequent transfer to lysosomes. The cytosolic tails of MPRs have 
specific binding sites for multiple adaptor proteins, including AP1, AP2, GGAs and PACs1 
(reviewed in (Ghosh et al. 2003)). In addition, the portion of MPR in the lumen of the vesicle 
binds to mannose 6-phosphate tags on cargo proteins. The mannose 6-phosphate is a 
specific posttranslational modification on the N-glycans of over 60 of acid hydrolases which 
need to be transported to lysosomes. Failure of this sorting causes lysosomal sorting disease, 
Mucolipidosis type II alpha/beta (I-cell disease) (Ghosh et al. 2003). A similar sorting 
mechanism has been described for stabilin-1 which binds GGAs and serves as a sorting 
receptor for a chitinase-like enzyme.  

 
Fig. 2. Transmembrane sorting receptor model. The coat proteins localize a transmembrane 
sorting receptor, which collects the appropriate luminal cargo.  

Various mechanisms have been suggested for sorting of secreted proteins into the regulated 
secretory pathway, as opposed to the constitutive secretory pathway or trafficking to 
intracellular targets (Dikeakos and Reudelhuber 2007; Park et al. 2008). Some proteins are 
secreted by the model discussed above. Phogrin (Ptprn2) is a type I transmembrane receptor 
present in the TGN and secretory granules of endocrine and neuroendocrine cells. Phogrin 
contains tyrosine and leucine motifs in the C-terminal (cytosolic) tail, which are important 
for localization to secretory granules, likely by interaction with coat proteins such as AP1 
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(Saito et al. 2011). Within the lumen, phogrin can bind to carboxypeptidase E (CPE), and 
contributes to sorting of the complex (Saito et al. 2011). Hence, information about the 
identity of the vesicle encoded by the coat proteins, is related through phogrin to determine 
the luminal cargo. Phogrin also has PI-phosphatase activity which may be important for 
regulating glucose-stimulated insulin secretion (Caromile et al. 2010).  

Other sorting receptors have been reported in neural and endocrine cells. CPE itself binds 
the granule membrane. The C-terminus of CPE can span the membrane, although only 5 
amino acid residues are cytosolic (Dhanvantari et al. 2002). Recycling of CPE from the 
plasmalemma requires ARF6 apparently due to direct binding to the coat protein. CPE acts 
as a sorting receptor for proopiomelanocortin (POMC) and proBDNF trafficking into the 
regulated secretion pathway (reviewed in (Park and Loh 2008)). Secretogranin III (SgIII) can 
also serve as a sorting receptor. Despite the absence of a transmembrane domain, SgIII binds 
to granule membranes or to cholesterol-rich liposomes, and anchors chromograninA (CgA) 
to the membrane (Hosaka et al. 2004). SgIII also interacts with CPE, POMC, and 
adrenomedullin (Hosaka et al. 2005; Han et al. 2008). It is unclear how SgIII is targeted to 
specific granules, but this may occur due to selective interactions with membrane rafts, or 
due to interaction with CPE and, indirectly, phogrin.  

Dikeakos et al. (Dikeakos et al. 2007; Dikeakos and Reudelhuber 2007) have shown that a 
hydrophobic patch in short amphipathic alpha helices is sufficient to sort cargo proteins. 
Helical domains are implicated in sorting of somatostatin, CPE, prohormone convertase 
enzymes (PC1/3, PC2), and chromogranin A (CgA). The proposed mechanism for this 
sorting is that the hydrophobic patch of the helix embeds into the membrane of the forming 
granule (Dikeakos and Reudelhuber 2007). One of the sorting-competent helical domains 
(Hels13-5) bound liposomes composed of phosphatidylcholine (PC) and 
phosphatidylglycerol (PG) with a Kd=9.7 μM (Kitamura et al. 1999). This Hels13-5 peptide 
integrated into the non-polar layer to a variable extent depending on the pH of the 
liposome. No cholesterol was necessary for this interaction. In addition, the helical domain 
of PC1/3 was shown to directly interact with CHAPS detergent micelles (Dikeakos et al. 
2009). Characterization of both natural and artificial helices which confer sorting of a cargo 
protein at the TGN is an important step forward, however, at this point it is unclear how the 
identity of the vesicle (determined by the cytosolic coat proteins) directs selective sorting of 
such cargo into the correct pathway.  

For many years, aggregation of secreted proteins has been seen as critical to sorting into the 
regulated secretory pathway in neuroendocrine cells (Gorr et al. 2005). Dense-core secretory 
granules of the regulated pathway contain large aggregates comprising chromogranins 
secretogranins and other secreted proteins, and which are not present in the constitutive 
secretion pathway. Aggregation of granins and many hormones can be demonstrated  
in vitro in a Ca++ and pH-dependent fashion. The pH of the TGN is approximately 6.2. In 
AtT20 cells the pH decreases further as the granule matures, reaching pH 5.5 in mature 
secretory granules (Wu et al. 2001). The acidic pH and high Ca++ present in the regulated 
secretory pathway is essential for aggregation. This relatively non-specific interaction may 
allow trafficking of large aggregates of proteins even where only a few specific interactions 
with transmembrane sorting receptors are present. Nonetheless, it must be recognized that 
aggregation is a fairly ill-defined concept, and it will be necessary to characterize these 
interactions in order to determine how some cargo is excluded from the aggregate to be 
sorted into the constitutive pathway.  
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directs vesicles to the apical pathway (Godi et al. 2004; Vieira et al. 2005). Importantly, 
mutation of proteins involved with sorting between trafficking pathways can cause disease. 
This is also seen with non-genetic diseases, such as pancreatitis during which inappropriate 
basolateral (endocrine) secretion of cargo proteins occurs. Hence, pancreatic amylase or 
lipase in the serum are standard clinical markers of this disease. Given the presence of 
multiple different pathways for secretion, the key issue is to understand the molecular 
interactions of proteins destined for each pathway, which cause sorting to the correct 
immature granule or tubule as it forms, or which cause retention of the protein in the 
granule as it matures.  

The best characterized model for specific sorting of soluble cargo proteins involves a 
transmembrane sorting receptor protein (Fig. 2). The receptor protein is present in the TGN 
membrane and is able to interact with coat proteins on the cytosolic side of the vesicle bud, 
and can also bind luminal cargo proteins. The transmembrane receptor is localized to the 
vesicle bud by the appropriate coat proteins, and in turn, selects the correct cargo. Hence, a 
single protein serves to coordinate the identity of the vesicle with the luminal contents. This 
model is exemplified by mannose-6-phosphate sorting receptors (MPRs), which are type I 
transmembrane receptors present in the TGN (Ghosh et al. 2003). Both the cation-dependent 
(MPR300) and the cation-independent (MPR46) MPRs deliver lysosomal enzymes from the 
TGN to endosomes for subsequent transfer to lysosomes. The cytosolic tails of MPRs have 
specific binding sites for multiple adaptor proteins, including AP1, AP2, GGAs and PACs1 
(reviewed in (Ghosh et al. 2003)). In addition, the portion of MPR in the lumen of the vesicle 
binds to mannose 6-phosphate tags on cargo proteins. The mannose 6-phosphate is a 
specific posttranslational modification on the N-glycans of over 60 of acid hydrolases which 
need to be transported to lysosomes. Failure of this sorting causes lysosomal sorting disease, 
Mucolipidosis type II alpha/beta (I-cell disease) (Ghosh et al. 2003). A similar sorting 
mechanism has been described for stabilin-1 which binds GGAs and serves as a sorting 
receptor for a chitinase-like enzyme.  

 
Fig. 2. Transmembrane sorting receptor model. The coat proteins localize a transmembrane 
sorting receptor, which collects the appropriate luminal cargo.  

Various mechanisms have been suggested for sorting of secreted proteins into the regulated 
secretory pathway, as opposed to the constitutive secretory pathway or trafficking to 
intracellular targets (Dikeakos and Reudelhuber 2007; Park et al. 2008). Some proteins are 
secreted by the model discussed above. Phogrin (Ptprn2) is a type I transmembrane receptor 
present in the TGN and secretory granules of endocrine and neuroendocrine cells. Phogrin 
contains tyrosine and leucine motifs in the C-terminal (cytosolic) tail, which are important 
for localization to secretory granules, likely by interaction with coat proteins such as AP1 
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(Saito et al. 2011). Within the lumen, phogrin can bind to carboxypeptidase E (CPE), and 
contributes to sorting of the complex (Saito et al. 2011). Hence, information about the 
identity of the vesicle encoded by the coat proteins, is related through phogrin to determine 
the luminal cargo. Phogrin also has PI-phosphatase activity which may be important for 
regulating glucose-stimulated insulin secretion (Caromile et al. 2010).  

Other sorting receptors have been reported in neural and endocrine cells. CPE itself binds 
the granule membrane. The C-terminus of CPE can span the membrane, although only 5 
amino acid residues are cytosolic (Dhanvantari et al. 2002). Recycling of CPE from the 
plasmalemma requires ARF6 apparently due to direct binding to the coat protein. CPE acts 
as a sorting receptor for proopiomelanocortin (POMC) and proBDNF trafficking into the 
regulated secretion pathway (reviewed in (Park and Loh 2008)). Secretogranin III (SgIII) can 
also serve as a sorting receptor. Despite the absence of a transmembrane domain, SgIII binds 
to granule membranes or to cholesterol-rich liposomes, and anchors chromograninA (CgA) 
to the membrane (Hosaka et al. 2004). SgIII also interacts with CPE, POMC, and 
adrenomedullin (Hosaka et al. 2005; Han et al. 2008). It is unclear how SgIII is targeted to 
specific granules, but this may occur due to selective interactions with membrane rafts, or 
due to interaction with CPE and, indirectly, phogrin.  

Dikeakos et al. (Dikeakos et al. 2007; Dikeakos and Reudelhuber 2007) have shown that a 
hydrophobic patch in short amphipathic alpha helices is sufficient to sort cargo proteins. 
Helical domains are implicated in sorting of somatostatin, CPE, prohormone convertase 
enzymes (PC1/3, PC2), and chromogranin A (CgA). The proposed mechanism for this 
sorting is that the hydrophobic patch of the helix embeds into the membrane of the forming 
granule (Dikeakos and Reudelhuber 2007). One of the sorting-competent helical domains 
(Hels13-5) bound liposomes composed of phosphatidylcholine (PC) and 
phosphatidylglycerol (PG) with a Kd=9.7 μM (Kitamura et al. 1999). This Hels13-5 peptide 
integrated into the non-polar layer to a variable extent depending on the pH of the 
liposome. No cholesterol was necessary for this interaction. In addition, the helical domain 
of PC1/3 was shown to directly interact with CHAPS detergent micelles (Dikeakos et al. 
2009). Characterization of both natural and artificial helices which confer sorting of a cargo 
protein at the TGN is an important step forward, however, at this point it is unclear how the 
identity of the vesicle (determined by the cytosolic coat proteins) directs selective sorting of 
such cargo into the correct pathway.  

For many years, aggregation of secreted proteins has been seen as critical to sorting into the 
regulated secretory pathway in neuroendocrine cells (Gorr et al. 2005). Dense-core secretory 
granules of the regulated pathway contain large aggregates comprising chromogranins 
secretogranins and other secreted proteins, and which are not present in the constitutive 
secretion pathway. Aggregation of granins and many hormones can be demonstrated  
in vitro in a Ca++ and pH-dependent fashion. The pH of the TGN is approximately 6.2. In 
AtT20 cells the pH decreases further as the granule matures, reaching pH 5.5 in mature 
secretory granules (Wu et al. 2001). The acidic pH and high Ca++ present in the regulated 
secretory pathway is essential for aggregation. This relatively non-specific interaction may 
allow trafficking of large aggregates of proteins even where only a few specific interactions 
with transmembrane sorting receptors are present. Nonetheless, it must be recognized that 
aggregation is a fairly ill-defined concept, and it will be necessary to characterize these 
interactions in order to determine how some cargo is excluded from the aggregate to be 
sorted into the constitutive pathway.  



 
Crosstalk and Integration of Membrane Trafficking Pathways 46

4. Sorting for regulated secretion in the parotid gland 
The parotid salivary gland provides an excellent model for the study of regulated secretion 
of proteins. This gland has evolved to secrete copious amounts of specific proteins into the 
saliva. It secretes salivary proteins including amylase, Parotid Secretory Protein (PSP), a 
family of acidic (aPRP) and basic (bPRP) Proline-Rich Proteins, and less abundant proteins 
such as histatin and statherin (Helmerhorst and Oppenheim 2007). Secreted PSP has anti-
bacterial activity which contributes to protection of the oral cavity (Gorr et al. 2011). Human 
PSP (SPLUNC2, BPIFA2) has been shown to be expressed in saliva as several isoforms due 
to alternative splicing of the mRNA (Bingle et al. 2009; Bingle et al. 2011). Another abundant 
salivary protein, amylase, initiates digestion of starch, and also adheres to oral bacteria and 
enamel. PRPs contribute to secretion of other cargo proteins (Venkatesh and Gorr 2002; 
Venkatesh et al. 2007), are part of the acquired dental pellicle, and also bind bacteria. These 
three proteins are the most abundant luminal cargo proteins within the secretory granule. In 
addition, hundreds of other proteins are secreted into saliva by the parotid gland, and have 
been cataloged by proteomic approaches (Denny et al. 2008). As these proteins move 
through the trans-Golgi network, they are each presumably sorted into the correct pathway 
for secretion. We previously reviewed the pathways of sorting and secretion in the parotid 
gland (Gorr et al. 2005). Secretion in the parotid, as with other exocrine cells, includes the 
major regulated pathway, a minor regulated pathway, apical and basolateral constitutive 
secretory pathways, and a constitutive-like secretory pathway (Perez et al. 2010). Similarly, 
endocrine cells have both regulated secretory and constitutive secretory pathways, in 
addition to pathways within the cell (Kim et al. 2006; Park and Loh 2008). Of the major 
salivary proteins, PSP is an excellent marker for the regulated secretory pathway. Western 
blot analysis of rat serum demonstrates that some fraction of salivary amylase is normally 
present in serum, however, PSP was undetectable (Venkatesh et al. 2007). This indicates that 
under normal conditions PSP is tightly sorted into the apical regulated secretory pathway, 
whereas a portion of amylase enters a basolateral pathway in vivo.  

Salivary glands are being studied for their potential to produce and secrete therapeutic 
proteins from transgenes introduced to patients (Perez et al. 2010). Towards this goal, it is 
important to understand the molecular mechanisms that control parotid sorting and 
secretion, in order to regulate whether the transgenic protein is secreted by an apical 
regulated (exocrine) or basolateral (endocrine) pathway (Perez et al. 2010). Progress has 
been made in defining molecular interactions that affect sorting in some cell types; however, 
many of these mechanisms do not appear to be present in parotid acinar cells. As described 
above, the pH of the secretory granules of neuroendocrine and endocrine cells decreases 
during maturation from about 6.2 at the TGN to 5.5 – 5.0 in the mature granule (Wu et al. 
2001; Kim et al. 2006). This acidic environment is important for sorting in PC12 and AtT20 
cells, and is essential for protein aggregation (reviewed in (Kim et al. 2006)). However, in the 
parotid gland, the pH of the acinar cell granule increases from about pH 6.2 at the TGN to 
6.8 or higher after maturation (Arvan and Castle 1986). Furthermore, granule cargo proteins 
from parotid acinar cells (amylase and PSP) are unable to aggregate even in the presence of 
Ca++ and low pH, whereas pancreatic exocrine granule proteins (used as a control) 
aggregate in a fashion similar to endocrine cells (Venkatesh et al. 2004). This indicates that 
sorting of amylase and PSP in the parotid gland have at least some important differences 
from the mechanisms described for neuro/endocrine cells. Therefore, we have investigated 
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the molecular interactions of PSP in the secretory granule in an attempt to understand how 
sorting may be controlled (Venkatesh et al. 2011).  

4.1 Parotid secretory protein (PSP) binds to secretory granule membranes 

We analyzed rat parotid granule membranes by mass spectrometry with the goal of 
identifying integral membrane proteins that may be candidate sorting receptors in the 
parotid gland. Parotid gland homogenates were fractionated on sucrose gradients to 
isolate the secretory granules, which were osmotically lysed. Membranes were washed 
and further enriched by an additional sucrose gradient. Sucrose gradient-purified granule 
membranes were electrophoresed on polyacrylamide gels, and trypsinized peptides 
identified by MS/MS as described (Uriarte et al. 2008). Numerous integral or membrane-
bound proteins were identified, including several involved in vesicle trafficking and 
cytoskeletal proteins, as expected. However, potential sorting receptors such as SgIII (Han 
et al. 2008) or carboxypeptidase E (Dhanvantari et al. 2002) were not identified in parotid 
membranes by this method. Nonetheless, one salivary cargo protein, PSP, was identified. 
Other abundant soluble cargo proteins such as amylase and acidic Proline-Rich Protein 
(PRP) were not detected. To confirm the binding of PSP to granule membranes, western 
blot analysis was done with independent preparations of purified and extensively washed 
granule membranes. This confirmed that PSP is selectively bound, whereas amylase and 
PRP are absent from purified membranes (Fig. 3) (Venkatesh et al. 2011). While this 
approach failed to identify candidate sorting receptor proteins, it did demonstrate that 
PSP is a good marker for interactions with the membrane. In other cell types, putative 
sorting proteins such as secretogranin III (Hosaka et al. 2004), carboxypeptidase E 
(Dhanvantari et al. 2002), PC1/3, and PC2 (Jutras et al. 2000) are also associated with 
isolated secretory granule membranes.  

 
Fig. 3. Western blots of purified secretory granule membranes, probed with either anti-
amylase or anti-PSP. Lanes contain either intact granules (G), purified granule membranes 
(M), or soluble cargo protein lysate (L). Equal proportions (0.5%) of each fraction was 
analyzed. The star indicates PSP in the purified membrane fraction. Mw: molecular size 
standards.  

Given the existing models for sorting receptors, we tested whether PSP was bound to a 
sorting receptor protein in the secretory granule membrane. Numerous experiments were 
done attempting to crosslink PSP to a membrane protein; however, PSP never crosslinked 
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4. Sorting for regulated secretion in the parotid gland 
The parotid salivary gland provides an excellent model for the study of regulated secretion 
of proteins. This gland has evolved to secrete copious amounts of specific proteins into the 
saliva. It secretes salivary proteins including amylase, Parotid Secretory Protein (PSP), a 
family of acidic (aPRP) and basic (bPRP) Proline-Rich Proteins, and less abundant proteins 
such as histatin and statherin (Helmerhorst and Oppenheim 2007). Secreted PSP has anti-
bacterial activity which contributes to protection of the oral cavity (Gorr et al. 2011). Human 
PSP (SPLUNC2, BPIFA2) has been shown to be expressed in saliva as several isoforms due 
to alternative splicing of the mRNA (Bingle et al. 2009; Bingle et al. 2011). Another abundant 
salivary protein, amylase, initiates digestion of starch, and also adheres to oral bacteria and 
enamel. PRPs contribute to secretion of other cargo proteins (Venkatesh and Gorr 2002; 
Venkatesh et al. 2007), are part of the acquired dental pellicle, and also bind bacteria. These 
three proteins are the most abundant luminal cargo proteins within the secretory granule. In 
addition, hundreds of other proteins are secreted into saliva by the parotid gland, and have 
been cataloged by proteomic approaches (Denny et al. 2008). As these proteins move 
through the trans-Golgi network, they are each presumably sorted into the correct pathway 
for secretion. We previously reviewed the pathways of sorting and secretion in the parotid 
gland (Gorr et al. 2005). Secretion in the parotid, as with other exocrine cells, includes the 
major regulated pathway, a minor regulated pathway, apical and basolateral constitutive 
secretory pathways, and a constitutive-like secretory pathway (Perez et al. 2010). Similarly, 
endocrine cells have both regulated secretory and constitutive secretory pathways, in 
addition to pathways within the cell (Kim et al. 2006; Park and Loh 2008). Of the major 
salivary proteins, PSP is an excellent marker for the regulated secretory pathway. Western 
blot analysis of rat serum demonstrates that some fraction of salivary amylase is normally 
present in serum, however, PSP was undetectable (Venkatesh et al. 2007). This indicates that 
under normal conditions PSP is tightly sorted into the apical regulated secretory pathway, 
whereas a portion of amylase enters a basolateral pathway in vivo.  

Salivary glands are being studied for their potential to produce and secrete therapeutic 
proteins from transgenes introduced to patients (Perez et al. 2010). Towards this goal, it is 
important to understand the molecular mechanisms that control parotid sorting and 
secretion, in order to regulate whether the transgenic protein is secreted by an apical 
regulated (exocrine) or basolateral (endocrine) pathway (Perez et al. 2010). Progress has 
been made in defining molecular interactions that affect sorting in some cell types; however, 
many of these mechanisms do not appear to be present in parotid acinar cells. As described 
above, the pH of the secretory granules of neuroendocrine and endocrine cells decreases 
during maturation from about 6.2 at the TGN to 5.5 – 5.0 in the mature granule (Wu et al. 
2001; Kim et al. 2006). This acidic environment is important for sorting in PC12 and AtT20 
cells, and is essential for protein aggregation (reviewed in (Kim et al. 2006)). However, in the 
parotid gland, the pH of the acinar cell granule increases from about pH 6.2 at the TGN to 
6.8 or higher after maturation (Arvan and Castle 1986). Furthermore, granule cargo proteins 
from parotid acinar cells (amylase and PSP) are unable to aggregate even in the presence of 
Ca++ and low pH, whereas pancreatic exocrine granule proteins (used as a control) 
aggregate in a fashion similar to endocrine cells (Venkatesh et al. 2004). This indicates that 
sorting of amylase and PSP in the parotid gland have at least some important differences 
from the mechanisms described for neuro/endocrine cells. Therefore, we have investigated 
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the molecular interactions of PSP in the secretory granule in an attempt to understand how 
sorting may be controlled (Venkatesh et al. 2011).  

4.1 Parotid secretory protein (PSP) binds to secretory granule membranes 

We analyzed rat parotid granule membranes by mass spectrometry with the goal of 
identifying integral membrane proteins that may be candidate sorting receptors in the 
parotid gland. Parotid gland homogenates were fractionated on sucrose gradients to 
isolate the secretory granules, which were osmotically lysed. Membranes were washed 
and further enriched by an additional sucrose gradient. Sucrose gradient-purified granule 
membranes were electrophoresed on polyacrylamide gels, and trypsinized peptides 
identified by MS/MS as described (Uriarte et al. 2008). Numerous integral or membrane-
bound proteins were identified, including several involved in vesicle trafficking and 
cytoskeletal proteins, as expected. However, potential sorting receptors such as SgIII (Han 
et al. 2008) or carboxypeptidase E (Dhanvantari et al. 2002) were not identified in parotid 
membranes by this method. Nonetheless, one salivary cargo protein, PSP, was identified. 
Other abundant soluble cargo proteins such as amylase and acidic Proline-Rich Protein 
(PRP) were not detected. To confirm the binding of PSP to granule membranes, western 
blot analysis was done with independent preparations of purified and extensively washed 
granule membranes. This confirmed that PSP is selectively bound, whereas amylase and 
PRP are absent from purified membranes (Fig. 3) (Venkatesh et al. 2011). While this 
approach failed to identify candidate sorting receptor proteins, it did demonstrate that 
PSP is a good marker for interactions with the membrane. In other cell types, putative 
sorting proteins such as secretogranin III (Hosaka et al. 2004), carboxypeptidase E 
(Dhanvantari et al. 2002), PC1/3, and PC2 (Jutras et al. 2000) are also associated with 
isolated secretory granule membranes.  

 
Fig. 3. Western blots of purified secretory granule membranes, probed with either anti-
amylase or anti-PSP. Lanes contain either intact granules (G), purified granule membranes 
(M), or soluble cargo protein lysate (L). Equal proportions (0.5%) of each fraction was 
analyzed. The star indicates PSP in the purified membrane fraction. Mw: molecular size 
standards.  

Given the existing models for sorting receptors, we tested whether PSP was bound to a 
sorting receptor protein in the secretory granule membrane. Numerous experiments were 
done attempting to crosslink PSP to a membrane protein; however, PSP never crosslinked 
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into a specific membrane-dependent higher molecular weight band. Taking the opposite 
approach, we extensively digested parotid granule membranes with either trypsin or 
pronase to destroy all membrane-associated proteins, and subsequently found that 
exogenous PSP still binds quite effectively. These results indicated that PSP does not require 
a protein receptor for binding to the membrane. In contrast, exogenous amylase did not 
bind the trypsinized membranes, and was present in the unbound fraction only, 
emphasizing the specificity of the binding of PSP.  

4.2 PSP binds specifically to phosphatidylinositol 3,4-bisphosphate 

The binding of a cargo protein to the vesicle membrane is of great interest in defining the 
mechanisms of sorting. However, the ability of PSP to bind granule membranes in the 
absence of any sorting receptor protein ruled out the most common model for sorting. 
Several secreted proteins have been shown to interact with lipid microdomains (e.g., CPE, 
SgIII, PC1/3), presumably by relatively non-specific hydrophobic interactions (Park and 
Loh 2008; Dikeakos et al. 2007), whereas other classes of protein bind to a highly specific 
lipid headgroup (Di Paolo and De Camilli 2006). Therefore, we tested the ability of PSP to 
bind specific lipids, and to bind liposomes. Parotid secretory granules were isolated, and the 
lysate supernatant containing soluble cargo proteins was used in lipid-overlay assays to 
determine whether PSP or other salivary proteins (amylase or PRP) bind specific lipids 
(Dowler et al. 2000). Importantly, none of the cargo proteins bound directly to the most 
abundant membrane lipids (phosphatidylcholine, phosphatidylethanolamine, cholesterol, or 
sphingomyelin). Similarly, acidic PRP never bound any lipid spots, and amylase showed 
little or no binding. In contrast, PSP bound with remarkable selectivity to 
phosphatidylinositol phosphates (PtdInsPs), but did not bind to unphosphorylated PtdIns 
(Fig. 4). We observed decreased PSP binding to PtdInsPs at more acidic conditions, but clear 
binding was still present at pH 6.0. Hence, this interaction could contribute to sorting of PSP 
in the TGN where the pH is approximately 6.2 (Arvan and Castle 1986), and may also 
contribute to retention as the pH increases during granule maturation.  

 
Fig. 4. PSP binds to phosphatidylinositol phosphates. Lipid strips (Echelon Biosciences) 
were incubated with parotid granule soluble lysate at 2 μg/ml (Venkatesh et al. 2011). 
Bound protein was detected with antibodies to PSP or acidic PRP. A schematic of the lipid 
strips is shown on the left (filled circles represent PSP binding).  

The inability of PSP to bind unphosphorylated PtdIns suggested that specific interactions 
with the headgroup were required. Therefore, we compared the binding of PSP to a dilution 
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series of each of the seven different phosphorylated forms of PtdInsPs. We found that native 
PSP binds 3- to 5-fold more to PtdIns(3,4)P2 compared to PtdIns(4,5)P2 or PtdIns(3,4,5)P3, and 
10-fold greater than PtdIns(3,5)P2 or PtdIns(4)P (Fig. 5). PSP does not bind PtdIns(3)P, 
PtdIns(5)P, or PtdIns. Half-maximal binding of PSP was with approximately 35 pmoles 
PtdIns(3,4)P2. Parallel blots failed to detect any bound amylase or acidic PRP, both of which 
are abundant in the granule lysates. This high degree of specificity indicates that PSP binds 
the head group of PtdInsPs, analogous to known PtdInsP-binding proteins (Di Paolo and De 
Camilli 2006). For example, PSP is more selective than the PH-domain protein DAPP1 which 
binds PtdIns(3,4)P2 or PtdIns(3,4,5)P3 with similar avidity (Dowler et al. 2000).  

 
Fig. 5. Binding of PSP to phosphatidylinositol phosphates. PtdInsP array membranes 
spotted with serially diluted lipids were used to define the binding of native PSP. 
Membranes were blocked and probed with anti-PSP as described (Venkatesh et al. 2011).  

The experiments described above use a secretory granule lysate as the source of PSP. This 
leaves open the possibility that PSP binds indirectly to PtdInsP2. Therefore, PSP was 
expressed in vitro in rabbit reticulocyte lysates, and also was expressed in bacteria. 
Chloramphenicol acetyltransferase (CAT) was used as a negative control since CAT and 
rPSP are similar in size and also have similar acidic pI values. Rat PSP, and human PSP 
(human Splunc2, BPIFA2), each with a V5 tag, were translated in vitro and bound selectively 
to PtdIns(3,4)P2 and PtdIns(4,5)P2 demonstrating that this activity is conserved between 
species. CAT-V5 was unable to bind any of the lipids. Similarly, both human and rat PSP 
proteins were expressed in bacteria as glutathione-S-transferase (GST) fusion proteins 
having V5 tags. Again, GST-rPSP-V5 and GST-hPSP-V5 each bound strongly to 
PtdIns(3,4)P2 and did not bind PtdIns, whereas GST-V5 had no binding activity (Venkatesh 
et al. 2011). Bacterially expressed and GST-affinity purified rPSP-V5 also preferentially binds 
PtdIns(3,4)P2 (Fig. 6). The binding of in vitro synthesized, and bacterially expressed, rPSP 
and human PSP to PtdIns(3,4)P2 demonstrates that the interaction is independent of other 
parotid granule proteins.  

Pleckstrin homology domain proteins bind phosphoinositides with a moderate to high 
affinity (Vicinanza et al. 2008). We used bacterially expressed rPSP-V5 to determine the 
affinity of PSP for PtdIns(3,4)P2. Bacterially expressed affinity-purified rPSP-V5 was 
incubated at 0.1 to 3.5 μg/ml with membranes spotted with 50 pmoles of PtdIns(3,4)P2. 
Bound protein was detected with anti-V5 antibody, and the intensity of the signal used to 
calculate the amount of free and bound protein from a PSP-V5 standard curve, as described  
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into a specific membrane-dependent higher molecular weight band. Taking the opposite 
approach, we extensively digested parotid granule membranes with either trypsin or 
pronase to destroy all membrane-associated proteins, and subsequently found that 
exogenous PSP still binds quite effectively. These results indicated that PSP does not require 
a protein receptor for binding to the membrane. In contrast, exogenous amylase did not 
bind the trypsinized membranes, and was present in the unbound fraction only, 
emphasizing the specificity of the binding of PSP.  

4.2 PSP binds specifically to phosphatidylinositol 3,4-bisphosphate 

The binding of a cargo protein to the vesicle membrane is of great interest in defining the 
mechanisms of sorting. However, the ability of PSP to bind granule membranes in the 
absence of any sorting receptor protein ruled out the most common model for sorting. 
Several secreted proteins have been shown to interact with lipid microdomains (e.g., CPE, 
SgIII, PC1/3), presumably by relatively non-specific hydrophobic interactions (Park and 
Loh 2008; Dikeakos et al. 2007), whereas other classes of protein bind to a highly specific 
lipid headgroup (Di Paolo and De Camilli 2006). Therefore, we tested the ability of PSP to 
bind specific lipids, and to bind liposomes. Parotid secretory granules were isolated, and the 
lysate supernatant containing soluble cargo proteins was used in lipid-overlay assays to 
determine whether PSP or other salivary proteins (amylase or PRP) bind specific lipids 
(Dowler et al. 2000). Importantly, none of the cargo proteins bound directly to the most 
abundant membrane lipids (phosphatidylcholine, phosphatidylethanolamine, cholesterol, or 
sphingomyelin). Similarly, acidic PRP never bound any lipid spots, and amylase showed 
little or no binding. In contrast, PSP bound with remarkable selectivity to 
phosphatidylinositol phosphates (PtdInsPs), but did not bind to unphosphorylated PtdIns 
(Fig. 4). We observed decreased PSP binding to PtdInsPs at more acidic conditions, but clear 
binding was still present at pH 6.0. Hence, this interaction could contribute to sorting of PSP 
in the TGN where the pH is approximately 6.2 (Arvan and Castle 1986), and may also 
contribute to retention as the pH increases during granule maturation.  

 
Fig. 4. PSP binds to phosphatidylinositol phosphates. Lipid strips (Echelon Biosciences) 
were incubated with parotid granule soluble lysate at 2 μg/ml (Venkatesh et al. 2011). 
Bound protein was detected with antibodies to PSP or acidic PRP. A schematic of the lipid 
strips is shown on the left (filled circles represent PSP binding).  

The inability of PSP to bind unphosphorylated PtdIns suggested that specific interactions 
with the headgroup were required. Therefore, we compared the binding of PSP to a dilution 
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series of each of the seven different phosphorylated forms of PtdInsPs. We found that native 
PSP binds 3- to 5-fold more to PtdIns(3,4)P2 compared to PtdIns(4,5)P2 or PtdIns(3,4,5)P3, and 
10-fold greater than PtdIns(3,5)P2 or PtdIns(4)P (Fig. 5). PSP does not bind PtdIns(3)P, 
PtdIns(5)P, or PtdIns. Half-maximal binding of PSP was with approximately 35 pmoles 
PtdIns(3,4)P2. Parallel blots failed to detect any bound amylase or acidic PRP, both of which 
are abundant in the granule lysates. This high degree of specificity indicates that PSP binds 
the head group of PtdInsPs, analogous to known PtdInsP-binding proteins (Di Paolo and De 
Camilli 2006). For example, PSP is more selective than the PH-domain protein DAPP1 which 
binds PtdIns(3,4)P2 or PtdIns(3,4,5)P3 with similar avidity (Dowler et al. 2000).  

 
Fig. 5. Binding of PSP to phosphatidylinositol phosphates. PtdInsP array membranes 
spotted with serially diluted lipids were used to define the binding of native PSP. 
Membranes were blocked and probed with anti-PSP as described (Venkatesh et al. 2011).  

The experiments described above use a secretory granule lysate as the source of PSP. This 
leaves open the possibility that PSP binds indirectly to PtdInsP2. Therefore, PSP was 
expressed in vitro in rabbit reticulocyte lysates, and also was expressed in bacteria. 
Chloramphenicol acetyltransferase (CAT) was used as a negative control since CAT and 
rPSP are similar in size and also have similar acidic pI values. Rat PSP, and human PSP 
(human Splunc2, BPIFA2), each with a V5 tag, were translated in vitro and bound selectively 
to PtdIns(3,4)P2 and PtdIns(4,5)P2 demonstrating that this activity is conserved between 
species. CAT-V5 was unable to bind any of the lipids. Similarly, both human and rat PSP 
proteins were expressed in bacteria as glutathione-S-transferase (GST) fusion proteins 
having V5 tags. Again, GST-rPSP-V5 and GST-hPSP-V5 each bound strongly to 
PtdIns(3,4)P2 and did not bind PtdIns, whereas GST-V5 had no binding activity (Venkatesh 
et al. 2011). Bacterially expressed and GST-affinity purified rPSP-V5 also preferentially binds 
PtdIns(3,4)P2 (Fig. 6). The binding of in vitro synthesized, and bacterially expressed, rPSP 
and human PSP to PtdIns(3,4)P2 demonstrates that the interaction is independent of other 
parotid granule proteins.  

Pleckstrin homology domain proteins bind phosphoinositides with a moderate to high 
affinity (Vicinanza et al. 2008). We used bacterially expressed rPSP-V5 to determine the 
affinity of PSP for PtdIns(3,4)P2. Bacterially expressed affinity-purified rPSP-V5 was 
incubated at 0.1 to 3.5 μg/ml with membranes spotted with 50 pmoles of PtdIns(3,4)P2. 
Bound protein was detected with anti-V5 antibody, and the intensity of the signal used to 
calculate the amount of free and bound protein from a PSP-V5 standard curve, as described  
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Fig. 6. Bacterially expressed rPSP-V5 binds to PtdIns(3,4)P2. GST-PSP-V5 was affinity 
purified, and the rPSP-V5 was isolated separate from GST using PreScission protease. 
Protein overlay assays were performed using the purified rPSP-V5 (1 µg/ml) on 
nitrocelluose membranes spotted with lipids (200-6.25 pmoles/spot). Bound protein was 
detected with anti-V5 antibody. Bacterially expressed rPSP shows a similar pattern of 
specificity as native PSP.  

(Venkatesh et al. 2011). The affinity was derived from the binding curve (Fig. 7). In three 
independent experiments, the binding affinity of PSP ranged from Kd= 1.85 x 10-10 to 3.9 x 
10-11 M demonstrating a high affinity interaction. This is similar to the affinity of 5 x 10-9 M 
for TAPP1 binding PtdIns(3,4)P2 measured by a similar method (Dowler et al. 2000). The 
affinity of p47phox for PtdIns(3,4)P2 is reported as 3.8 x 10-8 (Karathanassis et al. 2002). In a 
direct comparison of bacterially expressed p47phox-V5 and rPSP-V5 we confirmed that PSP 
binds PtdIns(3,4)P2 more strongly than p47phox.  

 
Fig. 7. Binding curve of PSP to PtdIns(3,4)P2. Bacterially expressed affinity-purified rPSP-V5 
was incubated at different concentrations to define binding to PtdIns(3,4)P2 as described 
(Venkatesh et al. 2011).  

We studied the interaction of PSP with lipid bilayers in liposomes for three reasons. 
Primarily, we wanted to determine if PSP binds specifically to PtdInsPs in intact 
membranes. In addition, it was important to test whether PSP can bind non-specifically to 
membranes due to hydrophobic interactions similar to helical peptides (Kitamura et al. 1999; 
Dikeakos et al. 2007) and to compare these two types of interaction. Synthetic liposomes 
were made by standard methods to contain phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and PtdIns (or PtdInsP) at a molar ratio of 77:20:3. We did 
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not detect any interaction of PSP with liposomes comprising PC, PE, and unphosphorylated 
PtdIns (77:20:3), nor did it bind to liposomes with PtdIns(3,5)P2 (Fig. 8). This suggests that 
PSP does not interact with membranes through the relatively non-specific hydrophobic 
interactions observed for amphipathic alpha helices, and shown to be important for sorting 
of certain cargo proteins (Kitamura et al. 1999; Dikeakos et al. 2007). Conversely, native rat 
PSP, in granule lysates, bound repeatably to lysosomes spiked with 3% PtdIns(3,4)P2 or 
PtdIns(4,5)P2 (Fig. 8), consistent with the previous results. Amylase present in the same 
granule lysates did not bind to any of these liposomes. PSP also bound to stabilized 
PIPosomes (from Echelon Biosciences Inc.) containing 5% PtdIns(3,4)P2. These results show 
that native PSP binds PtdIns(3,4)P2 in an intact lipid membrane. This binding is not 
detectably due to hydrophobic interactions of an alpha helical domain, does not require a 
different protein to act as a membrane tether or a transmembrane sorting receptor, nor does 
it require cholesterol-rich domains.  

 
Fig. 8. PSP binds to PtdIns(3,4)P2 and PtdIns(4,5)P2 in lipid bilayers. Parotid granule extract 
was incubated with liposomes spiked with 3% either PtdIns, PtdIns(3,4)P2, PtdIns(4,5)P2 or 
PtdIns(3,5)P2. After binding, liposomes were extensively washed and analyzed by SDS-
PAGE and western blotting with anti-PSP. Each lane is a separate incubation. PSP bound to 
PtdIns(3,4)P2 and PtdIns(4,5)P2 only. M: molecular size markers.  

4.3 The PSP family of BPI-fold proteins 

The results described above suggest that PSP binds directly to the headgroup of 
PtdIns(3,4)P2 in a membrane. It is of interest to compare this activity to related proteins. 
Following the newly developed nomenclature (Bingle et al. 2011), rat PSP/BPIFA2E is a 
member of the BPI-fold superfamily. This diverse superfamily includes 
bactericidal/permeability-increasing protein (BPI), LPS-binding protein (LBP), cholesteryl 
ester transfer protein (CETP), and phospholipid transfer protein (PLTP). In addition, the 
superfamily includes the BPIFA subfamily (previously referred to as the SPLUNC family, 
containing PSP), and the BPIFB subfamily (previously termed LPLUNCs). The history of 
cloning the PSP/Splunc/BPIFA family, and changes in the nomenclature have recently been 
described in depth (Bingle et al. 2011). An important observation is that proteins in this 
superfamily have quite divergent amino acid sequences. For example, the optimal possible 
alignment of rat PSP to rat BPI gives a sequence identity of only 19%. However, there is 
strong conservation of secondary structure and predicted tertiary structures across the 
superfamily. The crystal structure of BPI shows a hollow boomerang-shaped structure 
(Beamer et al. 1997). The two halves (domains) of the boomerang show clear similarity to 
each other at both the primary sequence level, and at the structural level. The Long PLUNC 
(BPIFB) subfamily maps across both the two domains, whereas PSP and the rest of the Short 
PLUNC (BPIFA) subfamily consists of only one domain. Many of these proteins have 
important roles that involve binding to lipids. For example, both BPI and LBP bind to 
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Fig. 6. Bacterially expressed rPSP-V5 binds to PtdIns(3,4)P2. GST-PSP-V5 was affinity 
purified, and the rPSP-V5 was isolated separate from GST using PreScission protease. 
Protein overlay assays were performed using the purified rPSP-V5 (1 µg/ml) on 
nitrocelluose membranes spotted with lipids (200-6.25 pmoles/spot). Bound protein was 
detected with anti-V5 antibody. Bacterially expressed rPSP shows a similar pattern of 
specificity as native PSP.  

(Venkatesh et al. 2011). The affinity was derived from the binding curve (Fig. 7). In three 
independent experiments, the binding affinity of PSP ranged from Kd= 1.85 x 10-10 to 3.9 x 
10-11 M demonstrating a high affinity interaction. This is similar to the affinity of 5 x 10-9 M 
for TAPP1 binding PtdIns(3,4)P2 measured by a similar method (Dowler et al. 2000). The 
affinity of p47phox for PtdIns(3,4)P2 is reported as 3.8 x 10-8 (Karathanassis et al. 2002). In a 
direct comparison of bacterially expressed p47phox-V5 and rPSP-V5 we confirmed that PSP 
binds PtdIns(3,4)P2 more strongly than p47phox.  

 
Fig. 7. Binding curve of PSP to PtdIns(3,4)P2. Bacterially expressed affinity-purified rPSP-V5 
was incubated at different concentrations to define binding to PtdIns(3,4)P2 as described 
(Venkatesh et al. 2011).  

We studied the interaction of PSP with lipid bilayers in liposomes for three reasons. 
Primarily, we wanted to determine if PSP binds specifically to PtdInsPs in intact 
membranes. In addition, it was important to test whether PSP can bind non-specifically to 
membranes due to hydrophobic interactions similar to helical peptides (Kitamura et al. 1999; 
Dikeakos et al. 2007) and to compare these two types of interaction. Synthetic liposomes 
were made by standard methods to contain phosphatidylcholine (PC), 
phosphatidylethanolamine (PE), and PtdIns (or PtdInsP) at a molar ratio of 77:20:3. We did 
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not detect any interaction of PSP with liposomes comprising PC, PE, and unphosphorylated 
PtdIns (77:20:3), nor did it bind to liposomes with PtdIns(3,5)P2 (Fig. 8). This suggests that 
PSP does not interact with membranes through the relatively non-specific hydrophobic 
interactions observed for amphipathic alpha helices, and shown to be important for sorting 
of certain cargo proteins (Kitamura et al. 1999; Dikeakos et al. 2007). Conversely, native rat 
PSP, in granule lysates, bound repeatably to lysosomes spiked with 3% PtdIns(3,4)P2 or 
PtdIns(4,5)P2 (Fig. 8), consistent with the previous results. Amylase present in the same 
granule lysates did not bind to any of these liposomes. PSP also bound to stabilized 
PIPosomes (from Echelon Biosciences Inc.) containing 5% PtdIns(3,4)P2. These results show 
that native PSP binds PtdIns(3,4)P2 in an intact lipid membrane. This binding is not 
detectably due to hydrophobic interactions of an alpha helical domain, does not require a 
different protein to act as a membrane tether or a transmembrane sorting receptor, nor does 
it require cholesterol-rich domains.  

 
Fig. 8. PSP binds to PtdIns(3,4)P2 and PtdIns(4,5)P2 in lipid bilayers. Parotid granule extract 
was incubated with liposomes spiked with 3% either PtdIns, PtdIns(3,4)P2, PtdIns(4,5)P2 or 
PtdIns(3,5)P2. After binding, liposomes were extensively washed and analyzed by SDS-
PAGE and western blotting with anti-PSP. Each lane is a separate incubation. PSP bound to 
PtdIns(3,4)P2 and PtdIns(4,5)P2 only. M: molecular size markers.  

4.3 The PSP family of BPI-fold proteins 

The results described above suggest that PSP binds directly to the headgroup of 
PtdIns(3,4)P2 in a membrane. It is of interest to compare this activity to related proteins. 
Following the newly developed nomenclature (Bingle et al. 2011), rat PSP/BPIFA2E is a 
member of the BPI-fold superfamily. This diverse superfamily includes 
bactericidal/permeability-increasing protein (BPI), LPS-binding protein (LBP), cholesteryl 
ester transfer protein (CETP), and phospholipid transfer protein (PLTP). In addition, the 
superfamily includes the BPIFA subfamily (previously referred to as the SPLUNC family, 
containing PSP), and the BPIFB subfamily (previously termed LPLUNCs). The history of 
cloning the PSP/Splunc/BPIFA family, and changes in the nomenclature have recently been 
described in depth (Bingle et al. 2011). An important observation is that proteins in this 
superfamily have quite divergent amino acid sequences. For example, the optimal possible 
alignment of rat PSP to rat BPI gives a sequence identity of only 19%. However, there is 
strong conservation of secondary structure and predicted tertiary structures across the 
superfamily. The crystal structure of BPI shows a hollow boomerang-shaped structure 
(Beamer et al. 1997). The two halves (domains) of the boomerang show clear similarity to 
each other at both the primary sequence level, and at the structural level. The Long PLUNC 
(BPIFB) subfamily maps across both the two domains, whereas PSP and the rest of the Short 
PLUNC (BPIFA) subfamily consists of only one domain. Many of these proteins have 
important roles that involve binding to lipids. For example, both BPI and LBP bind to 
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lipopolysaccaride (LPS) by the lipid A region containing multiple acyl chains. The crystal 
structure of BPI shows the presence of two bound phosphatidylcholine molecules, each with 
the acyl chains deeply embedded in the hollow protein tube (Beamer et al. 1997). A similar 
model is found for CETP, and PLTP (Huuskonen et al. 1999; Qiu et al. 2007). This is 
distinctly different from PSP binding to lipids observed in our results. Using two different 
assays, PSP does not bind to phosphatidylcholine. Further, PSP requires critical interactions 
with the headgroup of the lipid, which are not apparent in BPI binding to 
phosphatidylcholine. Based on these differences, it does not appear that PSP binding to 
PtdIns(3,4)P2 uses the same mechanism as the well-characterized binding of BPI to lipids. As 
an initial hypothesis, we predict that separate binding sites on PSP will be identified for 
binding PtdIns(3,4)P2 and lipopolysaccaride. PSP could bind PtdIns(3,4)P2 in membranes 
during trafficking, and subsequently use a different interaction to bind LPS in the saliva.  

4.4 Phosphoinositides in parotid granule membranes 

The observed binding of PSP to PtdIns(3,4)P2 could support sorting of PSP; and in addition 
PSP could act as a membrane tether (or chaperone) to aid in sorting of other cargo. 
However, PtdIns(3,4)P2 binding can mediate selective trafficking into granules only if the 
presence of PtdInsP2 is somehow linked to the identity of the forming granule. The idea that 
a specific type of rare lipid may direct the sorting of cargo proteins is an entirely novel 
suggestion. However, it is just an extrapolation of the role of PtdInsPs on the other side of 
the membrane. In the following sections we address two key questions. Is PtdIns(3,4)P2 
present on parotid secretory granule membranes? Can PtdIns(3,4)P2 cross to the luminal 
side of the granule membrane?  

PtdInsPs have highly specific intracellular distributions, anchoring critical proteins to 
specific membranes (Graham and Burd 2011). PtdIns(3,4)P2 could reasonably be present in 
the TGN since both PI3-kinase and PI4-kinase are bound at the TGN, and both PI-kinase 
activities are required for regulated secretion (Meunier et al. 2005; Low et al. 2010). 
However, PtdIns(3,4)P2 has tended to be neglected in studies of PtdInsP distribution, so 
little information is available. Nonetheless, immunofluorescence of a transfected 
PtdIns(3,4)P2-binding protein (TAPP1) showed clear localization to a Golgi-like structure 
adjacent to the nucleus (Hogan et al. 2004). We isolated parotid gland secretory granules, 
and methanolic extracts of purified granule membranes were spotted on PVDF and probed 
with antibodies to specific phosphoinositides. As expected, we detected PtdIns(4)P which is 
reported to be on vesicles and TGN of several cell types. In addition, strong 
immunoreactivity was observed for PtdIns(3,4)P2 (Venkatesh et al. 2011). Standard curves of 
PtdIns(4)P and PtdIns(3,4)P2 were used to calculate the amounts of each lipid. PtdIns(4)P is 
abundant in the TGN, however, we find that PtdIns(3,4)P2 is present at a slightly higher 
amount than PtdIns(4)P in parotid granule membranes.  

As a separate approach, we used immunofluorescence to localize PtdIns(3,4)P2 within the 
parotid acinar cell. Anti-PSP labels the secretory granules, which collect near the center of 
the acinus, in the apical end of each cell, but did not label the basal ends. Anti-PtdIns(3,4)P2 
also labeled the apical end of parotid acinar cells, giving a similar pattern. Superimposing 
the images shows that PSP and PtdIns(3,4)P2 co-localize to the secretory granules (Fig. 9; 
yellow and orange). Therefore, using either biochemical or histological methods, we 
consistently find that PtdIns(3,4)P2 is present in parotid granule membranes.  
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Fig. 9. PtdIns(3,4)P2 co-localizes to secretory granules of parotid acinar cells. Rat parotid 
tissue sections were probed with anti-rPSP (red) and monoclonal anti-PtdIns(3,4)P2 (green). 
A merge of the two images shows co-localization (C). The dotted line marks the boundary of 
the acinus. The boxed area of the Nomarski image (D) is enlarged in the inset. The scale bar 
is 5 µm.  

4.5 Lipid translocases in parotid granule membranes 

The observation that PtdIns(3,4)P2 is present in parotid granule membranes supports our 
model that PSP binds the membrane by interacting with this lipid. However, the PI-kinases 
that produce PtdInsPs are located on the cytosolic leaflet of the TGN and granule 
membranes, yet PSP is present only inside the secretory granule.  

The coat protein complex on budding vesicles of the TGN includes translocases which flip 
phospholipids to maintain lipid asymmetry, and can contribute to bending of membranes 
(van Meer and Sprong 2004; Natarajan et al. 2009; Contreras et al. 2010). Translocases 
(flippases) are reported on the TGN and post-Golgi vesicles, and are linked to vesicle 
budding (Muthusamy et al. 2009). Translocases on yeast TGN are involved in a clathrin-
dependent pathway, vesicle bud formation, and membrane trafficking (Graham 2004; 
Daleke 2007; Natarajan et al. 2009). Translocase activity is also present on pig gastric parietal 
cell secretory vesicles (Suzuki et al. 1997), and adrenal chromaffin granules (Zachowski et al. 
1989). Three types of lipid translocases have been described at the TGN or on post-Golgi 
vesicles. P-type ATPase translocases are present on the TGN and secretory granules (Suzuki 
et al. 1997), and are important for secretion (Muthusamy et al. 2009). Alternatively, the ATP-
binding cassette (ABC) superfamily of transporters includes lipid translocases which can be 
found on the TGN, lysosomes, and secretory vesicles of lung type II cells (Stahlman et al. 
2007). Similarly, the phospholipid scramblase family mediates bidirectional flipping of 
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lipopolysaccaride (LPS) by the lipid A region containing multiple acyl chains. The crystal 
structure of BPI shows the presence of two bound phosphatidylcholine molecules, each with 
the acyl chains deeply embedded in the hollow protein tube (Beamer et al. 1997). A similar 
model is found for CETP, and PLTP (Huuskonen et al. 1999; Qiu et al. 2007). This is 
distinctly different from PSP binding to lipids observed in our results. Using two different 
assays, PSP does not bind to phosphatidylcholine. Further, PSP requires critical interactions 
with the headgroup of the lipid, which are not apparent in BPI binding to 
phosphatidylcholine. Based on these differences, it does not appear that PSP binding to 
PtdIns(3,4)P2 uses the same mechanism as the well-characterized binding of BPI to lipids. As 
an initial hypothesis, we predict that separate binding sites on PSP will be identified for 
binding PtdIns(3,4)P2 and lipopolysaccaride. PSP could bind PtdIns(3,4)P2 in membranes 
during trafficking, and subsequently use a different interaction to bind LPS in the saliva.  

4.4 Phosphoinositides in parotid granule membranes 

The observed binding of PSP to PtdIns(3,4)P2 could support sorting of PSP; and in addition 
PSP could act as a membrane tether (or chaperone) to aid in sorting of other cargo. 
However, PtdIns(3,4)P2 binding can mediate selective trafficking into granules only if the 
presence of PtdInsP2 is somehow linked to the identity of the forming granule. The idea that 
a specific type of rare lipid may direct the sorting of cargo proteins is an entirely novel 
suggestion. However, it is just an extrapolation of the role of PtdInsPs on the other side of 
the membrane. In the following sections we address two key questions. Is PtdIns(3,4)P2 
present on parotid secretory granule membranes? Can PtdIns(3,4)P2 cross to the luminal 
side of the granule membrane?  

PtdInsPs have highly specific intracellular distributions, anchoring critical proteins to 
specific membranes (Graham and Burd 2011). PtdIns(3,4)P2 could reasonably be present in 
the TGN since both PI3-kinase and PI4-kinase are bound at the TGN, and both PI-kinase 
activities are required for regulated secretion (Meunier et al. 2005; Low et al. 2010). 
However, PtdIns(3,4)P2 has tended to be neglected in studies of PtdInsP distribution, so 
little information is available. Nonetheless, immunofluorescence of a transfected 
PtdIns(3,4)P2-binding protein (TAPP1) showed clear localization to a Golgi-like structure 
adjacent to the nucleus (Hogan et al. 2004). We isolated parotid gland secretory granules, 
and methanolic extracts of purified granule membranes were spotted on PVDF and probed 
with antibodies to specific phosphoinositides. As expected, we detected PtdIns(4)P which is 
reported to be on vesicles and TGN of several cell types. In addition, strong 
immunoreactivity was observed for PtdIns(3,4)P2 (Venkatesh et al. 2011). Standard curves of 
PtdIns(4)P and PtdIns(3,4)P2 were used to calculate the amounts of each lipid. PtdIns(4)P is 
abundant in the TGN, however, we find that PtdIns(3,4)P2 is present at a slightly higher 
amount than PtdIns(4)P in parotid granule membranes.  

As a separate approach, we used immunofluorescence to localize PtdIns(3,4)P2 within the 
parotid acinar cell. Anti-PSP labels the secretory granules, which collect near the center of 
the acinus, in the apical end of each cell, but did not label the basal ends. Anti-PtdIns(3,4)P2 
also labeled the apical end of parotid acinar cells, giving a similar pattern. Superimposing 
the images shows that PSP and PtdIns(3,4)P2 co-localize to the secretory granules (Fig. 9; 
yellow and orange). Therefore, using either biochemical or histological methods, we 
consistently find that PtdIns(3,4)P2 is present in parotid granule membranes.  
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Fig. 9. PtdIns(3,4)P2 co-localizes to secretory granules of parotid acinar cells. Rat parotid 
tissue sections were probed with anti-rPSP (red) and monoclonal anti-PtdIns(3,4)P2 (green). 
A merge of the two images shows co-localization (C). The dotted line marks the boundary of 
the acinus. The boxed area of the Nomarski image (D) is enlarged in the inset. The scale bar 
is 5 µm.  

4.5 Lipid translocases in parotid granule membranes 

The observation that PtdIns(3,4)P2 is present in parotid granule membranes supports our 
model that PSP binds the membrane by interacting with this lipid. However, the PI-kinases 
that produce PtdInsPs are located on the cytosolic leaflet of the TGN and granule 
membranes, yet PSP is present only inside the secretory granule.  

The coat protein complex on budding vesicles of the TGN includes translocases which flip 
phospholipids to maintain lipid asymmetry, and can contribute to bending of membranes 
(van Meer and Sprong 2004; Natarajan et al. 2009; Contreras et al. 2010). Translocases 
(flippases) are reported on the TGN and post-Golgi vesicles, and are linked to vesicle 
budding (Muthusamy et al. 2009). Translocases on yeast TGN are involved in a clathrin-
dependent pathway, vesicle bud formation, and membrane trafficking (Graham 2004; 
Daleke 2007; Natarajan et al. 2009). Translocase activity is also present on pig gastric parietal 
cell secretory vesicles (Suzuki et al. 1997), and adrenal chromaffin granules (Zachowski et al. 
1989). Three types of lipid translocases have been described at the TGN or on post-Golgi 
vesicles. P-type ATPase translocases are present on the TGN and secretory granules (Suzuki 
et al. 1997), and are important for secretion (Muthusamy et al. 2009). Alternatively, the ATP-
binding cassette (ABC) superfamily of transporters includes lipid translocases which can be 
found on the TGN, lysosomes, and secretory vesicles of lung type II cells (Stahlman et al. 
2007). Similarly, the phospholipid scramblase family mediates bidirectional flipping of 
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phospholipid across the membrane, and PLSCR1 is present on neutrophil secretory vesicle 
membranes (Frasch et al. 2004). Un-phosphorylated PtdIns can be translocated by a flippase, 
however, none of the translocase families have been tested for the ability to flip PtdInsPs.  

Our data suggest that PtdIns(3,4)P2 may be present on the luminal face of the parotid 
granule membrane as a binding site for PSP, however, it is unclear how it would get there. 
Therefore, intact rat parotid secretory granules were incubated with fluorescent NBD-
tagged PtdInsP to measure flipping, according to (Natarajan and Graham 2006; Natarajan et 
al. 2009). In this method, added NBD-lipids integrate rapidly into the outer leaflet of the 
granule membrane on ice. After incubation at 37 oC to allow flipping, label remaining in the 
outer leaflet is quantitatively destroyed by addition of BSA and dithionite, however, NBD-
lipids which had translocated to the luminal leaflet are protected by the membrane. We 
found that incubation for 1 hour at 37 oC allowed 15% of integrated NBD-PtdIns(3,4)P2 to 
translocate to the protected inner leaflet (Fig. 10). Less than 2% of the PSP leaked from the 
granules after incubation at 37 oC for 1 h, indicating that the granules remained sealed 
during the assay. 

Unphosphorylated PtdIns is translocated by a flippase at a rate similar to 
phosphatidylcholine (Vishwakarma et al. 2005). This provides us with a benchmark for 
comparison with the extent of flipping of PtdInsPs. In our experiments, approximately 10% 
of PtdIns was flipped to the inner leaflet of parotid granules, whereas 15-18% of PtdIns(4)P, 
PtdIns(3,4)P2, or PtdIns(3,5)P2 was translocated (Fig. 10). Hence, the flippase activity is 
relatively non-selective, and the phosphate groups do not inhibit translocation. Parotid 
granule membranes support flipping of phosphorylated forms to a greater extent than 
PtdIns. Taken together, our results demonstrate that PtdIns(3,4)P2 is present in the granule 
membrane, and can flip to the inner face of the membrane. Further, the presence of PtdInsPs 
on the luminal leaflet of membranes raises the possibility that other intra-organelle proteins 
may be localized by PtdInsP anchors.  

 
Fig. 10. A. Parotid secretory granules translocate PtdIns(3,4)P2. Purified intact parotid 
secretory granules were incubated with fluorescent NBD-labeled PtdIns(3,4)P2 to measure 
translocation, as described (Natarajan and Graham 2006; Venkatesh et al. 2011). Data show 
the amount of lipid flipped to the inner leaflet. Data are Mean±SE of 3 experiments in 
triplicate. *p<0.01 compared with 0h. B. Several PtdInsPs translocate parotid granule 
membranes. Data are the amount of flipped lipid at 0 or 1 hour. Data are Mean ± SE of 3-6 
experiments in triplicate. *p<0.05, ***p<0.01 compared to PtdIns.  
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5. Conclusions: Lipids as sorting receptors 
As discussed above, a central aspect of selective trafficking is ensuring that the vesicle 
targeting information encoded by the granule coat matrix directs the choice of which cargo 
proteins fill the lumen of the granule. Current models for selective sorting all rely on 
interactions with a transmembrane protein to convey that information, directly or indirectly. 
Our results with parotid secretory granules suggest the possibility of a variant of this model. 
Rather than a transmembrane sorting receptor, translocation (flipping) of a rare lipid, 
PtdIns(3,4)P2, may convey the character of the coat matrix (Fig. 11).  

Both PI3-kinase and PI4-kinase are present on the TGN or vesicles in several cell types, and 
create specific PtdInsPs in the outer leaflet of the membrane. In addition, lipid translocases, 
or flippase activity, has been reported on mammalian secretory granules. Our results 
demonstrate that PtdIns(3,4)P2 is present in parotid secretory granule membranes. We 
observe that PtdIns(3,4)P2 can translocate to the luminal bilayer of the granule membrane. 
Further, we find that PSP binds strongly to PtdIns(3,4)P2 in the membrane. Since the 
translocase likely is recruited and localized by the coat proteins, we suggest that the 
translocase may create a local region of higher concentration of PtdIns(3,4)P2 in the luminal 
leaflet within the forming vesicle bud, compared to other areas of the TGN. This may serve 
to localize PSP within the budding vesicle, thereby sorting it for secretion. The membrane-
bound PSP may in turn act as a sorting chaperone for other cargo proteins. This hypothetical 
model has the advantage that it suggests specific interactions which can be tested for a role 
in sorting for secretion.  

 
Fig. 11. A hypothetical model for how PtdIns(3,4)P2 could mediate sorting of PSP. 
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1. Introduction 
Exocytosis is the major intracellular route for the delivery of proteins and lipids to the plasma 
membrane and the means by which vesicular contents are released into the extracellular space. 
The anterograde trafficking of vesicles to the plasma membrane is vital for membrane 
expansion during cell division; cell growth and migration; the delivery of specialised 
molecules to establish cell polarity; cell-to-cell communication; neurotransmission and the 
secretion of response factors such as hormones, cytokines and antimicrobial peptides. There 
are two major trafficking routes in eukaryotic cells, which are referred to as constitutive and 
regulated (Ory & Gasman, 2011). Constitutive exocytosis involves the steady state delivery of 
secretory carrier vesicles from the endoplasmic reticulum via the Golgi apparatus to the 
plasma membrane (Lacy & Stow, 2011). Regulated or granule-mediated exocytosis involves a 
specific trigger, usually a burst of intracellular calcium following an extrinsic stimulus. This 
system is utilized for secretion in neuronal cells and other specialist secretory cells, such as 
neuroendocrine, endocrine and exocrine cells (Burgoyne & Morgan, 2003; Jolly & Sattentau, 
2007; Lacy & Stow, 2011). Regulated exocytosis enables a rapid response from a subpopulation 
of vesicles already primed and competent for fusion (Manjithaya & Subramani, 2011; Nickel & 
Seedorf, 2008; Nickel, 2010). Regulated exocytosis is also used for polarised traffic of vesicular 
membrane and cargo to specific spatial landmarks and this is particularly important during 
times of dramatic change in cell morphology, such as cell division, cell motility, phagocytosis 
and axonal outgrowth.  

Regulated exocytosis involves the shuttling of carrier vesicles between vesicular 
compartments, as they are transported towards the plasma membrane. Each step in this 
process requires the fission of a vesicle from a donor compartment. This carrier vesicle is 
then targeted/trafficked to an acceptor compartment where docking and fusion takes 
place, and the cargo is either unloaded or further processed (Bonifacino & Glick, 2004). 
These fission and fusion steps are repeated until the cargo reaches the plasma membrane 
(Bonifacino & Glick, 2004). This sequential trafficking of secretory vesicles is orchestrated 
by a complex set of molecular machinery including: small GTPases of the Ral, Rab and 
Rho subfamilies that regulate the processes of vesicle formation, traffic and fusion; the 
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exocyst complex for vesicle assembly and membrane tethering; and soluble N-
ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins for 
vesicular fusion. At the target domain of the plasma membrane, cross-talk between the 
exocyst complex and SNARE proteins culminates in vesicle-to-plasma membrane fusion, 
and thereby delivery of membrane proteins and luminal cargo. There are many post-
translational modifications of the vesicular machinery that facilitate exocytosis. These 
include the addition of lipid moieties to increase membrane binding affinity, the 
switching of GTPase activity by nucleotide exchange factors, phosphorylation, and 
ubiquitination. Phosphorylation is of particular importance as it incorporates the vesicular 
trafficking machinery into a circuit of cellular signaling cascades. This chapter focuses on 
the process of exocytosis and the regulatory role that post-translational modification has 
on the exocytic machinery. Because the small GTPases and the exocyst complex have 
multiple inter-connected functions during vesicle formation, trafficking and fusion, we 
have focused discussion here to the final steps of the exocytic process, which occur in 
close proximity to the plasma membrane. 

2. The exocyst complex and vesicle interaction with the plasma membrane 
The exocyst is a scaffolding complex that is required for the final steps of regulated, and 
constitutive exocytosis (Hsu, et al., 2004). The exocyst complex is attached to the cytosolic 
face of the exocytic vesicular membrane, and tethers the vesicle to specific domains of the 
plasma membrane (Brymora, et al., 2001; X. W. Chen, et al., 2011a; Fukai, et al., 2003; Inoue, et 
al., 2003; Li, et al., 2007; Moskalenko, et al., 2002) (Figure 1). The pioneering studies of the 
early 1990’s discovered that there are six yeast secretion (Sec) proteins; Sec3, Sec5, Sec6, Sec8, 
Sec10 and Sec15; and two exocyst (Exo) subunit proteins; Exo70 and Exo84, which form the 
exocyst complex (TerBush, et al., 1996). The constituents of the exocyst complex are 
conserved between yeast and mammals (He & Guo, 2009) and there are striking structural 
and topological similarities in the C-terminal domains of Sec6, Sec15, Exo70 and Exo84, 
despite there being less than 10% sequence identity between the individual proteins. These 
C-terminal domains consist of multiple rod-like helical bundles, which appear to be 
evolutionarily related molecular scaffolds that have diverged to create functionally distinct 
exocyst proteins (Sivaram, et al., 2006). The interaction between these helical structures may 
create the framework that is necessary for the assembly of the exocyst complex (Munson & 
Novick, 2006).  

There is some evidence that the exocyst complex may be present as distinct sub-complexes 
on vesicular and plasma membranes. In yeast, two members of the complex are associated 
with the plasma membrane; Sec3 and Exo70, while in mammals only Exo70 appears to be 
found on the plasma membrane (He, et al., 2007; He & Guo, 2009; Inoue, et al., 2003; J. Liu, et 
al., 2007). It is likely that the membrane localisation of Sec3 and Exo70 controls targeting of 
secretory vesicles to distinct domains of the plasma membrane, thereby defining the sites of 
active exocytosis and membrane growth during cell migration and cytokinesis (Liu & Guo, 
2011). It has been suggested that the Sec3 and Exo70 plasma membrane complex also 
contains Sec5, Sec8 and Sec6, while Exo84, Sec10 and Sec15 are complexed to the vesicle 
membrane (Moskalenko, et al., 2003). By binding to the vesicular membrane, Sec15 initiates 
the assembly of the vesicular exocyst sub-complex, while Sec3 and Exo70 mediate assembly 
of the plasma membrane sub-complex. Sec3 relies on a Rho-mediated targeting  
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Fig. 1. Post-translational regulation of exocytic vesicle tethering via the exocyst complex 

mechanism for its plasma membrane localization (He, et al., 2007; Moskalenko, et al., 2002; 
H. Wu, et al., 2010), which is distinct from the Rab-dependent targeting of Sec15 to the 
vesicular membrane (Guo, et al., 1999; Langevin, et al., 2005; S. Wu, et al., 2005; Zhang, et al., 
2004). Co-assembly of these two exocyst sub-complexes to form the entire complex is 
governed by Ral-GTPase via its interaction with Sec5 (Hohlfeld, 1990). Prior to membrane 
fusion, SNAREs (e.g. Sec1, Sro7p and Sro77p) interact with the exocyst complex (via Sec6, 
Exo84) to facilitate fusion between the vesicle and plasma membranes (Morgera, et al., 2012; 
Zhang, et al., 2005). 

3. Small GTPases as regulators of exocytosis 
While the exocyst complex has a clear role in exocytosis, the factors promoting the final 
orchestration of exocytosis are yet to be characterized. Emerging data highlights that small 
GTPases of the Ras super-family, including the Ras homologous (Rho), Ras-associated 
binding proteins (Rabs), adenosine ribosylation factors (Arfs), and Ras-like proteins (Ral) 
subfamilies, are involved in regulating distinct steps during exocytosis, some of which are 
mediated via interaction with the exocyst (reviewed in (Csepanyi-Komi, et al., 2011; 
Hutagalung & Novick, 2011; Segev, 2011)). Thus, there appears to be stage-specific 
requirements for small GTPase subfamily members during exocytosis (Figure 1). 

The unique feature of the small GTPase superfamily (G-protein family) is the presence of a 
20 kDa, catalytic domain (Bourne, et al., 1991; Pai, et al., 1990). Through guanosine 
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mediated via interaction with the exocyst (reviewed in (Csepanyi-Komi, et al., 2011; 
Hutagalung & Novick, 2011; Segev, 2011)). Thus, there appears to be stage-specific 
requirements for small GTPase subfamily members during exocytosis (Figure 1). 
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20 kDa, catalytic domain (Bourne, et al., 1991; Pai, et al., 1990). Through guanosine 
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nucleotide-dependent conformational transitions within their G-protein domain (Pereira-
Leal & Seabra, 2000), these GTPases act as molecular switches; cycling between the inactive 
GDP bound form and a GTP-bound active form, the process which regulates the activity of 
downstream effectors. This activity switch can be triggered by a variety of intracellular 
stimuli, most notably calcium ions (Khvotchev, et al., 2003; Zajac, et al., 2005). The current 
dogma suggests that guanosine-triphosphate-dependent activation is essential for Rho, Ral 
and Rab relocation to target membranes, which then triggers their function.  

3.1 Rab GTPases and vesicular tethering 

The Rab family of small GTPases is defined by the presence of at least one of five 
characteristic Rab motifs, with the RabF1 motif frequently positioned within the effector 
binding domain, and the RabF2 motif usually in the GTPase domain (Pereira-Leal & Seabra, 
2000). Recent bioinformatic analysis of the Rab family using the “Rabifier” and “RabDB” 
tools have uncovered an interesting phenomenon, namely the highly dynamic evolution of 
this family, with a significant expansion and specialization of the Rabs involved in the 
secretory pathway (Diekmann, et al., 2011). The repertoire of secretion-related Rabs includes 
14 subfamilies, which co-evolved with Metazoan multicellularity and may reflect either 
unique roles in tissue-specific membrane trafficking events or restricted trafficking of 
specialist vesicles (Diekmann, et al., 2011). The animal-specific subfamilies have purported 
roles in the regulation of secretion (e.g. Rab3, Rab26, Rab27, Rab33, Rab37, Rab39), while 
there are also Golgi-specific Rabs (Rab30, Rab33, Rab34, Rab43) and Rabs relating to the 
traffic to (Rab43) and from (Rab10) the Golgi. Rab proteins usually play positive roles in 
anterograde membrane trafficking, but the exact nature of their involvement (in vesicle 
budding, biogenesis, transport, docking, priming and fusion) depends on the particular 
pathway, and is yet to be defined. One of the most evolutionary conserved proteins, Rab11, 
appears to be associated with both constitutive and regulated secretory pathways, as shown 
in mammalian and insect cells (Chen, et al., 1998; Shandala, et al., 2011; Urbe, et al., 1993; 
Ward, et al., 2005).  

There have been mechanistic links established between some Rab proteins and components 
of the exocyst complex. For example, the interaction of Sec15 with Rab proteins appears to 
be essential for the tethering of exocyst components to designated membranes. In yeast, the 
small Rab GTPase Sec4 (orthologous to mammalian Rab10) may bring Sec15 to the vesicular 
membrane (Guo, et al., 1999), which is an essential step in the tethering and assembly of the 
exocyst complex (Zajac, et al., 2005). Metazoan Sec15 is a known effector of Rab11 (S. Wu, et 
al., 2005; X. M. Zhang, et al., 2004). Through its C-terminal domain, Drosophila Sec15 can 
interact with Rab11 (and is found co-localized with Rab11 in Drosophila photoreceptor and 
sensory organ precursor cells (Jafar-Nejad, et al., 2005; S. Wu, et al., 2005)), as well as with 
Rab3, Rab8, and Rab27 (S. Wu, et al., 2005). The functional relationship between Sec15 and 
Rab11 also exists in mammalian cells (Langevin, et al., 2005;  Zhang, et al., 2004), where the 
interaction with Rab11 is involved in sequestering the exocyst complex to the endosome 
recycling compartment. Interestingly, there is a functional co-dependence of Rab11 and 
Sec15, where the loss of Sec15 function affects the intracellular localisation of Rab11, and 
mimics a phenotype of abnormal Rab11 function. Evidence of this interaction can be 
observed during the dramatic changes that occur in photoreceptor cell development (S. Wu, 
et al., 2005). More specifically, the mutant Sec15 phenotype involves impaired trafficking 
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from recycling endosomes to the plasma membrane, and restricts cargo trafficking, e.g. DE-
Cadherin in Drosophila (Langevin, et al., 2005).  

Rabs have important interactive functions at different stages of exocytosis. Protein sorting in 
recycling endosomes depends upon the function of the small GTPase Rab4, a close 
homologue of Rab11 (Li, et al., 2008; Ward, et al., 2005). Rab3 also has a role in anterograde 
traffic between the trans-Golgi network and recycling endosomes (Mohrmann, et al., 2002; 
van der Sluijs, et al., 1992). The Rab small GTPases, Sec4 in yeast and Rab11 in metazoans, 
facilitate trafficking of secretory vesicles carrying Sec15-exocyst components from recycling 
endosomes to the plasma membrane (Langevin, et al., 2005). Sec15 does not appear to 
interact with mammalian Rab4a, and therefore does not function as a Rab4 effector (Zhang, 
et al., 2004). This suggests a unique role for Rab11 in the final delivery of exocyst carrying 
secretory vesicles, to the plasma membrane (Chen, et al., 1998; Shandala, et al., 2011; Urbe, et 
al., 1993; Ward, et al., 2005). Sec15 does however interact with Rab3, a closely related 
homologue of Rab11, both of which appear to play a critical role in: secretory vesicle 
biogenesis; docking and priming of specialised secretory vesicles; delivery of synaptic and 
dense core vesicles to the active zone of exocytosis; and in maintaining a primed pool of 
vesicles available for rapid release (Schonn, et al., 2010; S. Wu, et al., 2005). Thus, the loss of 
Rab3 led to a reduction in the total number of synaptic vesicles as well as the number 
recruited to the active zone of the neural synapse (Gracheva, et al., 2008). Similarly, there 
was a reduction in the number of dense core vesicles docked at the plasma membrane in 
adrenal chromaffin cells, isolated from a mouse quadruple knockout  lacking all four Rab3 
A to D paralogues (Schonn, et al., 2010). An increased number of docked dense core vesicles 
was observed in PC12 and in adrenal chromaffin cells following Rab3 overexpression and 
this correlated with a strong inhibition of secretion (Holz, et al., 1994; Johannes, et al., 1994). 
Interestingly, there is evidence of some functional redundancy between Rab3 and its closest 
homologues, Rab27A and Rab27B, which are involved in the delivery of vesicles near the 
exocytic site (Fukuda, 2008; Gomi, et al., 2007; Ostrowski, et al., 2010). Studies of melanosome 
dynamics have indicated that Rab27A has a role in vesicular recruitment and this is 
mediated by its interaction with a specific effector called Melanophilin, which in turn binds 
an actin motor protein, MyosinVa (Hume & Seabra, 2011; Seabra & Coudrier, 2004). There 
appears to be a further functional divergence of Rabs, where Rab27A and Rab27B control 
different steps of the secretion pathway (Ostrowski, et al., 2010). Rab25, a close homologue 
of Rab11 with a different C-terminus, shows co-localization with Rab11 in 
exocytic/recycling vesicle membranes of some cells, and may function as a tissue specific 
tethering factor (Calhoun & Goldenring, 1997; Khandelwal, et al., 2008).  

Recent studies have implicated Rabs in the movement of transport vesicles from their site of 
formation to their site of fusion, and several Rabs have been linked to specific microtubule- 
or actin-based motor proteins (Hammer & Wu, 2002; Lapierre, et al., 2001) The role of Rabs 
in docking of secretory vesicles to the plasma membrane is mediated by their effectors 
(Fukuda, 2008). Thus, the small GTPases of the Rab family, through interplay with their 
specialist effector molecules, cooperatively target secretory vesicles from the trans-Golgi 
network (TGN) to the plasma membrane, and facilitate their docking at the active site of 
exocytosis (Fukuda, 2008; Orlando & Guo, 2009). This poses the question: what is the 
molecular mechanism defining the plasma membrane docking sites?  
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3.2 Rho GTPases and assembly of the plasma membrane exocyst complex 

The most highly conserved and best studied members of the Rho family, Rho1/A, Rac1 
and Cdc42, play a crucial role in tethering and fusion of vesicles during regulated 
exocytosis (Ory & Gasman, 2011; Ridley, 2006; Williams, et al., 2009). Most Rho GTPases 
transiently localize at the plasma membrane, after being targeted to specific 
phosphoinositide-containing sub-domains. On the one hand, the Rho GTPases, Rho1/A 
and Rac1, are thought to regulate secretion by remodelling microtubules and the 
membrane-associated actin cytoskeleton (Ory & Gasman, 2011; Williams, et al., 2009). On 
the other hand, recent findings have implicated yeast Cdc42, Rho1/A and Rho3/C and 
mammalian TC10 in actin-independent regulation of exocytosis by anchoring the plasma 
membrane exocyst components, Sec3 and Exo70, to specific plasma membrane 
microdomains (Bendezu & Martin, 2011; Guo, et al., 2001; He, et al., 2007; He & Guo, 2009; 
Inoue, et al., 2003; J. Liu, et al., 2007; Moskalenko, et al., 2002; Novick & Guo, 2002; Wu & 
Brennwald, 2010; H. Wu, et al., 2010; Xiong, et al., 2012; Zajac, et al., 2005). However, in this 
case, the normal functioning of the Sec3 and Exo70 plasma membrane exocyst 
components is a prerequisite for the correct localization of cell polarity regulators such as 
Cdc42 (Zajac, et al., 2005). This might be due to the fact that Sec3 and Exo70 could 
independently bind to phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2), via their C-
terminal D domain, thereby forming a plasma membrane targeting patch for exocytic 
proteins (He, et al., 2007; He & Guo, 2009; Inoue, et al., 2003; J. Liu, et al., 2007). Moreover, 
Exo70 was found to be directly associated with type Iγ phosphatidylinositol phosphate 
kinase (PIPKIγ), which facilitates the generation of a PI(4,5)P2 phospholipid microdomain 
and recruitment of Exo70 to the plasma membrane (Xiong, et al., 2012). Thus, the 
cooperation between the Sec3 and Exo70 exocyst components and Rho small GTPases 
defines competent sites for exocytosis. The next question is: how are secretory vesicles 
targeted to these sites?  

3.3 Ral small GTPases and the exocyst complex 

Ras-like (Ral) small GTPase was first discovered in human platelet cells in 1991 (van der 
Meulen, et al., 1991), where its association with dense granules suggested a potential 
regulatory role in the release of storage contents from these granules (Mark, et al., 1996). 
Subsequently, Ral small GTPases were linked to exocytosis in neural, epithelial, endothelial 
endocrinal, and pancreatic tissues (Hazelett, et al., 2011; Lopez, et al., 2008; Moskalenko, et 
al., 2003; Polzin, et al., 2002; Rondaij, et al., 2004; Rondaij, et al., 2008; Takaya, et al., 2007). The 
two mammalian Ral homologues RalA and RalB share 85% protein sequence identity, and 
are well conserved in evolution (van Dam & Robinson, 2006). The bulk of the Ral protein 
comprises a conserved nucleotide phosphate-binding motif (Marchler-Bauer, et al., 2011; van 
Dam & Robinson, 2006). RalA, but not RalB, contains a short amphipathic helix that binds 
the Ca2+-sensing protein Calmodulin, conferring Ca2+-dependent activation of RalA during 
regulated exocytosis (van Dam & Robinson, 2006). Ral functions as an essential component 
of the cellular machinery, regulating the post-Golgi processing of secretory vesicle 
membrane, via activation of the exocyst complex (X. W. Chen, et al., 2011a; Feig, 2003; 
Kawato, et al., 2008; Mark, et al., 1996; Mott, et al., 2003). It has been suggested that GTP-
bound Ral, through its effectors Sec5 and Exo84, brings together the plasma and vesicular 
membrane exocyst subunits, as the loss of RalA, or mutation of its effector binding motif, 
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leads to the disassembly of the exocyst complex (Moskalenko, et al., 2003). Activation of the 
exocyst complex is initiated by the binding of Ral to Sec5 and Exo84 (Mott, et al., 2003). This 
is followed by the assembly of the full octameric exocyst complex at the interface of the 
vesicular and plasma membranes (Moskalenko, et al., 2003). Thus, the interaction of the 
exocyst complex with Ral is an essential step in anchoring secretory vesicles to the 
exocytosis-competent microdomains of the plasma membrane (Angus, et al., 2003; Fukai, et 
al., 2003; Jin, et al., 2005; Mark, et al., 1996; Moskalenko, et al., 2002).  

The functional interaction of Ral and the exocyst complex is highlighted by their co-
involvement in multiple exocytic processes. The exocyst complex has well-established roles 
in anterograde trafficking of membrane receptors from recycling endosomes (Langevin, et 
al., 2005; Xiong, et al., 2012; Yeaman, et al., 2004); membrane delivery in cell growth 
(Chernyshova, et al., 2011; Genre, et al., 2011); and the translocation of glucose transporters 
in response to insulin (Ljubicic, et al., 2009; Lopez, et al., 2008). Each of these processes has 
been linked to a functional requirement for a member of the Ral protein family. RalA is 
required for establishing neuronal cell polarity (Lalli, 2009), and the regulation of readily 
releasable pools of synaptic vesicles (Lee, et al., 2002; Li, et al., 2007). In the epithelium, RalB 
is required for delivery of membrane to the dynamic leading edge of migrating cells (Rosse, 
et al., 2006); while RalA is involved in polarised delivery of the membrane protein, E-
Cadherin, to the basolateral surface of epithelial cells (Shipitsin & Feig, 2004). Exocytosis of 
vesicular content, such as hormones, chemokines, enzymes, and adhesion molecules from 
Weibel-Palade bodies (endothelial cell-specific storage organelles), occurs in response to a 
specific agonist that requires Ral regulation (Kim, et al., 2010; Rondaij, et al., 2008). RalA is 
required in glucose regulation where it mediates insulin secretion from pancreatic cells 
(Ljubicic, et al., 2009; Lopez, et al., 2008), and translocation of the glucose transporter GLUT4 
in adipocytes (Chen, et al., 2007). Ral is also required for dense granule secretion from 
platelets (Kawato, et al., 2008) and cell growth and migration, all of which have been shown 
to be reliant on Ral for lipid raft trafficking to the plasma membrane (Balasubramanian, et 
al., 2010; Spiczka & Yeaman, 2008).  

Given that multiple GTPases regulate the assembly of the full octameric exocyst complex, 
which is necessary for vesicular tethering to the site of fusion, the assembly of the exocyst 
complex might represent the integration of various cellular signaling pathways that ensure 
tight control of exocytosis (Sugihara, et al., 2002). 

4. Exocyst, SNARE complexes and membrane fusion machinery 
The exocyst mediated tethering of secretory vesicles to specific sites of the plasma 
membrane precedes the assembly of SNARE complexes and membrane fusion (He & Guo, 
2009; Novick & Guo, 2002) (Figures 1 & 2). In the early 1980s, Rothman and colleagues used 
an in vitro trafficking assay to identify the soluble factors; N-ethylmaleimide-sensitive factor 
(NSF) and Soluble NSF Attachment Protein (SNAP) (Balch, et al., 1984). This was followed 
by isolation of their membrane receptors termed SNAREs (for SNAP receptors) (Sollner, et 
al., 1993). SNAREs were initially isolated from mammalian brain cells, as factors crucial for 
vesicle fusion–mediated release of neurotransmitters at synapses. It soon became evident 
that SNAREs are involved in most, if not all vesicular fusion events (Malsam, et al., 2008).  
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been linked to a functional requirement for a member of the Ral protein family. RalA is 
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is required for delivery of membrane to the dynamic leading edge of migrating cells (Rosse, 
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SNAREs comprise evolutionarily conserved families of membrane-associated proteins 
(including the Synaptobrevin/vesicle associated membrane protein (VAMP), Syntaxin 
and SNAP, families), which are characterized by the presence of a 60–70 amino acid long 
SNARE motifs located, in most cases, immediately adjacent to a C-terminal trans-
membrane anchor (Weimbs, et al., 1997). In some cases (e.g. Sec9), this trans-membrane 
motif is absent, and the membrane binding is mediated by lipid modifications or by the 
presence of domains capable of binding lipid head groups (Grote, et al., 2000). A coiled-
coil structure formed by SNARE motifs is known to mediate protein-protein interactions 
between different SNAREs, and this is believed to create the membrane curvature 
required for membrane fusion (Groffen, et al., 2010). It has been suggested that the 
SNARE-induced membrane curvature becomes fusion competent when decorated by two 
Ca2+ sensors, Synaptotagmin1 and double C2 domain (DOC2) protein (Groffen, et al., 
2010; Hui, et al., 2009).  

SNAREs act at all levels of the secretory pathway, although individual family members 
tend to be compartment-specific and thus, are thought to contribute to the specificity of 
docking and fusion events (Gerst, 1999). The exocyst complex may facilitate vesicular 
targeting to the plasma membrane by direct interaction with SNARE proteins, as is the 
case with the exocyst component Sec6 and the target t-SNAREs Sec1 and Sec9 (Morgera, et 
al., 2012). In some cases this interaction may be indirect and mediated by adaptor 
proteins. For example, the yeast exocyst component Exo84 is capable of interacting with t-
SNAREs though the WD40 domain adaptor proteins Sro7p and Sro77p (Sivaram, et al., 
2005; Zhang, et al., 2005). In addition, during the process of regulated exocytosis involved 
in neurotransmitter release, a unique set of components (Synaptotagmin, Complexin, 
Munc13, RIM, - also called the trans-SNARE complex), assemble between v-SNAREs on 
the transport vesicle and t-SNAREs on the fusion target, to ensure efficient membrane 
fusion (Li & Chin, 2003). Some elements of this SNARE complex can also act as negative 
regulators of membrane fusion: as is the case during sperm exocytosis, where α-SNAP 
prevents docking of the acrosome by sequestering monomeric Syntaxin (Rodriguez, et al., 
2011). 

 
Fig. 2. Post-translational regulation of docking and fusion at the plasma membrane  

 
Molecular Machinery Regulating Exocytosis 

 

69 

5. Post-translational modifications that regulate components of the exocytic 
machinery 
5.1 Regulation of GTPases: Activity by nucleotide exchange 

As mentioned above, the small GTPases involved in exocytosis are regulated by switching 
between an active (GTP-bound) and inactive (GDP-bound) state (Ali & Seabra, 2005; Barr & 
Lambright, 2010; Csepanyi-Komi, et al., 2011; Stenmark, 2009; Uno, et al., 2010) (Figure 1). 
This exchange between two states is regulated by guanine nucleotide exchange factors 
(GEFs) and GTPase activating proteins (GAPs) (Csepanyi-Komi, et al., 2011). GEF proteins 
activate GTPases by a mechanism involving the destabilization of the interaction between 
the GEF and guanosine di-phosphate (GDP), resulting in the fast release of the GDP and 
generation of a nucleotide-free GTPase-GEF intermediary complex (Liao, et al., 2008). As 
guanosine tri-phosphate (GTP) is much more abundant in the cell than GDP (Gamberucci, et 
al., 1994), GTP will preferentially bind to the nucleotide binding pocket of the GTPase 
inducing dissociation of the GEF, leaving the GTP-loaded GTPase ready to perform its 
function. The subsequent hydrolysis of the GTP by the GTPase provides the energy required 
for the GAP enzyme to accomplish its specific task. In some cases, the membrane affinity of 
GEFs and GAPs has been linked to the binding modules of the Phox-homology domain (PX 
domain in TCGAP, a protein with intrinsic GAP activity towards Rho GTPases as shown in 
vitro), and the Pleckstrin-homology domain (PH domain in Trio, a GEF for Rho GTPases). 
These domains target the proteins to specific phosphoinositide-containing sub-domains of 
intracellular membranes (Chiang, et al., 2003; Hyvonen, et al., 1995; Kutateladze, 2007; van 
Rijssel, et al., 2012; Zhou, et al., 2003). 

Once activated by GEFs, the small GTPases (Rho, Rab, Arf, and Ral) translocate to their 
destination membrane in order to carry out their specific function (Csepanyi-Komi, et al., 2011). 
In exocytosis, the GEFs identified so far control the function of members of three of the GTPase 
families, the Rabs, Rals, and the Rhos. In the budding yeast S. cerevisiae, the Rab GTPase Sec4 
and its GEF Sec2 were found to be associated with the polarized transport of vesicles from the 
TGN to the site of bud formation at the plasma membrane. Sec2 catalyzes the guanine 
nucleotide exchange and subsequent activation of Sec4, a key mediator of the docking and 
fusion steps (Dong, et al., 2007; Medkova, et al., 2006; Ortiz, et al., 2002). The Rab GTPase Rab3a 
performs a similar role in mammalian neuroendocrine cells, with its function being required 
for docking and fusion of hepatocyte growth factor granules in chromaffin cells, as 
demonstrated by the use of mutated forms of the protein (Holz, et al., 1994; Luo, et al., 2001; 
Macara, 1994). The GEF for Rab3a, called GRAB, has been shown to be essential for the 
targeting of secretory vesicles to the plasma membrane (Luo, et al., 2001; Sato, et al., 2007). The 
small Rho GTPase Cdc42 is involved in remodeling of the actin cytoskeleton of the cell 
including some of the events that occur in Ca2+ mediated regulated exocytosis. Recent studies 
in pancreatic β-cell islets, using a combination of in vitro binding assays and RNAi silencing 
screens in cell culture, have identified Cool-1/β-pix as a GEF for Cdc42 (Kepner, et al., 2011). A 
number of GEF proteins have been proposed to mediate Ral function in exocytosis, which 
include Ral guanine nucleotide dissociation stimulator (RalGDS) (Albright, et al., 1993) and 
RalGDS-like 2 (Rgl2)/RalGDS-like factor (Rlf) (Wolthuis, et al., 1996). The activity of RalGEFs, 
are themselves regulated by the Ras GTPase protein. Active GTP-bound Ras facilitates 
activation by binding to RalGEFs (Spaargaren & Bischoff, 1994), and delivering them to Ral in 
the plasma membrane. RalGDS has been shown to be required for the activation of RalA 
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dependent exocytosis from Weibel-Palade bodies in endothelial cells and the secretion of 
insulin in β-pancreatic cells (Kim, et al., 2010; Ljubicic, et al., 2009; Rondaij, et al., 2008), while 
calcium induced exocytosis from endosomes is predicted to be regulated by Rgl2/Rlf –
mediated activation of Ral (Takaya, et al., 2007). Thus, the regulation of Ral dependent 
exocytosis may be at the nexus of a number of upstream signaling pathways. Often GEFs will 
display a certain level of promiscuity, being capable of activating more than one GTPase 
family member. For example, the Rab3a GEF GRAB is also capable of activating Rab27a 
(Baisamy, et al., 2005; Baisamy, et al., 2009). This might reflect a need for simultaneous 
activation of more than one GTPase in order to coordinate the progression of exocytosis. 
Moreover, individual GTPases may be regulated by multiple GEFs (for example Cdc42 is 
regulated by Cool-1/β-pix (Kepner, et al., 2011), FGD1 (Olson, et al., 1996), FGD3 (Pasteris, et 
al., 2000), and PEM-2 (Reid, et al., 1999)), although this may reflect a mechanism for the tissue-
specific activation of these uniformly expressed proteins. 

When driven by the intrinsic enzymatic activity of small GTPases, the hydrolysis of GTP to 
GDP is a slow process (Crechet & Parmeggiani, 1986; Liao, et al., 2008; Trahey & McCormick, 
1987), but this can be stimulated by GTPase activating proteins (GAPs) (Csepanyi-Komi, et 
al., 2011; Trahey & McCormick, 1987). In yeast for example, once GTP-bound Sec4 reaches 
the plasma membrane, its GAPs, Msb3 and Msb4, promote hydrolysis of the GTP to switch 
it to its GDP-bound inactive form and translocate it away from the plasma membrane (Gao, 
et al., 2003). Yeast cells with deletions of Msb3 and Msb4 display defective exocytosis as 
indicated by the accumulation of abnormally large numbers of vesicles within the cells and 
a reduction in secretion (Gao, et al., 2003). As is the case with GEFs, there is also a certain 
promiscuity of RhoGAP activity. For example, the neuron specific GAP Nadrin has been 
demonstrated to have activity towards Rho1/A, Cdc42, and Rac1 (Harada, et al., 2000). In 
doing so, Nadrin appears to modulate the actin related function of Rho GTPases, as its 
overexpression in NIH3T3 fibroblast cells resulted in abnormal reorganization of the actin 
stress fibers (Harada, et al., 2000). Biochemical studies have identified 
Rab3GAP1/Rab3GAP2 as a GAP for Rab3, and EV15 as a GAP for Rab11, but the 
physiological relevance of their function is yet to be fully defined (Csepanyi-Komi, et al., 
2011; Dabbeekeh, et al., 2007; Fukui, et al., 1997). The RalGAP complex (RGC), which is made 
up of RalGAP complex 1 (RGC1) and a catalytic subunit RalGAP complex 2 (RGC2) has 
been identified for its role in Ral dependent exocytosis of GLUT4 ( Chen & Saltiel, 2011). 
RCG interacts with RalA under steady state conditions, acting as its inhibitor. Insulin 
induced activation of the PI3-kinase/Akt pathways leads to Akt-mediated phosphorylation 
of the RGC2 catalytic subunit, disengaging it from the GTPase and reversing the inhibitory 
effect of RGC on RalA activity. This allows RalA to associate with the exocyst and facilitate 
exocyst complex assembly (Chen & Saltiel, 2011).  

After GTPases complete their function on the membrane, they are returned to the cytosol in an 
inactive GDP-bound form, terminating the exocytic process and preventing inappropriate 
activity of the enzyme and its effectors. This sequestration and inactivation is mediated by 
members of the guanine dissociation inhibitor (GDI) family. Notably, GDIs have dual modes 
of GTPase binding. One domain of the protein binds to and occludes the nucleotide binding 
site of the GTPase (Gosser, et al., 1997; Grizot, et al., 2001; Hoffman, et al., 2000; Keep, et al., 
1997; Longenecker, et al., 1999; Scheffzek, et al., 2000), preventing the release of the nucleotide 
and interaction with GTPase effector proteins. The second domain of the protein forms an 
immunoglobin-like hydrophobic pocket into which the prenyl group of the GTPase can be 

 
Molecular Machinery Regulating Exocytosis 

 

71 

inserted (see section 5.2), preventing it from interacting with membranes (Gosser, et al., 1997; 
Grizot, et al., 2001; Hoffman, et al., 2000; Keep, et al., 1997; Longenecker, et al., 1999; Scheffzek, et 
al., 2000). This dual mode of interaction suggests that GDIs could play a negative regulatory 
role in the GTPase cycle; holding a GTPase in an inactive GDP-bound state, while still bound 
to the membrane via a lipid moiety, then transporting it away from the membrane after the 
lipid moiety is engaged (DerMardirossian & Bokoch, 2005; Johnson, et al., 2009). This has been 
demonstrated most clearly in studies examining the mechanism of action of RhoGDI on 
Cdc42. In solution, RhoGDI exhibits an equal affinity to GDP or GTP bound Cdc42 
(Nomanbhoy & Cerione, 1996). However, when Cdc42 is membrane associated, RhoGDI 
shows a much higher affinity to GDP bound Cdc42 (Johnson, et al., 2009). During its normal 
activation/hydrolysis/inactivation cycle, Cdc42 translocates from membrane bound to freely 
solvent GDI-bound states. In the latter state, the immunoglobin-like hydrophobic pocket of 
RhoGDI prevents Cdc42 from re-associating with the plasma membrane while the rest of the 
protein prevents the release of GDP from Cdc42 (Johnson, et al., 2009).  

GDIs have been shown to have important regulatory roles during exocytosis. In yeast, once 
Sec4 is converted from a GTP to a GDP-bound form, it is removed from the plasma 
membrane by the GDI, Sec19 (Garrett, et al., 1994). The loss of Sec19 in mutant yeast strains 
leads to the accumulation of Sec4 at the site of budding, indicating a block of Sec4-GDP 
recycling (Zajac, et al., 2005). Also, members of the rat Rab GDI family, GDI α and β, were 
demonstrated to block nucleotide exchange of both Rab3 and Rab11 in in vitro assays 
(Nishimura, et al., 1994), and RNAi mediated knockdown of RhoGDI in pancreatic β-cells 
was found to result in a defect in Rac1/Cdc42 mediated insulin secretion (Kowluru & 
Veluthakal, 2005; Wang & Thurmond, 2010).  

In general, GEFs function in large membrane associated complexes, and serve to translate 
signals from membrane bound receptors to specific members of the small GTPase 
superfamily (reviewed in (Csepanyi-Komi, et al., 2011)). This mechanistic link ensures that 
the activation of small GTPases is dependent on major cellular signaling events. GEFs also 
provide a link between the exocyst complex and the vesicle. This is demonstrated by the 
interaction between the GTPase Sec4 and the exocyst component Sec15, an interaction that 
relies upon the activation of Sec4 by its GEF Sec2 (Guo, et al., 1999). Phosphorylation also 
plays a key role in regulating the activity of the GEFs, GAPs and GDIs and examples of this 
regulatory role in exocytosis will be discussed in section 5.3.  

5.2 Lipid modifications as a mean to control intracellular localization of proteins 

The covalent attachment of lipids to exocytic proteins provides an important mechanism for 
regulating their location and in doing so, their activity. In exocytosis, two major lipid 
modifications, prenylation and palmitoylation (Yalovsky, et al., 1999), facilitate the targeting 
of proteins to the plasma membrane and intracellular membrane compartments. Although 
somewhat controversial, modification by specific lipid moieties appears to play a role in 
controlling the strict compartmentalisation of the modified protein to specialist intracellular 
organelles (Figure 1&2).  

5.2.1 Prenylation 

Protein prenylation involves the attachment of either of two isoprenoids (C15 farnesyl or the 
C20 geranylgeranyl) to cysteine residues at the C terminus of the protein (Seabra, 1998; 
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of proteins to the plasma membrane and intracellular membrane compartments. Although 
somewhat controversial, modification by specific lipid moieties appears to play a role in 
controlling the strict compartmentalisation of the modified protein to specialist intracellular 
organelles (Figure 1&2).  

5.2.1 Prenylation 

Protein prenylation involves the attachment of either of two isoprenoids (C15 farnesyl or the 
C20 geranylgeranyl) to cysteine residues at the C terminus of the protein (Seabra, 1998; 
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Sebti, 2005;  Zhang & Casey, 1996). The choice of isoprenoid in Rho proteins is dictated by 
the amino acid composition of a conserved CAAX motif, where C is cysteine, A is an 
aliphatic amino acid residue and X represents any amino acid (Seabra, 1998; Sebti, 2005; . 
Zhang & Casey, 1996). However, in Rho1/A, Rho2/B, Rac1, Rac2, Cdc42 and Ral, where X 
is a leucine residue, the protein becomes a substrate for geranylgeranyl transferase I 
(GGTase I), which attaches a 20-carbon (geranylgeranyl) isoprenoid moiety (Berzat, et al., 
2006; Matsubara, et al., 1997). In Rho proteins where the X is a methionine, serine, alanine or 
glutamine (e.g. Rho2/B), a 15-carbon (farnesyl) isoprenoid will be attached by the enzyme 
farnesyl transferase (FTase) (Adamson, et al., 1992; Zhang & Casey, 1996). There is some 
evidence to suggest that prenylation triggers the cleavage of the AAX peptide by Rce1 (Ras-
converting enzyme 1) endoprotease and the addition of a methyl group to the prenylated 
cysteine residue (catalyzed by isoprenylcysteine-O-carboxyl methyl transferase (Icmt)), 
which enhances membrane association of the prenylated protein (Roberts, et al., 2008; Sebti 
& Der, 2003). 

In contrast to the Rho small GTPases, the C terminal peptide motif for the majority of Rab 
proteins contains two cysteine residues (e.g. XXXCC, XCCXX, XXCXC, CCXXX, or 
XXCCX), both of which can be prenylated resulting in mono- or di-geranylgeranylated 
proteins (Pereira-Leal & Seabra, 2000, 2001). This modification is catalyzed by 
geranylgeranyl transferase II (GGTase II, also called Rab geranylgeranyl transferase, 
RabGGTase), acting in conjunction with a chaperone Rab escort protein (human REP/yeast 
Yip-1) (Anant, et al., 1998; Andres, et al., 1993; Calero, et al., 2003; Seabra, et al., 1992). 

5.2.1.1 Prenylation of Rho GTPases  

Our understanding of the role of lipid modification in protein targeting to a particular 
membrane comes from studies using either specific enzyme inhibitors or genomic mutants 
(Mitin, et al., 2012). Rho2/B GTPase is known to undergo modification with both farnesyl 
(Rho2/B-F) and geranylgeranyl groups (Rho2/B-GG). In one study, treatment of HeLa cells 
with FTase inhibitors resulted in a loss of Rho2/B association with the plasma membrane, 
although association with the endosomal membranes remained unaffected (Lebowitz, et al., 
1997). This suggested that the farnesyl moiety was specific for Rho2/B targeting to the 
plasma membrane and that the geranylgeranyl moiety controlled targeting to the 
endosomal membranes. However, for experiments performed in mouse embryonic 
fibroblasts or yeast cells, Rho1/A and Rho2/B (normally found on the cell surface and in 
cytoplasmic vesicles) accumulated in the nucleus when treated with a GGTase-I inhibitor 
(Rho1/A) or a combination of a GGTase-1 and FTase inhibitor (Rho2/B), presumably 
because they were unable to traffic to their target membranes (Roberts, et al., 2008). In this 
study, treatment with FTase inhibitor alone had a minimal impact on the membrane 
localisation of Rho2/B (Roberts, et al., 2008). Although conflicting, the results of these 
inhibitor studies can be explained by the inhibitors exhibiting a competitive effect on the 
substrate proteins and thereby partially affecting both enzymes (Lobell, et al., 2002). These 
results also suggest a potential functional redundancy between farnesyl and geranylgeranyl 
isoprenoids (Sjogren, et al., 2007), which is further complicated by the suggested equilibrium 
between the two modifications of Rho2/B (Lebowitz, et al., 1997). Evidence for functional 
redundancy between the isoprenoids comes from studies using mouse embryonic 
fibroblasts (MEFs) genetically depleted for GGTase-I function (Sjogren, et al., 2007). Loss of 
GGTase-1 in MEFs isolated from mutant mice resulted in reduced actin polymerization 
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leading to impaired cell migration. Transfection of these MEFs with plasmid vectors, driving 
the expression of farnesylated Rho1/A and Cdc42, restored the actin cytoskeleton, and the 
cells’ ability to migrate and proliferate. This phenotypic rescue could be due to similar 
functionality of these two variants, as well as compensatory up-regulation of farnesylated 
variants, similar to that observed in COS cells, where treatment with an FTase inhibitor led 
to the accumulation of the geranylgeranylated form Rho2/B-GG (Du, et al., 1999; Lebowitz, 
et al., 1997). 

The role of post-translational prenylation for the appropriate targeting of the lipid modified 
Rho protein to intracellular membranes has been further clarified by the mutational analysis 
of the enzyme recognition CAAX-motif as well as of the respective enzymes. Changing the 
CAAX-motif cysteine to a serine, or deleting the AAX component, rendered members of the 
Rho GTPase family unable to be prenylated and disrupted their ability to associate with the 
appropriate membranes (Winter-Vann & Casey, 2005). In addition, the loss of the 
prenylation enzyme GGTase-I in murine bone marrow macrophages (in Pggt1bfl/fl mutants) 
resulted in high levels of the activated Rho small GTPases, Cdc42, and Rho1/A, which 
predominantly accumulated in the cytoplasm, and Rac1 which was found preferentially 
associated with the plasma membrane. Unexpectedly, this was correlated with increased 
secretion of the pro-inflammatory cytokines IL-1β and TNF-α and hyper-activation of 
macrophages, resulting in erosive arthritis in GGTase-I deficient mice (Khan, et al., 2011) . 
The authors proposed that this may be due to the lack of isoprenyl moieties in these small 
GTPases interfering with their recognition by endogenous regulatory proteins, such as 
RhoGDIs, which are responsible for GTPase inactivation and sequestration from the plasma 
membrane to the cytoplasm (Berzat, et al., 2006). While similar studies in yeast have 
suggested that prenylation may have a regulatory role in the targeting of vesicles to specific 
sites on the plasma membrane (such as the site of yeast budding), this is yet to be fully 
explored (H. Wu, et al., 2010). 

5.2.1.2 Prenylation of Rab GTPases 

To date, there have been no effective inhibitors identified for RabGGTase (El Oualid, et al., 
2005), so the functional studies of Rab GTPase prenylation have been carried out using 
genetic manipulation, either of the enzyme recognition sites for the Rab proteins, or 
involving genomic RabGGTase knock-out mutants. Experiments in yeast have 
demonstrated that the mode of geranylgeranylation can alter which organelle membrane the 
Rab proteins associate with (Calero, et al., 2003). For instance, the wild-type di-
geranylgeranylated yeast Rab proteins, YPT1 and Sec4, localize to the Golgi stack and the 
yeast bud tip respectively (Calero, et al., 2003). In yeast cells expressing Rab proteins, 
carrying a C-terminal peptide with one cysteine mutated, mono-geranylated YPT1 and Sec4 
were often mis-localized to a reticular structure (possibly the endoplasmic reticulum) or to 
the cytoplasm (Calero, et al., 2003). Similarly, Rab27a, which is normally associated with 
melanosomes in mammals, became mis-localized when one of the cysteine residues in the C-
terminal peptide motif was mutated (Gomes, et al., 2003). Genomic mutations in the catalytic 
subunit of RabGGTase (in gunmetal (gm/gm) mutant mice) resulted in reduced prenylation 
and vesicular membrane association of Rab27a and reduced Rab11 prenylation in mouse 
platelets and melanocytes (Detter, et al., 2000; Zhang, et al., 2002). The gunmetal mutant 
showed a phenotype indicative of defective exocytosis in affected cells; defective killing 
capability by cytotoxic T-cells (Stinchcombe, et al., 2001), hypopigmentation, 
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leading to impaired cell migration. Transfection of these MEFs with plasmid vectors, driving 
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variants, similar to that observed in COS cells, where treatment with an FTase inhibitor led 
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resulted in high levels of the activated Rho small GTPases, Cdc42, and Rho1/A, which 
predominantly accumulated in the cytoplasm, and Rac1 which was found preferentially 
associated with the plasma membrane. Unexpectedly, this was correlated with increased 
secretion of the pro-inflammatory cytokines IL-1β and TNF-α and hyper-activation of 
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The authors proposed that this may be due to the lack of isoprenyl moieties in these small 
GTPases interfering with their recognition by endogenous regulatory proteins, such as 
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2005), so the functional studies of Rab GTPase prenylation have been carried out using 
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Rab proteins associate with (Calero, et al., 2003). For instance, the wild-type di-
geranylgeranylated yeast Rab proteins, YPT1 and Sec4, localize to the Golgi stack and the 
yeast bud tip respectively (Calero, et al., 2003). In yeast cells expressing Rab proteins, 
carrying a C-terminal peptide with one cysteine mutated, mono-geranylated YPT1 and Sec4 
were often mis-localized to a reticular structure (possibly the endoplasmic reticulum) or to 
the cytoplasm (Calero, et al., 2003). Similarly, Rab27a, which is normally associated with 
melanosomes in mammals, became mis-localized when one of the cysteine residues in the C-
terminal peptide motif was mutated (Gomes, et al., 2003). Genomic mutations in the catalytic 
subunit of RabGGTase (in gunmetal (gm/gm) mutant mice) resulted in reduced prenylation 
and vesicular membrane association of Rab27a and reduced Rab11 prenylation in mouse 
platelets and melanocytes (Detter, et al., 2000; Zhang, et al., 2002). The gunmetal mutant 
showed a phenotype indicative of defective exocytosis in affected cells; defective killing 
capability by cytotoxic T-cells (Stinchcombe, et al., 2001), hypopigmentation, 
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macrothrombocytopenia and reduced platelet synthesis leading to extended bleeding 
time/excessive bleeding (Detter, et al., 2000; Novak, et al., 1995; Swank, et al., 1993). Secretion 
defects in resorptive osteoclasts and bone forming osteoblasts were also observed in this 
mutant, resulting in imbalanced bone homeostasis (Taylor, et al., 2011). Both of these cell 
populations exhibited problems with anterograde vesicular trafficking. In osteoclasts, 
plasma membrane delivery of proteases and ion pumps was defective, and in osteoblasts 
there was a reduced mineralisation potential, possibly due to a failure to deliver vesicles 
containing bone-matrix (Taylor, et al., 2011). The underlying molecular cause is likely to be 
under-prenylation of many RabGTPases, including Rab3d, and possibly Rab27a.  

Together, these in vitro and in vivo data indicate a significant role for prenylation in the 
function and activity of small GTPases of the Rho and Rab families, most likely through stable 
localization in the target membrane. Interestingly, there is a lipid-sensitive step at the secretory 
vesicle and plasma membrane fusion stage, which is proposed to be mediated by 
geranylgeranyl modification of SNAREs (Grote, et al., 2000; Tong, et al., 2009). In yeast, the 
exocytic SNARE Sec9 contains a geranylgeranyl lipid anchor (GG). When SNARE-GG is 
overexpressed, this inhibits exocytosis at a stage after SNARE complex assembly, possibly due 
to the generated membrane curvature blocking the merger of the secretory vesicle and plasma 
membrane. This inhibitory effect could be partially rescued by changing the curvature, by for 
example inserting an inverted cone–shaped lipid (e.g. lysophosphatidylcholine).  

5.2.2 Palmitoylation 

In contrast to prenylation, palmitoylation is reversible, allowing for a cycle of 
palmitoylation/depalmitoylation to occur in either a constitutive or regulated manner, such 
as in response to a specific extracellular signal (Fukata & Fukata, 2010). The palmitoylated 
proteins do not share an easily recognisable palmitate-binding motif, and palmitoylation can 
occur at the N-terminal, C-terminal or mid regions of proteins (Aicart-Ramos, et al., 2011; 
Baekkeskov & Kanaani, 2009; Resh, 2004). Palmitoylation often occurs at cysteine residues 
(S-palmitoylation), where a 16-carbon saturated fatty acid (palmitate) is added via a 
thioester linkage with the aid of the Golgi localized palmitoyl acyltransferase (PAT), an 
enzyme belonging to a DHHC (Asp-His-His-Cys) protein family. Although there is no 
known consensus sequence for palmitoylation, a pre-existing prenylation may promote the 
attachment of a palmitoyl motif. For instance, impaired Rac1 prenylation caused by 
mutation of cysteine to serine in the CAAX motif (SAAX), also prevents the incorporation of 
[H3]-palmitic acid at other sites on the Rac1 protein. This leads to the mis-localization of 
Rac1 to the cytosol and nucleus, instead of the plasma membrane (Navarro-Lerida, et al., 
2011). Depalmitoylation is carried out by an acyl protein thioesterase (APT), which releases 
protein from membranes in the cell periphery to traffic back to the Golgi membranes 
(Baekkeskov & Kanaani, 2009).  

Disruption of palmitoylation prevents anterograde traffic to the target membrane. For 
example, the treatment of COS-7 cells and mouse embryonic fibroblasts (MEFs) with the 
palmitoylation inhibitor 2-bromo-palmitate (2BP) consistently led to an accumulation of 
GFP-tagged Rac in the perinuclear region, resulting in a partial loss from the plasma 
membrane and an exclusion from the nucleus (areas where the wild-type protein normally 
resides) (Navarro-Lerida, et al., 2011). In addition, this treatment abolished the attachment of 
a palmitate moiety to the protein in living cells (blocking incorporation of [H3]-palmitate). 
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Furthermore, mutation of the conserved amino acid residue at position 178 in Rac1 from 
cysteine to serine (Rac1C178S) prevented the incorporation of radiolabeled [H3]-palmitate and 
plasma membrane localisation of GFP-tagged Rac1. The loss of Rac1 palmitoylation in 
Rac1C178S mutants affected cell motility, with mutants showing reduced cell spreading and 
delays in wound closure in scratch wound-healing assays (Navarro-Lerida, et al., 2011). In 
Drosophila palmitoyl transferase (Huntington-interacting protein 14, hip14) null mutants, the 
resulting loss of palmitoylation significantly impaired neurotransmitter release from 
neuromuscular junctions isolated from 3rd instar larvae as indicated by fluorescent dye 
uptake and electrophysiology studies (Ohyama, et al., 2007). The hip14 mutant phenotype 
was linked to the mis-localization of two exocytic components, cysteine string protein (CSP) 
and SNAP25 at neural synapses, due to the loss of palmitoylation. 

The equilibrium between palmitoylation and depalmitoylation is essential for the dynamic 
association of proteins with the plasma membrane, and for recycling back to the Golgi. A 
deficiency in the depalmitoylation enzyme palmitoyl thioesterase1, in PPT1-knockout 
neurons, evoked the retention of the palmitoylated SNARE proteins VAMP2 and SNAP25 
on synaptic vesicles, making neural synapses non-responsive to depolarisation signals and 
stopping synaptic vesicles from releasing their cargo (Kim, et al., 2008). In humans, the 
essential role for depalmitoylation in the recycling of vesicular proteins was confirmed by 
the early onset neurodegenerative pathology detected in brain tissue from patients with 
infantile neuronal ceroid lipofuscinosis, a disease linked to a mutation in PPT1 gene 
(Mitchison, et al., 1998; Vesa, et al., 1995). This indicated that palmitoylation, is as essential as 
prenylation for targeting of these proteins to the plasma membrane. Notably, palmitoylation 
favors association of proteins with lipid rafts (Delint-Ramirez, et al., 2011), which are 
specialized microdomains of plasma membrane containing distinctive arrangement of lipids 
and signaling molecules (Simons & Ikonen, 1997). It is this preferential association with lipid 
rafts which may bring palmitoylated proteins into close proximity with specific signaling 
cascades. 

5.2.3 Multiple lipid modifications are associated with spatial and functional diversity 
in the Rho GTPase family 

It has been previously proposed that prenylated CAAX proteins associate initially with the 
endomembrane prior to trafficking to the plasma membrane, and this process requires a 
secondary targeting motif (Choy, et al., 1999). Now there is emerging evidence that 
modification with different lipid moieties could localize a protein to different microdomains 
within the plasma membrane, thereby diversifying the functions within a protein family. In 
Saccharomyces cerevisiae, Cdc42 and Rho3 are found at distinct sites on the plasma 
membrane, with Cdc42 restricted to the tip of the bud in a budding yeast cell and Rho3 
found across the plasma membrane with only a slight enrichment at the bud (Wu & 
Brennwald, 2010). These differences in localisation correlate with the unique functions of 
these two proteins in regulating polarized exocytosis and overall cell polarity (Wu & 
Brennwald, 2010). Curiously, both Cdc42 and Rho3 contain the C-terminal CAAX 
prenylation motif, with Cdc42 known to be geranylgeranylated and Rho3 predicted to be 
farnesylated (Moores, et al., 1991). However, Rho3 contains a long N-terminal extension with 
a cysteine residue that can be palmitoylated by the Ankyrin repeat-containing protein 
(Akr1) palmitoyl transferase, whereas Cdc42 does not (Wu & Brennwald, 2010). In yeast 
mutation studies, the diverse localization and functional differences for Rho3 and Cdc42 are 
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imparted by the N-terminal region, which contains palmitoylated residues (Wu & 
Brennwald, 2010).  

Another member of the Rho family of GTPases is the Wnt-regulated Cdc42 homolog-1 
(Wrch-1). Although sharing functional properties with Cdc42, it is also present on some 
intracellular membranes, which is distinct from Cdc42. Wrch-1 contains an unusual CCFV 
C-terminal motif, (Berzat, et al., 2005). This non canonical CCFV motif of Wrch-1 more 
readily incorporated [3H]-palmitate rather than isoprenyl moieties ([3H]-FPP or [3H]-GGPP). 
In addition, the plasma membrane localization of Wrch-1 was found to be more sensitive to 
a palmitoylation inhibitor (2-Bromo-palmitate) as opposed to prenyl trasferase inhibitors 
(GGTase I and/or FTase). Mutation of the second cysteine residue (CCFV to CSFV) 
demonstrated that the second cysteine of this non-conventional motif was palmitoylated, as 
CSFV-mutant Wrch-1 resulted in a failure to incorporate [3H]palmitate, and HA-tagged 
mutant Wrch-1protein was re-distributed from the plasma membrane to the cytosol and 
nucleus (Berzat, et al., 2005). Palmitoylation of the CCFV-motif on Wrch-1, in addition to 
other possible sequences within its C terminus, may serve as a secondary membrane 
targeting signal, which may define a distinct Wrch-1 plasma membrane localization, and 
thus account for its divergent roles in cell physiology. 

In conclusion, prenylation, palmitoylation and depalmitoylation might be interdependent 
processes, and the precise control over these lipid modifications is critical for traffic to and 
from the plasma membrane and or the shuttling membrane and content between 
intracellular compartments (Fukata, et al., 2006). The importance of this precise control is 
borne out by the many examples of defects in post-translational lipid modifications that are 
linked to neurodegenerative diseases, such as Schizophrenia, X-linked mental retardation, 
Huntington disease, as well as colorectal and bladder cancers (Buff, et al., 2007; Fukata & 
Fukata, 2010; Williams, 1991). Despite significant progress in identifying the enzymes 
involved in post-translational lipid modification, their specific protein targets and the 
relationship between lipid modifications and membrane targeting remain unclear. Recent 
advances in proteomics together with improved bioinformatics prediction algorithms (CSS-
Palm, PrePS) have shed some light on these lipid related post-translational modifications in 
some proteins (Adamson, et al., 1992; Fukata, et al., 2006; Kang, et al., 2008; Shmueli, et al., 
2010), although they don’t provide.  

5.3 Phosphorylation as a means of controlling protein activity 

In the past decade, a significant regulatory role has been revealed for post-translational 
phosphorylation as a means of controlling exocytosis. Phosphorylation involves the covalent 
addition of a phosphate group to a specific protein residue (namely serine, threonine, 
tyrosine or histidine), and is catalysed by one of the many protein kinases found within the 
cell (Alberts, et al., 2002). Phosphorylation can affect a protein in two ways; conformational 
change that can alter the proteins activity through an allosteric affect; and the attached 
phosphate can form part of a recognition domain that facilitates protein-protein interactions. 
These types of modifications are transient, and are often followed by de-phosphorylation, 
where the phosphate can be removed by the catalytic activity of a specific phosphatase. The 
analysis of protein activities and interactions that are controlled by phosphorylation and de-
phosphorylation has been empowered by technologies such as: genetic manipulation in 
animal models; the generation and expression of phosphomimetic mutant proteins; and the 
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generation of phosphospecific antibodies. This has facilitated the functional study of 
individual proteins as targets of particular protein kinases, whilst uncovering the 
significance of phosphorylation/dephosphorylation events in the regulation of exocytosis, 
such as in: synaptic transmission and cell plasticity (Amin, et al., 2008; Barclay, et al., 2003; 
Boczan, et al., 2004), neuronal morphogenesis (Chernyshova, et al., 2011), insulin secretion 
(Butelman, 1990; Sugawara, et al., 2009; Wang & Thurmond, 2010), insulin stimulated 
GLUT4 transport (Aran, et al., 2011; X. W. Chen, et al., 2011a; Sano, et al., 2011), mast cell and 
platelet degranulation (Fitzgerald & Reed, 1999; Foger, et al., 2011), exocytosis of factors 
required for neutrophil adhesion (Fu, et al., 2005), acrosomal exocytosis in sperm (Castillo 
Bennett, et al., 2010; Zarelli, et al., 2009) and lung surfactant exocytosis (Gerelsaikhan, et al., 
2011). It has now become obvious that phospho-regulation of exocytosis is a complex and 
dynamic process implicated at almost all points along the exocytic route, from recruitment 
and transport of vesicles to their ultimate fusion at the plasma membrane (Figure 1&2). 

5.3.1 Phospho-regulation of small GTPases, their effectors and regulators 

Recruitment and tethering of secretory vesicles that are destined to fuse with the plasma 
membrane involves GEFs, GAPs and small GTPases, as well as their effector proteins, all of 
which have been reported to undergo phospho-regulation by a number of different kinases. 
Phosphorylation appears to add an additional level of regulation to small GTPases beyond 
the GTP/GDP cycle (see 5.1 section above) and lipid modification/s (see 5.2 section above) 
modulating the intracellular localization of the protein and its function.  

Aikawa and Martin identified a role for the plasma membrane bound GTPase Arf6 in 
specifying exocytosis competent plasma membrane microdomains (Aikawa & Martin, 2003). 
This process depends on the site-specific localization of the phospholipid kinase 
phosphatidylinositol 4-phosphate 5-kinase (PIP5K), which itself is regulated by 
phosphorylation, and is stimulated by agonists and cell stresses. Arf6 regulates various 
cellular functions by activation of PIP5K including the exocytosis of insulin and dense core 
vesicles, and neurotransmitter release (Funakoshi, et al., 2011). Arf6 interacts with the 
dephosphorylated form of PIP5Kc in PC12 cells when stimulated by depolarization of the 
cell (Aikawa & Martin, 2003). This interaction activates PIP5Kc resulting in increased levels 
of the lipid messenger phosphatidylinositol 4,5-biphosphate (PI(4,5)P) at the plasma 
membrane, triggering exocytosis of dense core vesicles (Aikawa & Martin, 2003; Funakoshi, 
et al., 2011).  

Altered localization due to phosphorylation has been shown for the Rab3A and Rab27A 
effector, Rabphilin. Rabphilin, together with Rab3A and Rab27A, has been implicated in the 
modulation of the docking step for dense core and synaptic vesicles, destined for exocytosis 
(Deak, et al., 2006; Lin, et al., 2007; Tsuboi & Fukuda, 2006). The modulation of this docking 
step has recently been attributed to the interaction of Rabphilin with the plasma membrane 
SNARE protein, SNAP25 (Tsuboi, et al., 2007; Tsuboi, 2009). Rabphilin can be 
phosphorylated by the kinases PKA, PKC and CaMKII. Further investigation revealed that 
calcium-mediated phosphorylation of non-vesicle bound Rabphilin at Ser234 and Ser 274 
reduced its affinity for the vesicular membrane. Therefore, phosphorylation of Rabphilin 
modulates its membrane localization during synaptic transmission (Foletti, et al., 2001; 
Lonart & Sudhof, 2001). 
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Recently, studies of pancreatic, colorectal, and other cancers identified RalGEFs as key 
effectors of Ras signaling cascades (Feldmann, et al., 2010; Neel, et al., 2011). Phosphorylation of 
constitutively active RalA (RalAG23V) at a conserved C-terminal S194 residue, by Aurora A 
kinase, promotes collagenI-induced cell motility and anchorage-independent growth in 
MDCK epithelial cells (J. C. Wu, et al., 2005). This phosphorylation caused RalA relocation 
from the plasma membrane to endomembranes, where RalA associated preferentially with its 
effector Ral binding protein 1 RalBP1/RLIP76, thereby promoting cell motility during human 
cancer cell metastasis (Lim, et al., 2010; Z. Wu, et al., 2010). Similarly, phosphorylation of RalB 
by PKC at the C-terminal S198 residue led to its translocation from the plasma membrane to 
the perinuclear region of the cell. S198 phosphorylation of a constitutively activated G23V RalB 
mutant enhanced tumor growth in experimental lung metastasis of T24 or UMUC3 human 
bladder cancer cells (Wang, et al., 2010).  

RalA and RalB are present on synaptic vesicles, platelet granules and glucose transporting 
GLUT4 vesicles, and are involved in the assembly of the octameric exocyst complex. During 
insulin stimulated GLUT4 vesicle transport, phosphorylation of the RalGAP complex by 
protein kinase Akt2 (downstream of PI3-Kinase) relieves its inhibitory effect on RalA 
activity, and thereby increases GLUT4 exocytosis at the plasma membrane (Chen, et al., 
2011b; Chen & Saltiel, 2011). Intriguingly, phosphorylated RalGAP complex was shown to 
be capable of binding RalA in vitro, and the authors suggested that in cells this 
phosphorylation may act through sequestering RalGAP in the cytoplasm, away from site of 
RalA action (X. W. Chen, et al., 2011b). Once activated, GTP-bound RalA protein interacts 
with Sec5 protein to assemble vesicular and plasma membrane subunits of the exocyst 
complex. Protein kinase C (PKC) then promotes exocytosis though the phosphorylation of 
the G-protein binding domain of Sec5 to disengage RalA from the exocyst, allowing GLUT4 
exocytosis in adipocytes (X. W. Chen, et al., 2011a). Phosphorylation has been implicated in 
the modulated function of another exocyst subunit, Sec8 (B. H. Kim, et al., 2011). The FGF 
receptor mediated tyrosine phosphorylation of Sec8 was required for efficient recruitment of 
the exocyst complex to growth cones of growing neurites. However, the exact mechanism 
by which phosphorylation modulates Sec 8 function still remains to be elucidated. 

In a similar scenario to the RalGAP complex, phosphorylation of the RabGAP, AS160, 
relieves its inhibitory activity on Rab10. Insulin activates the PI3 kinase/Akt signaling 
pathway where Akt phosphorylates AS160 and inhibits its GAP activity, leading to 
increased levels of active Rab10-GTP and triggering movement of GLUT4 containing 
vesicles to the plasma membrane ready for fusion (Sano, et al., 2011). Vasopressin–
stimulated activation of Akt leads to phosphorylation of AS160 at Ser473 in kidney 
collecting duct cells, and this phosphorylation enhances the translocation of the Aquaporin 
water channel (AQP2) to the apical membrane (H. Y. Kim, et al., 2011). Although it is clear 
that phosphorylation plays a role in modulating GAP function, its role in modulating GEF 
function remains unclear and there are relatively few examples in the literature (Schmidt & 
Hall, 2002). However, phosphorylation of the GEF Vav by Src and Syk tyrosine kinases, has 
been shown to result in stimulation of its catalytic activity (Aghazadeh, et al., 2000). 
Phosphorylation of Tyr174 induced a conformational change in Vav’s N-terminal region, 
subsequently allowing access to Rac GTPase.  

Rho GTPases, particularly Rac2, also play a crucial role in actin remodeling in response to 
pathogen invasion, regulating neutrophil degranulation, and the release of antimicrobial 
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mediators. A recent proteomic analysis of Rac2-mediated degranulation in neutrophils 
identified several actin-binding proteins as novel downstream effectors of this pathway, 
including Coronin1A. This Rac2 function is mediated by phosphorylation of Coronin1A at 
Thr418, after secretagogue-stimulation (Eitzen, et al., 2011). Phosphorylation of Coronin1A at 
Ser2 has also been implicated in modulating degranulation in mast cells (Foger, et al., 2011). 

Thus, specific phosphorylation events modulate the engagement and disengagement of 
small GTPases with their regulators and effector proteins, adding an additional tier of 
temporal and spatial control over this vesicular machinery. 

5.3.2 Phospho-regulation of SNARE complex assembly 

There is emerging evidence to suggest that phosphorylation plays a significant role in the 
regulation of the final steps of exocytosis through the membrane bound tethering of SNARE 
family proteins and their accessory proteins (Figure 1&2). For example, phosphorylation 
modulates the association of SNARE accessory proteins with v- and t-SNAREs adding 
another level of regulation to SNARE complex formation.  

A number of phosphorylation events have been found to regulate the interaction of the 
SNARE accessory proteins Sec1/Munc18c with SNARE proteins. In most, but not all systems, 
Munc18 has an inhibitory role in SNARE complex formation, and phosphorylation of the 
Munc18 isoforms by different kinases alleviates this inhibitory role. Exocytosis of Weibel-
Palade bodies (WPBs) by endothelial cells in response to inflammatory mediators, such as 
Thrombin, is important for initiating the adhesion of neutrophils. Thrombin, acting in 
conjunction with an influx of intracellular calcium, activates PKC, resulting in the 
phosphorylation of Munc18c and Syntaxin4. This leads to the dissociation of the inhibitory 
complex, allowing SNARE complex formation and fusion of WPBs at the plasma membrane 
(Fu, et al., 2005). In another cell system, phosphorylation of Munc18c at Tyr521 by the insulin 
receptor tyrosine kinase in pancreatic β-cells was shown to inhibit its interaction with 
Syntaxin4 and VAMP2 (Aran, et al., 2011). Similarly, in neurotransmitter release, 
phosphorylation of Munc18a at Ser 306 and Ser313 by PKC reduces its affinity for Syntaxin 
and the phosphorylation state of Ser 313 alone was sufficient to alter the dynamics of vesicle 
release events (Barclay, et al., 2003). In support of the importance of Ser313 phosphorylation, 
the phosphomimetic mutant S313D increased vesicle docking and enhanced the ready 
releasable vesicle pool in adrenal chromaffin cells (Nili, et al., 2006). In contrast to these 
examples of Munc18 as a negative regulator of SNARE complex formation, there have been 
reports of Munc18 promoting fusion by stabilising SNARE complex formation. In parietal 
epithelial cells, gastric acid exocytosis involved Cdk5 phosphorylation of Munc18b at Thr572, 
which enhanced its association with the Syntaxin3 - SNAP25 complex, and facilitated vesicle 
docking and fusion (Y. Liu, et al., 2007). This functional difference might be attributed to the 
distinct modes by which Munc18 binds with SNARE proteins. In its inhibitory role, Munc18 
binding to the SNARE motif of monomeric Syntaxin disables SNARE complex formation. In its 
fusion promoting role, the N-terminal domain of Munc18 binds to the N-terminal Habc-
domain of Syntaxin, which allows it to fold back onto the SNARE complex. When v-SNARE 
proteins are present, Munc18 exhibits a binding capacity that enables it to clasp the SNARE 
complex and promote fusion (reviewed in (Burgoyne, et al., 2009; Sudhof & Rothman, 2009)). It 
is obvious that phosphorylation is an important modulator of Munc18 and that Munc18 
activity can differ depending on the isoform and cell system involved.  
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In addition to promoting Munc18 and Syntaxin interaction, Cdk5 can also phosphorylate 
the filamentous protein Septin5 at Ser327 and Ser161, with the former site resulting in 
dissociation of Septin5 from Syntaxin at the synapse (Amin, et al., 2008). It has been 
suggested that Septin5 filaments may act as tethers that prevent access of exocytic vesicles 
to the membrane, until there is appropriate signaling to fuse and release their contents 
(Beites, et al., 2005). Phosphorylation of the Ser327 and Ser161 sites can affect Septin–
Septin filament assembly (Amin, et al., 2008), and Cdk5 phosphorylation of Septin5 results 
in its dissociation from the vesicle associated protein Synapsin. This may play an 
important role in modulating vesicle interaction with the SNARE complex (Amin, et al., 
2008).  

Syntaphilin, a Syntaxin1 clamp that controls SNARE complex assembly, competes with 
SNAP25 for Syntaxin1 binding, and inhibits SNARE complex formation by regulating the 
availability of free Syntaxin during synaptic vesicle exocytosis. PKA phosphorylation of 
Syntaphilin at Ser43 in PC12 cells modulates its interaction with Syntaxin1 and annuls its 
inhibitory affect on SNARE complex formation and exocytosis (Boczan, et al., 2004). Another 
SNARE regulatory protein that interacts with Syntaxin1 and inhibits SNARE complex 
formation is Tomosyn (Fujita, et al., 1998). PKA phosphorylation of Tomosyn at Ser724 
reduces its association with Syntaxin1 and promotes SNARE complex formation increasing 
the size of the readily releasable pool of synaptic vesicles in neurons (Baba, et al., 2005). In 
contrast, phosphorylation of Syntaxin1 by the Rho-associated coiled-coiled forming kinase 
(ROCK) at Ser14, positively regulates the Syntaxin1-Tomosyn association by increasing 
Syntaxin1 affinity for Tomosyn. This inhibits SNARE complex formation during neurite 
extension in hippoccampal cultured neurons (Sakisaka, et al., 2004).  

Protein phosphorylation of the membrane fusion machinery plays a central role sperm 
activation in keeping acrosomal exocytosis on hold until the sperm contacts the egg. N-
ethylmaleimide-sensitive factor 5 (NSF5), which is necessary for the disassembly of fusion 
incompetent cis-SNARE complexes, and the calcium sensor SynaptotagminVI, are 
phosphorylated in resting sperm and inactive. Dephosphorylation of NSF5 by protein-
tyrosine phosphatase PTP1B results in its activation and allows disassembly of cis-SNARE 
complexes, a requirement for subsequent fusion competent trans-SNARE complex assembly 
and membrane fusion (Zarelli, et al., 2009). Similarly dephosphorylation of SynaptotagminVI 
by the calcium-dependent phosphatase Calcineurin, was shown to be a requirement for 
acrosomal exocytosis (Castillo Bennett, et al., 2010). Snapin is a SNARE-binding protein that 
enhances the association of Synaptotagmin with the SNARE complex. Phosphorylation of 
Snapin at Ser50 by PKA enhances its interaction with SNAP25 and resulted in increased 
binding of Synaptotagmin to the SNARE complex in chromaffin cells (Chheda, et al., 2001). 
In contrast to Snapin, phosphorylation of the synaptic vesicle membrane protein CSP (a 
cysteine string protein) by PKA (on Ser10) inhibited its interaction with Syntaxin and 
Synaptotagmin (Evans, et al., 2001; Evans & Morgan, 2002). More recently synapse specific 
localisation of phosphorylated CSP was shown in rat brain suggesting a role in synapse 
specific regulation of neurotransmitter release (Evans & Morgan, 2005).  

There are clearly a multitude of SNARE accessory proteins that regulate SNARE complex 
assembly, particularly in the central nervous system. Phosphorylation/dephosphorylation 
modulates their association with SNARE complex proteins and this involves a number of 
signaling pathways.  
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5.3.3 Phospho-regulation beyond fusion 

A recent and elegant intra-vital study demonstrated a role for filamentous actin and non-
muscle Myosin2 in the secretion of cargo from vesicles. In the salivary glands of transgenic 
mice, real-time live imaging of secretory vesicles showed that shortly after a vesicle docks at 
the plasma membrane it becomes coated with actin filaments (Masedunskas, et al., 2011). 
Furthermore, it was found that to release the content of these vesicles, Myosin2a and 2b 
recruitment and activity were required to provide the contractile force necessary to 
complete fusion of the vesicle with the plasma membrane (Masedunskas, et al., 2011). 
Similar observation has been reported for the secretion of von Willebrand factor from 
human endothelial cells (Nightingale, et al., 2011).  

Phospho-regulation of the non-muscle associated actin molecular motor, Myosin2, plays a 
role in modulating its function at the post fusion level during exocytosis. Inhibition of 
phosphorylation by the myosin light chain kinase (MLCK) at sites Tyr18 and Ser19 of 
Myosin2, slowed down the opening of the fusion pore, during the release of catecholamines 
and peptide transmitters in chromaffin cells (Doreian, et al., 2008; Doreian, et al., 2009; Neco, 
et al., 2008). Similarly, phosphorylation at Ser 19 of Myosin2 by MLCK was shown to be 
necessary for maintaining the opening of the fusion pore in pancreatic cells (Bhat & Thorn, 
2009). In addition to Myosin2, phosphorylation by PKC of Myristoylated alanine-rich C-
kinase substrate (MARCKS), another actin-associated protein, has been implicated in 
regulating the activity dependent rearrangement of the actin cytoskeleton. Phosphorylation 
of both MARCKS and Myosin2 have been implicated in modulating the transition from an 
omega kiss-and-run mode of exocytosis involving a narrow fusion pore, to the full granule 
collapse mode involving fusion pore expansion (Doreian, et al., 2009).  

5.3.4 Multiple phosphorylation sites modulated by single or multiple kinases 

There is increasing evidence of multiple phosphorylation sites within individual proteins, 
which are phospho-regulated by single or multiple kinases/phosphatases. This brings to 
light the intriguing possibility of a convergence of different signaling events on key 
components of the vesicular machinery. The dynamic interplay of phosphorylation events 
can alter a proteins’ physiological function. An example of this is phosphorylation of the 
Rab11 effector, Rab11 interacting protein (Rip11), where phosphorylation at Ser 357 by PKA 
modulates the recruitment of insulin granules to the plasma membrane (Sugawara, et al., 
2009). In addition, a non-PKA dependent phosphorylation at a serine/threonine site by an 
as yet unidentified kinase was shown to be important for its role in apical membrane 
recycling in MDCK cells (Prekeris, et al., 2000; Sugawara, et al., 2009). Phosphorylation of 
SNAP25 by the kinases PKA (at Thr138) and PKC (at Ser187) respectively modulated the 
size of the releasable vesicle pool and rate of refilling after the pools were emptied in 
chromaffin cells (Nagy, et al., 2004). Similarly, differential phosphorylation of the synaptic 
vesicle protein Synapsin has been implicated in modulating its various roles including 
neurotransmitter release, vesicle clustering, maintaining the reserve pool, and vesicle 
delivery to the active zones. These processes are regulated via a dynamic phospho-
regulation cycle which involves multiple phosphorylation sites and several kinases 
including cAMP-dependent protein kinase A, PKA (at site 1 (Ser9)) (Angers, et al., 2002; 
Menegon, et al., 2006), Ca2+/calmodulin-dependent kinase CaMKII and VI (at sites 1, 2 and 
3 (Ser9, Ser566 and ser603)) (Chi, et al., 2003), mitogen-activated kinase MAPK (sites 4, 5, 6 
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and 7 (ser62, Ser67 and Ser549 and Ser551)) (Chi, et al., 2003; Giachello, et al., 2010), and 
tyrosine kinase Src (site 8 (Tyr301)) (Messa, et al., 2010). Phosphorylation on serine residues 
upon activation of PKA, CaMK and MAPK signaling pathways, promotes the dissociation 
of Synapsin from synaptic vesicles and/or the actin network which results in trafficking of 
synaptic vesicles from the reserve pool to the ready releasable pool for exocytosis (Chi, et al., 
2003; Giachello, et al., 2010; Menegon, et al., 2006). In contrast, Src kinase-mediated 
phosphorylation of Synapsin enhances its oligomerization and increases its association with 
synaptic vesicles and the cytoskeleton, stimulating the re-clustering of recycled vesicles and 
subsequent recruitment to the reserve pool (Messa, et al., 2010). In addition, phosphorylation 
at different Synapsin sites can occur concurrently through the selectivity of 
kinase/phosphatase activation, which is dependant on the stimulus and the signaling 
pathways implicated. For example, in synaptosomal preparations, calcium entry stimulated 
bidirectional phospho-regulation of Synapsin involving phosphorylation at CaMKII 
dependent and PKA dependent sites and dephosphorylation at MAPK/Calcineurin sites 
(Cesca, et al., 2010; Jovanovic, et al., 2001; Yamagata, et al., 2002). Synapsin phospho-
regulation involving multiple signaling pathways allows Synapsin to control synaptic 
vesicle mobilisation and trafficking. 

Phosphorylation at different sites within an individual protein can also modulate a proteins’ 
function through the differential kinetics of phosphorylation/dephosphorylation events, as 
in the case of Rabphilin. Rab3A recruits Rabphilin to synaptic vesicles where it can undergo 
phosphorylation during membrane depolarisation stimulated calcium influx. Rabphilin 
Ser234 and Ser274 are phosphorylated by different kinases (PKA for the former site and 
PKA, PKC, CaMKII for the latter) and can show distinct regulatory effects on Rabphilin 
during synaptic transmission, depending upon the extent of phosphorylation at these two 
sites and the kinetics of dephosphorylation after stimulus removal (Foletti, et al., 2001).  

Regulation of a proteins’ function by phosphorylation may occur in a hierarchical sequence. 
For instance, RhoGDI undergoes sequential phosphorylation in response to glucose 
stimulation in β-cells (Wang & Thurmond, 2010). The first phosphorylation event involves 
Tyr156 and coincides with RhoGDI-Cdc42 dissociation. This is then followed by Ser101/ 
Ser174 phosphorylation coinciding with RhoGDI-Rac1 dissociation. The sequential 
phosphorylation of RhoGDI allows differential temporal activation of the Rho GTPases, Cdc42 
and Rac1, during insulin secretion from pancreatic β-cells. (Wang & Thurmond, 2010). The 
yeast tethering Rab GTPase, Sec4, has multiple phosphorylation sites (Ser8, Ser11, Ser201 and 
Ser204), and phosphorylation of the N-terminal serines (Ser8, Ser11) prevents binding to its 
effector, the Sec15 exocyst subunit, and hinders polarised exocytosis (Heger, et al., 2011). The 
authors also identified protein phosphatase 2A (when containing the regulatory subunit 
Cdc55) as the phosphatase responsible for alleviating the inhibitory affect of Sec4 
phosphorylation (Heger, et al., 2011). Structural analysis of Sec4 suggests a clustering and 
physical proximity of the N- and C-terminal phosphorylation sites. This has led the authors to 
postulate that the impact of the N-terminal serines can be modulated by phosphorylation at 
the C-terminal serines and may involve phosphorylation at these sites in a hierarchical manner 
(Heger, et al., 2011), although further studies are required to verify this assertion.  

Finally, the unique combination of tandem phosphorylated sites within a protein can act as 
recognition sites for phosphoprotein-binding proteins, such as 14-3-3. An increasing number 
of proteins are being identified with tandem sites that can act as 14-3-3 dimer binding sites 

 
Molecular Machinery Regulating Exocytosis 

 

83 

(Chen, et al., 2011). These sites can be phosphorylated by distinct protein kinases and the 
combination of phosphorylated sites can alter the effect of 14-3-3 on the protein target. 14-3-
3 has been shown to bind to the Rab GAPs, AS160 (Ser341 and Thr642) and TBC1D1 (Ser237 
and Thr596), which are involved in the regulation of GLUT4 trafficking to the plasma 
membrane, and 14-3-3s’ interaction with these two proteins occurs in response to insulin 
and energy stress respectively (reviewed (Chen, et al., 2011)). 14-3-3 binding sites have been 
identified on Rab3A effectors - the Rab3A interacting molecules Rim1 and Rim2 and 
Rabphilin3 (Sun, et al., 2003). The physiological relevance of the 14-3-3 interaction with these 
proteins in neuroendocrine exocytosis and synaptic transmission is still being investigated. 

Exocytosis requires the orchestrated actions of distinct exocytic machinery that is governed 
by multiple signaling pathways, and this occurs in a temporally and spatially regulated 
manner that is dependent on the types of cells and their stimuli. Phospho-regulation of the 
exocytic machinery is one of the mechanisms by which the cell coordinates the function of 
these proteins during exocytosis and it is implicated at each stage of the process. It is clear 
from the literature that the proteins implicated in exocytosis, which contain multiple 
phosphorylation sites, can be differentially modulated by single or multiple kinases. With 
the identification of an increasing number of phosphorylation targets and the elucidation of 
the precise functional roles of the exocytic machinery, the physiological significance of these 
phospho-regulation events may be determined. A huge task lays ahead to delineate the 
functional role of each phosphorylation site for all the exocytosis players and then integrate 
this information into a comprehensive model that can define the signaling pathways that are 
responsible for modulating these events. 

6. Ubiquitin and small ubiquitin-like modifier in exocytosis 
6.1 Ubiquitination 

Post-translational modification with ubiquitin has also been recognised as an important 
sorting signal on cargo transported by the endosomal network (specifically as a signal for 
internalisation), particularly at the late endosome (LE)/multivesicular body (MVB) and at 
the trans-Golgi apparatus. For example, at the LE/MVB, the proteins that make up the 
endosomal sorting complex required for transport (ESCRT) machinery (ESCRT I and ESCRT 
II) are known to contain ubiquitin-binding domains that enable them to recognise 
ubiquitinated cargo proteins and sort them into internalised vesicles destined for lysosomal 
degradation or for secretion events (reviewed in (Hurley, 2010)). 

Ubiquitin has an established role in regulating protein relocation and targeted destruction at 
the proteasome (see (Hershko & Ciechanover, 1998; Hershko, 2005) for some excellent 
reviews). The three Rho GTPases, Rho1/A, Rac1, and Cdc42 have now been demonstrated to 
be ubiquitinated and degraded under certain stimuli (de la Vega, et al., 2011) (Figure 1&2). 
Furthermore, both Rac1 and Cdc42 ubiquitination and protein levels are increased when cells 
are treated with protease inhibitors (Doye, et al., 2006). Inactive Rho1/A was shown to be 
ubiquitinated by the E3 ubiquitin ligase Smurf1 and degraded in migrating Mv1Lu epithelial 
cells (H. R. Wang, et al., 2003). Ubiquitination of Rho1/A may be required to prevent the 
Rho1/A mediated formation of actin stress fibres at the leading edge of migrating cells, and to 
allow the Cdc42 and Rac1 mediated dynamic actin rearrangement necessary for anterograde 
delivery of membranes to the leading edge of migrating cells (Y. Wang, et al., 2003). This site 
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specific ubiquitination/degradation of Rho1/A appears to be restricted to the lamellipodia 
and filopodia of the leading edge, where Smurf1 is recruited through atypical protein kinase C 
zeta (aPKC)-mediated phosphorylation (H. R. Wang, et al., 2003). The latter is activated by the 
Cdc42/Rac1 polarity complex (H. R. Wang, et al., 2003). Hence the polarised exocytosis during 
cell migratory activity is regulated by a hierarchy of post-translational modifications, where 
ubiquitination of Rho1/A appears to be important for switching between the competing actin 
modifying activities of Rho1/A and Cdc42/Rac1, which in turn controls phosphorylation 
dependent ubiquitination activity of Smurf, and thereby Rho degradation. A further level of 
complexity is added by the down-regulation of Rho1/A in migrating cells by another E3 
ligase, the Cul3/BACURD complex (Chen, et al., 2009). The Cul3/BACURD complex is a ring 
finger E3 ubiquitin ligase complex that has been shown to ubiquitinate Rho1/A in a diverse 
range of organisms from human cell lines (293T and HeLa fibroblasts), insect cells (Drosophila 
melanogaster S2 cells) and amphibians (Xenopus laevis embryos). Depletion of the Cul3 and 
BACURD ligase complex by siRNA results in defective migration of HeLa cells and mouse 
embryonic fibroblasts, and in embryonic abnormalities resulting from defective cell migration 
in Xenopus embryos (Chen, et al., 2009). There is also evidence for the ubiquitination of Rac1 by 
the ubiquitin E3 ligase POSH2 but the purpose of this ubiquitination is not yet clear 
(Karkkainen, et al., 2010). A proteasomal degradation resistant and thus constitutively active 
mutant of Rac1 (Rac1b), is found in colorectal and breast cancer tumour cells (Jordan, et al., 
1999; Schnelzer, et al., 2000). Interestingly, RNAi mediated silencing of this mutant results in a 
failure of cancer cells to undergo an epithelial to mesenchymal transition (Radisky, et al., 2005) 
suggesting a role for ubiquitination of Rac1 in controlling cell motility (Visvikis, et al., 2008). 

Rho GTPases can also be regulated by the ubiquitination of their GEF activators. Activation 
of Rho1/A via ubiquitination of PDZ-RhoGEF, was found to be initiated by Cul3/KLHL20 
(Lin, et al., 2011). Likewise, Cdc42 can be activated via ubiquitination of its GEF, hPEM-2 
(Yamaguchi, et al., 2008). It is yet to be established whether Smurf–mediated regulation these 
two Rho GTPases occurs in a coordinated manner. In addition to Smurf, Cdc42 activity 
could be regulated by ubiquitination and or proteasomal degradation of its GEFs, FGD1 and 
FGD3 by E3 ligase SCFFWD1/β-TrCP (Hayakawa, et al., 2005; Hayakawa, et al., 2008). There is an 
interesting interplay between the regulatory effects of ubiquitination and phosphorylation. 
At the leading edge of migrating cells, SCFFWD1/β-TrCP ligase recognises only forms of GEFs 
inactivated by GSK-3 kinase phosphorylation; the latter kinase could in turn be inactivated 
by aPKC-mediated phosphorylation (Etienne-Manneville & Hall, 2003; H. R. Wang, et al., 
2003). Therefore, phosphorylation by aPKC appears to be at the nexus of regulation of 
ubiquitination of small Rho GTPases, promoting degradation in Rho1/A and preventing it 
in CDC42. Finally, two of the small Rab GTPase GEFs, Rabex5 and Rabring7 (Xu, et al., 2010; 
Yan, et al., 2010) are known to have ubiquitin E3 ligase activity (Sakane, et al., 2007), and 
Rabex5 cellular localisation is regulated by its ability to bind a ubiquitin signal (Mattera, et 
al., 2006). As yet there are no known Rab proteins that are themselves ubiquitinated. 

Ubiquitination of the negative regulators of small Rho GTPases, RhoGDIs, has also been 
shown. RhoGDI is ubiquitinated by the E3 ubiquitin ligase GRAIL which, while not 
resulting in its proteasomal degradation, did appear to increase the stability the RhoGDI 
protein (Su, et al., 2006). This results in sequestration of Rho molecules in the cytosol, 
blocking their activation and initiation of the Rho signaling pathway, and thereby impairing 
cytoskeletal polarization or actin polymerization. It is yet to be defined why, in the context 
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of GRAIL-mediated ubiquitination, RhoGDI inhibition is restricted to Rho1/A, but not Rac1 
or Cdc42 (Su, et al., 2006). 

6.2 Sumoylation 

Sumo is a small ubiquitin-like modifier that, like ubiquitin, can be covalently attached to a 
protein via an internal lysine residue on the target and can serve to modify its function (for 
recent reviews see (Wang & Dasso, 2009; Wilkinson & Henley, 2010)). Sumoylation is 
emerging an additional level of control over the proteins that regulate exocytosis (Figure 2). At 
least two SNARE proteins are believed to be sumoylated. Sumoylation of the SNARE 
accessory protein, Tomosyn, relieves its inhibitory effect on SNARE complex assembly, and 
thereby on exocytosis (Williams, et al., 2011). In response to Ca2+ signaling, sumoylation is 
known to inhibit exocytosis of insulin granules following their docking at the plasma 
membrane, and this is most likely to occur through SynaptotagminVII (Dai, et al., 2011). In 
addition, the Rho GTPase Rac1 was found to be sumoylated in response to hepatocyte growth 
factor stimulation of a number of cell lines (HEK293T, MDCKII, HeLa, and Cos7 cells (Castillo-
Lluva, et al., 2010)). Sumoylation of Rac1 resulted in sustained activation of Rac1 which 
promoted the formation of lamellipodia and cell motility (Castillo-Lluva, et al., 2010). 
Sumoylation as a post-translational modification of the proteins in the exocytic pathway is a 
new field of research and will undoubtedly be found to regulate many more of these proteins. 

7. Concluding remarks 
Here we have illustrated that there is a complex array of specialist molecular machinery that 
is used to control each step in the process of exocytosis. Emerging evidence suggests that 
there is a highly organised regulatory network required to achieve control of exocytosis. 
This involves the post-translational modification of the vesicular machinery and membrane 
associated proteins that orchestrate exocytosis; including the addition of lipid moieties, 
phosphorylation, and ubiquitination and sumoylation. These post-translational 
modifications are responsible for mediating protein intracellular localization, protein-
protein interactions, complex assembly, and ultimately protein function. The dynamics and 
precision of exocytosis often require multiple modifications of a single protein in order to 
tightly control temporal/spatial function. Moreover, to ensure the harmonious reaction of 
the cell to a specific stimulation, these post-translational modifications respond to a variety 
of cell-type specific signaling events. The challenge facing researchers in this field is to 
investigate the cross-talk between different modifications in the context of a specific signal, 
and to determine how these are coordinated with other cellular functions. Thus, it is 
tempting to speculate about an even higher point of control in the regulation of exocytosis, 
involving proteins that recognise post-translational modifications and facilitate appropriate 
functional interaction. 
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1. Introduction 
Recent studies have suggested that there are molecular links between the two critical 
biological processes of exocytosis and autophagy. Exocytosis involves the transport of 
intracellular vesicles to the plasma membrane of the cell, where vesicular fusion results in 
the delivery of membrane and protein to the cell surface, and secretion of the vesicular 
contents. Exocytosis is utilized in, for example, hormone or antimicrobial peptide secretion, 
the delivery of proteoglycans to the cell surface, cell-cell communication and 
neurotransmission (Brennwald & Rossi, 2007; He & Guo, 2009). Autophagy is a mechanism 
for the recycling and degradation of cytoplasmic content, which involves surrounding an 
area of cytoplasm with a double membrane structure, which then interacts with degradative 
endosome-lysosome compartments (He & Klionsky, 2009). Autophagy has important 
functions in a range of cell processes including the maintenance of cellular homeostasis, 
starvation adaption, energy balance, organelle clearance, immunity and cell death. In 
human diseases, such as cancers, neurodegenerative disorders (e.g. Huntington’s disease), 
and chronic inflammatory diseases (e.g. Crohn’s disease), there have been reports of 
functional disparity in both of these important membrane-related cellular pathways. There 
is now increasing evidence that exocytosis and autophagy share molecular machinery and 
there are a number of reasons why this would be beneficial in terms of cellular function. 

Exocytosis and autophagy may be competitively, cooperatively or independently regulated, 
depending upon the nature of the intracellular and/or extracellular environment. In 
response to conditions of low or high energy demand, there would be an advantage to the 
cell in reducing the energy consuming process of secretion, where the membrane from 
exocytic vesicles could be utilized to enable rapid expansion of the autophagic compartment 
(i.e. competitive regulation). During an immune response there may be concomitant 
stimulation of autophagy to degrade an intracellular bacterial pathogen, and exocytosis to 
release second messengers and antimicrobial effectors. Alternatively, it may be necessary to 
only upregulate an individual process, which is the case for increased autophagy during 
organelle and cytoplasm turnover under restricted nutrient supply (e.g. in the bone growth 
plate) (He & Klionsky, 2009), or increased exocytosis during proteoglycan delivery to the 
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organelle and cytoplasm turnover under restricted nutrient supply (e.g. in the bone growth 
plate) (He & Klionsky, 2009), or increased exocytosis during proteoglycan delivery to the 
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cell surface (Franken et al., 2003). Finally, during the removal of dysfunctional exocytic 
vesicles or the rapid cessation of secretion (e.g. during neurotransmission), the cell requires 
organelle-specific molecular machinery, for the nucleation of autophagy (Geng et al., 2010). 

Despite defects in multiple human syndromes that demonstrate changes in both exocytosis 
and autophagy, the mutual dependence of these processes on common molecular 
machinery has only recently been investigated. Evidence indicates that the exocyst 
complex and its regulator Ral (Ras like GTPase), both of which are known to have a critical 
function in exocytosis, also appear to be essential for the initiation of autophagy 
(Bodemann et al., 2011). Similarly, the small GTPase Rab11 has a critical role in exocytosis 
at the recycling endosome and in exocytic vesicle function (van Ijzendoorn, 2006), although 
in times of starvation where autophagy is induced, Rab11 containing vesicular 
compartments have been shown to asscociate with autophagosomes (Rab11 positive 
amphisomes; (Fader et al., 2008)). Finally, disruption of the exocytic Rab GTPase Sec4 and 
its guanine nucleotide exchange factor Sec2, can have significant effects on the anterograde 
movement of the integral autophagosome membrane protein Atg9 (Autophagy related 
protein 9), thereby influencing the recruitment of Atg8 to the phagophore assembly site 
(PAS) (Bodemann et al., 2011). The movements of Atg9 and Atg8 are of particular interest 
as they are both important during the initiation of autophagy (Geng et al., 2010; Wang et al., 
2009). Atg9 has, in turn, been reported to reside on exocytic vesicles that can be converted 
into a phagophore assembly site (Mari et al., 2010; Mari & Reggiori, 2010). The aim of this 
chapter is to provide an overview of the exocytic and autophagic processes with a focus on 
the common molecular machinery acting at critical control points. It is this machinery that 
may facilitate communication between these functionally distinct vesicular compartments 
and may act as potential sites for regulation. 

2. Exocytosis 
The exocytic pathway delivers cargo carrying vesicles from either the trans-Golgi network 
(TGN) or recycling endosomes to the plasma membrane, where membrane fusion occurs to 
release the vesicular content (Figure 1). This vesicular content may be either vesicle 
membrane proteins directed to the cell surface, or lumenal contents for secretion into the 
extracellular milieu. This anterograde trafficking route may vary depending upon the cargo 
and cell type involved (Wurster et al., 1990), such as in melanocytes for melanin exocytosis 
and in neurons for neurotransmission. Exocytosis is also involved in numerous other 
cellular functions, including immune responses, cell-cell communication, cell growth, cell 
polarity and neurotransmission. 

There are two main exocytic routes from the trans-Golgi network to the plasma membrane: 
the constitutive and the regulated routes (Stow et al., 2009). The constitutive route 
continuously delivers membrane and cargo from the trans-Golgi network to the cell surface, 
and is thought to be utilized for housekeeping functions. Although this process can be up-
regulated in response to environmental stress, it is generally representative of a basal level 
of cell activity and secretion. However, a number of pro-inflammatory cytokines, including 
TNF and IL-6, are released from macrophages via the constitutive route, in response to 
pro-inflammatory stimuli (Shurety et al., 2000). The regulated route involves the redirection 
of newly synthesized cargo to compartments where these molecules are stored until their 
release is triggered by a specific stimulus (mediated by calcium ion mobilization). In this 
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Fig. 1. Proposed model for crosstalk between autophagy and exocytosis. 

route, cargo can be trafficked via a number of compartments including recycling 
endosomes, early endosomes, multivesicular bodies, secretory granules and secretory 
lysosomes. This pathway is utilized for the immune related secretion of cytokines and 
antimicrobial peptides, following exposure to pathogens or inflammatory stimuli. Similarly, 
for neurotransmitter release, exocytosis is stimulated by an increase in the intracellular 
calcium ion concentration in neurons; which allows the propagation of neuronal function. 
These different pathways are in dynamic balance with the endocytic pathway, which, apart 
from facilitating uptake into the cell, allows the recovery of membrane from the plasma 
membrane following exocytosis, enabling the cell to control its surface area (Khandelwal et 
al., 2010). The molecular machinery that drives exocytosis therefore operates in conjunction 
with the endocytic machinery, and in some cases may involve common elements that have 
dual function. 

2.1 The molecular machinery for exocytosis 

The molecular machinery that facilitates the process of exocytosis can vary with respect to 
the specific cell type and specialist cargo being transported, although two key molecular 
complexes are conserved for most membrane associated exocytic events; the exocyst and the 
soluble N-ethylmaleimide sensitive factor attachment protein receptor (SNARE) complex 
(Liu & Guo, 2011; Nair et al., 2011). Through interaction with a number of effector molecules, 
these complexes mediate the tethering, docking and fusion of vesicles with the plasma 
membrane. 

The exocyst is an octomeric complex that is required for the efficient delivery of exocytic 
vesicles to the plasma membrane (TerBush et al., 1996). The components of the exocyst 
complex were first identified for yeast in the early 1990’s, with mammalian orthologues 
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cell surface (Franken et al., 2003). Finally, during the removal of dysfunctional exocytic 
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lysosomes. This pathway is utilized for the immune related secretion of cytokines and 
antimicrobial peptides, following exposure to pathogens or inflammatory stimuli. Similarly, 
for neurotransmitter release, exocytosis is stimulated by an increase in the intracellular 
calcium ion concentration in neurons; which allows the propagation of neuronal function. 
These different pathways are in dynamic balance with the endocytic pathway, which, apart 
from facilitating uptake into the cell, allows the recovery of membrane from the plasma 
membrane following exocytosis, enabling the cell to control its surface area (Khandelwal et 
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with the endocytic machinery, and in some cases may involve common elements that have 
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The molecular machinery that facilitates the process of exocytosis can vary with respect to 
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complexes are conserved for most membrane associated exocytic events; the exocyst and the 
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(Liu & Guo, 2011; Nair et al., 2011). Through interaction with a number of effector molecules, 
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subsequently being identified (Lipschutz & Mostov, 2002). In yeast, this complex consists of 
six secretion related proteins (Sec), Sec3, Sec5, Sec6, Sec8, Sec10 and Sec15, with an 
additional two subunits known as exocyst related proteins (Exo), Exo70 and Exo84. 
Tethering to the plasma membrane is mediated by GTPase proteins, such as the yeast 
proteins, Rho3 and Cdc42 (He et al., 2007; He & Guo, 2009), or by TC10 in mammalian cells 
(Dupraz et al., 2009; Inoue et al., 2006; Pommereit & Wouters, 2007). Recognition of the 
exocytic vesicle by the exocyst is mediated by the Rab GTPase proteins, Sec4 in yeast (Guo et 
al., 1999; Zajac et al., 2005) or Rab11 in metazoans (Novick & Guo, 2002; Novick et al., 2006). 
In mammalian cells, assembly of this complex is controlled by RalA and RalB (Chen et al., 
2011a; Chen et al., 2007; Chen et al., 2011b).  

Assembly of the exocyst serves to tether exocytic vesicles to a specific plasma membrane 
site, demarcated by phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), Sec3 and Exo70 (He 
et al., 2007; He & Guo, 2009). The Sec3 and Exo70 membrane associated components of the 
exocyst act to target vesicles to the site of exocytosis, via the direct association of 
positively charged residues in the D domain at the C-terminus with PI(4,5)P2, in the 
plasma membrane (He et al., 2007; He & Guo, 2009). Multiple GTPases then regulate the 
assembly interface of a full octameric exocyst complex. The GTPase proteins Rho3 and 
Cdc42 also interact with Exo70 and Sec3 to facilitate the assembly of the exocyst complex 
at the plasma membrane (He et al., 2007; Moskalenko et al., 2002). In mammalian cells, 
Exo70 facilitates exocyst association with the plasma membrane through its interaction 
with TC10 (the orthologue of Cdc42) (Inoue et al., 2003; Liu et al., 2007). In yeast, secretory 
vesicles acquire the Rab GTPase protein Sec4, which directly interacts with the exocyst, 
via the Sec15 subunit, thus allowing the secretory vesicle to be recognised by the exocyst 
plasma membrane complex. Unlike in yeast, the vesicular targeting of the exocyst in 
metazoans is thought to occur through interactions between Sec15 and Rab11 (Langevin et 
al., 2005; Wu et al., 2005; Zhang et al., 2004), and the tethering of the secretory vesicles to 
the plasma membrane is regulated by Sec5 and Ral (Brymora et al., 2001; Chen et al., 
2011a; Li et al., 2007). Active RalA (GTP bound form) interacts with Sec5, and upon 
delivery of the vesicles to the plasma membrane, the interaction between RalA-Sec5 is 
broken through the phosphorylation of Sec5 by protein kinase C (PKC) (Chen et al., 
2011a). Detachment of Sec5 from RalA allows the release of the exocyst complex once the 
vesicle is delivered to the plasma membrane. The emerging model for the assembly of the 
exocyst suggests that the components are present as distinct sub-complexes on vesicles 
and the plasma membrane. In this manner, the assembly of the exocyst may integrate 
various cellular signalling pathways to ensure that exocytosis is tightly controlled 
(Sugihara et al., 2002). 

Following cell surface membrane tethering by the exocyst complex, SNARE proteins 
facilitate the final step of exocytosis by bringing together the vesicular and plasma 
membranes for fusion. There are two groups of SNARE proteins; t-SNAREs, such as 
syntaxin1 and Sec9, which are found on the inner leaflet of the plasma membrane of cells 
and denote the target membrane; and v-SNAREs, which are found on a range of membrane 
compartments and denotes the vesicular membrane (Shorer et al., 2005; Stow et al., 2006). 
These proteins work by cognate pairing of t-SNAREs with their opposing v-SNAREs to 
form a four helix bundle, which allows the two membranes to be brought into close 
proximity, and this facilitates membrane fusion (Stow et al., 2006). A number of studies have 
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provided evidence of interactions between SNARE proteins and components of the exocyst 
complex (Bao et al., 2008; Hattendorf et al., 2007; Wiederkehr et al., 2004; Zhang et al., 2005). 
In yeast, this interaction is orchestrated though WD-40 adaptor proteins Sro7p and Sro77p 
(Zhang et al., 2005), which are homologues of lethal giant larvae (Lgl); first identified as a 
tumor suppressor in Drosophila (Gateff, 1978) and since demonstrated to play a role in cell 
polarity (Bilder et al., 2000). Sro7p and Sro77p interact with the exocyst components Sec6 
and Exo84 as well as t-SNARE Sec9, thus providing a link between these two complexes to 
mediate the final steps of membrane fusion and exocytosis (Zhang et al., 2005). 

3. Autophagy 
Autophagy is responsible for a number of routine housekeeping functions, including the 
elimination of defective proteins, the prevention of abnormal protein aggregate accumulation, 
the turnover of glycogen, the removal of intracellular pathogens and the recycling of aged or 
dysfunctional organelles. These functions are likely to be critical for autophagy-mediated 
protection against aging, cancer, neurodegenerative disease and infection (Levine & Kroemer, 
2008). Autophagy involves the engulfing of cytoplasmic content into a double membrane 
vesicle, which is used to mediate the degradation of the internalised contents following 
interaction with endosome and lysosome compartments (Figure 1). Autophagy normally 
occurs at a basal level, but stimuli such as starvation, hormonal and developmental signals, 
accumulation of unfolded proteins or invasion of microorganisms, can each modulate the rate 
of autophagic activity (Meijer & Codogno, 2004).  

3.1 The induction and sequence of the autophagic process 

The process of autophagy is mediated by the recruitment of autophagy related proteins to 
the limiting membranes of the forming phagosome, where they assemble the so-called pre-
autophagosomal structure. This nucleation step is known to occur at sites adjacent to 
mitochondria in yeast (Mari & Reggiori, 2010), while other eukaryotes are thought to have 
multiple nucleation sites that may include the endoplasmic reticulum, Golgi, mitochondria 
and secretory vesicles (Hailey et al., 2010; Hamasaki & Yoshimori, 2010; Militello & 
Colombo, 2011; Tooze & Yoshimori, 2010; Weidberg et al., 2011). Autophagosomes are 
formed via the expansion of the isolation membrane to completely surround an area of 
cytoplasm. Maturation of the autophagosome involves fusion with a multivesicular body to 
form an amphisome, which subsequently fuses with a lysosome to become a fully functional 
autolysosome. Through the action of lysosomal enzymes, the degradation process then 
recycles molecular constituents back into the cytoplasm. 

3.2 The molecular machinery involved in autophagosome formation and maturation 

The induction and nucleation of autophagy is dependent on the successive assembly of a 
number of complexes within the cytoplasm, such as the Atg1-Atg13 (or mammalian unc-51-
like kinase 1(Ulk1)–Atg13) kinase complex and the Atg5-Atg12 ubiquitin-like conjugation 
system. Up-stream signalling pathways lead to the activation of the Atg1/Ulk1 complex, 
which in turn recruits other members of the autophagic machinery to the site of nucleation. 
The exact mode for this recruitment is as yet unknown, however the individual step-specific 
complexes are well described for yeast and higher eukaryote systems. 
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Exo70 facilitates exocyst association with the plasma membrane through its interaction 
with TC10 (the orthologue of Cdc42) (Inoue et al., 2003; Liu et al., 2007). In yeast, secretory 
vesicles acquire the Rab GTPase protein Sec4, which directly interacts with the exocyst, 
via the Sec15 subunit, thus allowing the secretory vesicle to be recognised by the exocyst 
plasma membrane complex. Unlike in yeast, the vesicular targeting of the exocyst in 
metazoans is thought to occur through interactions between Sec15 and Rab11 (Langevin et 
al., 2005; Wu et al., 2005; Zhang et al., 2004), and the tethering of the secretory vesicles to 
the plasma membrane is regulated by Sec5 and Ral (Brymora et al., 2001; Chen et al., 
2011a; Li et al., 2007). Active RalA (GTP bound form) interacts with Sec5, and upon 
delivery of the vesicles to the plasma membrane, the interaction between RalA-Sec5 is 
broken through the phosphorylation of Sec5 by protein kinase C (PKC) (Chen et al., 
2011a). Detachment of Sec5 from RalA allows the release of the exocyst complex once the 
vesicle is delivered to the plasma membrane. The emerging model for the assembly of the 
exocyst suggests that the components are present as distinct sub-complexes on vesicles 
and the plasma membrane. In this manner, the assembly of the exocyst may integrate 
various cellular signalling pathways to ensure that exocytosis is tightly controlled 
(Sugihara et al., 2002). 

Following cell surface membrane tethering by the exocyst complex, SNARE proteins 
facilitate the final step of exocytosis by bringing together the vesicular and plasma 
membranes for fusion. There are two groups of SNARE proteins; t-SNAREs, such as 
syntaxin1 and Sec9, which are found on the inner leaflet of the plasma membrane of cells 
and denote the target membrane; and v-SNAREs, which are found on a range of membrane 
compartments and denotes the vesicular membrane (Shorer et al., 2005; Stow et al., 2006). 
These proteins work by cognate pairing of t-SNAREs with their opposing v-SNAREs to 
form a four helix bundle, which allows the two membranes to be brought into close 
proximity, and this facilitates membrane fusion (Stow et al., 2006). A number of studies have 
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provided evidence of interactions between SNARE proteins and components of the exocyst 
complex (Bao et al., 2008; Hattendorf et al., 2007; Wiederkehr et al., 2004; Zhang et al., 2005). 
In yeast, this interaction is orchestrated though WD-40 adaptor proteins Sro7p and Sro77p 
(Zhang et al., 2005), which are homologues of lethal giant larvae (Lgl); first identified as a 
tumor suppressor in Drosophila (Gateff, 1978) and since demonstrated to play a role in cell 
polarity (Bilder et al., 2000). Sro7p and Sro77p interact with the exocyst components Sec6 
and Exo84 as well as t-SNARE Sec9, thus providing a link between these two complexes to 
mediate the final steps of membrane fusion and exocytosis (Zhang et al., 2005). 

3. Autophagy 
Autophagy is responsible for a number of routine housekeeping functions, including the 
elimination of defective proteins, the prevention of abnormal protein aggregate accumulation, 
the turnover of glycogen, the removal of intracellular pathogens and the recycling of aged or 
dysfunctional organelles. These functions are likely to be critical for autophagy-mediated 
protection against aging, cancer, neurodegenerative disease and infection (Levine & Kroemer, 
2008). Autophagy involves the engulfing of cytoplasmic content into a double membrane 
vesicle, which is used to mediate the degradation of the internalised contents following 
interaction with endosome and lysosome compartments (Figure 1). Autophagy normally 
occurs at a basal level, but stimuli such as starvation, hormonal and developmental signals, 
accumulation of unfolded proteins or invasion of microorganisms, can each modulate the rate 
of autophagic activity (Meijer & Codogno, 2004).  

3.1 The induction and sequence of the autophagic process 

The process of autophagy is mediated by the recruitment of autophagy related proteins to 
the limiting membranes of the forming phagosome, where they assemble the so-called pre-
autophagosomal structure. This nucleation step is known to occur at sites adjacent to 
mitochondria in yeast (Mari & Reggiori, 2010), while other eukaryotes are thought to have 
multiple nucleation sites that may include the endoplasmic reticulum, Golgi, mitochondria 
and secretory vesicles (Hailey et al., 2010; Hamasaki & Yoshimori, 2010; Militello & 
Colombo, 2011; Tooze & Yoshimori, 2010; Weidberg et al., 2011). Autophagosomes are 
formed via the expansion of the isolation membrane to completely surround an area of 
cytoplasm. Maturation of the autophagosome involves fusion with a multivesicular body to 
form an amphisome, which subsequently fuses with a lysosome to become a fully functional 
autolysosome. Through the action of lysosomal enzymes, the degradation process then 
recycles molecular constituents back into the cytoplasm. 

3.2 The molecular machinery involved in autophagosome formation and maturation 

The induction and nucleation of autophagy is dependent on the successive assembly of a 
number of complexes within the cytoplasm, such as the Atg1-Atg13 (or mammalian unc-51-
like kinase 1(Ulk1)–Atg13) kinase complex and the Atg5-Atg12 ubiquitin-like conjugation 
system. Up-stream signalling pathways lead to the activation of the Atg1/Ulk1 complex, 
which in turn recruits other members of the autophagic machinery to the site of nucleation. 
The exact mode for this recruitment is as yet unknown, however the individual step-specific 
complexes are well described for yeast and higher eukaryote systems. 
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One of the upstream regulators, targets of rapamycin (TOR) acts as an inhibitor of 
autophagy. Inactivation of TOR leads to the assembly of an active Atg1 complex; 
Atg1:Atg13:Atg17 in yeast (Kamada et al., 2000; Nakatogawa et al., 2009), and 
Ulk1:Atg13:FIP200 in higher eukaryotes (Chang & Neufeld, 2010; Mehrpour et al., 2010). In 
the latter case, activation is thought to occur via a change in Atg13-mediated 
phosphorylation of Ulk1 (Chang & Neufeld, 2010), although the exact site and the induction 
signal for this initiation step remains unclear (Chang & Neufeld, 2009, 2010; Mehrpour et al., 
2010).  

The solution to the mystery of the origin of autophagic compartment may lay in the biology 
of Atg9, the only trans-membrane autophagic protein that is present throughout 
autophagosome maturation. In yeast, Atg9 has been observed to form clusters near the 
mitochondria, suggesting the possibility of a membrane pool for autophagy (Mari & 
Reggiori, 2010). However, an equivalent structure has yet to be identified in other 
eukaryotes, and there may be multiple nucleation sites, including the endoplasmic 
reticulum, Golgi, mitochondria (Hailey et al., 2010; Hamasaki & Yoshimori, 2010; Tooze & 
Yoshimori, 2010) and plasma membrane (Ravikumar et al., 2010). Recent studies in 
mammalian cells showed that Atg9 initially resides at the Golgi and is trafficked to recycling 
endosomes (Wang et al., 2011; Webber et al., 2007; Webber & Tooze, 2010). This suggests the 
involvement of the Golgi complex in the autophagic pathway. Starvation dependent 
trafficking of mammalian Atg9 to the pre-autophagosomal structure requires the Atg1/Ulk1 
kinase, Atg13, as well as p38 MAPK interaction protein, p38IP (Webber & Tooze, 2010). 
Following Atg9 recruitment, nucleation of the pre-autophagosomal structure limiting 
membrane is controlled by a protein complex containing a member of the vacuolar protein 
sorting family, Vps34, and Atg6/Beclin1. Atg6 is crucial for the recruitment of other 
autophagic proteins to the pre-autophagosomal structure, while Vps34 kinase 
phosphorylates phosphatidylinositol (PI3P) in order to recruit Atg8 and Atg18 (Kundu & 
Thompson, 2008; Polson et al., 2010). 

Two ubiquitin-like conjugation systems are required for the expansion and closure of the 
autophagosome, Atg5-Atg12 and the Atg8-phosphotidylethanolamine complex (Ichimura et 
al., 2000; Mizushima et al., 1998). In the first of these systems the conjugated form of Atg5-
Atg12 associates with Atg16 dimers to become a multimeric Atg5-Atg12-Atg16 complex. It 
is believed that this Atg5-Atg12-Atg16 complex is required for the formation of pre-
autophagosomal structures, and allows association with the second Atg8 related 
conjugation system. In the second ubiquitin-like conjugation system, cytosolic Atg8, or LC3 
(microtubule-associated protein 1 light chain 3) in mammals, is modified by the attachment 
of the phospholipid anchor phosphatidylethanolamine, or PE. This step results in the 
localisation of Atg8/LC3-PE to the isolation membrane of the phagophore and may 
contribute to the expansion of autophagic membranes (McPhee & Baehrecke, 2009; 
Nakatogawa et al., 2007).  

Once the autophagosome is closed by fusion of the expanding edges of the phagophore, its 
maturation proceeds through fusion with multi-vesicular bodies, late endosomes and 
lysosomes (Razi et al., 2009). It has been suggested that fusion of the autophagosome with 
endocytic compartments is facilitated by endosome membrane fusion machinery (Eskelinen, 
2005) including the membrane targeting proteins Rab11 and Rab7 GTPases and membrane 
fusion protein complexes, such as SNAREs, ESCRT proteins, Vps28, Vps25, Vps32, Deep 
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Orange (Dor)/Vps18 and Carnation (Car)/Vps33a (Fader et al., 2008; Gutierrez et al., 2004a; 
Gutierrez et al., 2004b; Simonsen & Tooze, 2009), as well as the lysosomal membrane proteins, 
Lamp-1 and Lamp-2 (Tanaka et al., 2000). After fusion with the lysosome, degradation of 
protein, lipid, glycogen, RNA, DNA and other contents is dependent upon the action of 
lysosomal acid hydrolases (Koike et al., 2005; Tanaka et al., 2000; Tanida et al., 2005). The small 
molecules (e.g. amino acids and sugars) are then transported back to the cytosol for protein 
synthesis and the maintenance of other cellular functions (He & Klionsky, 2009). 

4. Diseases that show links between exocytosis and autophagy 
Altered regulation of exocytosis and autophagy has been shown in a number of debilitating 
diseases including cancer (Gozuacik & Kimchi, 2006; Levine, 2007; Miracco et al., 2007; 
Pattingre et al., 2005; Tayeb et al., 2005), neurodegenerative diseases (Gao & Hong, 2008; 
Keating, 2008; Yu et al., 2005), and chronic inflammatory diseases (Barbier, 2003; Barrett, 2008; 
Cadwell et al., 2010; Fujita et al., 2008; Homer et al., 2010; Rioux, 2007; Saitoh et al., 2008). 

In cancer, the uncontrolled cell proliferation that results in tumor outgrowth is associated 
with increased secretion of pro-oncogenic proteins and lysosomal enzymes. Thus, lysosomal 
cathepsins, acid phosphatase and various glycosidases have been used as diagnostic 
markers and to define metastatic potential in a range of cancers (Tappel, 2005). The 
underlying reason for this increase in lysosomal enzyme secretion may be linked to the 
increase in endosome-lysosome membrane recycling that is required to maintain plasma 
membrane area during rapid cell division (Boucrot & Kirchhausen, 2007). Increased 
lysosomal enzyme secretion has also been associated with extracellular matrix degradation 
and this can facilitate metastasis (Tayeb et al., 2005). The migration of metastatic cancer cells 
also involves upregulated exocytosis, as a means of membrane delivery to the leading edge 
of the migrating cell. This allows the formation of lamellipodia and filopodia, and thereby 
cellular movement. Exocytosis and cell division are both high energy demand cellular 
processes, and so it is not too surprising that autophagy has also been implicated in the 
carcinogenic process, as a means of energy supply.  

There is, however, controversy in the literature regarding the pro-survival and pro-death 
functions of autophagy (Hippert et al., 2006; Kundu & Thompson, 2008; Levine, 2007; 
Levine & Kroemer, 2008). The cyto-protective role that autophagy has under conditions of 
starvation or low energy supply, prevents apoptosis (Boya et al., 2005), and is therefore 
thought to promote cancer cell growth and survival within solid tumors prior to 
vascularization. In stark contrast, the suppression of autophagy via a number of 
regulatory pathways can lead to tumorigenesis (Gozuacik & Kimchi, 2006; Levine, 2007; 
Miracco et al., 2007; Pattingre et al., 2005). The increased tumorigenesis observed in 
beclin1/Atg6 and Atg5 murine mutants, and the high number of mono-allelic deletion 
mutations in these genes observed in different types of human cancer, indicate a direct 
tumor suppressor role for autophagy (Aita et al., 1999; Hippert et al., 2006; Kundu & 
Thompson, 2008; Levine, 2007). In addition, p53 and PTEN, which are frequently mutated 
in cancer patients, can stimulate autophagy (Bae et al., 2007; Lindmo et al., 2006; Shin et al., 
2011; Wang et al., 2011); while PI3K, p38 MAPK and Akt, which are often activated in 
cancer, can suppress autophagy (Webber & Tooze, 2010). The apparent disparate roles of 
autophagy in cancer make it difficult to ascertain its exact function, and it also remains 
unclear whether exocytosis and autophagy are acting independently or as inter-linked 
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maturation proceeds through fusion with multi-vesicular bodies, late endosomes and 
lysosomes (Razi et al., 2009). It has been suggested that fusion of the autophagosome with 
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Orange (Dor)/Vps18 and Carnation (Car)/Vps33a (Fader et al., 2008; Gutierrez et al., 2004a; 
Gutierrez et al., 2004b; Simonsen & Tooze, 2009), as well as the lysosomal membrane proteins, 
Lamp-1 and Lamp-2 (Tanaka et al., 2000). After fusion with the lysosome, degradation of 
protein, lipid, glycogen, RNA, DNA and other contents is dependent upon the action of 
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In cancer, the uncontrolled cell proliferation that results in tumor outgrowth is associated 
with increased secretion of pro-oncogenic proteins and lysosomal enzymes. Thus, lysosomal 
cathepsins, acid phosphatase and various glycosidases have been used as diagnostic 
markers and to define metastatic potential in a range of cancers (Tappel, 2005). The 
underlying reason for this increase in lysosomal enzyme secretion may be linked to the 
increase in endosome-lysosome membrane recycling that is required to maintain plasma 
membrane area during rapid cell division (Boucrot & Kirchhausen, 2007). Increased 
lysosomal enzyme secretion has also been associated with extracellular matrix degradation 
and this can facilitate metastasis (Tayeb et al., 2005). The migration of metastatic cancer cells 
also involves upregulated exocytosis, as a means of membrane delivery to the leading edge 
of the migrating cell. This allows the formation of lamellipodia and filopodia, and thereby 
cellular movement. Exocytosis and cell division are both high energy demand cellular 
processes, and so it is not too surprising that autophagy has also been implicated in the 
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There is, however, controversy in the literature regarding the pro-survival and pro-death 
functions of autophagy (Hippert et al., 2006; Kundu & Thompson, 2008; Levine, 2007; 
Levine & Kroemer, 2008). The cyto-protective role that autophagy has under conditions of 
starvation or low energy supply, prevents apoptosis (Boya et al., 2005), and is therefore 
thought to promote cancer cell growth and survival within solid tumors prior to 
vascularization. In stark contrast, the suppression of autophagy via a number of 
regulatory pathways can lead to tumorigenesis (Gozuacik & Kimchi, 2006; Levine, 2007; 
Miracco et al., 2007; Pattingre et al., 2005). The increased tumorigenesis observed in 
beclin1/Atg6 and Atg5 murine mutants, and the high number of mono-allelic deletion 
mutations in these genes observed in different types of human cancer, indicate a direct 
tumor suppressor role for autophagy (Aita et al., 1999; Hippert et al., 2006; Kundu & 
Thompson, 2008; Levine, 2007). In addition, p53 and PTEN, which are frequently mutated 
in cancer patients, can stimulate autophagy (Bae et al., 2007; Lindmo et al., 2006; Shin et al., 
2011; Wang et al., 2011); while PI3K, p38 MAPK and Akt, which are often activated in 
cancer, can suppress autophagy (Webber & Tooze, 2010). The apparent disparate roles of 
autophagy in cancer make it difficult to ascertain its exact function, and it also remains 
unclear whether exocytosis and autophagy are acting independently or as inter-linked 
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processes in this disease. However, in one study, the trafficking of lysosomes in cancer 
cells was found to be linked to autophagosome formation through the common molecular 
machinery of the microtubule –dependent motor protein KIF5B (kinesin heavy chain 
protein 5B; Cardoso et al., 2009) a protein previously demonstrated to be involved in 
exocytosis (Varadi et al., 2002). 

Neurodegenerative disorders including Parkinson’s, Huntington’s and Alzheimer’s disease 
are progressive disorders, which have in common the loss of function of neurons in discrete 
areas of the central nervous system. This loss of function is thought to be a result of 
aggregation of misfolded proteins. Autophagy has a role in the degradation of misfolded 
protein (Yu et al., 2005), and the functional loss of Atg5 or Atg7 results in the accumulation of 
ubiquitinated protein aggregates, and a neurodegenerative phenotype (Hara, 2006; Komatsu 
et al., 2006). Furthermore, altered autophagy has been shown to be linked with altered 
exocytosis in a number of neurodegenerative disorders, leading to impaired release of 
neurotransmitters and increased inflammation (Gao & Hong, 2008; Keating, 2008). This 
highlights a direct link between autophagy and the recycling of the specialist secretory 
vesicles that control neurotransmission at the synaptic terminals of neurons. 

Some inflammatory diseases, such as Crohn’s disease, are thought to be caused by a 
breakdown in the regulation of exocytosis leading to increased secretion of pro-
inflammatory factors (Barbier, 2003; Cadwell et al., 2010). In addition, a number of genetic 
screens of patients suffering from Crohn’s disease have identified mutations in autophagy 
related genes (Barrett, 2008; Rioux, 2007). The autophagy related protein Atg16L is thought 
to function as a scaffold for LC3 lipidation, by dynamically localizing to the source of 
membrane involved in autophagosome formation (Fujita et al., 2008). A genetic defect in 
Atg16L may decrease the efficiency by which pathogens can be cleared from cells via 
autophagy, evoking an increased inflammatory response (Fujita et al., 2008; Homer et al., 
2010; Saitoh et al., 2008). In addition, there is mounting evidence that defects in this 
autophagy gene can also lead to defects in exocytosis, causing a build-up of secretory 
granules in specific cell types (Cadwell et al., 2009). These concurrent defects in both 
exocytosis and autophagy may be one more piece of evidence for co-regulation and a shared 
molecular link between these two cellular processes, and raises the important question: is 
there common molecular machinery for exocytosis and autophagy? 

5. Exocytosis and autophagy: Common cellular functions and molecular 
machinery 
Exocytosis and autophagy are essential for a number of common biological processes, 
including; the immune response (Govind, 2008; Minty et al., 1983; Murray et al., 1998; 
Ostenson et al., 2006), cell growth (Brennwald & Rossi, 2007; Orlando & Guo, 2009; Wei & 
Zheng, 2011; Zhang et al., 2005), cell proliferation and apoptosis (Kundu, 2011; Shin et al., 
2011; Zeng et al., 2012), and multicellular organism development (Gutnick et al., 2011; Hu et 
al., 2011; Sato & Sato, 2011; Tra et al., 2011). Autophagy and exocytosis both involve 
membrane trafficking and fusion events and so similar groups of molecular machinery may 
be  required for both processes: such as GTPase proteins, that facilitate membrane tethering 
and SNARE proteins which are involved in membrane fusion. There is increasing evidence 
indicating shared molecular machinery between these processes, which provokes questions 
concerning possible dual regulation as a means of balance for these pathways. 
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Autophagy and exocytosis can have opposing or synergistic roles in cell function. For 
example, during times of reduced nutrient availability autophagy is stimulated, allowing 
cells to recycle cytoplasmic components, and exocytosis is reduced to conserve cellular 
constituents and energy (Shorer et al., 2005). In response to stimulation, specialised secretory 
cells (e.g. chromaffin neuroendicrine cells) divert energy utilization towards the exocytic 
pathway (Malacombe et al., 2006). Conversely, when a cell is presented with an immune 
challenge, both exocytosis and autophagy can be upregulated; exocytosis for the release of 
immune response factors and autophagy to clear invading pathogens from cells (Stow et al., 
2009). Given these findings, it would appear to be of advantage to cells to have a mechanism 
coordinating the activity of these two processes.  

5.1 The endosomal network is involved in both exocytosis and autophagy 

The dynamic flow of membrane and membrane proteins within a cell is mediated through 
the endosomal network (Figure 1). For example, lipids and proteins from the plasma 
membrane are recovered by the cell for cytosolic recycling via compensatory endocytosis, 
which also allows for the maintenance of membrane homeostasis at the sites of active 
exocytosis; directing endocytosed membrane back into the endosomal network or Golgi for 
degradation or recycling (Sramkova et al., 2009). This type of endocytosis is of particular 
importance in specialized secretory cells, such as, bladder umbrella cells (Khandelwal et al., 
2008; Khandelwal et al., 2010), neurons (Kim & von Gersdorff, 2009; Llobet et al., 2011; 
Logiudice et al., 2009) and neuroendocrine cells (Engisch & Nowycky, 1998; Barg & 
Machado, 2008). This allows for the rapid recycling of secretory vesicles back into the 
reserve pool. Endosomes are at the nexus of the exocytic and autophagic pathways allowing 
for the sorting and directing of membrane. Thus, in yeast, Atg9 clusters are connected with 
both the endocytic and exocytic systems, and delivered to the phagophore assembly site via 
recycling endosomes (Geng et al., 2010; Mari et al., 2010). The recycling endosome’s exocytic 
function is involved in the maintenance of cell polarity through the sorting of membrane 
proteins such as clathrin and cadherin (Farr et al., 2009). The recycling endosome machinery 
also plays a role in the fusion of multivesicular bodies with autophagosomes, which is an 
essential step in phagosome maturation (Fader & Colombo, 2009; Razi et al., 2009; Tooze & 
Razi, 2009). Recent studies have suggested a significant overlap of the molecular machinery 
used in these two biological processes (Bodemann et al., 2011; Geng et al., 2010). This 
involves the exocyst complex and its regulators (e.g. small GTPases), as well as membrane 
fusion machinery (e.g. SNAREs; Table 1). 

5.2 Small GTPases at the cross road of exocytosis and autophagy 

5.2.1 Ral small GTPase 

Ras-like proteins (Ral) are small GTPases that function as an essential component of the 
cellular machinery regulating the post-Golgi targeting of exocytic vesicles to the plasma 
membrane (Balasubramanian et al., 2010; Chen et al., 2007; Kawato et al., 2008; Kim et al., 
2010; Ljubicic et al., 2009; Lopez et al., 2008; Rondaij et al., 2008; Rosse et al., 2006; Shipitsin & 
Feig, 2004; Spiczka & Yeaman, 2008). Ral function is directly mediated by its interaction with 
the exocyst complex (Feig, 2003; Kawato et al., 2008; Mark et al., 1996; Mott et al., 2003), in 
particular Sec5 which has been shown to be essential for Ral-exocyst dependent exocytosis 
(Fukai et al., 2003; Moskalenko et al., 2002).  
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processes in this disease. However, in one study, the trafficking of lysosomes in cancer 
cells was found to be linked to autophagosome formation through the common molecular 
machinery of the microtubule –dependent motor protein KIF5B (kinesin heavy chain 
protein 5B; Cardoso et al., 2009) a protein previously demonstrated to be involved in 
exocytosis (Varadi et al., 2002). 

Neurodegenerative disorders including Parkinson’s, Huntington’s and Alzheimer’s disease 
are progressive disorders, which have in common the loss of function of neurons in discrete 
areas of the central nervous system. This loss of function is thought to be a result of 
aggregation of misfolded proteins. Autophagy has a role in the degradation of misfolded 
protein (Yu et al., 2005), and the functional loss of Atg5 or Atg7 results in the accumulation of 
ubiquitinated protein aggregates, and a neurodegenerative phenotype (Hara, 2006; Komatsu 
et al., 2006). Furthermore, altered autophagy has been shown to be linked with altered 
exocytosis in a number of neurodegenerative disorders, leading to impaired release of 
neurotransmitters and increased inflammation (Gao & Hong, 2008; Keating, 2008). This 
highlights a direct link between autophagy and the recycling of the specialist secretory 
vesicles that control neurotransmission at the synaptic terminals of neurons. 

Some inflammatory diseases, such as Crohn’s disease, are thought to be caused by a 
breakdown in the regulation of exocytosis leading to increased secretion of pro-
inflammatory factors (Barbier, 2003; Cadwell et al., 2010). In addition, a number of genetic 
screens of patients suffering from Crohn’s disease have identified mutations in autophagy 
related genes (Barrett, 2008; Rioux, 2007). The autophagy related protein Atg16L is thought 
to function as a scaffold for LC3 lipidation, by dynamically localizing to the source of 
membrane involved in autophagosome formation (Fujita et al., 2008). A genetic defect in 
Atg16L may decrease the efficiency by which pathogens can be cleared from cells via 
autophagy, evoking an increased inflammatory response (Fujita et al., 2008; Homer et al., 
2010; Saitoh et al., 2008). In addition, there is mounting evidence that defects in this 
autophagy gene can also lead to defects in exocytosis, causing a build-up of secretory 
granules in specific cell types (Cadwell et al., 2009). These concurrent defects in both 
exocytosis and autophagy may be one more piece of evidence for co-regulation and a shared 
molecular link between these two cellular processes, and raises the important question: is 
there common molecular machinery for exocytosis and autophagy? 

5. Exocytosis and autophagy: Common cellular functions and molecular 
machinery 
Exocytosis and autophagy are essential for a number of common biological processes, 
including; the immune response (Govind, 2008; Minty et al., 1983; Murray et al., 1998; 
Ostenson et al., 2006), cell growth (Brennwald & Rossi, 2007; Orlando & Guo, 2009; Wei & 
Zheng, 2011; Zhang et al., 2005), cell proliferation and apoptosis (Kundu, 2011; Shin et al., 
2011; Zeng et al., 2012), and multicellular organism development (Gutnick et al., 2011; Hu et 
al., 2011; Sato & Sato, 2011; Tra et al., 2011). Autophagy and exocytosis both involve 
membrane trafficking and fusion events and so similar groups of molecular machinery may 
be  required for both processes: such as GTPase proteins, that facilitate membrane tethering 
and SNARE proteins which are involved in membrane fusion. There is increasing evidence 
indicating shared molecular machinery between these processes, which provokes questions 
concerning possible dual regulation as a means of balance for these pathways. 
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Autophagy and exocytosis can have opposing or synergistic roles in cell function. For 
example, during times of reduced nutrient availability autophagy is stimulated, allowing 
cells to recycle cytoplasmic components, and exocytosis is reduced to conserve cellular 
constituents and energy (Shorer et al., 2005). In response to stimulation, specialised secretory 
cells (e.g. chromaffin neuroendicrine cells) divert energy utilization towards the exocytic 
pathway (Malacombe et al., 2006). Conversely, when a cell is presented with an immune 
challenge, both exocytosis and autophagy can be upregulated; exocytosis for the release of 
immune response factors and autophagy to clear invading pathogens from cells (Stow et al., 
2009). Given these findings, it would appear to be of advantage to cells to have a mechanism 
coordinating the activity of these two processes.  

5.1 The endosomal network is involved in both exocytosis and autophagy 

The dynamic flow of membrane and membrane proteins within a cell is mediated through 
the endosomal network (Figure 1). For example, lipids and proteins from the plasma 
membrane are recovered by the cell for cytosolic recycling via compensatory endocytosis, 
which also allows for the maintenance of membrane homeostasis at the sites of active 
exocytosis; directing endocytosed membrane back into the endosomal network or Golgi for 
degradation or recycling (Sramkova et al., 2009). This type of endocytosis is of particular 
importance in specialized secretory cells, such as, bladder umbrella cells (Khandelwal et al., 
2008; Khandelwal et al., 2010), neurons (Kim & von Gersdorff, 2009; Llobet et al., 2011; 
Logiudice et al., 2009) and neuroendocrine cells (Engisch & Nowycky, 1998; Barg & 
Machado, 2008). This allows for the rapid recycling of secretory vesicles back into the 
reserve pool. Endosomes are at the nexus of the exocytic and autophagic pathways allowing 
for the sorting and directing of membrane. Thus, in yeast, Atg9 clusters are connected with 
both the endocytic and exocytic systems, and delivered to the phagophore assembly site via 
recycling endosomes (Geng et al., 2010; Mari et al., 2010). The recycling endosome’s exocytic 
function is involved in the maintenance of cell polarity through the sorting of membrane 
proteins such as clathrin and cadherin (Farr et al., 2009). The recycling endosome machinery 
also plays a role in the fusion of multivesicular bodies with autophagosomes, which is an 
essential step in phagosome maturation (Fader & Colombo, 2009; Razi et al., 2009; Tooze & 
Razi, 2009). Recent studies have suggested a significant overlap of the molecular machinery 
used in these two biological processes (Bodemann et al., 2011; Geng et al., 2010). This 
involves the exocyst complex and its regulators (e.g. small GTPases), as well as membrane 
fusion machinery (e.g. SNAREs; Table 1). 

5.2 Small GTPases at the cross road of exocytosis and autophagy 

5.2.1 Ral small GTPase 

Ras-like proteins (Ral) are small GTPases that function as an essential component of the 
cellular machinery regulating the post-Golgi targeting of exocytic vesicles to the plasma 
membrane (Balasubramanian et al., 2010; Chen et al., 2007; Kawato et al., 2008; Kim et al., 
2010; Ljubicic et al., 2009; Lopez et al., 2008; Rondaij et al., 2008; Rosse et al., 2006; Shipitsin & 
Feig, 2004; Spiczka & Yeaman, 2008). Ral function is directly mediated by its interaction with 
the exocyst complex (Feig, 2003; Kawato et al., 2008; Mark et al., 1996; Mott et al., 2003), in 
particular Sec5 which has been shown to be essential for Ral-exocyst dependent exocytosis 
(Fukai et al., 2003; Moskalenko et al., 2002).  
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Protein Role in Exocytosis References Role in Autophagy  References 
Ral Interacts with 

exocyst via Sec5 to 
facilitate the 
tethering of 
vesicles to the 
plasma membrane.

(Balasubramanian et al., 2010; 
Brymora et al., 2001; Chen et al., 
2011a; Chen et al., 2007; Fukai et 
al., 2003; Kawato et al., 2008; Li et 
al., 2007; Ljubicic et al., 2009; 
Lopez et al., 2008; Mark et al., 
1996; Moskalenko et al., 2002; 
Mott et al., 2003; Shipitsin & Feig, 
2004) 

RalB but not RalA 
involved in initation 
of autophagy in 
mammalian cell 
lines. Over 
expression of active 
RalB enhances 
autophagy while 
depletion decreases 
autophagy.  

(Bodemann 
et al., 2011) 

Rab11 Bound to exocytic 
vesicles and is 
involved in the 
anterograde 
trafficking of 
vesicles from 
recycling 
endosomes to the 
plasma membrane. 
Interacts with the 
exocyst 
component Sec15 
to assist tethering 
of vesicles to the 
plasma membrane. 

(Langevin et al., 2005; Oztan et 
al., 2007; Shandala et al., 2011; 
Ward et al., 2005; Wu et al., 2005; 
Zhang et al., 2004) 

Facilitates fusion of 
the autophagosome 
with endocytic 
compartments. 

(Fader et al., 
2008) 

Sec4 Allows the 
interaction of the 
secretory vesicle 
with the exocyst 
complex via Sec15 
to facilitate 
tethering to the 
plasma membrane. 

(Guo et al., 1999) Involved in the 
recruitment of Atg9 
to the PAS. 

(Geng et al., 
2010) 

Exocyst 
Complex 

Octomeric 
complex required 
for tethering of 
exocytic vesicles to 
the plasma 
membrane in a site 
specific manner 

(He et al., 2007; He & Guo, 2009; 
Jin et al., 2011; Langevin et al., 
2005; Morgera et al., 2012) 

Proposed as a 
scaffold for the 
initiation of 
autophagy 
complexes. 

(Bodemann 
et al., 2011; 
Farré & 
Subramani, 
2011) 

Sso1/2-Sec9 t-SNARE that 
denotes the site of 
exocytosis on the 
plasma membrane, 
possibly through 
interactions with 
the exocyst 
complex and its 
effectors 

(Aalto et al., 1993; Brennwald et 
al., 1994) 

Involved in the 
formation of Atg9 
associated tubule-
vesicular clusters 
emanating from the 
PAS  

(Nair et al., 
2011) 
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Protein Role in Exocytosis References Role in Autophagy  References 
VAMP7 Involved in 

constitutive 
exocytosis in a 
number of cell 
types 

(Galli et al., 1998; Oishi et al., 
2006) 

Involved in 
lysosome fusion 
during 
autophagosome 
maturation 

(Fader et al., 
2009) 

Atg9 Unknown role but 
has been found on 
secretory vesicles. 
May have a role in 
unconventional 
secretion 

(Bruns et al., 2011; Mari et al., 
2010) 

Transmembrane 
protein required for 
the transport and 
assembly of 
membrane during 
autophagosome 
formation 

(He et al., 
2009) 

Atg16L Involved in 
secretion from 
secretory granules 
in intestinal 
Paneth cells 

(Cadwell et al., 2008; Cadwell et 
al., 2009) 

Functions as a 
scaffold for LC3 
lipidation, required 
during 
autophagosome 
formation 

(Fujita et al., 
2008) 

Table 1. Proteins involved in both autophagy and exocytosis 

In addition to its well documented role in exocytosis, recent evidence from mammalian cell 
cultures indicates that RalB is involved in the formation of autophagosomes (Bodemann et 
al., 2011). The crucial role for RalB as an upstream activator of autophagy is illustrated by 
the fact that the over-expression of its active GTP-bound form was sufficient to induce 
autophagy, even in the absence of autophagy-specific stimuli (Bodemann et al., 2011). RalB is 
present on sites of nascent autophagosome formation, together with Beclin1 and Atg5, and 
its depletion, similar to the depletion of Atg5 and Beclin1, significantly impaired the 
formation of starvation-induced LC3/Atg8 punctae and the turnover of LC3/Agt8. 
Interestingly, depletion of RalB also impaired the digestion of autophagocytosed Salmonella 
typhimurium. The autophagy-related function of RalB appears to be mediated by its effector 
Exo84, a component of the exocyst complex (Bodemann et al., 2011). Activated by starvation, 
RalB triggers Exo84 interaction with the autophagy initiation component Beclin1. 
Intriguingly, the alternative RalB roles in exocytosis and autophagy appear to be driven by 
environmental signal/s, as nutrient availability determines the RalB coupling preferences to 
a down-stream effector; endogenous RalB preferentially associates with Exo84 in nutrient 
poor conditions and with Sec5 under nutrient rich conditions (Bodemann et al., 2011). This 
model has not been investigated in higher eukaryotes, but these findings in yeast suggest a 
role for the exocyst complex as a scaffold for the assembly of a number of important 
autophagy initiators. 

5.2.2 Yeast Rab small GTPase Sec4 

The yeast Rab GTPase Sec4 and its activator Sec2 have well-established roles in the tethering 
of secretory vesicles to sites of active exocytosis, in a process mediated by interaction with 
the exocyst complex component Sec15 (Geng et al., 2010) . Recent studies indicate that Sec2 
and Sec4 also have a role in anterograde trafficking of the autophagic membrane protein 
Atg9, as silencing of Sec4 blocked the delivery of Atg9 to the pre-autophagosomal structure 
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Protein Role in Exocytosis References Role in Autophagy  References 
Ral Interacts with 

exocyst via Sec5 to 
facilitate the 
tethering of 
vesicles to the 
plasma membrane.

(Balasubramanian et al., 2010; 
Brymora et al., 2001; Chen et al., 
2011a; Chen et al., 2007; Fukai et 
al., 2003; Kawato et al., 2008; Li et 
al., 2007; Ljubicic et al., 2009; 
Lopez et al., 2008; Mark et al., 
1996; Moskalenko et al., 2002; 
Mott et al., 2003; Shipitsin & Feig, 
2004) 

RalB but not RalA 
involved in initation 
of autophagy in 
mammalian cell 
lines. Over 
expression of active 
RalB enhances 
autophagy while 
depletion decreases 
autophagy.  

(Bodemann 
et al., 2011) 

Rab11 Bound to exocytic 
vesicles and is 
involved in the 
anterograde 
trafficking of 
vesicles from 
recycling 
endosomes to the 
plasma membrane. 
Interacts with the 
exocyst 
component Sec15 
to assist tethering 
of vesicles to the 
plasma membrane. 

(Langevin et al., 2005; Oztan et 
al., 2007; Shandala et al., 2011; 
Ward et al., 2005; Wu et al., 2005; 
Zhang et al., 2004) 

Facilitates fusion of 
the autophagosome 
with endocytic 
compartments. 

(Fader et al., 
2008) 

Sec4 Allows the 
interaction of the 
secretory vesicle 
with the exocyst 
complex via Sec15 
to facilitate 
tethering to the 
plasma membrane. 

(Guo et al., 1999) Involved in the 
recruitment of Atg9 
to the PAS. 

(Geng et al., 
2010) 

Exocyst 
Complex 

Octomeric 
complex required 
for tethering of 
exocytic vesicles to 
the plasma 
membrane in a site 
specific manner 

(He et al., 2007; He & Guo, 2009; 
Jin et al., 2011; Langevin et al., 
2005; Morgera et al., 2012) 

Proposed as a 
scaffold for the 
initiation of 
autophagy 
complexes. 

(Bodemann 
et al., 2011; 
Farré & 
Subramani, 
2011) 

Sso1/2-Sec9 t-SNARE that 
denotes the site of 
exocytosis on the 
plasma membrane, 
possibly through 
interactions with 
the exocyst 
complex and its 
effectors 

(Aalto et al., 1993; Brennwald et 
al., 1994) 

Involved in the 
formation of Atg9 
associated tubule-
vesicular clusters 
emanating from the 
PAS  

(Nair et al., 
2011) 
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Protein Role in Exocytosis References Role in Autophagy  References 
VAMP7 Involved in 

constitutive 
exocytosis in a 
number of cell 
types 

(Galli et al., 1998; Oishi et al., 
2006) 

Involved in 
lysosome fusion 
during 
autophagosome 
maturation 

(Fader et al., 
2009) 

Atg9 Unknown role but 
has been found on 
secretory vesicles. 
May have a role in 
unconventional 
secretion 

(Bruns et al., 2011; Mari et al., 
2010) 

Transmembrane 
protein required for 
the transport and 
assembly of 
membrane during 
autophagosome 
formation 

(He et al., 
2009) 

Atg16L Involved in 
secretion from 
secretory granules 
in intestinal 
Paneth cells 

(Cadwell et al., 2008; Cadwell et 
al., 2009) 

Functions as a 
scaffold for LC3 
lipidation, required 
during 
autophagosome 
formation 

(Fujita et al., 
2008) 

Table 1. Proteins involved in both autophagy and exocytosis 

In addition to its well documented role in exocytosis, recent evidence from mammalian cell 
cultures indicates that RalB is involved in the formation of autophagosomes (Bodemann et 
al., 2011). The crucial role for RalB as an upstream activator of autophagy is illustrated by 
the fact that the over-expression of its active GTP-bound form was sufficient to induce 
autophagy, even in the absence of autophagy-specific stimuli (Bodemann et al., 2011). RalB is 
present on sites of nascent autophagosome formation, together with Beclin1 and Atg5, and 
its depletion, similar to the depletion of Atg5 and Beclin1, significantly impaired the 
formation of starvation-induced LC3/Atg8 punctae and the turnover of LC3/Agt8. 
Interestingly, depletion of RalB also impaired the digestion of autophagocytosed Salmonella 
typhimurium. The autophagy-related function of RalB appears to be mediated by its effector 
Exo84, a component of the exocyst complex (Bodemann et al., 2011). Activated by starvation, 
RalB triggers Exo84 interaction with the autophagy initiation component Beclin1. 
Intriguingly, the alternative RalB roles in exocytosis and autophagy appear to be driven by 
environmental signal/s, as nutrient availability determines the RalB coupling preferences to 
a down-stream effector; endogenous RalB preferentially associates with Exo84 in nutrient 
poor conditions and with Sec5 under nutrient rich conditions (Bodemann et al., 2011). This 
model has not been investigated in higher eukaryotes, but these findings in yeast suggest a 
role for the exocyst complex as a scaffold for the assembly of a number of important 
autophagy initiators. 

5.2.2 Yeast Rab small GTPase Sec4 

The yeast Rab GTPase Sec4 and its activator Sec2 have well-established roles in the tethering 
of secretory vesicles to sites of active exocytosis, in a process mediated by interaction with 
the exocyst complex component Sec15 (Geng et al., 2010) . Recent studies indicate that Sec2 
and Sec4 also have a role in anterograde trafficking of the autophagic membrane protein 
Atg9, as silencing of Sec4 blocked the delivery of Atg9 to the pre-autophagosomal structure 
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(Geng et al., 2010). Furthermore, when the domain of Sec4 that is known to interact with 
Sec15 was altered, the effect on autophagy was equivalent to the effect of Sec4 silencing. 
Taking into account that there is no apparent role for Sec15 in autophagy, this suggests that 
autophagy-specific proteins may compete for this Sec15-binding domain in order to switch 
the function of activated GTP-bound Sec4 between exocytosis and autophagy.  

5.2.3 Metazoan Rab11 small GTPase 

Rab11 is a small GTPase, which is most often referred to as a recycling endosome marker. 
However, it has also been observed on vesicles bound for exocytosis (Shandala et al., 2011; 
Ward et al., 2005), and amphisomes; an intermediate compartment that is formed during 
autophagosome maturation, prior to lysosomal fusion (Fader & Colombo, 2009) 

The exocytic role for Rab11 is mediated by its association with the Sec15 exocyst component. 
This has been shown in MSCK cells (Oztan et al., 2007; Zhang et al., 2004), and in Drosophila 
photoreceptor and sensory neuron cells (Wu et al., 2005). Rab11 is important for the 
anterograde trafficking of; numerous membrane receptors (Chernyshova et al., 2011), the 
epithelial sodium channel complex of the cortical collecting duct of the kidneys (Butterworth et 
al., 2012), and DE-Cadherin in polarised cells (Langevin et al., 2005; Wu et al., 2005; Zhang et al., 
2004), as well as the calcium dependent exocytosis of growth hormones (Ren et al., 1998; 
Takaya et al., 2007). A number of intracellular pathogens, such as Porphyromonas gingivalis, 
influenza A and HIV, have been reported to hi-jack Rab11 dependent anterograde trafficking 
as a means of escape from host cells (Kadiu & Gendelman, 2011; Momose et al., 2011; Takeuchi 
et al., 2011).  

An example of coordinated exocytosis and autophagy comes from the biology of 
multivesicular bodies (MVBs). MVBs are specialised late endosomes, a crucial intermediate 
in the internalization of nutrients, ligands and receptors into small intraluminal vesicles, 
also known as exosomes (Fader & Colombo, 2009). Rab11 decorates MVBs and is involved 
in both the biogenesis of MVBs and exosome release (Fader et al., 2008). During the 
maturation of hematopoietic progenitors into reticulocytes and erythrocytes, proteins that 
are not required at the mature stage are sequestered into exosomes of MVBs. In this scenario 
Rab11 is involved in the targeting of MVBs to the plasma membrane, where exosomes are 
released into the extracellular milieu (Fader & Colombo, 2006). Active Rab11 is also required 
for the interaction of MVBs with autophagosomes, where the resulting calcium-stimulated 
fusion of these organelles promotes efficient degradation of autophagic contents (Fader et 
al., 2008; Savina et al., 2005). Thus, Rab11 may represent a critical regulator of membrane 
flow between recycling endosomes (as a source of exocytic vesicles) and multivesicular 
bodies, where it can be engaged in both autophagic maturation and secretion.  

5.3 The exocyst and the initiation of autophagy 

Components of the exocyst complex involved in regulated and polarized exocytosis have 
also been shown to associate with a number of essential autophagy proteins (Bodemann et 
al., 2011). Exocyst components Sec3 and Sec8 interact in vitro with positive (FIP200, ATG14L) 
and negative (RUBICON) regulators of autophagy, as well as with the phagophore 
expansion complex Atg5-Atg12 (Bodemann et al., 2011). The functionality of these physical 
interactions is confirmed by the fact that LC3/Atg8 autophagosome formation was impaired 
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in cells depleted for core exocyst components. For example, the depletion of Sec8 rendered 
cells insensitive to starvation stimulation, and impaired autophagy to the same extent as 
seen for the depletion of Atg5 and Beclin1 (Bodemann et al., 2011). Further interrogation of 
this system showed that the localization of exocyst components, with the autophagy 
initiator Atg1/Ulk1 and other proteins involved in isolation membrane formation, was 
altered following the induction of autophagy (Bodemann et al., 2011). As these processes are 
under the control of Ral or Rab, the differential recruitment of the exocyst to the target 
membrane might depend on the signals upstream of these small GTPases. 

5.4 SNARE proteins and membrane fusion during exocytosis and autophagy 

Both autophagosome maturation and anterograde vesicle trafficking via the exocytic route 
involve a series of membrane fusion steps, the execution of which is controlled by SNAREs. 
Recent studies in yeast have indicated that some exocytic t-SNAREs may also play a role in 
membrane dynamics during autophagy (Geng et al., 2010; Nair et al., 2011). The anterograde 
trafficking of the key autophagic membrane determinant, Atg9, depends on interaction with 
exocytic Sso1-Sec9, as well as on the endosomal t-SNARE Tlg2 and the v-SNAREs Sec22 and 
Ykt6. Sso1/2 and Sec9 SNAREs are also responsible for the formation of the Atg9 associated 
tubular-vesicular clusters emanating from the pre-autophagosomal structure, and their 
depletion results in Atg9 localization to small vesicular structures, possibly trans-Golgi 
network derived secretory vesicles, that fail to be delivered to the pre-autophagosomal 
structure (Nair et al., 2011). This failure of Atg9 delivery to pre-autophagosomal structure 
abolishes Atg8 recruitment, and thereby abrogates autophagosome biogenesis (Geng et al., 
2010; Nair et al., 2011) . 

Another group of SNAREs, the vesicle-associated membrane proteins (VAMPs), appear to 
be involved in membrane fusion events in both autophagy and exocytosis. One the one 
hand, during autophagosome maturation, it has been shown that VAMP3 and VAMP7 are 
required for sequential fusion with multivesicular bodies and lysosomes respectively (Fader 
et al., 2009). In HeLa cells, VAMP7 has been shown to be involved in homotypic fusion of 
Atg16L1 positive vesicles to allow autophagosome biogenesis (Moreau et al., 2011). On the 
other hand, it has been recently demonstrated that VAMP7 is involved in constitutive 
exocytosis in HSY cells (Oishi et al., 2006), and in apical trafficking of exocytic vesicles in 
polarized epithelial cells, such as MDCK cells and CaCo-2 cells (Galli et al., 1998). VAMP3 
has been postulated to be a v-SNARE for early and recycling endosomes, with a role in 
constitutive exocytosis, but its role might be redundant as mice with a null mutation for this 
gene were normal in most endocytic and exocytic pathways, including constitutive 
exocytosis (Wang et al., 2004; Yang et al., 2001). The question remains whether these 
functions of SNAREs are restricted to specific tissues, or universal for all tissues, and if so, 
what are the upstream signals that direct these SNAREs to either the exocytic or autophagic 
membranes? 

5.5 The role of autophagy genes in secretion 

There is emerging evidence of involvement of autophagy proteins in polarized secretion 
involving lysosomes. In bone resorptive osteoclasts, Atg5, Atg7, Atg4B, and LC3/Atg8 
participate in directing lysosomes to fuse with the plasma membrane and in the release of 
the lytic enzyme cathepsin K into the extracellular space (DeSelm et al., 2011). This type of 
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(Geng et al., 2010). Furthermore, when the domain of Sec4 that is known to interact with 
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5.3 The exocyst and the initiation of autophagy 

Components of the exocyst complex involved in regulated and polarized exocytosis have 
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in cells depleted for core exocyst components. For example, the depletion of Sec8 rendered 
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altered following the induction of autophagy (Bodemann et al., 2011). As these processes are 
under the control of Ral or Rab, the differential recruitment of the exocyst to the target 
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Ykt6. Sso1/2 and Sec9 SNAREs are also responsible for the formation of the Atg9 associated 
tubular-vesicular clusters emanating from the pre-autophagosomal structure, and their 
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network derived secretory vesicles, that fail to be delivered to the pre-autophagosomal 
structure (Nair et al., 2011). This failure of Atg9 delivery to pre-autophagosomal structure 
abolishes Atg8 recruitment, and thereby abrogates autophagosome biogenesis (Geng et al., 
2010; Nair et al., 2011) . 

Another group of SNAREs, the vesicle-associated membrane proteins (VAMPs), appear to 
be involved in membrane fusion events in both autophagy and exocytosis. One the one 
hand, during autophagosome maturation, it has been shown that VAMP3 and VAMP7 are 
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polarized epithelial cells, such as MDCK cells and CaCo-2 cells (Galli et al., 1998). VAMP3 
has been postulated to be a v-SNARE for early and recycling endosomes, with a role in 
constitutive exocytosis, but its role might be redundant as mice with a null mutation for this 
gene were normal in most endocytic and exocytic pathways, including constitutive 
exocytosis (Wang et al., 2004; Yang et al., 2001). The question remains whether these 
functions of SNAREs are restricted to specific tissues, or universal for all tissues, and if so, 
what are the upstream signals that direct these SNAREs to either the exocytic or autophagic 
membranes? 

5.5 The role of autophagy genes in secretion 

There is emerging evidence of involvement of autophagy proteins in polarized secretion 
involving lysosomes. In bone resorptive osteoclasts, Atg5, Atg7, Atg4B, and LC3/Atg8 
participate in directing lysosomes to fuse with the plasma membrane and in the release of 
the lytic enzyme cathepsin K into the extracellular space (DeSelm et al., 2011). This type of 
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lysosome-regulated exocytosis is not restricted to osteoclasts involved in bone 
remodelling, and has been described for lysosome related organelles in many other 
specialist cell types, such as melanosomes in melanocytes and lytic granules in 
neutrophils (Blott & Griffiths, 2002; Chen et al., 2012; Luzio et al., 2007). In yeast grown 
under conditions of nitrogen starvation, autophagy genes are required for the secretion of 
an acyl coenzyme A binding protein (Acb1) (Bruns et al., 2011; Duran et al., 2010; 
Manjithaya et al., 2010; Skinner, 2010). This unconventional route of secretion  is initiated 
at sites that are positive for the Golgi assembly and stacking protein (GRASP65) 
homologue 1 (Grh1), which attracts core autophagy-related proteins Atg9 and Atg8 to a 
novel compartment (Bruns et al., 2011). These Acb1-containing autophagosomes then 
evade fusion with the lytic vacuole, fusing instead with recycling endosomes to form 
multivesicular body carriers, which then fuse with the plasma membrane in a t-SNARE 
Sso1 dependent fashion, to release Acb1. It is still not clear how beneficial or economical it 
is for cells to use these unconventional routes of secretion. 

6. Summary 
Despite the similarity in requirements for membrane dynamics in the processes of 
exocytosis and autophagy, correlations between the molecular machinery used for both of 
these processes are only beginning to be elucidated. The exocytic and autophagic functions 
of cells are critical for the maintenance of cell homeostasis and the exchange of membrane 
between intracellular compartments and the cell surface. In addition, the fusion and fission 
events that remodel the exocytic vesicle and the autophagosome are likely to require much 
of the same molecular machinery. Therefore, it is likely that there is co-ordinated control of 
these two processes to ensure that they can be regulated with respect to each other. 
Members of the exocyst complex, and some autophagy related proteins, have already been 
shown to have functions in their opposite processes, and the involvement of the Ral small 
GTPases in the global control of exocytosis and autophagy mirrors the role of Rab small 
GTPases in the control of endosome trafficking. There are many intriguing questions 
brought about by recent findings. What is the decision making signal that diverges the 
components of the shared machinery from one pathway to another? Is there a common 
upstream signal for both pathways, be it through the insulin receptor/mTOR (Webber & 
Tooze, 2010), MAPK (Webber & Tooze, 2010), redox (Lee et al., 2012), or are there 
combinations of these signals? Or is there a yet to be defined intrinsic factor of the 
autophagic or exocytic membrane, with a changing affinity for vesicular compartments? 
This is a very interesting time to be exploring the intersection of the exocytosis and 
autophagy pathways, particularly while we are is still looking for the key controllers of 
cellular homeostasis in cancers, neurodegenerative and immune disorders. 

7. References 
Aalto, M. K., Ronne, H. & Keranen, S. (1993). Yeast syntaxins Sso1p and Sso2p belong to a 

family of related membrane proteins that function in vesicular transport. The 
EMBO journal, Vol. 12, No.11 (November 1993), pp.4095-4104, 0261-4189 

Aita, V. M., Liang, X. H., Murty, V. V., Pincus, D. L., Yu, W., Cayanis, E., Kalachikov, S., 
Gilliam, T. C. & Levine, B. (1999). Cloning and genomic organization of beclin 1, a 

 
At the Intersection of the Pathways for Exocytosis and Autophagy 123 

candidate tumor suppressor gene on chromosome 17q21. Genomics, Vol. 59, No.1 
(July 1999), pp.59-65, 0888-7543 

Bae, Y. J., Kang, S. J. & Park, K. S. (2007). Drosophila melanogaster Parkin ubiquitinates peanut 
and septin1 as an E3 ubiquitin-protein ligase. Insect biochemistry and molecular 
biology, Vol. 37, No.5 (May 2007), pp.430-439, 0965-1748 

Balasubramanian, N., Meier, J. A., Scott, D. W., Norambuena, A., White, M. A. & Schwartz, 
M. A. (2010). RalA-exocyst complex regulates integrin-dependent membrane raft 
exocytosis and growth signaling. Current biology : CB, Vol. 20, No.1 (January 2010), 
pp.75-79, 0960-9822 

Bao, Y., Lopez, J. A., James, D. E. & Hunziker, W. (2008). Snapin interacts with the Exo70 
subunit of the exocyst and modulates GLUT4 trafficking. The Journal of biological 
chemistry, Vol. 283, No.1 (January 2008), pp.324-331, 0021-9258 

Barbier, M. (2003). Overexpression of leptin mRNA in mesenteric adipose tissue in 
inflammatory bowel diseases. Gastroentérologie clinique et biologique, Vol. 27, No.11 
(November 2003), pp.987-991, 0399-8320 

Barg, S. & Machado, J. D. (2008). Compensatory endocytosis in chromaffin cells. Acta 
physiologica, Vol. 192, No.2 (February 2008), pp.195-201, 1748-1708 

Barrett, J. C. (2008). Genome-wide association defines more than 30 distinct susceptibility 
loci for Crohn's disease. Nature genetics, Vol. 40, No.8 (August 2008), pp.955-962, 
1061-4036 

Bilder, D., Li, M. & Perrimon, N. (2000). Cooperative regulation of cell polarity and growth 
by Drosophila tumor suppressors. Science, Vol. 289, No.5476 (July 2000), pp.113-116, 
0036-8075 

Blott, E. J. & Griffiths, G. M. (2002). Secretory lysosomes. Nature reviews. Molecular cell 
biology, Vol. 3, No.2 (February 2002), pp.122-131, 1471-0072 

Bodemann, B. O., Orvedahl, A., Cheng, T., Ram, R. R., Ou, Y. H., Formstecher, E., Maiti, M., 
Hazelett, C. C., Wauson, E. M., Balakireva, M., Camonis, J. H., Yeaman, C., Levine, 
B. & White, M. A. (2011). RalB and the exocyst mediate the cellular starvation 
response by direct activation of autophagosome assembly. Cell, Vol. 144, No.2 
(January 2011), pp.253-267, 0092-8674 

Boucrot, E. & Kirchhausen, T. (2007). Endosomal recycling controls plasma membrane area 
during mitosis. Proceedings of the National Academy of Sciences of the United States of 
America, Vol. 104, No.19 (May 2007), pp.7939-7944, 0027-8424 

Boya, P., Gonzalez-Polo, R. A., Casares, N., Perfettini, J. L., Dessen, P., Larochette, N., 
Metivier, D., Meley, D., Souquere, S., Yoshimori, T., Pierron, G., Codogno, P. & 
Kroemer, G. (2005). Inhibition of macroautophagy triggers apoptosis. Molecular and 
cellular biology, Vol. 25, No.3 (February 2005), pp.1025-1040, 0270-7306 

Brennwald, P., Kearns, B., Champion, K., Keranen, S., Bankaitis, V. & Novick, P. (1994). Sec9 
is a SNAP-25-like component of a yeast SNARE complex that may be the effector of 
Sec4 function in exocytosis. Cell, Vol. 79, No.2 (October 1994), pp.245-258, 0092-8674 

Brennwald, P. & Rossi, G. (2007). Spatial regulation of exocytosis and cell polarity: yeast as a 
model for animal cells. FEBS letters, Vol. 581, No.11 (May 2007), pp.2119-2124, 0014-
5793 



 
Crosstalk and Integration of Membrane Trafficking Pathways 122 

lysosome-regulated exocytosis is not restricted to osteoclasts involved in bone 
remodelling, and has been described for lysosome related organelles in many other 
specialist cell types, such as melanosomes in melanocytes and lytic granules in 
neutrophils (Blott & Griffiths, 2002; Chen et al., 2012; Luzio et al., 2007). In yeast grown 
under conditions of nitrogen starvation, autophagy genes are required for the secretion of 
an acyl coenzyme A binding protein (Acb1) (Bruns et al., 2011; Duran et al., 2010; 
Manjithaya et al., 2010; Skinner, 2010). This unconventional route of secretion  is initiated 
at sites that are positive for the Golgi assembly and stacking protein (GRASP65) 
homologue 1 (Grh1), which attracts core autophagy-related proteins Atg9 and Atg8 to a 
novel compartment (Bruns et al., 2011). These Acb1-containing autophagosomes then 
evade fusion with the lytic vacuole, fusing instead with recycling endosomes to form 
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1. Introduction 
The production of proteins by recombinant micro-organisms has been possible since the late 
70’s. Since then enormous steps have been made to improve protein titers and to expand the 
range of possible proteins to be produced. The development of genetic modification tools 
and improved ease of use of cloning strategies have played an important role in this. The 
time to construct a strain and develop a cost-effective bioprocess has decreased significantly. 
Concurrently, sequencing data, which serve as a library for donor genes to be 
overexpressed, have increased exponentially. Therefore, the speed and flexibility to engineer 
custom-made protein factories has improved tremendously during the last decades. As in 
any developed technology, a certain degree of standardization is desired. In order to make 
this ambition more tangible the concept of cell factories is often used. This concept is based 
on the principle that the cell factory should be able to produce any protein to a certain 
desired level. Based on the concept of standardized expression vectors and expression hosts 
the basics of this cell factory concept were built. However, in reality this concept proved  
to be far too simple, as a standardized input does not result in a standardized output.  
This is caused by the immense complexity and dynamics of cellular systems. Even  
when all components are described, by sequencing the genome, the interaction, 
compartmentalization and dynamics of these components are largely unknown. A striking 
example is the difference between homologous protein expression which are produced to 
levels up to 50 g/l in filamentous fungi whereas heterologous proteins are produced at 
levels which are usually 100-1000 fold less 1. So even when identical tools are used in a 
standardized approach the final result can vary over several orders of magnitude. 

The general consensus is that this large difference is linked to cellular events and responses  
which are caused by the overexpression of the heterologous proteins 2, therefore the 
scientific community, together with biotech industries, have been studying these effects for 
several decades. The cellular stress responses and intracellular events which are linked to 
the use of cells as protein production factories are very well described 3-9. This profound 
insight in the molecular mechanism of the cellular stress reactions has facilitated the 
increase in expression and secretion levels of some heterologous proteins. However, levels 
comparable to homologous proteins have not been reached 1, 10. It is evident that, when even 
more demanding sources of biodiversity are tapped, like intracellular proteins, the 
engineering of a robust and versatile cell factory which is able to produce this wide range of 
proteins becomes a major challenge.  
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The production of intracellular proteins in a secreted form, to avoid complex and costly 
downstream processing, has hardly been touched upon. Several strategies have been 
developed to increase protein titers, however, these efforts have all been focused on 
secreted proteins. The functional diversity of intracellular proteins is very broad, while 
extracellular enzymes are mostly hydrolases, as shown in Figure 1. If the cell would be 
able to secrete these intracellular enzymes in an active form a wide range of applications 
could be within reach. Current strategies do not suffice but when these are combined with 
membrane engineering to redirect vesicle trafficking this could become a very promising 
approach. 
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Fig. 1. Distribution of enzyme functionalities in Aspergillus niger. The genome sequence of 
Aspergillus niger was mined for annotated functionalities based on EC classifications. The 
extracellular (extra) or intracellular (intra) protein distribution is based on this annotated 
genome. The left panel indicates relative function distribution, the right panel shows 
absolute numbers of enzyme function distribution. 

This chapter will discuss the different strategies to improve the productivity of the cellular 
protein factory. Especially the possibility of engineering membrane trafficking will be 
addressed. This technology is not only useful for developing a versatile and robust cell 
factory but can be very valuable to study intracellular membrane trafficking on an academic 
level as well. 

2. Conventional engineering strategies for improved protein production 
The conventional strategy to improve protein production is to increase the expression levels 
of the gene of interest by using multiple gene copies and strong promotors 11, 12. As a 
consequence, the cell is faced with very high levels of mRNA which should rapidly be 
translated into active and correctly folded proteins. To handle this increased demand for 
folding capacity the cell often reacts with the so called Unfolded Protein Response (UPR). 
This UPR is a well studied mechanism 13-17 which is also applied to increase folding 
capacity. By upregulating the transcription factors needed, or the resulting chaperones and 
folding enzymes, the folding capacity of the cell is enhanced 18-21.  
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For heterologous proteins the fusion peptide concept has been proven to be successful 22. 
This concept is used for heterologous proteins which are secreted by their native host but 
are overexpressed in an alternative system to increase production titers. By fusing the 
protein of interest to a homologous protein which is naturally secreted by the host, the 
desired protein is also transported outside the cell, for example, Acremonium murorum 
phenol oxidase expressed in Aspergillus awamori 23. This carrier protein is often an N –
terminal part of a very well secreted homologous protein which is fused to the protein of 
interest. Often a cleavage site is engineered, like Kex2 with the aim to produce only the full 
length protein. In reality often a mixture of unprocessed protein, partially processed protein 
and fully processed protein is produced, which can have consequences for downstream 
processing in order to meet the required product specifications. On the other hand, there are 
also reports which describe secretion of heterologous proteins by using only signal 
sequences without any additional fusion proteins like the production of llama variable 
heavy-chain antibody fragments (VHHs) 24 and the production of Arthromyces ramosus 
peroxidase 25 both in Aspergillus awamori. However, the titers obtained by these systems are 
in the mg/l range which is generally not sufficient for an economically feasible process.  

The next generation of tools to increase protein titers are based on technology developments 
within bio-IT combined with the possibility of designing custom-made genes. Recently, the 
concept of codon adaptation was demonstrated. This concept is based on the use of 
favorable codons so that translation of the mRNA encoding the protein of interest is not a 
bottleneck. An excellent in silico study has recently been published 26 describing that 
translational speed and, concomitantly, ribosome density are determined by the 
combination of coding sequences and the tRNA pool. The first dozens of codons are 
translated at lower rates and create an area where ribosomes are very densely packed, 
especially on transcripts with a high mRNA level. This strategy could prevent ribosome 
jamming in later stages of the translational process and therefore be of physiological 
advantage of the cell. This elevation of translational speed towards the end of transcripts is 
often seen in fungi (which are biotechnological work-horses) and provides the cell with an 
effective tool against late abortions of protein synthesis which is an energy-consuming 
process. As suggested by the authors the fine-tuning of this ramping principle could be an 
additional tool to increase the efficiency of the protein production factory. 

As optimizing codon usage is aimed at improving the translation of mRNA into protein, the 
folding capacity of the cell can become limiting, especially when high copy numbers and 
strong promoters are combined with codon optimization. The folding and refolding of 
proteins is tightly linked to membrane trafficking, a very stringent quality control system 
existing in the endoplasmic reticulum acts as a gatekeeper for proteins to be transported 
further into the secretory pathway. This quality control system has been reviewed recently 2. 
Also the removal of proteolytic activity has been applied to improve protein production 27-33 
this approach has shown to be very effective in specific cases. The success of the different 
approaches is hard to predict and highly dependent on the protein of interest being 
overproduced. In addition, all of the strategies above are focused to improve secretion of 
natural secreted proteins, most of them being hydrolases.  

An overview on conventional strategies to improve the productivity of the cellular protein 
factory is shown in Figure 2. As shown, the modification of DNA, which includes cloning 
strong promotors in front of the gene of interest and constructing multiple copies of this 
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The production of intracellular proteins in a secreted form, to avoid complex and costly 
downstream processing, has hardly been touched upon. Several strategies have been 
developed to increase protein titers, however, these efforts have all been focused on 
secreted proteins. The functional diversity of intracellular proteins is very broad, while 
extracellular enzymes are mostly hydrolases, as shown in Figure 1. If the cell would be 
able to secrete these intracellular enzymes in an active form a wide range of applications 
could be within reach. Current strategies do not suffice but when these are combined with 
membrane engineering to redirect vesicle trafficking this could become a very promising 
approach. 
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Fig. 1. Distribution of enzyme functionalities in Aspergillus niger. The genome sequence of 
Aspergillus niger was mined for annotated functionalities based on EC classifications. The 
extracellular (extra) or intracellular (intra) protein distribution is based on this annotated 
genome. The left panel indicates relative function distribution, the right panel shows 
absolute numbers of enzyme function distribution. 

This chapter will discuss the different strategies to improve the productivity of the cellular 
protein factory. Especially the possibility of engineering membrane trafficking will be 
addressed. This technology is not only useful for developing a versatile and robust cell 
factory but can be very valuable to study intracellular membrane trafficking on an academic 
level as well. 

2. Conventional engineering strategies for improved protein production 
The conventional strategy to improve protein production is to increase the expression levels 
of the gene of interest by using multiple gene copies and strong promotors 11, 12. As a 
consequence, the cell is faced with very high levels of mRNA which should rapidly be 
translated into active and correctly folded proteins. To handle this increased demand for 
folding capacity the cell often reacts with the so called Unfolded Protein Response (UPR). 
This UPR is a well studied mechanism 13-17 which is also applied to increase folding 
capacity. By upregulating the transcription factors needed, or the resulting chaperones and 
folding enzymes, the folding capacity of the cell is enhanced 18-21.  
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expression cassette is a generic strategy which can lead to improvement of protein 
production. Also the optimization of codon(pair) usage and mRNA stabilizing elements can 
be applied in a generic way. The adaptation of the folding capacity of the host cell is not a 
generic approach. The folding and modification of proteins is intertwined and very protein 
specific. Improvement of regular transport of secretory vesicles is a strategy which is less 
well-known, but some possible routes have been described 34. In addition the 
overexpression of SEC4, a Rab protein associated with vesicles, doubled protein production 
in Pichia pastoris 35, which is a direct proof that modification of vesicle flow can result in 
enhanced protein production. However all these approaches are focused on enhancing the 
efficiency of existing protein production and secretory processes in the host cell. 

 
Fig. 2. Conventional improvement options for protein secretion in biological processes. 
Indicated in blue are the major steps in biological (eukaryotic) systems which are crucial for 
protein secretion, indicated in orange are improvement strategies which can be applied at 
the different stages of the protein secretion process. 
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3. Limitations of conventional strategies 
The conventional strategies described above are focused on incremental improvement, 
overproducing proteins which are naturally secreted products. Therefore, the large diversity 
of intracellular proteins remains untapped. In addition, these strategies can be seen as 
generic, at least in part, but very large differences in secretion efficiency exist between 
different proteins; changes of a few amino acids can often have a detrimental effect on 
protein secretion 7, 36. This is probably linked to different interactions with chaperones and 
folding enzymes. In the case of cutinase secretion in yeast, the bottleneck was circumvented 
by engineering an N-glycosylation site at the amino terminus of cutinase 8. The restrictions 
of conventional strategies are not only illustrated by the order of magnitude of differences in 
protein secretion but also by the limited class of proteins which are secreted. As shown in 
Figure 1, in A. niger most of the secreted proteins are hydrolases whereas the enzyme 
variation of intracellular enzymes is much larger. This enormous potential of enzymes is 
hardly being touched upon. There are strategies to overproduce intracellular proteins inside 
the cell but this is always followed by a complex downstream processing step to liberate the 
proteins and to purify them to an acceptable level 37, 38. In addition, toxic proteins or 
compounds cannot be produced by these methods at economical levels because they will 
very likely damage the host cell 39-41. In order to get access to the large variety of 
intracellular functionalities and to be able to produce toxic compounds into a cell 
compartment which does not impact the viability of the host cell, an additional strategy 
based on membrane engineering would be very valuable. 

4. Engineering membrane trafficking as a novel concept 
Whereas the conventional approaches are focused on reaching high levels of active proteins, 
the engineering of membrane trafficking is aimed at redesigning the membrane trafficking 
in the host cell enabling a custom made flow of vesicles which can expand the possible use 
of the microbial cell factory. This designed vesicle flow will give access to the large diversity 
of intracellular enzyme activities and will be important to produce toxic compounds 
without damaging the host cell.  

Recently a novel strategy was described to engineer membrane trafficking, this concept is 
called peroxicretion 42. The peroxicretion concept of engineering membrane trafficking is 
based on two features: 1) the use of cytosolic domains of SNARE proteins (soluble NSF (N-
ethylmaleimide-sensitive factor) attachment receptor) which are key for specific membrane 
trafficking and 2) the use of transmembrane domains, which can reposition the SNARE 
molecules.  

Every cellular compartment of the secretory route contains a specific set of SNARE 
molecules. They are called v-SNARE or t-SNARE molecules (vesicle or target). SNARE 
molecules are transmembrane molecules which direct membrane trafficking in eukaryotic 
cells 43. More recently, SNAREs are classified into Q and R SNAREs based on structural 
features. This nomenclature is more precise since certain SNARE molecules act as both v- 
and t-SNAREs depending on the direction of vesicle flow. Besides transmembrane domains 
which serve as membrane anchors also lipid modifications like palmitoylation or 
farnesylation 44, 45 occur. Combinations of transmembrane domains and palmitoylation, 
preventing degradation of the SNARE, are also reported 46. SNARE molecules are 
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expression cassette is a generic strategy which can lead to improvement of protein 
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characterized by the so-called SNARE motif which is a conserved region of approximately 
65 amino acids, this region also determines the specificity of the SNARE molecule 47. This 
important feature enables modification of the specificity of the SNARE molecules by 
adapting the SNARE motifs. By fusing these SNARE motifs to transmembrane domains of 
other proteins it becomes possible to relocalize the SNARE motifs and modify membrane 
trafficking in eukaryotic systems 42. Hu et al. showed that, by flipping SNARE molecules to 
the outside of cell membranes, it is possible to fuse these cells, again indicating that SNARE 
molecules and especially the SNARE motifs are determining the specificity of fusion of 
membranes 48.The N-terminal domains of SNAREs are thought to act like a zipper which 
acts from the N-terminus towards the transmembrane domain thereby bringing the 
membranes in close proximity followed by the actual fusion. This model has been reviewed 
in an excellent paper 43. Most research on SNARE molecules has been performed in the field 
of neuronal cells 49, 50, in relation to synaptic vesicle transport. In Saccharomyces cerevisiae a 
clear set of orthologous proteins can be found as well as in Aspergillus niger (see Figure 5).  

The concept of SNARE-pin formation has been reviewed by Jahn 51, 43. In this concept, four 
helices are interacting to form a so called SNARE pin. The helices are named Q- and R-
helices, determined by the glutamine and arginine residues which are participating. The 
glutamine residues are specified further as Qa, Qb, and Qc. These SNARE complexes are 
very efficient in mediating membrane fusion. Recently, it was shown very elegantly, by 
FRET studies, that one SNARE complex is sufficient to enforce membrane fusion 52. Again, 
this indicates that modification of these SNARE complexes can have a direct effect on vesicle 
transport. 

It has been described that N-terminal domains and SNARE motifs determine the 
functionality of SNARE proteins 53. The functions of the transmembrane domains are not 
very well known, but one obvious function would be to target and anchor the SNARE in the 
correct membrane. By using the cytosolic domain of the SNARE and fusing this part to a 
transmembrane domain of a protein which is located in a different membrane it is possible 
to engineer membrane trafficking in vivo 42. 

To reposition the SNARE molecules a transmembrane domain is needed of a protein which 
is located on the vesicles which need to be modified in order to engineer membrane 
trafficking. The protein of which the transmembrane part is used should have the N-
terminus at the cytosolic side (i.e. surface) of the membrane. The concept of this approach is 
depicted in Figure 3. 

The transmembrane domains of proteins as tools for relocalization of SNARE molecules 
should be selected carefully. For the proof of principle which was aimed at transforming 
peroxisomes into secretory vesicles in order to secrete proteins which were located in the 
peroxisome, the A. niger ortholog of a peroxisomal membrane protein described in Arabidopsis 
named PMP22 54, 55 was used. The final topology of the fusion protein SNARE-membrane 
anchor is important. The N-terminal domains and SNARE motifs should be positioned at the 
cytosolic side of the vesicle in order to interact with their SNARE partner. In order to enable 
peroxisomal fusion with the plasma membrane, it was crucial to identify a peroxisomal 
membrane anchor, which could be used to decorate the peroxisome with proteins involved in 
membrane fusion. In order to determine whether peroxisomal membrane proteins have the 
correct topology we performed topology predictions at the CBS prediction server, as shown in 
Figure 4 for the PMP22 ortholog of A. niger (An04g09130). 
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Fig. 3. The membrane trafficking engineering concept. The concept is based on using a 
cytosolic SNARE domain (green) which is located on a secretory vesicle A. This SNARE 
domain is fused to a transmembrane domain (grey) of a transmembrane protein originally 
located on vesicle B. The fusion protein (grey-green) should then be localized at vesicle B, 
and transforms this vesicle into a secretory vesicle B. 

The peroxisomal membrane protein PMP22 has been studied in CHO cells 56, in Arabidopsis 
55, and in COS cells 57. All these studies give a description of the membrane topology of 
PMP22, PMP22 contains 4 TMDs and has the N- and C-termini placed at the cytosolic side of 
the peroxisome. The precise role of PMP22 is not known. PMP22 contains two peroxisomal 
targeting regions with almost identical basic clusters which interact with PEX19 57. The N-
terminus of PMP22 is placed towards the cytosolic side and this topology makes PMP22 
useful for v-SNARE fusions at the N-terminus. To determine if PMP22 localizes to the 
peroxisomes a GFP-PMP22 fusion was constructed and expressed in A. niger 42. Using 
fluorescence microscopy the localization of GFP-PMP22 was determined. The pattern of the 
GFP-PMP22 fusion is similar to the GFP-SKL punctuated pattern, which indicates that the 
PMP22 can be used as peroxisomal membrane anchor 42. 
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MSAKFQDEAVTSIREDTKELVHKVGNRLTGDGYLALYLRQLQSNPLRTKMLTSGVLSSLQEILASWIA
HDVSKHGHYFSARVPKMALYGMFISAPLGHFLIGILQRVFAGRTSIKAKILQILASNLLVSPIQNAVYL
CCMAVIAGARTFHQVRATVRAGFMPVMKVSWVTSPIALAFAQKFLPEHTWVPFFNIVGFVIGTYVNT
HTKKKRLEALRKCGLPDMVG 

Fig. 4. Predicted topology and sequence of the PMP22 ortholog in A. niger (An04g09130). 
The upper panel displays the predicted topology of the PMP22 ortholog by the CBS 
prediction servers (http://www.cbs.dtu.dk/services/). Four transmembrane domains are 
predicted, although the TMD between aa 150 and 175 does not exceed the threshold and 
therefore, 3 TMD are possible as well. It is clear that in both scenarios the N terminus of 
An04g09130 is positioned towards the outside (cytosolic side) of the vesicle. The lower panel 
displays the aminoacid sequence of the A. niger ortholog of PMP22 (An04g09130) used as 
input for the CBS prediction server TMD algorithm. 

Crucial in this engineering approach is the final orientation of the novel chimeric SNARE 
molecule, the SNARE domain should be positioned on the outer side (i.e. surface) of the 
vesicle as shown in Figure 3. The resulting vesicles are decorated with a set of alternative 
SNARE molecules which can enable fusion of these vesicles with other cellular 
compartments which contain the appropriate target SNAREs. 

Peroxisomes decorated with SNARE proteins have been used as alternative vesicles for 
transport of intracellular proteins 42. The use of peroxisomes as alternative vesicles for 
secretion of proteins which are normally located in the cytosol can be justified by several 
observations. Peroxisomes are organelles with a single membrane 59 and a very elegant 
publication shows convincing evidence that peroxisomes originate at the ER 60. In addition, 
the identification of the small GTPase Rho1p as being localized on peroxisomes by 
interaction of the peroxisomal membrane protein Pex25p again indicates a link of 
peroxisomes with the secretory machinery 61, since Rho1p is known to play a role in actin 
reorganization and membrane dynamics 62, 63. In yeast, polarized growth is regulated by 
Rho1p 64, and also in fungal systems the link between Rho1 and polarized growth has been 
confirmed 65 in the filamentous fungus A. niger, polarized growth is linked to secretion of 
proteins 66.  
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Fig. 5. Overview on SNARE molecules in Aspergillus niger and their orthologs in 
Saccharomyces cerevisiae. This overview is based on the A. niger sequencing work and the 
supplementary material of the resulting publication 58. In green, the vesicle flow form Golgi 
towards cell membrane is shown, dark blue indicates vesicle flow from ER towards Golgi 
and the orange vesicles are representing retrograde transport form Golgi towards ER. 
Finally, the light blue vesicles are representing vacuolar vesicle flow derived from the Golgi 
apparatus. 

More recent papers also very clearly showed that peroxisomes originate from the 
endoplasmic reticulum 60, 67, 68-70. The recent finding that insertion of some peroxisomal 
membrane proteins occurs already at the ER 71 clearly underpins that peroxisomes are 
linked to the secretory pathway in the eukaryotic cell. However, the same study mentioned 
that no conventional signal sequences can be found in a set of Peroxisomal Membrane 
Proteins (PMP) in S. cerevisiae. A possible mechanism could be that Pex19p, which is 
described as a chaperone for proper insertion of PMP into peroxisomes 72-74 also acts a 
receptor for peroxisomal membrane proteins which are inserted at the ER membrane and 
become part of peroxisomes at a later stage. An alternative model could be that Pex19p is 
involved in de budding process of (pre)peroxisomes from the ER where PMP have been 
already inserted. This yields an interesting model which strongly suggest that peroxisomes 
are derivatives of the secretory pathway. It has been reported that the transportation of 
peroxisomes in Arabidopsis by actin filaments is dependent on MYA2 (Myosin XI isoform) 75, 
similar to the transportation of secretory vesicles. This common ground makes peroxisomes 
an attractive vehicle for transporting intracellular proteins towards the plasma membrane. 
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linked to the secretory pathway in the eukaryotic cell. However, the same study mentioned 
that no conventional signal sequences can be found in a set of Peroxisomal Membrane 
Proteins (PMP) in S. cerevisiae. A possible mechanism could be that Pex19p, which is 
described as a chaperone for proper insertion of PMP into peroxisomes 72-74 also acts a 
receptor for peroxisomal membrane proteins which are inserted at the ER membrane and 
become part of peroxisomes at a later stage. An alternative model could be that Pex19p is 
involved in de budding process of (pre)peroxisomes from the ER where PMP have been 
already inserted. This yields an interesting model which strongly suggest that peroxisomes 
are derivatives of the secretory pathway. It has been reported that the transportation of 
peroxisomes in Arabidopsis by actin filaments is dependent on MYA2 (Myosin XI isoform) 75, 
similar to the transportation of secretory vesicles. This common ground makes peroxisomes 
an attractive vehicle for transporting intracellular proteins towards the plasma membrane. 
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Fig. 6. Peroxisomes originate from the endoplasmic reticulum, taken from Tabak et al. 2003 
67. In this 3D- reconstituted SEM picture 67 which was processed in silico, the peroxisomes 
(green) are attached to the smooth ER (light blue), as a continuous membrane structure. 
Other peroxisomes have already been released from the smooth ER. Rough ER is indicated 
by dark blue and the red dots represent ribosomes on the RER. 

In addition, these organelles contain an import machinery capable of importing 
completely folded proteins 76-79, and have a controlled way of proliferation 80-82. So, 
peroxisomes have the same origin as secretory vesicles and are thus candidates for 
alternative trafficking of proteins. The first application of such an engineered secretory 
pathway would be to produce intracellular proteins which show a much broader 
spectrum of enzymatic activities compared to secreted proteins which have 
predominantly hydrolase activity (as depicted in Figure 1). Normally, the intracellular 
proteins are folded in the cytosol, are not N-glycosylated, and disulphide bridges are not 
formed in this relatively reducing environment 2. The cytosol does not contain a major 
machinery for the formation of disulphide bridges or for N-glycosylation as the ER does 
83,84. These basic differences suggest that the conventional route to secrete these 
intracellular proteins is not compatible with the folding environment, kinetics and 
modifications of these proteins. 

The demonstration of engineering membrane trafficking is based on the ability of 
peroxisomes to import completely folded proteins. The peroxisomes containing the proteins 
of interest are equipped with a v-SNARE, which is normally localized at the Golgi apparatus 
(the study of Marelli et al. 2004 did not identify SNARE-like proteins on peroxisomal 
membranes). This ensures that peroxisomes are able to bind to t-SNAREs which are 
localized at the plasmamembrane. After the formation of a so called SNARE-pin the  
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Fig. 7. Overview of the peroxicretion concept. Panel A shows the expression of SKL tagged 
proteins of interest together with the expression of SNC1-PMP22 fusion protein which are 
localized on the peroxisomal membrane. The transmembrane anchor encoded by the PMP22 
is depicted in blue, the SNC1 SNARE module is encoded by red, together they ensure the 
decoration of peroxisomes with the A. niger ortholog of the v-SNARE SNC1 at the cytosolic 
side. Panel B shows the translocation of the SKL tagged proteins into the decorated 
peroxisomes. Panel C shows the complete translocation of the SKL tagged proteins in 
peroxisomes, the formation of peroxisomes can be increased by overexpression of PEX11 
orthologs 86. Panel D shows the fusion of the peroxisomes with the plasmamembrane, using 
the ortholog of the t-SNARE SSO1 (purple). The complete SNAREpin structure is more 
complex, and is not described here for the sake of simplicity. 

peroxisomes fuse with the plasma membrane thereby releasing their luminal content. The A. 
niger ortholog of v-SNARE SNC1 (An12g07570) was placed on the peroxisome using the 
transmembrane domain of the PMP22 ortholog (An04g09130) as a membrane anchor. The 
transmembrane domain of SNC1 was omitted, the fusion protein is shown in Figure 8. It has 
been reported that this transmembrane domain of SNC1 is important for the function of 
SNC1 85, but the replacement of this TMD by the PMP22 TMD did not abolish the function 
of SNC1 (An12g07570) in A. niger 42. The replacement of the SNC1 TMD by the PMP22 
protein does not diminish the potential of SNC1 to enforce membrane fusion because the 
peroxisomal content is released extracellularly. The paper of Grote et al. 2000 85 described 
inhibition of SNC1 function when the TMD was replaced by geranylgeranyl anchors. 
Probably membrane fusion is only possible when the TMD domains of the SNARE pairs 
bring the membrane bilayers in close contact so that spontaneous membrane fusion occurs.  

Proteins which are produced by using the peroxicretion technology are C-terminally tagged 
with a PTS1 signal. The most commonly used PTS1 is SKL 87, however variations on this 
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membranes). This ensures that peroxisomes are able to bind to t-SNAREs which are 
localized at the plasmamembrane. After the formation of a so called SNARE-pin the  
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Fig. 7. Overview of the peroxicretion concept. Panel A shows the expression of SKL tagged 
proteins of interest together with the expression of SNC1-PMP22 fusion protein which are 
localized on the peroxisomal membrane. The transmembrane anchor encoded by the PMP22 
is depicted in blue, the SNC1 SNARE module is encoded by red, together they ensure the 
decoration of peroxisomes with the A. niger ortholog of the v-SNARE SNC1 at the cytosolic 
side. Panel B shows the translocation of the SKL tagged proteins into the decorated 
peroxisomes. Panel C shows the complete translocation of the SKL tagged proteins in 
peroxisomes, the formation of peroxisomes can be increased by overexpression of PEX11 
orthologs 86. Panel D shows the fusion of the peroxisomes with the plasmamembrane, using 
the ortholog of the t-SNARE SSO1 (purple). The complete SNAREpin structure is more 
complex, and is not described here for the sake of simplicity. 

peroxisomes fuse with the plasma membrane thereby releasing their luminal content. The A. 
niger ortholog of v-SNARE SNC1 (An12g07570) was placed on the peroxisome using the 
transmembrane domain of the PMP22 ortholog (An04g09130) as a membrane anchor. The 
transmembrane domain of SNC1 was omitted, the fusion protein is shown in Figure 8. It has 
been reported that this transmembrane domain of SNC1 is important for the function of 
SNC1 85, but the replacement of this TMD by the PMP22 TMD did not abolish the function 
of SNC1 (An12g07570) in A. niger 42. The replacement of the SNC1 TMD by the PMP22 
protein does not diminish the potential of SNC1 to enforce membrane fusion because the 
peroxisomal content is released extracellularly. The paper of Grote et al. 2000 85 described 
inhibition of SNC1 function when the TMD was replaced by geranylgeranyl anchors. 
Probably membrane fusion is only possible when the TMD domains of the SNARE pairs 
bring the membrane bilayers in close contact so that spontaneous membrane fusion occurs.  

Proteins which are produced by using the peroxicretion technology are C-terminally tagged 
with a PTS1 signal. The most commonly used PTS1 is SKL 87, however variations on this 
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sequence have been described as well 87. Since the Pex5p (PTS1 receptor) is highly conserved 
between yeasts and A. niger, it has been shown that SKL also functions as a PTS1 signal in A. 
niger 42. This raises possibilities for purifying the PTS1 tagged products on an affinity 
column which specifically binds PTS1 sequences. In principal nature has provided us 
already with a very efficient PTS1 binding protein Pex5p, which is the natural receptor for 
PTS1. 
 

MSEQPYDPYIPSGANGAGAGASAAQNGDPRTREIDKKIQETVDTMRSNIFKVSERGERLD
SLQDKTDNLATSAQGFRRGANRVRKQMWWKDMKMRSAKFQDEAVTSIREDTKELVHK
VGNRLTGDGYLALYLRQLQSNPLRTKMLTSGVLSSLQEILASWIAHDVSKHGHYFSARVP
KMALYGMFISAPLGHFLIGILQRVFAGRTSIKAKILQILASNLLVSPIQNAVYLCCMAVIAG
ARTFHQVRATVRAGFMPVMKVSWVTSPIALAFAQKFLPEHTWVPFFNIVGFVIGTYVNT
HTKKKRLEALRKCGLPDMVG 

Fig. 8. The SNC1-PMP22 fusion protein which enables peroxicretion. SNC1 ortholog 
sequence (no TMD)is depicted in green (based on An12g07570) the PMP22 ortholog 
sequence (based on An04g09130) is depicted in blue.  

Mutational studies to determine whether shortening of the region between SNC1 and 
PMP22, thereby placing SNC1 closer to the peroxisomal membrane, could enhance 
peroxicretion were performed by our group. This approach was partially successful, the 
most efficient peroxicretion occurred when SNC1 was linked to the full length PMP22 (318 
aa) or a truncated version of PMP22 (300 aa). When PMP22 was truncated further the 
peroxicretion decreased dramatically (< 50%). This is in contrast with a previous study 88, 
which predicts an increase of vesicle fusion when the hinge region of the v-SNARE and the 
TMD domain is shortened. This discrepancy is most likely caused by the unnatural TMD of 
the SNC1-PMP22 fusion protein. The TMD of PMP22 was not evolutionarily selected for 
efficient membrane fusion. Moreover, the localization information of PMP22 is most likely 
positioned in this hinge region. GFP fusions with the different truncated PMP22 constructs 
showed a localization, which is not unambiguously peroxisomal. This indicated (partial) 
mis-localization of SNC1-PMP22 fusion products when PMP22 is truncated to less than 300 
aa, explaining the dramatic decrease of peroxicretion.  

Additional modifications to fine-tune the peroxicretion concept can be foreseen, like 
rebuilding the peroxisome in such a way that all components of the secretory vesicles 
(proteins and lipids) are present on the peroxisome, making them efficient cell organelles for 
peroxicretion. Subcellular proteomics could supply us with these leads. One of the most 
promising options is to use Sec4p a protein involved in SNARE-pin formation. Sec4p is a 
Rab-GTPase which plays an important role in polarized secretion by tethering secretory 
vesicles to the plasmamembrane 89, 90. Sec4p is localized at Golgi-derived vesicles with a 
geranylgeranyl anchor. Sec4p GEF (Sec2p) and Sec4p GAP (Msb3p and Msb4p) are 
described and are controlling the activity of Sec4p 91. This makes Sec4p and its partners 
potential leads for improving the peroxicretion technology. 

In the quest for alternative secretory routes the peroxicretion concept was developed 42, 
which shows that it is possible to redirect peroxisomes to the cell membrane where they are 
able to fuse and release their cargo in the extracellular medium, as shown in Figure 7. The 
peroxisomes can be loaded with intracellular enzymes by adding a C terminal peroxisomal 
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signal sequence like SKL. A combination of the peroxicretion approach with more 
conventional approaches to improve protein production like removal of proteases and 
increasing folding capacity of, in this case, the cytosol may further improve protein 
production. This proof of principle shows that by relocalizing the SNARE molecules to 
alternative compartments, it is possible to redirect vesicle trafficking in cells, which could 
also enable production of toxic compounds in micro organisms. This exciting possibility of 
constructing chimeric proteins of a specific membrane anchor with a specific SNARE 
functionality is an important tool to engineer membrane trafficking.  

Moreover, it can also be hypothesized that due to the modified peroxisomes the complete 
biomass could now be used for production of enzymes, and not only the hyphal tips as is 
being suggested for normal secretory proteins 92. A speculative idea would be to determine the 
components that allow the peroxisomes to utilize all of the biomass to release their content into 
the medium and adjust the conventional secretory vesicles in a similar way which would 
enable secretion of secretory proteins using the complete biomass instead of just the hyphal 
tips. Using this approach we could even increase fermentation yields of secretory proteins. 

5. Designing a robust and versatile cell factory, an outlook 
The cell factory of the future should be able to produce a wide range of proteins and 
metabolites with high productivities and yields in a robust process. It is clear that current 
strategies contribute in an incremental way, which is important to make the bioprocess 
economically feasible. In order to expand the product range and design a truly versatile cell 
factory more innovative approaches are needed. Until now, membrane engineering has 
hardly been used as an additional tool for designing cell factories. Recent developments 
have shown that membrane engineering can be a key for designing a truly versatile cell 
factory. The potential of this approach is enormous, especially in combination with 
conventional strategies. 

In this era of synthetic biology were bio-bricks are used to engineer microbes for new 
functionalities the concept of membrane trafficking engineering is very well positioned. It 
enables a true engineering methodology for intracellular trafficking thereby unlocking a 
complementary approach to already applied strategies like genetic devices based on bio-
bricks. In addition, the availability of -omics technologies will function as a starting platform 
for further fine-tuning of the membrane engineering concept. Based on this holistic 
approach more key components will be identified which can be used to increase the 
efficiency of membrane engineering and the application of engineered membranes in 
microbial cell factories.  

This quest for further fine-tuning will be exciting and will have academic impact as well. 
The membrane trafficking engineering concept can serve the academic society with a new 
way of studying the complex vesicle flow in biological systems. By combining different 
components of the secretory pathway into novel chimeric proteins with new functionalities 
a detailed overview is within reach which can describe the molecular details of the protein 
secretion mechanism.  

This is a major challenge and as with any technology the combined effort of industry and 
academia can result in significant progress when strong interaction and mutual creativity 
are applied and recognized. 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

148 

sequence have been described as well 87. Since the Pex5p (PTS1 receptor) is highly conserved 
between yeasts and A. niger, it has been shown that SKL also functions as a PTS1 signal in A. 
niger 42. This raises possibilities for purifying the PTS1 tagged products on an affinity 
column which specifically binds PTS1 sequences. In principal nature has provided us 
already with a very efficient PTS1 binding protein Pex5p, which is the natural receptor for 
PTS1. 
 

MSEQPYDPYIPSGANGAGAGASAAQNGDPRTREIDKKIQETVDTMRSNIFKVSERGERLD
SLQDKTDNLATSAQGFRRGANRVRKQMWWKDMKMRSAKFQDEAVTSIREDTKELVHK
VGNRLTGDGYLALYLRQLQSNPLRTKMLTSGVLSSLQEILASWIAHDVSKHGHYFSARVP
KMALYGMFISAPLGHFLIGILQRVFAGRTSIKAKILQILASNLLVSPIQNAVYLCCMAVIAG
ARTFHQVRATVRAGFMPVMKVSWVTSPIALAFAQKFLPEHTWVPFFNIVGFVIGTYVNT
HTKKKRLEALRKCGLPDMVG 

Fig. 8. The SNC1-PMP22 fusion protein which enables peroxicretion. SNC1 ortholog 
sequence (no TMD)is depicted in green (based on An12g07570) the PMP22 ortholog 
sequence (based on An04g09130) is depicted in blue.  

Mutational studies to determine whether shortening of the region between SNC1 and 
PMP22, thereby placing SNC1 closer to the peroxisomal membrane, could enhance 
peroxicretion were performed by our group. This approach was partially successful, the 
most efficient peroxicretion occurred when SNC1 was linked to the full length PMP22 (318 
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which predicts an increase of vesicle fusion when the hinge region of the v-SNARE and the 
TMD domain is shortened. This discrepancy is most likely caused by the unnatural TMD of 
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positioned in this hinge region. GFP fusions with the different truncated PMP22 constructs 
showed a localization, which is not unambiguously peroxisomal. This indicated (partial) 
mis-localization of SNC1-PMP22 fusion products when PMP22 is truncated to less than 300 
aa, explaining the dramatic decrease of peroxicretion.  

Additional modifications to fine-tune the peroxicretion concept can be foreseen, like 
rebuilding the peroxisome in such a way that all components of the secretory vesicles 
(proteins and lipids) are present on the peroxisome, making them efficient cell organelles for 
peroxicretion. Subcellular proteomics could supply us with these leads. One of the most 
promising options is to use Sec4p a protein involved in SNARE-pin formation. Sec4p is a 
Rab-GTPase which plays an important role in polarized secretion by tethering secretory 
vesicles to the plasmamembrane 89, 90. Sec4p is localized at Golgi-derived vesicles with a 
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described and are controlling the activity of Sec4p 91. This makes Sec4p and its partners 
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signal sequence like SKL. A combination of the peroxicretion approach with more 
conventional approaches to improve protein production like removal of proteases and 
increasing folding capacity of, in this case, the cytosol may further improve protein 
production. This proof of principle shows that by relocalizing the SNARE molecules to 
alternative compartments, it is possible to redirect vesicle trafficking in cells, which could 
also enable production of toxic compounds in micro organisms. This exciting possibility of 
constructing chimeric proteins of a specific membrane anchor with a specific SNARE 
functionality is an important tool to engineer membrane trafficking.  

Moreover, it can also be hypothesized that due to the modified peroxisomes the complete 
biomass could now be used for production of enzymes, and not only the hyphal tips as is 
being suggested for normal secretory proteins 92. A speculative idea would be to determine the 
components that allow the peroxisomes to utilize all of the biomass to release their content into 
the medium and adjust the conventional secretory vesicles in a similar way which would 
enable secretion of secretory proteins using the complete biomass instead of just the hyphal 
tips. Using this approach we could even increase fermentation yields of secretory proteins. 

5. Designing a robust and versatile cell factory, an outlook 
The cell factory of the future should be able to produce a wide range of proteins and 
metabolites with high productivities and yields in a robust process. It is clear that current 
strategies contribute in an incremental way, which is important to make the bioprocess 
economically feasible. In order to expand the product range and design a truly versatile cell 
factory more innovative approaches are needed. Until now, membrane engineering has 
hardly been used as an additional tool for designing cell factories. Recent developments 
have shown that membrane engineering can be a key for designing a truly versatile cell 
factory. The potential of this approach is enormous, especially in combination with 
conventional strategies. 

In this era of synthetic biology were bio-bricks are used to engineer microbes for new 
functionalities the concept of membrane trafficking engineering is very well positioned. It 
enables a true engineering methodology for intracellular trafficking thereby unlocking a 
complementary approach to already applied strategies like genetic devices based on bio-
bricks. In addition, the availability of -omics technologies will function as a starting platform 
for further fine-tuning of the membrane engineering concept. Based on this holistic 
approach more key components will be identified which can be used to increase the 
efficiency of membrane engineering and the application of engineered membranes in 
microbial cell factories.  

This quest for further fine-tuning will be exciting and will have academic impact as well. 
The membrane trafficking engineering concept can serve the academic society with a new 
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1. Introduction 
Endocytosis is a complex process that is used by eukaryotic cells to internalize fragments of 
plasma membrane, cell-surface receptors, and various soluble molecules. Many different 
mechanisms have been developed to achieve internalization of membrane-bound receptors 
and their ligands and they can be distinguished in clathrin-mediated endocytosis and non-
clathrin internalization routes. In the clathrin-mediated endocytosis, receptors bind to the 
adaptor protein AP2 that, in turn, recruits clathrin to coat the invaginating pits at the plasma 
membrane. Coated pits are pinched off by the large GTPase dynamin to generate vesicles 
that traffic from the plasma membrane, undergo uncoating and fuse to the early endosomal 
compartment. Of note, dynamin is also required in non-clathrin-mediated endocytosis [for 
detailed recent reviews see (Doherty & McMahon, 2009; Loerke et al, 2009; Mettlen et al, 
2009; Traub, 2009)]. 

From early endosomes vesicles can be re-delivered to the plasma membrane through the 
exocytic pathway (Grant & Donaldson, 2009). Vesicle budding, uncoating, motility and 
fusion are controlled by the large family of Rab small GTPases. Rab proteins, in their 
active GTP-bound form, recruit downstream effectors that, in turn, are responsible for 
distinct aspects of endosomes function from signal transduction to selection and transport 
of cargoes. Furthermore, they control vesicular movements on microtubules thus 
supporting polarized distribution of internalized receptors and signalling molecules 
[reviewed in (Stenmark, 2009; Zerial & McBride, 2001)]. In this regards, the endo-exocytic 
processes are profoundly linked with the ability of the cell to elicit receptor-mediated 
signaling cascades. 

Endocytosis has long been considered as an attenuator of signaling as it downregulates 
receptors at the plasma membrane. However, the ability of internalized receptors to signal 
from the endosomal compartment and to be recycled to specific regions of the plasma 
membrane allows signal modulation both in time and in space. Indeed, endocytosis-
mediated recycling of receptors is also a major mechanism in the execution of spatially 
restricted functions, such as cell motility. Moreover, the endo-exocytic cycle of adhesive 
receptors back and forth from the plasma membrane represents another crucial regulatory 
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aspect played by traffic in the dynamic control of cell-to-cell and cell-to-extracellular matrix 
contacts. 

We, therefore, propose to illustrate the state of the art together with most recent discoveries 
on the following issues: 

1. The signaling endosome: a modality to finely tune persistence of extracellular stimuli 
inside the cell and to control their re-distribution and compartmentalization. The latter 
aspect is of extreme relevance for the role of endo-exo membrane trafficking in the 
execution of cell polarity programs.  

2. Involvement of endocytosis and exocytosis in the formation and turnover of cell-to-cell 
and cell-to-extracellular matrix adhesion. We will review the major findings showing 
the relevance of membrane trafficking of adhesive receptors, namely cadherins and 
integrins, and describing the molecular machinery involved that has been identified so 
far. We will also address recent work indicating that distinct molecular machineries are 
required for trafficking integrins in active and inactive conformation. 

3. Unconventional function of membrane trafficking proteins in mitosis. 
Trafficking molecules also participates to cell cycle progression and to the correct 
execution of mitosis. We will review the knowledge raised on this issue and discuss 
how the function of these molecules is related to their established role in membrane 
trafficking. 

2. Endocytosis and signalling 
Through endocytosis, active, signalling receptors - such as receptor tyrosine kinases (RTKs) 
– are removed from the plasma membrane (PM) and destined for degradation and this is 
crucial to achieve signal extinction and long-term attenuation. Endocytosis is able to 
remodel the composition of the plasma membrane (PM), thus allowing plasticity in the 
cellular responses to the microenvironment. Recent evidence, however, has demonstrated 
that endocytosis has a broader impact on signalling than simply signal extinction (Scita & Di 
Fiore, 2010; Sorkin & von Zastrow, 2009). Indeed, internalized receptors (and sometimes 
their ligands) are not only routed to the lysosome for degradation, but, in some cases, can be 
recycled to specific regions of the PM where polarized signalling is needed for events such 
as cell migration. Furthermore, signalling might not only occur from the PM, but also could 
persist along the endocytic pathway as, in the endosomal compartments, signalling 
receptors are often still bound to their ligands, and continue to be active. More interestingly, 
signalling receptors in the endosomal compartment could potentially interact with 
substrates that are not present at the PM. Under this scenario, endocytosis would be a 
mechanism to sustain signalling and to achieve signal diversification and specificity.  

2.1 Signalling elicited by the endocytic compartments 

The concept that signalling continues along the endocytic pathway was shown in the case of 
several signalling receptors, including RTKs and the TGFβR (tumor growth factor β 
receptor) (Sorkin & von Zastrow, 2009). In all cases, receptors remain bound to their ligand 
and active once internalized within endosomes, thus sustaining signalling from the 
intracellular compartments (Burke et al, 2001; Di Guglielmo et al, 1994; Grimes et al, 1996; 
Haugh et al, 1999; Hayes et al, 2002; Howe et al, 2001; Lai et al, 1989; Pennock & Wang, 2003; 
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Wada et al, 1992; Wang et al, 2004; Wang et al, 1996). In agreement with this, all the 
components of the MAPK (mitogen-activated protein kinase) activation cascade can be 
found in endosomes (Pol et al, 1998; Roy et al, 2002), showing that RTKs signalling persist 
also after internalization. In this way, sufficient duration and amplitude to signalling is 
allowed. Furthermore, endosomal-specific proteins have been identified and shown to be 
required to sustain signalling. One example is represented by P18, which works at the 
endosomal membrane as an anchor for an ERK-activating scaffold and is required to achieve 
maximal activation of ERK1/2 (Nada et al, 2009). A similar mechanism occurs in the case of 
GPCR (G protein-coupled receptor) signalling, where β-arrestin, similarly to P18, acts as a 
specific scaffold to anchor ERK1/2 to the endosome (DeWire et al, 2007) thus allowing 
proper signal duration. 

A series of genetic evidence support a role for endocytosis in the sustaining of the signalling. 
Historically, the first proof was provided by the use of a dominant-negative mutant of 
dynamin that blocks EGF internalization and causes the inhibition of EGF-induced 
activation of PI3K and ERKs (extracellular signal-regulated kinases) (Vieira et al, 1996). This 
initial evidence was then reinforced by experiments with siRNAs (small interfering 
RNAs) targeting proteins involved in internalization, which show that endocytosis is 
required for ERK activation by several receptor kinases [reviewed in (Sorkin & von 
Zastrow, 2009)]. Not only endocytosis is crucial to sustain signalling, but it is also 
required to determine signal specificity and diversification. Indeed, endosomes can 
support signalling cascades that cannot happen at the PM. The existence of endosome-
specific signalling cascades has been shown for different receptor systems, including 
RTKs, GPCRs and Notch (reviewed in (Scita & Di Fiore, 2010; Sorkin & von Zastrow, 
2009)). In the TGFβR pathway, specific signalling proteins are recruited to endosomes 
through their binding to PI3P (phosphatidylinositol 3-phosphate, which is enriched in 
endosomal membrane compared to PM) and this allows intracellular-specific signalling. 
Indeed, the activated TGFβR receptor interacts with the adaptor protein SARA (smad 
anchor for receptor activation) in early endosomes. SARA is associated with the receptor 
target SMAD2, and this allows the efficient phosphorylation of SMAD2 by TGFβR in 
endosomes (Chen et al, 2007; Hayes et al, 2002; Tsukazaki et al, 1998). Once 
phosphorylated, SMAD2 forms a complex with SMAD4, which translocates to the nucleus 
to regulate gene transcription. 

Importantly, early endosomes are a morphologically and functionally heterogeneous 
population, characterized by the presence of biochemically distinct membrane subdomains 
(Lakadamyali et al, 2006; Miaczynska et al, 2004; Sonnichsen et al, 2000; Zoncu et al, 2009).  

At the molecular level, small GTPases play a crucial role in determining the different sorting 
fates of cargoes at these stations, which ultimately impact on the final signalling response 
[reviewed in (Stenmark, 2009)]. For instance, APPL1-containing endosomes are precursors 
of early endosomes specifically enriched in Rab5 but lacking EEA1. It has been proposed 
that the progressive accumulation of PI3P species (through association and activity of 
phosphatidylinositol 3-kinase, PI3KC3/Vps34) causes the recruitment of EEA1, which 
competes with APPL1 for Rab5 binding, displacing it from the maturing early endosomes 
(Zoncu et al, 2009). Importantly, APPL1- but not EEA1-positive endosomes are competent 
for AKT signalling (Zoncu et al, 2009). This “phosphoinositide switch” is responsible for the 
maturation of endosomes and it is involved in signalling specification.  
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A non-canonical example of endosome-specific signalling is provided by the TNFR (tumor 
necrosis factor receptor) signalling cascade (Schutze et al, 2008) that promotes pro-apoptotic 
signalling. The components of this pathways are recruited to the ligand-bound TNFR at the 
plasma membrane (Micheau & Tschopp, 2003). In order for apoptosis to be achieved, the 
cysteine protease caspase-8 has to be activated by its proteolytic cleavage and this occurs on 
endosomes (Schneider-Brachert et al, 2004). Although, the mechanisms that prevent caspase-
8 recruitment and activation at the PM are not yet known, this represents another example 
of how endocytosis contributes to signal specificity.  

2.2 Regulation of signalling by endosome sorting 

Once internalized and sorted to the early endosomes, cargoes can be routed to degradative 
pathways, terminating signalling, or recycled back to PM, allowing further rounds of 
activation. Both these mechanisms contribute to regulate signalling in space and time 
[reviewed in (Marchese et al, 2008; Sorkin & von Zastrow, 2009)].  

Transfer of activated receptors to late endosomes/multivesicular bodies (MVB) terminates 
signalling, either by sequestering receptors in intraluminal vesicles, thus preventing their 
interaction with signal transducers, or by promoting their lysosomal degradation. Receptor 
ubiquitination plays a critical role in this process. Indeed, several protein complexes 
harbouring ubiquitin (Ub)-binding domains recognize ubiquitinated cargoes and escort 
them along the degradative route to the lysosome (Dikic et al, 2009). These complexes called 
ESCRT (endosomal sorting complex required for transport) act sequentially at various 
stations of the degradative route and are involved in MVB inward vesicles budding and 
cargo sequestration in the intraluminal vesicles of MVBs [for reviews see (Hurley & Hanson, 
2010; Raiborg & Stenmark, 2009)].  

On the other hand, recycling of internalized receptors to the PM allows the recovery of 
unoccupied/free receptors to the cell surface and restores receptor sensitivity to 
extracellular ligands, as is the case for GPCRs. One classical example is represented by β2AR 
(β2 adrenergic receptor). This class of receptors signals though interaction with PM-resident 
trimeric G proteins, which transduce signalling from the PM. Upon agonist stimulation, 
coupling of β2AR trimeric G proteins is inhibited by receptor phosphorylation events [see, 
for instance, (Benovic et al, 1985; Benovic et al, 1986; Pitcher et al, 1992), reviewed in (Kelly 
et al, 2008)], which cause functional desensitization of signalling in the absence of 
endocytosis. However, β-arrestins are recruited to the phosphorylated receptors, triggering 
their internalization and sorting into a rapid recycling pathway. This step promotes receptor 
dephosphorylation by an endosome-associated PP2A protein phosphatase, thus ensuring 
the return of intact receptor for successive rounds of signalling (Pitcher et al, 1995; 
Vasudevan et al 2011; Yang et al, 1988), a process called “resensitization”.  

A related example, where the differential trafficking fate determines the duration of the 
signal, is represented by the EGFR system. When stimulated with TGFα or EGF, EGFR is 
rapidly internalized. However, while EGF binding to EGFR remains stable at the pH of 
endosomes, TGFα rapidly dissociates from the receptor. This results in different signalling 
outputs: EGFR/EGF complex remains stable and active at the endosomal station and is then 
transported to lysosomes for degradation, allowing signal termination; in contrast, in the 
case of TGFα, the receptor detaches from ligand at the endosomal station and it is recycled 

 
Endocytosis and Exocytosis in Signal Transduction and in Cell Migration 

 

161 

back to the PM, ready to undergo an additional round of activation (Decker, 1990; Ebner & 
Derynck, 1991; French et al, 1995; Longva et al, 2002). In agreement with this, TGFα is a 
more potent mitogen than EGF (Waterman et al, 1998). The idea that endosome sorting 
regulates signalling output as a function of ligand type was shown also in the case of KGFR 
(keratinocyte growth factor receptor). Indeed, stimulation with two different ligands, KGF 
or FGF10, targets the receptor to two distinct trafficking routes, degradation vs. recycling, 
respectively, and this correlates with the higher mitogenic activity exerted by FGF10 on 
epithelial cells (Belleudi et al, 2007).  

The central role of endocytosis in cellular signalling raises the possibility that alteration of 
this process might contribute to pathological phenotypes in which aberrant signalling is 
central, such as development and progression of cancer. Several lines of indirect evidence 
support a role of endocytosis in cancer [reviewed in (Lanzetti & Di Fiore, 2008; Mosesson et 
al, 2008)]. However, solid proof for a causative role of endocytosis in tumourigenesis is 
missing. A recent advance in this direction came from a study by Kermorgant’s group 
(Joffre et al, 2011), who investigated the mechanism leading to tumourigenesis of two 
oncogenic Met mutants (M1268T and D1246N). These mutations cause constitutive Met 
kinase activity that was originally considered at the basis of their oncogenic potential. By 
using a combination of in vitro and vivo approaches, Kermorgant’s group showed that 
endocytosis and intracellular trafficking of these mutants play a crucial role in determining 
their tumorigenic activity, besides their basal kinase activation. Indeed, these mutants are 
constitutively internalized and recycled back to the PM at a higher rate compared to WT 
receptor, and they also show impaired degradation. Importantly, inhibition of 
internalization with different genetic and pharmaceuticals tools is able to significantly 
reduce the ability of these mutants of induce transformation in vitro and to generate 
tumours in ex vivo xenograft experiments, without altering their activation status. Although 
the endocytic mechanism used by these mutant receptors is far to be clear (they seem to 
enter a constitutive pathway that depends on Cbl, Grb2, Clathrin and dynamin and that is 
independent from receptor kinase activity and ubiquitination), this is the first evidence for a 
direct involvement of endocytosis and endosome sorting in cancer development. 

2.3 Different trafficking routes determine signalling outputs 

Different internalization pathways are often associated to distinct intracellular fates. Several 
signalling receptors, including RTKs, GPCRs, TGFβR, NOTCH and WNT undergo both 
clathrin-mediated endocytosis (CME) and non-clathrin endocytosis (NCE) and this 
influences the final signalling output (Le Roy & Wrana, 2005). A mechanism of this kind 
takes place during internalization and signalling of the EGFR (Sigismund et al, 2005). At low 
doses of EGF, the EGFR is almost exclusively internalized through CME, which leads to 
recycling of the receptor and sustains signalling, with only a minor fraction of EGFRs 
targeted to degradation (Sigismund et al, 2008). At higher doses, about half of the ligand-
engaged receptors are then internalized through NCE, a pathway that targets EGFRs to 
lysosomal degradation causing rapid signal extinction (Sigismund et al, 2008). This dual 
mechanism perfectly couples with the different EGF concentrations found in body fluids 
[ranging from 1 to hundreds of ng/ml, reviewed in (Sigismund et al, 2005)]. Indeed, under 
scarce ligand availability, endocytosis (through CME) preserves the activated receptors from 
degradation, maximizing the signalling response; at high EGF, the NCE pathway destines 
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A non-canonical example of endosome-specific signalling is provided by the TNFR (tumor 
necrosis factor receptor) signalling cascade (Schutze et al, 2008) that promotes pro-apoptotic 
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plasma membrane (Micheau & Tschopp, 2003). In order for apoptosis to be achieved, the 
cysteine protease caspase-8 has to be activated by its proteolytic cleavage and this occurs on 
endosomes (Schneider-Brachert et al, 2004). Although, the mechanisms that prevent caspase-
8 recruitment and activation at the PM are not yet known, this represents another example 
of how endocytosis contributes to signal specificity.  
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Once internalized and sorted to the early endosomes, cargoes can be routed to degradative 
pathways, terminating signalling, or recycled back to PM, allowing further rounds of 
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[reviewed in (Marchese et al, 2008; Sorkin & von Zastrow, 2009)].  
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coupling of β2AR trimeric G proteins is inhibited by receptor phosphorylation events [see, 
for instance, (Benovic et al, 1985; Benovic et al, 1986; Pitcher et al, 1992), reviewed in (Kelly 
et al, 2008)], which cause functional desensitization of signalling in the absence of 
endocytosis. However, β-arrestins are recruited to the phosphorylated receptors, triggering 
their internalization and sorting into a rapid recycling pathway. This step promotes receptor 
dephosphorylation by an endosome-associated PP2A protein phosphatase, thus ensuring 
the return of intact receptor for successive rounds of signalling (Pitcher et al, 1995; 
Vasudevan et al 2011; Yang et al, 1988), a process called “resensitization”.  
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rapidly internalized. However, while EGF binding to EGFR remains stable at the pH of 
endosomes, TGFα rapidly dissociates from the receptor. This results in different signalling 
outputs: EGFR/EGF complex remains stable and active at the endosomal station and is then 
transported to lysosomes for degradation, allowing signal termination; in contrast, in the 
case of TGFα, the receptor detaches from ligand at the endosomal station and it is recycled 
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back to the PM, ready to undergo an additional round of activation (Decker, 1990; Ebner & 
Derynck, 1991; French et al, 1995; Longva et al, 2002). In agreement with this, TGFα is a 
more potent mitogen than EGF (Waterman et al, 1998). The idea that endosome sorting 
regulates signalling output as a function of ligand type was shown also in the case of KGFR 
(keratinocyte growth factor receptor). Indeed, stimulation with two different ligands, KGF 
or FGF10, targets the receptor to two distinct trafficking routes, degradation vs. recycling, 
respectively, and this correlates with the higher mitogenic activity exerted by FGF10 on 
epithelial cells (Belleudi et al, 2007).  
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central, such as development and progression of cancer. Several lines of indirect evidence 
support a role of endocytosis in cancer [reviewed in (Lanzetti & Di Fiore, 2008; Mosesson et 
al, 2008)]. However, solid proof for a causative role of endocytosis in tumourigenesis is 
missing. A recent advance in this direction came from a study by Kermorgant’s group 
(Joffre et al, 2011), who investigated the mechanism leading to tumourigenesis of two 
oncogenic Met mutants (M1268T and D1246N). These mutations cause constitutive Met 
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independent from receptor kinase activity and ubiquitination), this is the first evidence for a 
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2.3 Different trafficking routes determine signalling outputs 

Different internalization pathways are often associated to distinct intracellular fates. Several 
signalling receptors, including RTKs, GPCRs, TGFβR, NOTCH and WNT undergo both 
clathrin-mediated endocytosis (CME) and non-clathrin endocytosis (NCE) and this 
influences the final signalling output (Le Roy & Wrana, 2005). A mechanism of this kind 
takes place during internalization and signalling of the EGFR (Sigismund et al, 2005). At low 
doses of EGF, the EGFR is almost exclusively internalized through CME, which leads to 
recycling of the receptor and sustains signalling, with only a minor fraction of EGFRs 
targeted to degradation (Sigismund et al, 2008). At higher doses, about half of the ligand-
engaged receptors are then internalized through NCE, a pathway that targets EGFRs to 
lysosomal degradation causing rapid signal extinction (Sigismund et al, 2008). This dual 
mechanism perfectly couples with the different EGF concentrations found in body fluids 
[ranging from 1 to hundreds of ng/ml, reviewed in (Sigismund et al, 2005)]. Indeed, under 
scarce ligand availability, endocytosis (through CME) preserves the activated receptors from 
degradation, maximizing the signalling response; at high EGF, the NCE pathway destines 
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the excess of activated EGFR/EGF complex to degradation, protecting cells from 
overstimulation. This concept has been challenged in other studies, where EGFR was 
reported to be internalized exclusively through CME at all concentrations of EGF (Kazazic et 
al, 2006; Rappoport & Simon, 2009). The discrepancy may be due to the different cellular 
systems used in these studies. It still remains to establish the nature of the NCE pathway 
used by the EGFR and the molecular mechanism involved [which is still poorly 
characterized, although it has been shown to be caveolin-independent and to require 
receptor ubiquitination (Sigismund et al, 2008; Sigismund et al, 2005)]. 

A similar scenario was previously reported in the case of TGFβR. This receptor is 
internalized both by CME and NCE and this has profound impact on the final signalling 
output (Di Guglielmo et al, 2003). Proteins of the TGFβ superfamily signal through the 
transmembrane Ser-Thr kinase TGFβR type I and type II heteromeric complex (TβRI and 
TβRII). Ligand-induced assembly of the heteromeric receptor complex activates TβRI, which 
initiates Smad signalling by phosphorylating the receptor-regulated Smads. The Smad 
adaptor protein SARA plays a crucial role at this step. Indeed, SARA binds the receptor and 
contains a FYVE (Fab1p, YOTB, Vac1p and EEA1) domain, which also binds to membranes 
through specific interactions with phosphatidyl inositol 3′ phosphate (PI3P). Receptor 
internalization through the clathrin pathway is essential for signalling and SARA has been 
found in the PI(3)P-enriched EEA1-positive endosomes that are downstream of this route 
(Di Guglielmo et al, 2003). Conversely, receptors that enter cells through NCE are associated 
with Smad7 and the E3 Ub ligase SMURF; they are ubiquitinated and subjected to 
degradation (Di Guglielmo et al, 2003).  

It is important to note that CME is not always associated to signalling and NCE to 
degradation, but the opposite is also true, as it was shown in the case of LRP6 [WNT3a-
activated low-density receptor-related protein 6, (Yamamoto et al, 2008)]. In the presence of 
Wnt3a, LPR6 is phosphorylated and internalized into caveolin-positive vesicles, where it can 
stabilize β-catenin and activates signalling via the CK1g kinase. If LRP6 binds the Wnt3a 
antagonist Dkk (Dickkopf), it is targeted to the clathrin pathway, which is not competent for 
signalling but rather directs LRP6 to degradation. 

Other examples on how the route of internalization influences the final signalling output 
have been recently provided in the case of IGF-1R (Martins et al, 2011; Sehat et al, 2008) and 
PDGFR (De Donatis et al, 2008). In both cases, it has been proposed that they can enter 
through both clathrin-dependent and -independent pathways depending on the amount of 
ligand used to stimulate cells, similarly to what has been shown for the EGFR system. This 
again impacts on the final biological response. For instance, in the case of PDGFR, cells 
switch from a migrating to a proliferating phenotype in response to an increasing PDGF 
gradient. It was proposed that the decision to proliferate or migrate relies on the distinct 
endocytic route followed by the receptor in response to ligand concentration (De Donatis et 
al, 2008). Although these studies remain at the phenomenological level with no mechanistic 
insights, they confirm the idea that integration of different internalization pathways is 
crucial to decode signal information and to specify the signalling response.  

2.4 Role of endo-exo membrane trafficking in the execution of cell polarity programs 

Endo and exocytosis not only control the persistence and the nature of signals as highlighted 
above, but also the restricted compartmentalization of the signals. This has profound 
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implications in particular in the establishment of cell polarity, a process that largely relies on 
the correct localization of protein complexes and signalling platforms at cell-to-cell and cell-
to–extracellular matrix contacts. In this regards, a key role in the controlled distribution of 
signal transducers in restricted areas of the plasma membrane, in response to extracellular 
cues, is played by small GTPases of the Rab family like Rab5, Rab8 and Rab11.  

Rab5 is a master regulator of endocytosis and actin remodelling (Lanzetti et al, 2004; 
Lanzetti et al, 2000; Palamidessi et al, 2008; Zerial & McBride, 2001). It controls the 
internalization of a variety of distinct receptors, including the adhesive molecules integrins 
and cadherins (Palacios et al, 2005; Pellinen et al, 2006), as detailed in paragraph 3, thus 
participating to the processes of cell-to-cell and cell-to-extracellular matrix adhesion. 
Importantly, in Drosophila melanogaster deletion of Rab5 or disruption of the endocytic 
protein Syntaxin/Avalanche affects the polarized, restricted apical distribution of the fate-
decision receptor Notch and of the polarity determinant Crumbs (Lu & Bilder, 2005). Failure 
in internalization of Notch and Crumbs causes their accumulation and results in the 
expansion of the apical membrane domain. Impaired Notch internalization severely impacts 
on its degradation and signalling and, in turn, this leads to overgrowth of imaginal 
epithelial tissues (Lu & Bilder, 2005) indicating that endocytosis may also control epithelial 
tissue proliferation. 

Rab8 participates in polarized transport of molecules to the basolateral membrane (Huber et 
al, 1993) and also in cilia (Nachury et al, 2007). Genetic deletion of Rab8 in mice has been 
found to affect the distribution of apical proteins to the surface of intestinal epithelial cells 
resulting in accumulation of vacuoles containing apical hydrolases and microvilli with the 
final outcome of animal death by starvation (Sato et al, 2007). Thus, Rab8 has been proposed 
to play a crucial role in the biogenesis of the apical membrane, a process that is profoundly 
influenced also by another Rab protein involved in recycling routes: Rab11 [reviewed in 
(Hoekstra et al, 2004)]. Indeed trafficking via the recycling endosomes is required for the 
establishment or rearrangement of cell polarity in various settings including cellularization, 
cell–to-cell boundary rearrangement, asymmetric cell division, and cell migration (Assaker 
et al, 2010; Bryant et al, 2010; Emery et al, 2005; Xu et al, 2011). Furthermore, it provides a 
very efficient mechanism to reinforce polarity by feedback loops (Assaker et al, 2010).  

In addition to these GTPases, the endocytic protein Numb has also been implicated in the 
establishment of apical-basolateral polarity. Numb participates to cadherin endocytosis by 
interacting with the E-cadherin/p120 complex and promotes E-cadherin endocytosis. 
Impairment of Numb induces mislocalization of E-cadherin from the lateral to the apical 
membrane. This function of Numb appears to rely on its phosphorylation by Atypical 
protein kinase C (aPKC), a member of the PAR complex, as it prevents association of 
phosphorylated Numb with p120 and α-adaptin thereby attenuating E-cadherin endocytosis 
(Sato et al, 2011). 

Beside the involvement of endo-exocytosis in apical-basolateral polarity, these trafficking 
routes are also required in the establishment of planar cell polarity (PCP) [for a detailed 
reviews on membrane trafficking in cell polarity see (Nelson, 2009)]. Intracellular membrane 
trafficking has emerged as a crucial regulator of PCP in the Drosophila wing where inhibition 
of dynamin or Rab11 disrupts PCP-dependent hexagonal repacking (Classen et al, 2005). 
More recently, Rab5 has been found to bind to Go and to participates in PCP and in 
Wingless signal transduction, pathways initiated by G-protein coupled receptors of the 
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the excess of activated EGFR/EGF complex to degradation, protecting cells from 
overstimulation. This concept has been challenged in other studies, where EGFR was 
reported to be internalized exclusively through CME at all concentrations of EGF (Kazazic et 
al, 2006; Rappoport & Simon, 2009). The discrepancy may be due to the different cellular 
systems used in these studies. It still remains to establish the nature of the NCE pathway 
used by the EGFR and the molecular mechanism involved [which is still poorly 
characterized, although it has been shown to be caveolin-independent and to require 
receptor ubiquitination (Sigismund et al, 2008; Sigismund et al, 2005)]. 

A similar scenario was previously reported in the case of TGFβR. This receptor is 
internalized both by CME and NCE and this has profound impact on the final signalling 
output (Di Guglielmo et al, 2003). Proteins of the TGFβ superfamily signal through the 
transmembrane Ser-Thr kinase TGFβR type I and type II heteromeric complex (TβRI and 
TβRII). Ligand-induced assembly of the heteromeric receptor complex activates TβRI, which 
initiates Smad signalling by phosphorylating the receptor-regulated Smads. The Smad 
adaptor protein SARA plays a crucial role at this step. Indeed, SARA binds the receptor and 
contains a FYVE (Fab1p, YOTB, Vac1p and EEA1) domain, which also binds to membranes 
through specific interactions with phosphatidyl inositol 3′ phosphate (PI3P). Receptor 
internalization through the clathrin pathway is essential for signalling and SARA has been 
found in the PI(3)P-enriched EEA1-positive endosomes that are downstream of this route 
(Di Guglielmo et al, 2003). Conversely, receptors that enter cells through NCE are associated 
with Smad7 and the E3 Ub ligase SMURF; they are ubiquitinated and subjected to 
degradation (Di Guglielmo et al, 2003).  

It is important to note that CME is not always associated to signalling and NCE to 
degradation, but the opposite is also true, as it was shown in the case of LRP6 [WNT3a-
activated low-density receptor-related protein 6, (Yamamoto et al, 2008)]. In the presence of 
Wnt3a, LPR6 is phosphorylated and internalized into caveolin-positive vesicles, where it can 
stabilize β-catenin and activates signalling via the CK1g kinase. If LRP6 binds the Wnt3a 
antagonist Dkk (Dickkopf), it is targeted to the clathrin pathway, which is not competent for 
signalling but rather directs LRP6 to degradation. 

Other examples on how the route of internalization influences the final signalling output 
have been recently provided in the case of IGF-1R (Martins et al, 2011; Sehat et al, 2008) and 
PDGFR (De Donatis et al, 2008). In both cases, it has been proposed that they can enter 
through both clathrin-dependent and -independent pathways depending on the amount of 
ligand used to stimulate cells, similarly to what has been shown for the EGFR system. This 
again impacts on the final biological response. For instance, in the case of PDGFR, cells 
switch from a migrating to a proliferating phenotype in response to an increasing PDGF 
gradient. It was proposed that the decision to proliferate or migrate relies on the distinct 
endocytic route followed by the receptor in response to ligand concentration (De Donatis et 
al, 2008). Although these studies remain at the phenomenological level with no mechanistic 
insights, they confirm the idea that integration of different internalization pathways is 
crucial to decode signal information and to specify the signalling response.  

2.4 Role of endo-exo membrane trafficking in the execution of cell polarity programs 

Endo and exocytosis not only control the persistence and the nature of signals as highlighted 
above, but also the restricted compartmentalization of the signals. This has profound 
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implications in particular in the establishment of cell polarity, a process that largely relies on 
the correct localization of protein complexes and signalling platforms at cell-to-cell and cell-
to–extracellular matrix contacts. In this regards, a key role in the controlled distribution of 
signal transducers in restricted areas of the plasma membrane, in response to extracellular 
cues, is played by small GTPases of the Rab family like Rab5, Rab8 and Rab11.  

Rab5 is a master regulator of endocytosis and actin remodelling (Lanzetti et al, 2004; 
Lanzetti et al, 2000; Palamidessi et al, 2008; Zerial & McBride, 2001). It controls the 
internalization of a variety of distinct receptors, including the adhesive molecules integrins 
and cadherins (Palacios et al, 2005; Pellinen et al, 2006), as detailed in paragraph 3, thus 
participating to the processes of cell-to-cell and cell-to-extracellular matrix adhesion. 
Importantly, in Drosophila melanogaster deletion of Rab5 or disruption of the endocytic 
protein Syntaxin/Avalanche affects the polarized, restricted apical distribution of the fate-
decision receptor Notch and of the polarity determinant Crumbs (Lu & Bilder, 2005). Failure 
in internalization of Notch and Crumbs causes their accumulation and results in the 
expansion of the apical membrane domain. Impaired Notch internalization severely impacts 
on its degradation and signalling and, in turn, this leads to overgrowth of imaginal 
epithelial tissues (Lu & Bilder, 2005) indicating that endocytosis may also control epithelial 
tissue proliferation. 

Rab8 participates in polarized transport of molecules to the basolateral membrane (Huber et 
al, 1993) and also in cilia (Nachury et al, 2007). Genetic deletion of Rab8 in mice has been 
found to affect the distribution of apical proteins to the surface of intestinal epithelial cells 
resulting in accumulation of vacuoles containing apical hydrolases and microvilli with the 
final outcome of animal death by starvation (Sato et al, 2007). Thus, Rab8 has been proposed 
to play a crucial role in the biogenesis of the apical membrane, a process that is profoundly 
influenced also by another Rab protein involved in recycling routes: Rab11 [reviewed in 
(Hoekstra et al, 2004)]. Indeed trafficking via the recycling endosomes is required for the 
establishment or rearrangement of cell polarity in various settings including cellularization, 
cell–to-cell boundary rearrangement, asymmetric cell division, and cell migration (Assaker 
et al, 2010; Bryant et al, 2010; Emery et al, 2005; Xu et al, 2011). Furthermore, it provides a 
very efficient mechanism to reinforce polarity by feedback loops (Assaker et al, 2010).  

In addition to these GTPases, the endocytic protein Numb has also been implicated in the 
establishment of apical-basolateral polarity. Numb participates to cadherin endocytosis by 
interacting with the E-cadherin/p120 complex and promotes E-cadherin endocytosis. 
Impairment of Numb induces mislocalization of E-cadherin from the lateral to the apical 
membrane. This function of Numb appears to rely on its phosphorylation by Atypical 
protein kinase C (aPKC), a member of the PAR complex, as it prevents association of 
phosphorylated Numb with p120 and α-adaptin thereby attenuating E-cadherin endocytosis 
(Sato et al, 2011). 

Beside the involvement of endo-exocytosis in apical-basolateral polarity, these trafficking 
routes are also required in the establishment of planar cell polarity (PCP) [for a detailed 
reviews on membrane trafficking in cell polarity see (Nelson, 2009)]. Intracellular membrane 
trafficking has emerged as a crucial regulator of PCP in the Drosophila wing where inhibition 
of dynamin or Rab11 disrupts PCP-dependent hexagonal repacking (Classen et al, 2005). 
More recently, Rab5 has been found to bind to Go and to participates in PCP and in 
Wingless signal transduction, pathways initiated by G-protein coupled receptors of the 
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Frizzled (Fz) family. Additionally, Rab4 and Rab11 function in Fz- and Go-mediated 
signaling to favor PCP over canonical Wingless signaling (Purvanov et al, 2010). 
Furthermore, the Rab5-effector Rabenosyn-5 is required for the polarized distribution of 
PCP proteins at the apical cell boundaries aiding the establishment of planar polarity 
(Mottola et al, 2010). 

The requirement for regulation of clathrin-mediated endocytosis in planar cell polarity also 
emerges from the study showing that the planar polarized RhoGEF2 controls the function of 
Dia and Myosin II which, in turn, are responsible for the initiation of E-cadherin endocytosis 
by regulating their lateral clustering (Levayer et al, 2011).  

Another relevant instance of the involvement of endo/exocytosis in the execution of 
polarized function is directed cell migration. Also in this case important lessons come from 
the Drosophila model. In the fruit fly, endocytosis of motogenic receptors and their recycling 
to the plasma membrane serve to maintain their polarized distribution at the leading edge of 
migrating cells, thus promoting directional motility (Jekely et al, 2005; McDonald et al, 2006; 
McDonald et al, 2003; Montell, 2003; Wang et al, 2006). This is achieved via a tight control of 
endocytosis and recycling in restricted areas of the cell membrane through the regulation of 
a subset of molecules such as the endocytic E3 ligase Cbl, or the Rab5 GEF Sprint (Jekely et 
al, 2005).  

Collectively, these observations provide genetic evidence that one physiological role of 
endocytosis is to ensure localized intracellular responses to extracellular cues, i.e. the spatial 
restriction of signalling. Similar circuitries are also exploited in mammalian cells to achieve 
and maintain cell polarity and also to execute polarized functions such as directed cell 
migration (Balasubramanian et al, 2007; Caswell & Norman, 2008; Jones et al, 2006; 
Palamidessi et al, 2008; Riley et al, 2003; Schlunck et al, 2004). Of note, directed cell 
migration in mammalian cells has been found to require Rab proteins like Rab25 and Rab5 
(Caswell et al, 2007; Palamidessi et al, 2008). Rab25 promotes the extension of long 
pseudopodia in 3D matrices, by regulating the recycling of a pool of �5�1 (Caswell et al., 
2007; detailed in paragraph 3), Instead, Rab5-dependent endocytosis allows for the 
activation of Rac, induced by motogenic stimuli, on early endosomes. Subsequent recycling 
of Rac to the plasma membrane ensures localized formation of actin-based migratory 
protrusions (Palamidessi et al, 2008).  

3. Regulation of cell adhesion dynamics by trafficking adhesive receptors 
The acquisition of key molecular strategies that support social cell functions, such as 
intercellular communication and adhesion either to other cells or to the surrounding 
environment, represented a tenet in the evolution from simple unicellular to complex 
multicellular organisms on the Earth (Rokas, 2008). Indeed, the appearance of genes 
encoding for adhesion receptors is likely to have represented a major driving force of the so 
called Cambrian explosion during which, around 500 million years ago, the appearance on 
our planet of multicellular organisms, aka metazoans, and an astonishingly wide 
exploration of most of their possible morphological organizations took place (Abedin & 
King, 2010). In mammalians, the ability of dynamically regulating cell adhesion in space and 
time is crucial for several physiological and pathological phenomena, such as embryonic 
development (Hynes, 2007), tissue and organ morphogenesis and repair (Insall & Machesky, 
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2009), leukocyte extravasation (Hogg et al, 2011), platelet aggregation (Tao et al, 2010), and 
cancer cell metastatic dissemination throughout the body (Roussos et al, 2011). Cadherins 
(Takeichi, 2011) and integrins represent the main classes of transmembrane receptors 
respectively mediating cell-to-cell and cell-to-extracellular matrix (ECM) adhesion in 
mammals. A dynamic control of cell adhesion can be accomplished by regulation of either 
conformation or endo-exocytic traffic of adhesion receptors. Cadherin and integrin 
conformational activation can be triggered by the binding of either extracellular divalent 
cations, e.g. Ca2+ for cadherins (Takeichi, 2011) or Mg2+ for integrins (Tiwari et al, 2011), or 
cytosolic proteins, such as talin and kindlin in the case of integrins (Moser et al, 2009). The 
mechanisms that directly supersede to the control of cadherin (Gumbiner, 2005; Niessen et 
al, 2011; Takeichi, 2011) and integrin conformation (Moser et al, 2009; Shattil et al, 2010) have 
been extensively described elsewhere. Here, we will instead review the emerging evidence 
of how cell adhesion and migration critically depends on cadherin and integrin traffic. 

3.1 Role of E-cadherin traffic in adherens junction maintenance and remodeling 

Normal epithelial tissues are hold together by adherens junctions (AJs), i.e. cell-to-cell 
adhesion sites that originate after the dimerization in trans of epithelial (E)-cadherin 
molecules (Gumbiner, 2005; Niessen et al, 2011; Takeichi, 2011). E-cadherin-dependent 
assembly of AJs is required to assemble and maintain the apico-basal polarity of functional 
epithelia (Rodriguez-Boulan et al, 2005). 

In Drosophila and in mammals, the maintenance of both AJs and epithelial polarity depends 
on a complex formed by the small GTPase Cdc42 and its partner PAR6 that binds aPKC 
(Goldstein & Macara, 2007; Iden & Collard, 2008; McCaffrey & Macara, 2009).  

Interestingly, Cdc42, PAR6, and aPKC are required for the activation of a signaling pathway 
responsible for the dynamin-driven pinch-off of vesicles during E-cadherin endocytosis 
from Drosophila AJs (Baum & Georgiou, 2011; Georgiou et al, 2008; Leibfried et al, 2008) and 
a genome wide siRNA screen in C. elegans also identified Cdc42, PAR6, and aPKC as key 
regulators of endocytosis (Balklava et al, 2007). In addition, pharmacological inhibition of 
dynamin coupled to two-photon FRAP microscopy demonstrated that in mammalian cells 
E-cadherin engaged at mature stationary AJs turns over by endocytosis and not by free 
diffusion through the PM (de Beco et al, 2009). Drosophila Cdc42 interacting protein 4 (Cip4), 
aka transducer of Cdc42-dependent actin assembly 1 (TOCA-1) in mammals, displays both 
an FCH-Bin–Amphiphysin–Rvs (F-BAR) and a Src homology 3 (SH3) domains that 
respectively bind curved membranes and dynamin (Fricke et al, 2009). Of note, Cip4 
knockdown causes AJ and E-cadherin endocytosis defects identical to those caused by the 
lack of components of the Cdc42/PAR6/aPKC apical complex (Baum & Georgiou, 2011; 
Leibfried et al, 2008).  

Once internalized, E-cadherin is first trafficked to Rab5 containing early endosomes and 
from there to a Rab11-positive recycling compartment (Emery & Knoblich, 2006; Harris & 
Tepass, 2010; Wirtz-Peitz & Zallen, 2009). Sec10 and Sec15 proteins then directly bind and 
interconnect the β-catenin-bound endosomal E-cadherin to the exocyst complex located at 
the PM, hence favoring the recycling of the adhesion receptor (Langevin et al, 2005).  

There is now a mounting consensus that the maintenance of stable AJs requires the 
continuous and local traffic of E-cadherin back and forth from the PM (Baum & Georgiou, 
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Frizzled (Fz) family. Additionally, Rab4 and Rab11 function in Fz- and Go-mediated 
signaling to favor PCP over canonical Wingless signaling (Purvanov et al, 2010). 
Furthermore, the Rab5-effector Rabenosyn-5 is required for the polarized distribution of 
PCP proteins at the apical cell boundaries aiding the establishment of planar polarity 
(Mottola et al, 2010). 

The requirement for regulation of clathrin-mediated endocytosis in planar cell polarity also 
emerges from the study showing that the planar polarized RhoGEF2 controls the function of 
Dia and Myosin II which, in turn, are responsible for the initiation of E-cadherin endocytosis 
by regulating their lateral clustering (Levayer et al, 2011).  

Another relevant instance of the involvement of endo/exocytosis in the execution of 
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3. Regulation of cell adhesion dynamics by trafficking adhesive receptors 
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environment, represented a tenet in the evolution from simple unicellular to complex 
multicellular organisms on the Earth (Rokas, 2008). Indeed, the appearance of genes 
encoding for adhesion receptors is likely to have represented a major driving force of the so 
called Cambrian explosion during which, around 500 million years ago, the appearance on 
our planet of multicellular organisms, aka metazoans, and an astonishingly wide 
exploration of most of their possible morphological organizations took place (Abedin & 
King, 2010). In mammalians, the ability of dynamically regulating cell adhesion in space and 
time is crucial for several physiological and pathological phenomena, such as embryonic 
development (Hynes, 2007), tissue and organ morphogenesis and repair (Insall & Machesky, 
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2009), leukocyte extravasation (Hogg et al, 2011), platelet aggregation (Tao et al, 2010), and 
cancer cell metastatic dissemination throughout the body (Roussos et al, 2011). Cadherins 
(Takeichi, 2011) and integrins represent the main classes of transmembrane receptors 
respectively mediating cell-to-cell and cell-to-extracellular matrix (ECM) adhesion in 
mammals. A dynamic control of cell adhesion can be accomplished by regulation of either 
conformation or endo-exocytic traffic of adhesion receptors. Cadherin and integrin 
conformational activation can be triggered by the binding of either extracellular divalent 
cations, e.g. Ca2+ for cadherins (Takeichi, 2011) or Mg2+ for integrins (Tiwari et al, 2011), or 
cytosolic proteins, such as talin and kindlin in the case of integrins (Moser et al, 2009). The 
mechanisms that directly supersede to the control of cadherin (Gumbiner, 2005; Niessen et 
al, 2011; Takeichi, 2011) and integrin conformation (Moser et al, 2009; Shattil et al, 2010) have 
been extensively described elsewhere. Here, we will instead review the emerging evidence 
of how cell adhesion and migration critically depends on cadherin and integrin traffic. 

3.1 Role of E-cadherin traffic in adherens junction maintenance and remodeling 

Normal epithelial tissues are hold together by adherens junctions (AJs), i.e. cell-to-cell 
adhesion sites that originate after the dimerization in trans of epithelial (E)-cadherin 
molecules (Gumbiner, 2005; Niessen et al, 2011; Takeichi, 2011). E-cadherin-dependent 
assembly of AJs is required to assemble and maintain the apico-basal polarity of functional 
epithelia (Rodriguez-Boulan et al, 2005). 

In Drosophila and in mammals, the maintenance of both AJs and epithelial polarity depends 
on a complex formed by the small GTPase Cdc42 and its partner PAR6 that binds aPKC 
(Goldstein & Macara, 2007; Iden & Collard, 2008; McCaffrey & Macara, 2009).  

Interestingly, Cdc42, PAR6, and aPKC are required for the activation of a signaling pathway 
responsible for the dynamin-driven pinch-off of vesicles during E-cadherin endocytosis 
from Drosophila AJs (Baum & Georgiou, 2011; Georgiou et al, 2008; Leibfried et al, 2008) and 
a genome wide siRNA screen in C. elegans also identified Cdc42, PAR6, and aPKC as key 
regulators of endocytosis (Balklava et al, 2007). In addition, pharmacological inhibition of 
dynamin coupled to two-photon FRAP microscopy demonstrated that in mammalian cells 
E-cadherin engaged at mature stationary AJs turns over by endocytosis and not by free 
diffusion through the PM (de Beco et al, 2009). Drosophila Cdc42 interacting protein 4 (Cip4), 
aka transducer of Cdc42-dependent actin assembly 1 (TOCA-1) in mammals, displays both 
an FCH-Bin–Amphiphysin–Rvs (F-BAR) and a Src homology 3 (SH3) domains that 
respectively bind curved membranes and dynamin (Fricke et al, 2009). Of note, Cip4 
knockdown causes AJ and E-cadherin endocytosis defects identical to those caused by the 
lack of components of the Cdc42/PAR6/aPKC apical complex (Baum & Georgiou, 2011; 
Leibfried et al, 2008).  

Once internalized, E-cadherin is first trafficked to Rab5 containing early endosomes and 
from there to a Rab11-positive recycling compartment (Emery & Knoblich, 2006; Harris & 
Tepass, 2010; Wirtz-Peitz & Zallen, 2009). Sec10 and Sec15 proteins then directly bind and 
interconnect the β-catenin-bound endosomal E-cadherin to the exocyst complex located at 
the PM, hence favoring the recycling of the adhesion receptor (Langevin et al, 2005).  

There is now a mounting consensus that the maintenance of stable AJs requires the 
continuous and local traffic of E-cadherin back and forth from the PM (Baum & Georgiou, 
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2011; Emery & Knoblich, 2006; Harris & Tepass, 2010; Wirtz-Peitz & Zallen, 2009). Therefore, 
endless cycles of polarized endocytosis and recycling of E-cadherin are responsible for the 
existence in space and time of AJs that warrant an efficient intercellular adhesion in stable 
epithelia.  

This would suggest that in living cells, because of the intrinsic physical and biochemical 
properties of its molecular components, what appears as a stable adhesion site is nothing 
but an almost continuous and swift spatio-temporal succession of short-lived adhesive 
events. In this framework, endocytosis could be required either to remove and then 
replenish via recycling the adhesive material or to provide a substantial fraction of the force 
required to maintain adhesion.  

Moreover, the incessant turnover of E-cadherins would allow cells to rapidly adapt the 
structure of their AJs in response to extracellular signals during tissue reshaping. Indeed, 
during embryonic development, cancer cell metastatization, and tissue fibrosis epithelial 
cells activate the epithelial-mesenchymal transition (EMT) program during which they lose 
their AJs and become motile (Kalluri & Weinberg, 2009; Thiery & Sleeman, 2006). For 
example, in epithelial cells, hepatocyte growth factor (HGF), acting through the MET 
tyrosine kinase receptor, activates H-Ras that, by stimulating the Rab5 guanosine exchange 
factor Ras and Rab interactor 2 (RIN2), induces E-cadherin endocytosis (Kimura et al, 2006). 
In addition, HGF signals via Src and generates a tyrosine phosphosite on E-cadherin where 
the E3-ubiquitin ligase Hakai docks to trigger the ubiquitination and lysosomal degradation 
of E-cadherin (Fujita et al, 2002; Palacios et al, 2005). 

3.2 Combined regulation of integrin function by conformation and traffic 

Integrin heterodimers can switch from low (inactive) to high affinity (active) conformation 
for their ECM ligands (Hynes, 2002). Conformational activation of integrins can be due to 
the interaction of their cytoplasmic tails with different proteins acting as positive (e.g. talin 
and kindlin) (Moser et al, 2009; Shattil et al, 2010) or negative (e.g. mammary-derived 
growth inhibitor, MDGI) modulators (Nevo et al, 2010). Due to their ability to mechanosense 
the surrounding ECM environment and mediate the interactions that support cell adhesion 
and migration (Parsons et al, 2011), active integrins are key regulators of several important 
adhesion dependent functions, such as assembly and morphogenetic movements of tissues 
and organs or migration of isolated/clustered cells through the body (e.g. immune or cancer 
cells). For example, the remodeling of immature vascular networks that occurs during 
embryonic, but not tumor angiogenesis, depends on the ability of endothelial cells (ECs) to 
instantaneously mechanotransduce variations in fluid shear stress (Hahn & Schwartz, 2009). 

Integrin traffic is increasingly recognized as a key determinant in the dynamic control of cell 
adhesion to the ECM (Caswell et al, 2009; Pellinen et al, 2006). Integrins can be internalized 
in a clathrin-dependent as well as in a clathrin-independent way. For example, α5β1 
integrin, the major fibronectin (FN) receptor, can be endocytosed into clathrin-coated 
vesicles (CCVs) (Pellinen et al, 2008) or by a caveolin-mediated pathway (Shi & Sottile, 
2008). It was initially hypothesized that in migrating cells integrins can be preferentially 
endocytosed in ECM-adhesion sites located at the trailing edge and then recycled back en 
masse toward the leading edge (Bretscher, 1989). More recently, such a theoretical long range 
model has been challenged by an experimental short range model that showed how in cells 
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migrating in 3D matrices a spatially restricted subpopulation of α5β1 integrin is instead 
internalized from the PM of ECM-adhesions located at the cell front and quickly recycled 
back to the same or proximal adhesive structures (Caswell & Norman, 2008; Caswell et al, 
2007; Caswell et al, 2009). The Rab11 subfamily member Rab25, which resides in a vesicular 
compartment located in close proximity of the tips of invading pseudopods, physically 
interacts with the β1 subunit of the internalized integrins and promotes tumor cell invasion, 
likely by favoring the localized recycling of α5β1 integrin (Caswell & Norman, 2008; Caswell 
et al, 2007; Caswell et al, 2009). Another key regulator of integrin traffic in motile cells is the 
Rab11 effector Rab-coupling protein (RCP), which binds with β3 integrin and, when αvβ3 
integrin is inhibited, switches to the cytodomain of β1 integrin, connecting α5β1 integrin 
with Rab11 and thus favoring its recycling to the PM (Caswell et al, 2008; Caswell et al, 
2009). Of note, RCP also associates with EGFR and, upon αvβ3 inhibition, the recycling to 
the PM  of endocytosed EGFR is enhanced in coordination with that of α5β1, finally 
resulting in an increased EGFR auto-phosphorylation and downstream activation of AKT 
(Caswell et al, 2008; Caswell et al, 2009). 

In the last couple of years, the new concept that endocytosis of active and inactive integrins 
could be mediated by different sorting machineries started emerging. Neuropilin 1 (Nrp1) is 
a transmembrane protein, initially identified in neurons, that is also expressed in ECs, where 
it works as a co-receptor for both pro- and anti-angiogenic factors, such as vascular 
endothelial growth factor (VEGF)-A165 and semaphorin 3A (SEMA3A) respectively 
(Bussolino et al, 2006; Neufeld & Kessler, 2008; Serini & Bussolino, 2004). The very C-
terminal SEA motif of Nrp1 cytodomain binds the endocytic adaptor GAIP interacting 
protein C terminus 1 (GIPC1)/synectin (Cai & Reed, 1999) that can also bind to the motor 
Myosin VI (Myo6) (Reed et al, 2005). Nrp1, via its cytodomain, controls EC adhesion to FN 
in a way that does not depend on its function as co-receptor for either VEGF-A or SEMA3A, 
but rather on its ability to promote the GIPC1/synectin- and Myo6-dependent endocytosis 
of the active, but not inactive conformation of α5β1 integrin from ECM adhesions 
(Valdembri et al, 2009). Remarkably, Nrp1 silencing does not affect the ratio between active 
and inactive α5β1 integrin, indicating that not only the conformational switch of integrins, 
but also the regulation of active integrin traffic and distribution constitutes an equally 
crucial parameter in the control of EC adhesion to the ECM (Valdembri et al, 2009). It has 
hence been proposed a model in which, upon FN binding, active α5β1 integrin associates 
with Nrp1 at the PM. GIPC1/synectin and Myo6 then favor the rapid internalization of the 
active α5β1/Nrp1 complex into Rab5-positive early endosomes, from which (active) α5β1 is 
then recycled back to the PM, likely in newly forming ECM-adhesion sites. 

The described endo-exocytic cycle of active integrins back and forth from ECM adhesions is 
remarkably similar to the traffic dependent E-cadherin dynamics observed in AJs of 
epithelial cells (see above). It is therefore tempting to speculate that also an ECM adhesion 
site could result from a rapid sequence of localized and exceptionally brief adhesive events, 
during which traffic could be crucial either to endocytose and then immediately recycle 
active integrins or to generate the force that has to be applied on ECM-bound active 
integrins to allow cell adhesion. Likely because GIPC1/synectin also binds the C-terminal 
SDA motif of the α5 integrin subunit cytodomain (Tani & Mercurio, 2001), while in ECs 
Nrp1 and Myo6 are specifically dedicated to the endocytosis of active α5β1 integrin, GIPC1 
controls inactive α5β1 internalization as well (Valdembri et al, 2009). The different molecular 
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growth inhibitor, MDGI) modulators (Nevo et al, 2010). Due to their ability to mechanosense 
the surrounding ECM environment and mediate the interactions that support cell adhesion 
and migration (Parsons et al, 2011), active integrins are key regulators of several important 
adhesion dependent functions, such as assembly and morphogenetic movements of tissues 
and organs or migration of isolated/clustered cells through the body (e.g. immune or cancer 
cells). For example, the remodeling of immature vascular networks that occurs during 
embryonic, but not tumor angiogenesis, depends on the ability of endothelial cells (ECs) to 
instantaneously mechanotransduce variations in fluid shear stress (Hahn & Schwartz, 2009). 
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vesicles (CCVs) (Pellinen et al, 2008) or by a caveolin-mediated pathway (Shi & Sottile, 
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endocytosed in ECM-adhesion sites located at the trailing edge and then recycled back en 
masse toward the leading edge (Bretscher, 1989). More recently, such a theoretical long range 
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migrating in 3D matrices a spatially restricted subpopulation of α5β1 integrin is instead 
internalized from the PM of ECM-adhesions located at the cell front and quickly recycled 
back to the same or proximal adhesive structures (Caswell & Norman, 2008; Caswell et al, 
2007; Caswell et al, 2009). The Rab11 subfamily member Rab25, which resides in a vesicular 
compartment located in close proximity of the tips of invading pseudopods, physically 
interacts with the β1 subunit of the internalized integrins and promotes tumor cell invasion, 
likely by favoring the localized recycling of α5β1 integrin (Caswell & Norman, 2008; Caswell 
et al, 2007; Caswell et al, 2009). Another key regulator of integrin traffic in motile cells is the 
Rab11 effector Rab-coupling protein (RCP), which binds with β3 integrin and, when αvβ3 
integrin is inhibited, switches to the cytodomain of β1 integrin, connecting α5β1 integrin 
with Rab11 and thus favoring its recycling to the PM (Caswell et al, 2008; Caswell et al, 
2009). Of note, RCP also associates with EGFR and, upon αvβ3 inhibition, the recycling to 
the PM  of endocytosed EGFR is enhanced in coordination with that of α5β1, finally 
resulting in an increased EGFR auto-phosphorylation and downstream activation of AKT 
(Caswell et al, 2008; Caswell et al, 2009). 

In the last couple of years, the new concept that endocytosis of active and inactive integrins 
could be mediated by different sorting machineries started emerging. Neuropilin 1 (Nrp1) is 
a transmembrane protein, initially identified in neurons, that is also expressed in ECs, where 
it works as a co-receptor for both pro- and anti-angiogenic factors, such as vascular 
endothelial growth factor (VEGF)-A165 and semaphorin 3A (SEMA3A) respectively 
(Bussolino et al, 2006; Neufeld & Kessler, 2008; Serini & Bussolino, 2004). The very C-
terminal SEA motif of Nrp1 cytodomain binds the endocytic adaptor GAIP interacting 
protein C terminus 1 (GIPC1)/synectin (Cai & Reed, 1999) that can also bind to the motor 
Myosin VI (Myo6) (Reed et al, 2005). Nrp1, via its cytodomain, controls EC adhesion to FN 
in a way that does not depend on its function as co-receptor for either VEGF-A or SEMA3A, 
but rather on its ability to promote the GIPC1/synectin- and Myo6-dependent endocytosis 
of the active, but not inactive conformation of α5β1 integrin from ECM adhesions 
(Valdembri et al, 2009). Remarkably, Nrp1 silencing does not affect the ratio between active 
and inactive α5β1 integrin, indicating that not only the conformational switch of integrins, 
but also the regulation of active integrin traffic and distribution constitutes an equally 
crucial parameter in the control of EC adhesion to the ECM (Valdembri et al, 2009). It has 
hence been proposed a model in which, upon FN binding, active α5β1 integrin associates 
with Nrp1 at the PM. GIPC1/synectin and Myo6 then favor the rapid internalization of the 
active α5β1/Nrp1 complex into Rab5-positive early endosomes, from which (active) α5β1 is 
then recycled back to the PM, likely in newly forming ECM-adhesion sites. 

The described endo-exocytic cycle of active integrins back and forth from ECM adhesions is 
remarkably similar to the traffic dependent E-cadherin dynamics observed in AJs of 
epithelial cells (see above). It is therefore tempting to speculate that also an ECM adhesion 
site could result from a rapid sequence of localized and exceptionally brief adhesive events, 
during which traffic could be crucial either to endocytose and then immediately recycle 
active integrins or to generate the force that has to be applied on ECM-bound active 
integrins to allow cell adhesion. Likely because GIPC1/synectin also binds the C-terminal 
SDA motif of the α5 integrin subunit cytodomain (Tani & Mercurio, 2001), while in ECs 
Nrp1 and Myo6 are specifically dedicated to the endocytosis of active α5β1 integrin, GIPC1 
controls inactive α5β1 internalization as well (Valdembri et al, 2009). The different molecular 
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composition of the machineries that control active vs. inactive integrin traffic could imply 
that higher amounts of endocytic proteins are required to effectively internalize ECM-bound 
integrins. Accordingly, the force-generating retrograde motor Myo6 (Spudich & 
Sivaramakrishnan, 2010) participates to endocytosis, transport of endosomal vesicles along 
F-actin (Hasson, 2003), and active integrin internalization (Valdembri et al, 2009) as well. 

Clathrin coats exist either as classical curved clathrin-coated pits or as flat clathrin-coated 
plaques that depend on the presence of the actin cytoskeleton and occur only at ECM-
adherent surfaces, indicating that integrin-mediated adhesion of cells to the ECM likely 
control the organization of the different clathrin-based endocytic structures (Kirchhausen, 
2009; Saffarian et al, 2009). The potential role of cell-to-ECM adhesion in regulating clathrin-
mediated endocytosis is further supported by the recent experimental observation that the 
closer clathrin-coated pits are to integrin-containing adhesion sites the slower are their 
internalization dynamics (Batchelder & Yarar, 2010). It is indeed possible that the binding of 
integrins to the ECM could give rise to forces that counteract the pulling forces required to 
deform and curve the PM to finally allow clathrin-based internalization. Such a hypothesis 
could also account for the requirement of different molecular complexes for active vs. 
inactive integrin internalization.  

To date, only few proteins have been selectively involved in inactive, but not active, integrin 
traffic and the degree of specificity for the bent/inactive integrin conformation is still matter 
of debate. A prominent example is represented by the endocytic adaptor protein disabled 2 
(DAB2), that is able to directly bind the cytodomain of integrin β subunits (Calderwood et 
al, 2003), and was recently found to selectively promote the internalization of inactive β1 
integrins (Teckchandani et al, 2009). However, during ECM-adhesion disassembly 
experiments, Chao and Kunz, by incubating living cells with the anti-active β1 integrin 
monoclonal antibody 12G10, found that active β1 integrins could be endocytosed in a 
DAB2-dependent manner as well (Chao & Kunz, 2009). However, since incubation of living 
cells with function activating or blocking antibodies represents a significant bias in the study 
of integrin activation physiology, further work is needed to better characterize the role of 
DAB2. 

4. Unconventional function of membrane trafficking proteins in mitosis 
Recent findings have shown that clathrin-mediated endocytosis is active throughout mitosis, 
while the recycling pathway slows down from prophase until the completion of anaphase 
(Boucrot & Kirchhausen, 2007). These data have been generated by monitoring the changes 
in plasma membrane area during mitosis in living cells with a membrane-impermeant dye 
that becomes fluorescent upon binding to the outer leaflet of the plasma membrane. Since 
the dye cannot flip to the inner leaflet, only endocytic vesicles generated by internalization 
of the plasma membrane can be visualized. At metaphase, these plasma membrane-derived 
vesicles are not delivered back at the surface resulting in a net decrease of the cell area. In 
turn, this translates in cell detachment and round up from prophase to anaphase. The 
recycling pathway recovers at telophase when the forming daughter cells start to spread 
again (Boucrot & Kirchhausen, 2007).  

Interestingly, mitotic phosphorylation of Rab4, a GTPase required for recycling from early 
endosomes to the plasma membrane (van der Sluijs et al, 1992), prevents its localization at 
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endosomal membranes (Ayad et al, 1997). During mitosis, phosphorylated Rab4 is in the 
cytosol complexed with the peptidyl-prolyl isomerase Pin1 and it is no longer able to recruit 
downstream effectors on endosomes (Gerez et al, 2000). Thus an appealing possibility is that 
Rab4 phosphorylation might participates in the inhibition of the recycling pathway 
measured by Boucrot and Kirchhausen during the early steps of mitosis. 

Of note, fusion of early endosomes in mitosis is blocked via cdc2-dependent 
phosphorylation events (Tuomikoski et al, 1989). This might represent an additional 
mechanism to inhibit vesicles recycling at the plasma membrane by altering the homeostasis 
of the endosomal compartment and affecting the generation of exocytic vesicles. Inhibition 
of homotypic fusion of early endosomes at mitosis is also caused by decreased residence 
time of the early endosome-tethering molecule EEA1 on endosomal membranes (Bergeland 
et al, 2008). It would be interesting to define how the acceleration of the EEA1 cycle between 
cytosol and membranes is achieved in mitotic cells.  

Endocytic/trafficking proteins are also emerging as important factors required for the 
proper execution of cell division. Beside the involvement of trafficking molecules in 
membrane delivery to the cleavage furrow at cytokinesis [for recent reviews see (McKay & 
Burgess, 2011; Montagnac et al, 2008)], some of these proteins also display specific functions 
in mitosis. Here we will review knowledge rising on this issue. 

One of the best-characterized endocytic molecules showing a distinct role in mitosis is the 
clathrin heavy chain. The clathrin complex is organized in a triskelion made of three heavy 
chains each with an associated light chain (ter Haar et al, 1998). At metaphase, clathrin also 
localizes to kinetochore fibers (spindle microtubules connecting kinetochores to spindle 
poles) of the spindle apparatus (Royle et al, 2005). Here it stabilizes spindle microtubules 
aiding congression of chromosomes on the metaphase plate. Depletion of clathrin heavy 
chain by RNA interference causes failure in the correct attachment of chromosomes to 
kinetochore fibers resulting in misaligned chromosomes and in persistent activation of the 
mitotic checkpoint thus prolonging mitosis (Royle et al, 2005). More recently, some advances 
in understanding clathrin function at the spindle have been made. Clathrin heavy chain has 
been found to bind to TACC3, phosphorylated on serine 558 by Aurora A, and to recruit it 
to the spindle. In turn, TACC3 is responsible for localization of ch-TOG, a protein that 
promotes microtubule assembly and spindle stability, to spindles (Lin et al, 2010). In 
agreement, functional ablation of clathrin heavy chain causes loss of ch-TOG from spindles 
and destabilizes kinetochore fibers affecting chromosome congression. Based on electron 
microscopy data, it has been proposed that TACC3/ch-TOG/clathrin heavy chain complex 
works as an inter-microtubules bridge that stabilizes kinetochore fibers by physical 
crosslinking reducing the rate of microtubule catastrophe (Booth et al, 2011). 

Another important endocytic player is epsin, an adaptor molecule that binds and deforms 
membranes driving curvature of clathrin-coated pits (Ford et al, 2002). At mitosis, epsin 
participates in spindle morphogenesis indirectly through its ability to regulate mitotic 
membrane organization (Liu & Zheng, 2009). In cells depleted of epsin, by RNAi-mediated 
silencing, the membrane network that uniformly surrounds the chromosomes is distorted 
with uneven membrane distribution frequently showing layers of membrane whorls. This, 
in turn, alters spindle morphology resulting in splayed spindle poles and multipolar 
spindles (Liu & Zheng, 2009).  
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endosomal membranes (Ayad et al, 1997). During mitosis, phosphorylated Rab4 is in the 
cytosol complexed with the peptidyl-prolyl isomerase Pin1 and it is no longer able to recruit 
downstream effectors on endosomes (Gerez et al, 2000). Thus an appealing possibility is that 
Rab4 phosphorylation might participates in the inhibition of the recycling pathway 
measured by Boucrot and Kirchhausen during the early steps of mitosis. 

Of note, fusion of early endosomes in mitosis is blocked via cdc2-dependent 
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Huntingtin-interacting protein 1-related (HIP1r) functions in clathrin-mediated endocytosis 
and links endocytosis to the actin cytoskeleton (Engqvist-Goldstein et al, 2001). HIP1r also 
localizes to the spindle and its depletion by RNA interference causes chromosome 
misalignment and activation of the spindle checkpoint (Park, 2011). 

In addition, is worth to mention that Rab6A’, a GTPase that regulates trafficking between 
the Golgi and post-Golgi membrane compartments, is also required for spindle stability 
(Mallard et al, 2002). At mitosis, depletion of Rab6A’ arrests cells at metaphase (Miserey-
Lenkei et al, 2006). Aligned chromosomes, in Rab6A’-depleted cells, show increased amount 
of p150Glued, a subunit of the dynein/dynactin complex, and of Mad2 at kinetochores. 
p150Glued takes part in the release of the checkpoint protein Mad2 from kinetochores thus 
switching off the mitotic checkpoint, an operation required for the transition of cells from 
metaphase to anaphase. The inability of Rab6A’-silenced cells to progress mitosis might be 
the consequence of defective p150Glued-mediated transport of Mad2 out of kinetochores 
resulting in the failure to turn off the checkpoint. Thus Rab6A’, by regulating the dynamics 
of the dynein/dynactin complex at the kinetochores, cooperates to the inactivation of the 
Mad2-spindle checkpoint. 

Some trafficking proteins have also been found to act at the centrosome which is part of the 
mitotic machinery that ensure proper chromosome segregation. One of these proteins is 
dynamin. In addition to its membrane localization, dynamin is at the centrosome 
throughout the cell cycle and localizes to the spindle midzone and to the cleavage furrow 
during cytokinesis (Thompson et al, 2004; Thompson et al, 2002). Depletion of dynamin by 
RNA interference causes centrosome separation indicating a role for dynamin in the 
maintenance of centrosome cohesion (Thompson et al, 2004).  

The Autosomal Recessive Hypercholesterolemia (ARH) protein provides another example. 
ARH is a cargo-specific adaptor that functions in clathrin-mediated endocytosis of receptors 
of the LDLR family (Shin et al, 2001). It displays a complex subcellular localization being on 
endocytic vesicles and at the centrosome in interphase. During mitosis, it also localizes to 
kinetochores, spindle poles and midbody. The suggested function for ARH is in centrosome 
assembly, as ARH-/- embryonic fibroblasts show smaller centrosomes. Since ARH binds to 
the dynein motor protein it could cooperate in the transport of components to the 
centrosome. Of note, functional ablation of ARH also strongly delays cytokinesis (Lehtonen 
et al, 2008). 

In addition, the Rab-GAP protein RN-tre is phosphorylated at mitosis and 
dephosphorylated by the dual-specificity phosphatase Cdc14A (Lanzetti et, 2007). Cdc14A 
controls key mitotic events and it is also implicated in centrosome function in human cells 
(Mailand et al, 2002). Mitotic phosphorylation on RN-tre modulates its GAP activity 
establishing an additional link between endocytosis and the machinery working at mitosis 
(Lanzetti et al, 2007). 

Finally, Rab5 is required for nuclear membrane breakdown at mitosis, as depletion of this 
GTPase in C. elegans delays nuclear envelope disassembly and the release of nuclear 
envelope and lamina components (Audhya et al, 2007). The activity of Rab5 in nuclear 
envelope disassembly appears to result from its involvement in structuring the ER, of which 
the nuclear membrane represents a functional district (Audhya et al, 2007). Rab5 participates 
to mitotic ER clustering  and to disassembly of the nuclear envelope also in mammalian cells 
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(Audhya et al, 2007; Serio et al, 2011). Although the molecular mechanisms are unclear, it 
has been proposed that Rab5 might act in trans, while localized on endosomes, by 
interacting with effectors on the ER membrane to induce their homotypic fusion. 
Furthermore, recent findings have shown that, at mitosis, Rab5 is required for proper 
chromosome alignment both in human cells and in the Drosophila system (Serio et al, 2011; 
Capalbo et al, 2011). 

One relevant question is whether the modality of function for these molecules at mitosis is 
distinct from their role in membrane trafficking during interphase. A couple of observations 
argue in favor of this possibility. 

First, some of these proteins display a subcellular localization in mitosis distinct from 
trafficking membranes. For instance, the globular N-terminal domain of the clathrin heavy 
chain is responsible for clathrin localization to kinetochore fibers and a number of assays, 
including labeling of intracellular membranes, electron microscopy analysis and mass 
spectrometry, revealed that it does not coat membranes at the spindle but it rather bind to 
microtubules or to microtubules-associated proteins (Royle et al, 2005). Localization of 
dynamin to centrosome, which is a non-membranous organelle, is dynamic and occurs 
through its middle domain in a microtubules-independent manner (Thompson et al, 2004).  

Second, these molecules appear to interact with binding partners distinct from those 
involved in vesicular trafficking pathways and such interactions seem to be relevant during 
cell division. Indeed, clathrin has been reported to bind and stabilize spindle microtubules 
(Royle et al, 2005) while dynamin interacts with the centrosomal protein γ-tubulin 
(Thompson et al, 2004). In addition, the β2-adaptin subunit of the clathrin adaptor AP2 
associates, at least in vitro, with a component of the mitotic spindle checkpoint, the kinase 
BubR1. Although the physiological meaning of this interaction is unknown, it might provide 
a link between endocytic proteins and the mitotic checkpoint machinery (Cayrol et al, 2002). 
Of note, two accessory components of clathrin coated pits, epsin and Eps15 are 
phosphorylated at mitosis and such modification reduces their binding to the α-adaptin 
subunit of AP2 (Chen et al, 1999). Among the different hypothesis that can be envisioned, 
one appealing possibility is that mitotic phosphorylation of epsin and Eps15 alters their 
binding capabilities promoting formation of protein complexes working at mitosis and 
involving partners distinct from AP2. Importantly, epsin has been shown to facilitate 
spindle organization independently from its endocytic function by using cell-free spindle 
assembly assays. In these assays, Xenopus egg extracts, lacking the membrane cortex, have 
been depleted of epsin and reconstituted with purified epsin or with epsin lacking the 
membrane-bending domain. Only full length epsin was able to rescue the spindle defects 
demonstrating that the membrane curvature activity of epsin is required for the 
establishment of spindle morphology independently from endocytosis (Liu & Zheng, 2009). 
This study nicely extends the concept that endocytic proteins have a role in mitosis distinct 
from the one exerted during interphase.  

Given that endocytosis is active throughout the cell cycle and that, at mitosis, some 
endocytic proteins are also involved in pathways different from internalization, these 
molecules might play two distinct functions simultaneously thus coordinating membrane 
traffic with the execution of mitotic events.  
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Genetic instability is a driving force in tumourigenesis and it is prompted by alteration in 
centrosome function and in spindle assembly (Lengauer et al, 1998; Lingle et al, 2002; Orr-
Weaver & Weinberg, 1998). Since endocytic proteins participate in the regulation of mitotic 
events, this could represent a novel, previously unrecognized, link between endocytosis and 
cancer. 

5. Conclusions 
Endo and exocytosis are well-known mechanisms that regulate signal transduction and the 
execution of different cellular programs. The number of players, their crosstalk and the 
networks that they generate is continuously growing adding novel layers of complexity and 
definition to the current picture. 

Intriguingly, increasing evidence shows that signalling itself can control and modulate 
endocytic pathways (Collinet et al, 2010). Activated receptors elicit a variety of signals that 
directly or indirectly control endocytosis by several means including phospho-modification 
of downstream effectors involved in endocytosis, control of protein synthesis and also 
modulation of actin cytoskeleton dynamics, a process that aids clathrin-mediated 
endocytosis. This is an emerging view in the trafficking field that will certainly disclose new 
areas of investigation. 
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1. Introduction 
The last step of cell division is the physical separation of two daughter cells via a process 
known as cytokinesis (Barr and Gruneberg, 2007; Prekeris and Gould, 2008). After replication 
of the genetic material, the mother cell divides by the formation of a cleavage furrow that 
constricts the cytoplasm, thus leaving two daughter cells connected by a thin intracellular 
bridge (ICB). The resolution of this bridge, abscission, results in a physical separation of the 
two daughter cells and usually occurs on either, or both, sides of the midbody within the ICB. 
This abscission event occurs on either or both sides of the midbody within the intracellular 
bridge (ICB). While earlier studies thought this abscission event was simply a continuation of 
the constriction placed on the cleavage furrow by the actomyosin contractile ring, it was later 
discovered that abscission is a highly complex and organized event consisting of much more 
than a simple actin and non-muscle myosin constricting ring. Endocytic membrane transport, 
ESCRT protein complex function, and cytoskeletal reorganization were all shown to contribute 
to cytokinesis and abscission (Barr and Gruneberg, 2007; Prekeris and Gould, 2008). The goal 
of this review is provide an overview the newest advances in our understanding about the 
dynamics and roles of endosomal transport during cytoskeletal re-arrangements and ESCRT 
complex assembly throughout cytokinesis. 

2. Post-Golgi transport is required for the completion of cytokinesis 
Classically, cytokinesis in animal cells was thought to be mediated by the formation and 
contraction of the actomyosin contractile ring, which assembles at the equator of the 
dividing cells and is regulated by a variety of molecules, including the recruitment and 
activation of a RhoA GTPase-dependent signaling cascade (Glotzer, 2005). In contrast, plant 
cytokinesis was demonstrated to depend on the transport of post-Golgi organelles, which 
assemble and fuse to form an organelle, known as a phragmoplast (Jurgens, 2005). This 
organelle ultimately fuses with the plasma membrane, bisecting the plant cell into two 
daughter cells. These mechanisms in animal and plant cell division were thought to have 
differentially evolved due to the fact that plant cells have a rigid cell wall, while animal cells 
only need to separate a very dynamic and “bendable” plasma membrane. Interestingly, 
during recent years, multiple studies have challenged this dogma and suggested that animal 
cell cytokinesis may not be entirely different from plant cell cytokinesis. The first clues, that 
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membrane transport may play a role in animal cytokinesis, came from the observations that 
in large embryonic cells, such as amphibian eggs, the addition of endo-membranes is 
required for expanding the plasma membrane during the formation and ingression of the 
cleavage furrow (Bluemink and de Laat, 1973). Later studies have shown that similar 
membrane addition is required during cellularization of Drosophila melanogaster embryos 
(Albertson et al., 2008; Hickson et al., 2003). In addition, multiple genetics and proteomics 
screens in Caenorhabditis elegans and Drosophila melanogaster have identified many known 
endocytic membrane trafficking proteins, such as dynamin, SNAREs and Rab GTPases as 
factors required for the successful completion of cytokinesis (Low et al., 2003; Pelissier et al., 
2003; Riggs et al., 2003). Based on this work, it has become widely accepted that endosomes 
are specifically targeted to the forming cleavage furrow, and appear to mediate the late 
step(s) of cell division. Finally, recent studies have suggested that these endosomes are not a 
homogeneous pool of endocytic membranes, but in fact consist of several post-Golgi 
organelles with different transport dynamics and distinct functions (Dambournet et al., 
2011; Nezis et al., 2010; Schiel et al., 2011). 

2.1 TGN-derived secretory vesicles 

Some of the first organelles that were shown to be targeted to the forming cleavage furrow 
were trans-Golgi Network (TGN)-derived secretory organelles. Elegant work from Steve 
Doxsey and colleagues has demonstrated that secretory organelles can be targeted to the 
midbody of the cleavage furrow by binding to the centriolin-exocyst protein complex 
(Gromley et al., 2005). Centriolin was originally described as a protein that associates with 
the mother centriole. However, during late cytokinesis, centriolin also associates with a 
novel structure in the midbody, known as the midbody ring. This midbody-associated 
centriolin was shown to act as a scaffolding factor by binding to and recruiting the Exocyst 
protein complex to the midbody (Gromley et al., 2005). The exocyst complex was originally 
described as a tethering factor for secretory vesicles in budding yeast (TerBush et al., 1996), 
and later was shown to play a similar role in mammalian cells (Hsu et al., 1999). The exocyst 
is a multi-protein complex that is comprised of Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70 
and Exo84 subunits (Hurley, 2010). The exocyst complex was already shown to localize to 
the neck of the bud in budding yeast and to the midbody of the dividing animal cells 
(TerBush et al., 1996). As the result, these data provided a tantalizing possibility that the 
centriolin-exocyst complex may serve as a tethering factor for the targeting of secretory 
vesicles to the forming cleavage furrow. Indeed, the knock-down of various exocyst 
subunits leads to defects in late cytokinesis (Fielding et al., 2005; Gromley et al., 2005). In 
addition to the exocyst complex, centriolin was also shown to bind and recruit a SNARE-
associated protein, SNAPIN (Gromley et al., 2005), thus providing another link between 
centriolin and membrane transport/fusion. Consistent with these data, SNAPIN also 
appears to be required for the successful completion of cytokinesis (Gromley et al., 2005). 
Taken together, it was proposed that the compound fusion of these secretory vesicles with 
each other and with the furrow plasma membrane may lead to the final scission of the 
intracellular bridge (ICB) connecting daughter cells. Since this model was introduced, high-
resolution microscopy and tomography studies have questioned whether compound 
secretory vesicle fusion can mediate abscission (Elia et al., 2011; Schiel et al., 2011). It is clear 
that secretory vesicles are delivered to the forming cleavage furrow during early-to-mid 
telophase, the function of these secretory vesicles remains unknown. 
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2.2 Rab11-endosomes 

In addition to secretory vesicles, recycling endosomes also have emerged as important players 
in mediating abscission. Several reports have demonstrated that pronounced changes occur in 
endocytic recycling during mitosis, and that these changes are required for the successful 
completion of cytokinesis (Boucrot and Kirchhausen, 2007). Additionally, VAMP8, a known 
endocytic SNARE, also was shown to be present in the cleavage furrow and is required for 
mitotic cell division (Schiel et al., 2011). Originally it was proposed that recycling endosomes, 
just like secretory vesicles, initiate abscission by fusing with each other and the plasma 
membrane, thus building a separating membrane in a manner similar to the formation of a 
phragmoplast in plant cells. However, recent data indicates that fusion of recycling endosomes 
instead mediates formation of the “secondary ingression” (Figure 2, Endosome fusion model), 
although it remains unclear how these recycling endosomes mechanistically induce this 
secondary ingression (Schiel et al., 2011). Rab11 is a small monomeric GTPase that plays a 
major role in the trafficking of recycling endosomes during interphase (Prekeris, 2003). As the 
result, it was proposed that Rab11 may play a role in targeting recycling endosomes to the 
cleavage furrow during mitosis. Indeed, work in several model organisms, such as 
Caenorhabditis elegans and Drosophila mellanogaster have shown that Rab11 is required for 
cytokinesis (Hickson et al., 2003; Pelissier et al., 2003; Skop et al., 2001). Similarly, recent work 
from several laboratories has shown that Rab11 also mediates late cytokinesis in mammalian 
cells (Hickson et al., 2003; Horgan et al., 2004; Wilson et al., 2004). Rab GTPases work by 
binding and recruiting distinct effector proteins to membranes. Because of the ability of the 
Rabs to bind multiple effector proteins, considerable effort within the last decade has been 
dedicated to the identification and characterization of Rab effector proteins and their roles in 
various cellular pathways. Work from several laboratories has identified Rab11-FIPs (Rab11 
Family Interacting Proteins) as Rab11 effector proteins that serve as “targeting complexes” in 
specific recycling endosome transport pathways (Hales et al., 2001; Prekeris et al., 2001). 
Rab11-FIPs (henceforth referred to as FIPs) consists of five members, which bind to Rab11 with 
a very high affinity (~100-200nM) (Junutula et al., 2004). All FIPs contain a highly conserved C-
terminally located Rab11-binding domain (RBD) (Prekeris, 2003). Recently solved crystal 
structures of FIP3/Rab11 and FIP2/Rab11 complexes have shown that FIPs form a parallel 
coiled-coil homo-dimer and bind to two Rab11-GTP molecules via Rab11-switch regions 
(Eathiraj et al., 2006; Jagoe et al., 2006). Interestingly, FIP binding induces a conformational 
change in Rab11, perhaps explaining the very high affinity of Rab11 and FIP binding (Eathiraj 
et al., 2006). Based on their structure and sequence similarity, the FIPs are divided into two 
classes (Figure 1). Class I FIPs (FIP1, FIP2 and FIP5) contain a N-terminally located 
phospholipid binding C2 domain and were shown to regulate endocytic recycling during 
interphase (Prekeris, 2003). Class II FIPs (FIP3 and FIP4) lack a C2 domain, but contain a N-
terminally located proline-rich domain (PRD) and two calcium binding EF hands (Prekeris, 
2003), although the functions of these domains remain unclear. FIP3, a Class II FIP, has 
emerged as a key regulator of recycling endosome targeting to the cleavage furrow during 
cytokinesis. In mammalian cells, knock-down of FIP3 results in failed cytokinesis, leading to 
the formation of bi-nucleate or multi-nucleate cells (Wilson et al., 2004). Similarly, nuclear 
fallout protein (nuf), a Drosophila orthologue of FIP3, is required for the cellularization of 
Drosophila embryos (Riggs et al., 2007). FIP3 also makes an excellent marker of furrow-
associated recycling endosomes, because during cytokinesis FIP3 is present exclusively at this 
site in the cell (Schiel et al., 2011; Simon et al., 2008). 
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cells (Hickson et al., 2003; Horgan et al., 2004; Wilson et al., 2004). Rab GTPases work by 
binding and recruiting distinct effector proteins to membranes. Because of the ability of the 
Rabs to bind multiple effector proteins, considerable effort within the last decade has been 
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Drosophila embryos (Riggs et al., 2007). FIP3 also makes an excellent marker of furrow-
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site in the cell (Schiel et al., 2011; Simon et al., 2008). 
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Fig. 1. The schematic representation of mammalian Rab11-FIP family members. Rab11-BD 
stands for Rab11-binding domain. Lines indicate binding domains mediating interactions 
with various FIP-binding proteins. 

As a result, recycling endosomes enriched at the cleavage furrow, are often referred to as 
FIP3-endosomes (Schiel et al., 2011). Recent work from many laboratories on FIP3-endosome 
dynamics during cell division has identified the machinery that allows the targeting and 
accumulation of FIP3-endosomes close to the midbody of the dividing cells. It was shown 
that FIP3-endosomes are delivered to the cleavage furrow along central spindle 
microtubules in a kinesin-dependent manner. An elegant study by Dr. Chavrier and 
colleagues showed that the directionality of recycling endosome transport along central 
spindle microtubules depends on the differential association of endosomes with either the 
Kinesin I or dynein molecular motors (Montagnac et al., 2009). Interestingly, some evidence 
suggests that FIP3 may directly bind to dynein via an association with the dynein light 
intermediate chain 2 (Horgan et al., 2010). Once delivered to the cleavage furrow, FIP3-
endosomes accumulate at close proximity to the midbody, a step that is required for the 
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completion of cytokinesis (Wilson et al., 2004). This accumulation depends on two distinct 
tethering mechanisms. It was indicated that FIP3 can directly bind to Cyk4/MgcRacGAP, 
and that this interaction is required for the efficient targeting of FIP3-endosomes (Simon et 
al., 2008). Cyk4 is a subunit of the Centralspindlin complex that is localized at the midbody 
during cytokinesis (Glotzer, 2005). In addition, FIP3 also was shown to bind Arf6 GTPase, 
an endocytic protein that is known to be required for cytokinesis (Hickson et al., 2003; 
Schonteich et al., 2007). Interestingly, Arf6 also binds the Sec10 subunit of the exocyst 
complex (Prigent et al., 2003). Rab11 was also shown to bind the exocyst complex via its 
Sec15 subunit (Wu et al., 2005). Thus Rab11/FIP3-containing endosomes can interact with 
the Exocyst tethering complex in at least two distinct binding interfaces. Why do FIP3-
endosomes need a multiple protein-protein interactions to be targeted to the midbody? One 
possibility is that all of these targeting proteins work as the ‘belt and braces’ to ensure the 
fidelity of FIP3-endosome transport and targeting. 

2.3 Rab35-endosomes 

In addition to Rab11, Rab35 also recently emerged as a potential regulator of endosomes 
during mitotic cell division. The possible involvement of Rab35 in regulating cytokinesis 
was first uncovered during a non-biased Rab siRNA library screen for cell division defects 
in Drosophila tissue culture cells, and later was confirmed to also be required for cytokinesis 
in mammalian cells as well (Kouranti et al., 2006). Just like Rab11, Rab35 appears to act 
during the late stages of cytokinesis, since cells expressing the dominant-negative Rab35 
mutant can still form and ingress a cleavage furrow, but fail to undergo abscission (Kouranti 
et al., 2006). The function of Rab35 still remains to be fully understood, mostly due to the 
fact that Rab35 effector proteins are only beginning to be identified. Rab35 has been 
implicated in regulating endocytic transport during interphase as it is localized to the 
plasma membranes, clathrin coated pits and endosomes (Chesneau et al., 2012). 
Consequently, Rab35 was shown to bind EHD1 and regulate fast endocytic recycling of 
MHC class I and II, components of the immunological synapse, and some synaptic proteins 
(Allaire et al., 2010; Walseng et al., 2008). Rab35 was also shown to bind fascin, a known 
actin cross-linking protein (Zhang et al., 2009). Consistent with this finding, Rab35 was 
suggested to regulate actin polymerization/bundling during neurite outgrowth, 
phagocytosis and cell motility (Chevallier et al., 2009; Egami et al., 2011; Kanno et al., 2010). 
The exact function of Rab35 during cytokinesis remains to be fully understood, however, it 
was proposed that it also may regulate the actin cytockeleton within the cleavage furrow 
(see below) (Dambournet et al., 2011; Kouranti et al., 2006).  

3. The role of endosomes in regulating PI3P, PI(4,5)P2 and the actin 
cytoskeleton during cell division 
Phosphoinositides (PIs) are well-established regulators of cytokinesis. It has been 
demonstrated by work in many laboratories that phosphoinositide 4-5 bisphosphate 
(PI(4,5)P2) is enriched at the ingressing cleavage furrow (Field et al., 2005). Inhibition of 
PI(4,5)P2 production by overexpressing a kinase-dead PI4P5-kinase leads to an increase in 
multinucleation, an indication of failed cytokinesis (Emoto and Umeda, 2000; Field et al., 
2005). Two enzymes, phosphatase and tensin homologue on chromosome 10 (PTEN) and 
PI3-kinase, which regulate PI(4,5)P2 and PI(3,4,5)P3 levels, are required for cytokinesis 
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Consequently, Rab35 was shown to bind EHD1 and regulate fast endocytic recycling of 
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actin cross-linking protein (Zhang et al., 2009). Consistent with this finding, Rab35 was 
suggested to regulate actin polymerization/bundling during neurite outgrowth, 
phagocytosis and cell motility (Chevallier et al., 2009; Egami et al., 2011; Kanno et al., 2010). 
The exact function of Rab35 during cytokinesis remains to be fully understood, however, it 
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(Janetopoulos and Devreotes, 2006; Nezis et al., 2010). Interestingly, endosomes have 
recently emerged as important modulators of PI(4,5)P2 during cell division. For example, 
Vps34 (PI3-kinase C3) is delivered to the cleavage furrow by associating with Rab11-
containing endosomes (Nezis et al., 2010). Several PI3K-III accessory proteins, such as 
Becklin 1, Vps15, UVRAG and BIF1 were all shown to be associated with endosomes and 
required for cytokinesis (Nezis et al., 2010). PI4P5-kinase was also shown to bind and be 
activated by Arf6, a protein which is targeted to the midbody by binding to the exocyst 
complex and FIP3/Rab11 (Hickson et al., 2003; Schonteich et al., 2007). Finally, Rab35 was 
shown to bind and recruit to the furrow a protein called phosphoinositide 5-phosphatase 
OCRL, that is responsible for a genetic disease oculocerebral syndrome of Lowe 
(Dambournet et al., 2011). This evidence clearly demonstrates that the cellular levels of PIs at 
the furrow are tightly regulated, and relay on several independent pathways that must 
coordinate with each other during mitotic progression. The actin cytoskeleton is one of the 
key players during cytokinesis. Classically, cytokinesis is defined as occurring through the 
formation and contraction of the actomyosin contractile ring at the equator of the cell. Initial 
actomyosin ring assembly and activation is regulated by RhoA GTPase and appears to be 
independent of endocytic transport, since the inhibition of either Rab11 or Rab35-dependent 
membrane delivery does not prevent the initial cleavage furrow ingression (Dambournet et 
al., 2011; Wilson et al., 2004). In late cytokinesis, the role of the actin cytoskeleton is less 
clearly defined. Actin appears to be required for the initial stabilization of the intracellular 
bridge, presumably by binding to a septin network via anillin adaptor proteins (Piekny and 
Maddox, 2010). Actin filaments also associate with the plasma membrane at the furrow by 
binding to the ezrin/radixin/moesin family of proteins, which bind directly with the 
plasma membrane (Kunda et al., 2008; Kunda et al., 2011). Finally, it is generally accepted 
that the actin cytoskeleton needs to be disassembled for the final abscission step to take 
place, however the machinery that regulates this final disassembly remains unclear. 
Interestingly, Rab35 appears to mediate the delivery of OCRL to the furrow only during late 
cytokinesis (Dambournet et al., 2011). Thus, it was postulated that OCRL may be responsible 
for the final disassembly of the actin cytoskeleon by depleting PI(4,5)P2 levels at the furrow. 
Consistent with this, it was demonstrated that a delay in abscission resulting from the 
depletion of OCRL or Rab35 can be rescued by incubating dividing cells with low 
concentrations of the actin depolymerizing agent, latrunculin-A (Dambournet et al., 2011). 
In addition to Rab35, Rab11 and FIP3 also appear to play a role in regulating the actin 
cytoskeleton during cytokinesis. Inhibition of Drosophila homologue of FIP3, nuclear fallout 
protein (Nuf), resulted in a very dramatic reorganization of the actin cytoskeleton within 
cleavage furrows (Riggs et al., 2007; Riggs et al., 2003). While the mechanisms that mediate 
Rab11 and FIP3 effects on actin remains to be determined, new data suggest that FIP3-
containing endosomes deliver p50RhoGAP to the cleavage furrow (unpublished data). Since 
p50RhoGAP inactivates RhoA GTPase (Barrett et al., 1997; Sirokmany et al., 2006; Zhou et 
al., 2010), it is tempting to speculate that the targeting of FIP3 endosomes to the furrow may 
result in the inactivation of RhoA, and the subsequent depolymerization of the actin 
cytoskeleton.  

4. ESCRTs and cytokinesis 
Recently work from several laboratories has implicated the endosomal sorting complex 
required for transport (ESCRT) proteins in mediating the abscission step of cytokinesis. The 
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ESCRT proteins were originally identified as proteins involved in protein sorting to the 
lysosomes and in the formation of intraluminal vesicles during the maturation of 
multivesicular bodies. The ESCRT complex consists of four different protein complexes: 
ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III. While ESCRT-0 and ESCRT-I are involved in 
cargo recognition and sorting, ESCRT-II and ESCRT-III seem to play a role in initial vesicle 
formation (Wollert and Hurley, 2010). Finally, ESCRT-III appears to mediate the final 
scission of intraluminal vesicles (Wollert and Hurley, 2010). Since intraluminal vesicle 
scission is topologically similar to the scission of the intracellular bridge during cytokinesis, 
it was proposed that ESCRT proteins may mediate the abscission step of cytokinesis 
(Carlton et al., 2008; Carlton and Martin-Serrano, 2007). 

 
Fig. 2. Models for ESCRT and endosome roles during abscission.  

Indeed, knock-down of various ESCRT-II and ESCRT-III members result in the inhibition of 
abscission, while having no effect on initial cleavage furrow ingression (Caballe and Martin-
Serrano, 2011). Interestingly, ESCRT-dependent abscission does not require ESCRT-0 and 
ESCRT-I complexes (Hurley, 2010; Samson et al., 2008). Instead, ESCRT-III is recruited to the 
midbody of the cleavage furrow by binding to ALIX or Tsg101 proteins, which accumulate 
at the midbody by interacting with well-established midbody protein CEP55 (Caballe and 
Martin-Serrano, 2011). The actual scission step is mediated by the ESCRT-III complex 
subunit CHMP4. CHMP4 has the ability to form ~5 nm filaments and tubulate liposomes in 
vitro (Ghazi-Tabatabai et al., 2008; Lata et al., 2008). Since abscission usually occurs outside 
the midbody, it was postulated that CHMP4 is recruited to the midbody, where it 
polymerizes to form continuous spiral filaments that induces a gradual decrease in the 
diameter of the ICB and eventually leads to the scission of the membranes (Elia et al., 2011; 
Guizetti et al., 2011) (Figure 2, ESCRT model). While the discovery of ESCRT involvement in 
abscission does provide the novel conceptual framework for the mechanism of abscission, 
many questions remain to be answered. ESCRT complexes usually mediate scission of the 
membrane tubes that are about 24-50 nm in diameter. Consistent with this, it was shown 
that the ESCRT-III complex associate with the high-curvature (>100 nm) membranes (Fyfe et 
al., 2011). Thus, it remains unclear how the ESCRT-III polymers can form and contract 
intracellular bridges that are 2-3 mm in size (Schiel et al., 2011). Furthermore, the stability of 
the ICB is maintained by a complex cortical network consisting of actin and septin filaments, 
which are cross-linked to each other and to the plasma membrane by anillin. How the 
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ESCRT-III “spirals” are formed in the presence of these cytoskeletal elements remains a 
mystery. Some of these questions may be explained by recent findings that endosome 
delivery and fusion with the plasma membrane of the intracellular bridge may induce the 
disassembly of the actin cytoskeleton and lead to the secondary ingression that decreases the 
diameter of the intracellular bridge to ~100-200 nm (Dambournet et al., 2011; Schiel et al., 
2011). Perhaps this endosome-dependent secondary ingression initiates the “de novo” 
recruitment of activated ESCRT-III to the abscission site by removing the actin cytoskeleton 
and narrowing the ICB to a smaller size (Figure 2, Endosome/ESCRT model) (Schiel and 
Prekeris, 2011). Indeed, while accumulation of the ESCRT-III at the abscission site can be 
readily detected, most recent studies have failed to observe an ESCRT “spiral” emanating 
from the midbody and continuing to the abscission site (Elia et al., 2011; Schiel et al., 2011). 

5. Conclusions and future objectives 
Work from multiple laboratories in the last few years has significantly advanced our 
understanding about the core machinery of the abscission step of cytokinesis. All these data 
have demonstrated that cell abscission is an immensely complicated event that involves 
coordinated changes in membrane transport, microtubules, the actin cytoskeleton, septin 
filaments and the ESCRT complexes. How all these components are regulated, and what the 
mechanisms of the cross-talk between them may be, remain completely unknown and will 
be the focus of future studies. One of the biggest problems in studying the spatiotemporal 
dynamics of various cellular components during cell division has been the inability to 
visualize the individual organelles or cytoskeletal elements within the intracellular bridge, 
due to the resolution limits of the light microscopy. The emergence of novel super-
resolution imaging techniques, such as photo-activated localization microscopy (PALM), 
stimulated emission depletion microscopy (STED) and correlation high-resolution 
tomography will allow us to begin addressing some of these questions and 
testing/combining multiple competing abscission models. 
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ESCRT-III “spirals” are formed in the presence of these cytoskeletal elements remains a 
mystery. Some of these questions may be explained by recent findings that endosome 
delivery and fusion with the plasma membrane of the intracellular bridge may induce the 
disassembly of the actin cytoskeleton and lead to the secondary ingression that decreases the 
diameter of the intracellular bridge to ~100-200 nm (Dambournet et al., 2011; Schiel et al., 
2011). Perhaps this endosome-dependent secondary ingression initiates the “de novo” 
recruitment of activated ESCRT-III to the abscission site by removing the actin cytoskeleton 
and narrowing the ICB to a smaller size (Figure 2, Endosome/ESCRT model) (Schiel and 
Prekeris, 2011). Indeed, while accumulation of the ESCRT-III at the abscission site can be 
readily detected, most recent studies have failed to observe an ESCRT “spiral” emanating 
from the midbody and continuing to the abscission site (Elia et al., 2011; Schiel et al., 2011). 

5. Conclusions and future objectives 
Work from multiple laboratories in the last few years has significantly advanced our 
understanding about the core machinery of the abscission step of cytokinesis. All these data 
have demonstrated that cell abscission is an immensely complicated event that involves 
coordinated changes in membrane transport, microtubules, the actin cytoskeleton, septin 
filaments and the ESCRT complexes. How all these components are regulated, and what the 
mechanisms of the cross-talk between them may be, remain completely unknown and will 
be the focus of future studies. One of the biggest problems in studying the spatiotemporal 
dynamics of various cellular components during cell division has been the inability to 
visualize the individual organelles or cytoskeletal elements within the intracellular bridge, 
due to the resolution limits of the light microscopy. The emergence of novel super-
resolution imaging techniques, such as photo-activated localization microscopy (PALM), 
stimulated emission depletion microscopy (STED) and correlation high-resolution 
tomography will allow us to begin addressing some of these questions and 
testing/combining multiple competing abscission models. 
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1. Introduction 
Arf family GTP-binding proteins, a subfamily of the Ras superfamily, are critical regulators 
of membrane traffic and actin remodeling (Kahn, 2009; Kahn et al., 2006; Gillingham and 
Munro, 2007; Donaldson and Jackson, 2011). The Arf family contains six Arf proteins in 
most mammals (five in humans) that are divided into three classes based on primary 
sequence and phylogenetic considerations (Kahn et al., 2006). The function of the Arf 
proteins requires switching between GDP and GTP bound forms. The accessory proteins 
that mediate the transitions between ArfGDP and ArfGTP function as enzymes and can be 
studied using the formalisms of enzymology. 

Like other GTP binding proteins, switching between ArfGDP and ArfGTP is achieved by a 
controlled cycle of GTP binding and hydrolysis. The two steps are catalyzed by distinct 
enzymes. The conversion of ArfGDP to ArfGTP is accomplished through nucleotide 
exchange, with the apo form of Arf as an intermediate. Nucleotide, however, binds tightly to 
Arf, resulting in very slow intrinsic exchange rates, and the apo form of Arf is unstable. 
Guanine nucleotide exchange factors (GEFs) are enzymes that accelerate the reaction, by 
decreasing affinity for nucleotide and stabilizing the apo form of Arf (Casanova, 2007; 
Gillingham and Munro, 2007; Renault et al., 2003). Arf proteins are unusual among Ras 
superfamily proteins in having no detectable GTPase activity. Conversion of ArfGTP to 
ArfGDP is catalyzed by GTPase-activating proteins (GAPs;Gillingham and Munro, 2007; 
Donaldson and Jackson, 2011; Ha et al., 2008b; Kahn et al., 2008; Randazzo and Hirsch, 2004; 
Spang et al., 2010). The GEFs and GAPs are both large families of proteins with diverse 
structural features. The control of binding and hydrolysis of GTP by Arf is thought to be 
achieved by regulation of the ArfGAPs and ArfGEFs. The study of the ArfGAPs and 
ArfGEFs as allosterically controlled enzymes is providing valuable information about their 
regulation and insights into the roles in cell physisology.  

2. ArfGAP family of proteins 
Thirty-one genes encode proteins with Arf GAP domains in humans (Kahn et al., 2008). The 
proteins are divided into 10 groups (Figure. 1) based on domain structure and phylogenetic 
analysis (Kahn et al., 2008). Six groups have the ArfGAP catalytic domain at the extreme N-
terminus of the protein. In the other four groups, which comprise 20 proteins, the ArfGAP 
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structural features. The control of binding and hydrolysis of GTP by Arf is thought to be 
achieved by regulation of the ArfGAPs and ArfGEFs. The study of the ArfGAPs and 
ArfGEFs as allosterically controlled enzymes is providing valuable information about their 
regulation and insights into the roles in cell physisology.  

2. ArfGAP family of proteins 
Thirty-one genes encode proteins with Arf GAP domains in humans (Kahn et al., 2008). The 
proteins are divided into 10 groups (Figure. 1) based on domain structure and phylogenetic 
analysis (Kahn et al., 2008). Six groups have the ArfGAP catalytic domain at the extreme N-
terminus of the protein. In the other four groups, which comprise 20 proteins, the ArfGAP 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

196 

domain is sandwiched between a PH and Ankyrin repeat domains. Other than having the 
common ArfGAP catalytic domain, the groups are structurally diverse. Some of the 
structural differences are thought to contribute to differential regulation of the catalytic 
activity of the GAPs through lipid or protein binding, which has been tested for several 
ArfGAPs. The molecular mechanism for catalysis by ArfGAPs remains unclear. The first 
reported structure of ArfGAP/Arf complex is for the ArfGAP domain of ArfGAP1 in 
complex with Arf1 bound to GDP, the product of the reaction (Goldberg). This structure 
argued against the general “Arginine-finger” mechanism for the GAPs that has been 
described for GAPs for other Ras superfamily members (Scheffzek et al., 1998). Studies of 
the enzymology of ArfGAP1 and ASAP1 first revealed that the available crystal structure 
may have to be reinterpreted.  

 
Fig. 1. Schematic of human ArfGAPs. Abbreviations-A, Ankyrin repeat; BAR, 
Bin/Amphiphysin/Rvs; PBS, paxillin-binding site; PH, pleckstrin homology; SAM, sterile 
alpha motif; SH3, Src-homology 3; SHD, Spa2 homology; CB, clathrin box; CALM, CALM-
binding domain; GLD, GTP-binding protein-like domain; RA, Ras association domain; and 
GLO3, GLO3 motif.  

The ArfGAPs contained all necessary elements for efficiently inducing GTP hydrolysis (Luo 
et al., 2007; Jian et al., 2009). In addition, arginine 497 of ASAP1 and arginine 50 of ArfGAP1 
likely serve in the catalytic capacity described for the arginine finger in Ras GAPs. Indeed, 
recent structural studies of another ArfGAP/Arf complex reveals an arginine that is 
catalytic (Ismail et al., 2010). The enzymology indicates that our current understanding of 
the catalytic mechanism is still incomplete. The proteins used for the crystal (Ismail et al., 
2010) have 1/105 the optimal activity of the ASAP3. Thus, in addition to providing insights 
into the cellular functions of ArfGAPs, which will be described in more detail below, the 
enzymology has provided important information about the molecular basis of catalysis. 
Here, we discuss general considerations about the enzymology of these proteins and then 
discuss two specific examples. 
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2.1 General considerations in the kinetic analysis of ArfGAPs 

ArfGAPs catalyze what can be considered a single substrate reaction (the second substrate is 
water), schematized as  

 GAP
iArf GTP Arf GDP P     (1) 

For more complex schemes, we simplify the notation. If we let E =GAP, S=ArfGTP and 
P=ArfGDP, then the scheme is  

E +  S ES E + PEP
k 1

k- 1

k 2

k- 2

k 3

k- 3  
(2)

If we consider that ES and EP rapidly isomerize, then  

E +  S ES E + P
k 1

k- 1

k 2

k- 2  
(3)

The kinetics can be complex for several reasons. Excluding other factors such as 
dimerization of the ArfGAP and allosteric modifiers, the first possible additional complexity 
of the simple E+S ES scheme is that the substrate is restricted to a surface and the reaction 
occurs on the same membrane surface. The restriction to the surface is important for two 
reasons related to analyzing GAP activity. First, if the enzyme is also restricted to the 
surface, the collision rate of enzyme and substrate will be determined by the surface 
concentration, i.e. mass/area, rather than mass/volume. Second, the quality of the surface is 
important. In the few cases examined, the quality of the surface is a more important 
consideration than the total surface area (Jian et al., 2009). With Arf GAPs that reversibly 
associate with surfaces, surface dilution does not seem to affect reaction rate so long as 
surface area is about 5 fold greater than the surface occupied by the maximum amount of 
Arf present. The quality of surface, however, is critical with different parameters 
determined when using mixed micelles of Triton X-100, LUVs containing all saturated acyl 
groups in the phospholipids or LUVs containing unsaturated lipids. Catalysis and 
regulation of the ArfGAPs can be analyzed without invoking surface dilution kinetics but 
comparisons between proteins are only valid when the same quantity and composition of 
lipid or detergent are used as the hydrophobic surface to support the reaction. Keeping the 
surface constant, the initial velocity equation is  

 max
i

m

V Arf GTPv
K Arf GTP

 


 
, (4) 

the Michaelis-Menten equation for initial reaction velocity. Using the symbol S for the 
substrate ArfGTP gives the familiar notation used in the equation.  

 max
i

m

V Sv
K S





 (5) 
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The effect of an allosteric modifier is schematized  

E    +    S ES E + P

ME    + S MES ME + P

M MKd

Km

α·Kd

α·Km

k

kcat2

cat1

 

(6)

The initial velocity equation is: 

 

t cat1 t cat2

dm m
i

m d m d

E k S E k M S
K K Kv S M S M1
K K K K

    


  



  

  

 (7) 

Where E is the GAP (enzyme), S is ArfGTP and M is the allosteric modifier. Km is the 
concentration of substrate at which the enzyme proceeds with half maximal velocity, kcat is 
the turnover number,  is the effect of the modifier on substrate binding, Et is the total GAP 
in the reaction, and Et·kcat = Vmax. 

As briefly discussed for ASAP1 in this chapter, a second consideration for ArfGAPs is the 
potential role of dimerization in regulating the reaction. We are not aware of any 
description, to date, of an ArfGAP that requires the consideration of dimerization to explain 
the kinetics, but only a few ArfGAPs have been analyzed.  

2.2 ASAP1: Examination of putative lipid binding domain leads to model of activation 
by two signals 

ASAP1 is of interest to cell biologists because it has been implicated as one critical factor for 
cancer cell invasion and metastasis (Ha et al., 2008b; Sabe et al., 2006) with the most 
compelling evidence coming from studies of uveal melanoma (Ehlers et al., 2005). 
Consistent with a potential role in cancer, ASAP1 affects cellular adhesions and cell 
migration (Randazzo et al., 2000; Onodera et al., 2005; Bharti et al., 2007; Ha et al., 2008b; Ha 
et al., 2008a). Recently, additional interest in ASAP1 comes from the study of ciliogenesis 
(Ward et al., 2011;Mazelova et al., 2009). ASAP1 is necessary for the delivery of proteins to 
primary cilia. The molecular bases for the contribution of ASAP1 to the pathologic behavior 
of cells or the physiological cellular function are not known. The mechanisms by which 
catalytic activity is regulated are being defined with the hope of furthering the 
understanding of the role of ASAP1 in cell physiology.  

The regulation of ArfGAPs by phosphoinositides was an early finding that led to the 
purification of ASAP family Arf GAPs (Randazzo and Kahn, 1994). ASAPs contain, from the 
N-terminus, a BAR, PH, ArfGAP, Ank repeat, Proline rich, E/DLPPKP repeat and SH3 
domains, while ASAP1 also has a 30 amino acid extension on the N-terminus of the BAR 
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domain (Jian et al., 2009). Although many Arf GAPs have PH domains, which can bind to 
phosphoinositides, the hypothesis that phosphoinositide binding to the PH domain 
regulates catalysis by the GAP domain has been most extensively examined for ASAP1.  

The PH domain is one of two potential lipid binding domains in ASAP1, the other being the 
BAR domain. The PH domain of ASAP1 has some consensus with PIP2 binding PH domains 
and was found to bind to phosphatidylinositol 4,5-bisphosphate (PI4,5P2). Initial analysis 
revealed that the PH domain was important for catalytic activity. Recombinant protein with 
the PH domain had 3 – 4 orders of magnitude greater activity than recombinant protein 
lacking the PH domain (Kam et al., 2000; Che et al., 2005; Luo et al., 2008). Extrapolating from 
other PH domain proteins, the function of the PH domain was thought to be recruitment of 
the protein to PIP2-containing membranes, which also contained the substrate, ArfGTP; 
however, in the case of ASAP1, recruitment could be uncoupled from activation (Che et al., 
2005). PIP2 binding was found to cause conformational changes in the PH domain in ASAP1 
and in more than 100-fold stimulation of catalytic activity (Che et al., 2005). Changing 
residues in the PH domain that reduced PIP2 binding resulted in a change in both Km and kcat 

for the reaction consistent with the concept that PIP2 binding induces conformational changes 
in the protein leading to increased activity. A simple recruitment mechanism would lead to 
an isolated change in Km for the enzymatic reaction. In addition, although ASAP1 is recruited 
to membrane ruffles, the recruitment is independent of the PH domain. PIP2 binding to the 
PH domain of ASAP1 may be necessary for enzymatic activity, but it may not be sufficient to 
regulate the protein. There must be a signal to at least recruit ASAP1 to the site of action. 
Studies examining the BAR domain reveal regulation may be more complex. 

BAR domains are bundles of 3  helices that homodimerize to form banana shaped 
structures (Zhu et al., 2007). The function of some BAR domains is related to binding 
membranes where they are thought to either induce or sense curvature (Habermann, 2004; 
McMahon and Gallop, 2005; McMahon and Gallop, 2005) (Figure 2). This hypothesis was 
tested for ASAP1. The BAR domain of ASAP1 dimerizes with a dissociation constant of less 
than 10 nM (Nie et al., 2006). The isolated BAR was not found to be stable, but the isolated 
BAR-PH tandem was stable and could induce membrane curvature (Nie et al., 2006). Any  

 
Fig. 2. BAR domain sense or induce the curvature of the membranes. A homology model of 
the BAR-PH-ArfGAP-Ankyrin repeat domains of ASAP1. The protein forms homodimer 
through the BAR domains. Light blue curve represents the membrane.  
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regulate the protein. There must be a signal to at least recruit ASAP1 to the site of action. 
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membranes where they are thought to either induce or sense curvature (Habermann, 2004; 
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Fig. 2. BAR domain sense or induce the curvature of the membranes. A homology model of 
the BAR-PH-ArfGAP-Ankyrin repeat domains of ASAP1. The protein forms homodimer 
through the BAR domains. Light blue curve represents the membrane.  
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additional domains, e.g. a construct comprised of the BAR, PH, ArfGAP and Ank repeat 
domains did not induce membrane curvature nor sense membrane curvature. Comparisons 
of recombinant proteins derived from ASAP1 containing or lacking the BAR domain 
revealed that the extension from the BAR domain inhibited GAP activity, presumably acting 
in trans within the homodimer of ASAP1 (Jian et al., 2009) (Figure. 3). Neither lipid 
composition nor curvature of vesicles affected the autoinhibition. This leads to the still 
untested hypothesis that proteins that bind to the BAR domain of ASAP1 may stimulate 
activity by relieving the autoinhibition. The current model for regulation of ASAP1 is that 
simultaneous binding of protein to the BAR domain and to the PH domain leads to 
activation.  

The contribution of the domains C-terminal of the ankyrin repeats in the regulation of GAP 
activity has not been extensively examined. Plausible models include the SH domain 
interacting with PXXP motifs in the N-terminus of the molecule or molecules that bind to 
the PXXP motifs c-terminal of the ank repeat domains interacting with one of the N-terminal 
domain. There is support for the idea that in mouse ASAP1, src binding to the PXXP motif 
can phosphorylate residues near the PH domain resulting is reduced GAP activity (Kruljac-
Letunic et al., 2003).  

The ACAP subfamily is similar to the ASAPs having a structure comprised of BAR,PH, 
ArfGAP and Ank repeat domains. Similar to ASAPs, the ACAPs are regulated by 
phosphoinositides, which was expected for the PH domain. Different than ASAPs (Figure. 
3), the ACAPs do not contain the N-terminal extension of the BAR domain that has an 
autoinhibitory function in ASAPs. The ACAPs, therefore, are likely to be regulated by 
distinct mechanisms from those used by the ASAPs. Inhibition by proteins that associate 
with the BAR-PH domain is one possibility. 

 
Inhibitory 

ASAP1 MRSSASRLSSFSSRDSLWNRMPDQI SVSEFIAETTEDYNSPTTSSFTTRLHNCRN 
ASAP2                                                         MPD QI SVS EFVAETHEDYKAPTASSFTTRTAQCRN 
ASAP3                                                         MPE QF SVAEFLAVTAEDLSSPAGAAAFAAKMPRYR 
ACAP1 MKMTVDFEECLKDSPRFR 
ACAP2 MTVKLDFEECLKDSPRFR 

Fig. 3. Alignment of the N-termini of ASAPs and ACAPs. The autoinhibitory fragment 
identified in ASAP1 is indicated as “Inhibitory.” Identities among ASAPs are indicated by 
gray shading. Loci numbers: ASAP1, NP_060952; ASAP2, NP_003878; ASAP3, NP_060177; 
ACAP1, NP_055531; ACAP2, NP_036419. 

Other examples of ArfGAPs regulated by phosphoinositides include ARAPs, ACAPs and 
AGAPs. ARAPs contain, from the N-terminus, SAM, two PH, ArfGAP, two PH, RhoGAP 
RA, and PH domains (total of 5 PH domains). PH domains 1 and 3 (see schematic in Figure 
1) have consensus for PIP3 binding PH domains and PIP3-binding to PH domain 1 
stimulates GAP activity (Campa et al., 2009). Like the PH domain for ASAP1, the PH 
domain does not mediate recruitment to the membrane surface containing ArfGTP. AGAPs 
are also stimulated by phosphoinositides but specificity among the phosphoinositides is not 
apparent. 
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2.3 AGAP1: Allosteric regulation through a GTP-binding protein like domain 

The AGAP proteins are comprised of a GTP-binding protein-like domain (GLD), split PH, 
ArfGAP and ankyrin repeat domains (Nie et al., 2002). Two AGAPs bind clathrin adaptor 
proteins and have effects on endocytic membrane traffic (Nie et al., 2003; Nie et al., 2005). 
One of these, AGAP2, has also been implicated in the progression of glioblastoma (Ye and 
Snyder, 2004). Defining the regulation of GAP activity is of significance both to 
understanding membrane traffic and cancer.  

Initial examination of regulation of the AGAPs focused on phosphoinositides and later, with 
the discovery that clathrin adaptor proteins bind to the PH domain, on the adaptors (Nie et 
al., 2005; Nie et al., 2002). GLD was at first discounted as a regulator of the ArfGAP catalytic 
activity because deletion of the domain did not affect activity. Recombinant AGAPs, with or 
without the GLD have less than 1 % of the activity of ASAP1 and no apparent substrate 
specificity, indicating that there was likely a means of increasing AGAP catalytic activity, as 
explained below. Two-hybrid screening revealed that the GLD is a protein binding site. 
When a complex is formed, the GAP activity is increased for Arf1 and decreased for Arf6. 
The mechanistic basis still needs to be determined (Luo et al., submitted).  

The additional value of the work on AGAP1 is that it illustrated two concepts important to 
studying enzymes that regulate proteins. First, turnover number, or at least catalytic power, 
is relevant. Low activity could indicate a poorly folded protein, in which case the data 
obtained may not be physiologically relevant. On the other hand, if the protein is properly 
folded, as was the case for AGAP1, low activity may indicate that positive regulatory 
mechanisms remain to be discovered. Second, studying an inactive enzyme could be 
misleading. Although enough activity may be present to make measurements, the enzyme 
may not optimally recognize the physiological substrate. Other proteins with similarity to 
the physiological substrate may be fortuitously used. These properties of the GAPs need to 
be considered when expressing the proteins in cells, since activators may be titrated away, 
and the bulk of the GAP may be relatively inactive.  

2.4 ArfGAP1, 2 and 3: Control by two interacting proteins 

ArfGAP1 was the first identified ArfGAP and the first GAP found to regulate membrane 
traffic, although its precise role remains unknown (Hsu, 2011; Hsu et al., 2009;Kahn, 2009; 
East and Kahn, 2011; Kahn, 2011;Beck et al., 2011; Weimer et al., 2008; Beck et al., 2009b; 
Shiba et al., 2011; Spang et al., 2010). The protein is approximately 50 kDa with the Arf GAP 
domain at the N-terminus and a unique C-terminus that contains two ALPS motifs that are 
described below. ArfGAP2 and 3 have a similar overall structure but in place of the ALPS 
motifs contain a Glo3 homology domain (Figure 1). ArfGAP1, ArfGAP2 and ArfGAP3 
localize to the Golgi where they regulate Golgi-to-ER membrane traffic. Early work reported 
that PIP2 could activate ArfGAP1, despite lack of a PH domain, but that result was later 
found to result from the use of nonmyristoylated Arf as a substrate, which is recruited to 
membrane surfaces by PIP2 (Randazzo, 1997). Later, diacyglycerol was found to activate 
ArfGAP1. The effect was attributed to effects on lipid packing in the vesicles used in the 
experiments (Antonny et al., 1997). Subsequently, increasing vesicle curvature, which also 
results in loosened packing of the lipid head groups, was found to increase activity (Bigay et 
al., 2003). The effect depends on two ArfGAP Lipid Packing Sensor (ALPS) motifs in 
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additional domains, e.g. a construct comprised of the BAR, PH, ArfGAP and Ank repeat 
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can phosphorylate residues near the PH domain resulting is reduced GAP activity (Kruljac-
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phosphoinositides, which was expected for the PH domain. Different than ASAPs (Figure. 
3), the ACAPs do not contain the N-terminal extension of the BAR domain that has an 
autoinhibitory function in ASAPs. The ACAPs, therefore, are likely to be regulated by 
distinct mechanisms from those used by the ASAPs. Inhibition by proteins that associate 
with the BAR-PH domain is one possibility. 
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domain does not mediate recruitment to the membrane surface containing ArfGTP. AGAPs 
are also stimulated by phosphoinositides but specificity among the phosphoinositides is not 
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2.3 AGAP1: Allosteric regulation through a GTP-binding protein like domain 

The AGAP proteins are comprised of a GTP-binding protein-like domain (GLD), split PH, 
ArfGAP and ankyrin repeat domains (Nie et al., 2002). Two AGAPs bind clathrin adaptor 
proteins and have effects on endocytic membrane traffic (Nie et al., 2003; Nie et al., 2005). 
One of these, AGAP2, has also been implicated in the progression of glioblastoma (Ye and 
Snyder, 2004). Defining the regulation of GAP activity is of significance both to 
understanding membrane traffic and cancer.  

Initial examination of regulation of the AGAPs focused on phosphoinositides and later, with 
the discovery that clathrin adaptor proteins bind to the PH domain, on the adaptors (Nie et 
al., 2005; Nie et al., 2002). GLD was at first discounted as a regulator of the ArfGAP catalytic 
activity because deletion of the domain did not affect activity. Recombinant AGAPs, with or 
without the GLD have less than 1 % of the activity of ASAP1 and no apparent substrate 
specificity, indicating that there was likely a means of increasing AGAP catalytic activity, as 
explained below. Two-hybrid screening revealed that the GLD is a protein binding site. 
When a complex is formed, the GAP activity is increased for Arf1 and decreased for Arf6. 
The mechanistic basis still needs to be determined (Luo et al., submitted).  

The additional value of the work on AGAP1 is that it illustrated two concepts important to 
studying enzymes that regulate proteins. First, turnover number, or at least catalytic power, 
is relevant. Low activity could indicate a poorly folded protein, in which case the data 
obtained may not be physiologically relevant. On the other hand, if the protein is properly 
folded, as was the case for AGAP1, low activity may indicate that positive regulatory 
mechanisms remain to be discovered. Second, studying an inactive enzyme could be 
misleading. Although enough activity may be present to make measurements, the enzyme 
may not optimally recognize the physiological substrate. Other proteins with similarity to 
the physiological substrate may be fortuitously used. These properties of the GAPs need to 
be considered when expressing the proteins in cells, since activators may be titrated away, 
and the bulk of the GAP may be relatively inactive.  

2.4 ArfGAP1, 2 and 3: Control by two interacting proteins 

ArfGAP1 was the first identified ArfGAP and the first GAP found to regulate membrane 
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described below. ArfGAP2 and 3 have a similar overall structure but in place of the ALPS 
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localize to the Golgi where they regulate Golgi-to-ER membrane traffic. Early work reported 
that PIP2 could activate ArfGAP1, despite lack of a PH domain, but that result was later 
found to result from the use of nonmyristoylated Arf as a substrate, which is recruited to 
membrane surfaces by PIP2 (Randazzo, 1997). Later, diacyglycerol was found to activate 
ArfGAP1. The effect was attributed to effects on lipid packing in the vesicles used in the 
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results in loosened packing of the lipid head groups, was found to increase activity (Bigay et 
al., 2003). The effect depends on two ArfGAP Lipid Packing Sensor (ALPS) motifs in 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

202 

ArfGAP1. The model based on this result was embraced as it could explain the timing of 
GTP hydrolysis on Arf during coated vesicle formation (for review see Nie and Randazzo, 
2006). However, the idea of curvature sensitivity of ArfGAP1 has been difficult to reconcile 
with current models of coatomer and ArfGAP1 function, and regulation by interaction with 
proteins may be a plausible alternative model for the regulation of this protein. 
Furthermore, the curvature sensing model has not been tested in vivo and there is little 
kinetic support of the model. It is not known, for instance, how the change in curvature 
affects enzymatic parameters Km and kcat.  

A second model for the regulation of ArfGAP1 has been proposed, which also seems to 
apply to ArfGAP2 and ArfGAP3. ArfGAP1 binds to the vesicle coat protein coatomer and to 
cargo proteins (Hsu et al., 2009; Lee et al., 2005). Coatomer is a protein that drives formation 
of transport intermediates that carry material between the Golgi apparatus and the 
endoplasmic reticulum (ER) and cargo proteins are the material carried in the transport 
intermediates. ArfGAP2 and ArfGAP3 were subsequently discovered and found to also 
bind coatomer and cargo (Frigerio et al., 2007; Kliouchnikov et al., 2009; Weimer et al., 2008). 
As early as 1999, coatomer was found to stimulate GAP activity of ArfGAP1 (Goldberg, 
1999; Goldberg, 2000). The following model was formulated to help analyze the kinetics 
(note that we abbreviate coatomer as C in the schematic, instead of M which is used for 
allosteric modifier in other sections of this chapter). 
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Coatomer is unusual as an allosteric modifier because it could bind the substrate ArfGTP 
independently of ArfGAP1. Therefore, the possibility of substrate sequestration by the 
allosteric modifier had to be taken into account when analyzing kinetics. If coatomer 
activated ArfGAP1 by direct interaction but was also able to sequester ArfGTP, titration of 
coatomer would result in a biphasic curve as was observed, described by the following 
initial rate equation: 
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Where Km1 is the Michaelis constant for the Arf with GAP in the absence of coatomer, Km2 is 
the Michaelis constant for Arf with GAP in complex with coatomer, Vmax1 is is the limiting rate 
of the reaction in the absence of coatomer, Vmax2 is the limiting rate for the GAP in complex 
with coatomer, Kc is the affinity for coatomer in the absence of Arf, Kcs is the affinity for 
coatomer in the presence of Arf, C is coatomer, E is GAP and S is ArfGTP. Consistent with the 
prediction of the equation, Luo and colleagues (Luo and Randazzo, 2008; Luo et al., 2009) 
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found a biphasic coatomer dependence under conditions of limiting substrate. At low 
substrate concentration, the sequestration effect is dominant at high coatmer concentration, 
while at the high substrate concentration, the activation effect is dominant.  

ArfGAP2 and ArfGAP3 were found to be similar in that GAP activity depended on binding 
to coatomer. Titration revealed coatomer affected the Km for both ArfGAP1 and ArfGAP2. 
ArfGAP2 and ArfGAP3 bind coatomer more tightly than does ArfGAP1. Consequently, the 
coatomerArfGAP2/3 complex could be formed at concentrations of coatomer low enough 
for substrate sequestration to be ignored. For this reason, ArfGAP2 was used for subsequent 
studies examining the effect of cargo on GAP activity. In the experiments a peptide from 
cargo was used as a model of cargo because of the challenges of expressing recombinant 
transmembrane proteins in bacteria. Cargo was found to act as an allosteric modifier, 
increasing the kcat of the reaction. The effect depended on the presence of coatomer. 
ArfGAP1 was also stimulated by cargo in the presence of coatomer. Therefore, rather than 
curvature, ArfGAPs that function with coatomer are stimulated by the coat-cargo complex. 
These results have implications important to our understanding of membrane traffic. 
Previously Arf was thought to function as a bridge between coat proteins and membranes. 
ArfGTP, in this model, is required to hold coat on the membrane through the process of 
trapping cargo and forming a vesicle. GTP hydrolysis would trigger the dissociation of coat 
necessary after a vesicle is formed. The curvature sensing model fit this paradigm, since the 
GAP would be most active on the highly curved vesicle and would have little activity on the 
flat surface on which the vesicle is formed. However, coat-cargo complex is formed prior to 
making a vesicle, so that activation of the GAP would also occur prior to vesicle formation. 
The competing models of the role of Arf and ArfGAPs for the formation of coated vesicles 
are discussed in more detail in a series of papers published from 2009 to 2011 (Shiba et al., 
2011; Hsu, 2011; Hsu et al., 2009; Beck et al., 2009b; Beck et al., 2009a). Importantly, the 
enzymology has been found valuable to gain insights into biological processes. 

3. The ArfGEF family of proteins 
There are at least 16 proteins with Arf GEF, also called sec7, domains in humans (Casanova, 
2007; Donaldson and Jackson, 2011). They are divided into 5 groups: BIG1/2 and GBF; Brag;  

 
Fig. 4. Schematic of ArfGEFs. Abbreviations-CC, coiled-coil ; DCB, dimerization and 
cyclophilin-binding domain; HDS, Homology Downstream of Sec7 domain; HUS, 
Homology Upstream of Sec7 domain; IQ, IQ motif; PH, pleckstrin homology; Pro, Proline-
rich. The semi-transparent means not universally present in all subfamily members. 
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ArfGAP1. The model based on this result was embraced as it could explain the timing of 
GTP hydrolysis on Arf during coated vesicle formation (for review see Nie and Randazzo, 
2006). However, the idea of curvature sensitivity of ArfGAP1 has been difficult to reconcile 
with current models of coatomer and ArfGAP1 function, and regulation by interaction with 
proteins may be a plausible alternative model for the regulation of this protein. 
Furthermore, the curvature sensing model has not been tested in vivo and there is little 
kinetic support of the model. It is not known, for instance, how the change in curvature 
affects enzymatic parameters Km and kcat.  

A second model for the regulation of ArfGAP1 has been proposed, which also seems to 
apply to ArfGAP2 and ArfGAP3. ArfGAP1 binds to the vesicle coat protein coatomer and to 
cargo proteins (Hsu et al., 2009; Lee et al., 2005). Coatomer is a protein that drives formation 
of transport intermediates that carry material between the Golgi apparatus and the 
endoplasmic reticulum (ER) and cargo proteins are the material carried in the transport 
intermediates. ArfGAP2 and ArfGAP3 were subsequently discovered and found to also 
bind coatomer and cargo (Frigerio et al., 2007; Kliouchnikov et al., 2009; Weimer et al., 2008). 
As early as 1999, coatomer was found to stimulate GAP activity of ArfGAP1 (Goldberg, 
1999; Goldberg, 2000). The following model was formulated to help analyze the kinetics 
(note that we abbreviate coatomer as C in the schematic, instead of M which is used for 
allosteric modifier in other sections of this chapter). 
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Cytohesins/ARNO, EFA6 and Fbox. Like the ArfGAPs, the GEFs are a family of structurally 
diverse and complex proteins (Figure 4).  

3.1 General considerations in the kinetic analysis of ArfGEFs 

The exchange factors catalyze the exchange reaction by a bi bi ping pong mechanism, referring 
to two substrates (ArfGDP and GTP), two products (GDP and ArfGTP) and a reaction that 
proceeds with binding of the first substrate (ArfGDP), followed by release of the first product 
(GDP) and formation of a distinct enzyme intermediate (EA as shown in scheme 10, or F in 
scheme 11 as it is often presented) prior to binding of the second substrate (GTP) and release of 
the second product (ArfGTP). The essential elements of the reaction are schematized as  

E EAD
AD

D

T

AT

EAEAT

E = ArfGEF; AD=Arf1•GDP; AT = Arf1•GTP; T = GTP; D = GDP 

(10)

The general scheme often shown for bi bi ping pong is 

E ES1
S1

P1

S2

P2

FFS2

 

(11)

In the forward direction, both substrates are soluble but the ES1 and EP2 complexes are 
membrane restricted as is the second product (ArfGTP). When studying initial rates, the 
reaction can be treated as a soluble system, without invoking surface dilution kinetics. 
Nevertheless, the quality of the surface may affect stability of the enzyme complexes starting 
with ES1 through FS2 and the relaxation of the transition state of the enzyme to the ground 
state. A similar situation was found for ASAP1, an ArfGAP (Jian et al.,2009; Luo et al., 2007).  
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The initial velocity of the forward reaction based on the scheme above, excluding the 
presence of products, is: 

 1
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 (12) 

where S1 is ArfGDP and S2 is GTP. Holding S1 or S2 constant at saturating concentrations 
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Note that these equations do not account for allosterism. The kinetic consequences of 
dimerization have not been examined. However, other allosteric modifiers have been 
considered and have been treated as described for GAPs, represented in schematic 6 and 
equation 7. 

As for the GAPs, the allosteric modifier could potentially modify the Km or the kcat for one or 
both substrates. The full equation for allosteric modification, examining a single substrate 
(e.g. ArfGDP), holding the second substrate constant and saturating, is: 
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where M is the modifier.  

The potential effect on kcat is given by the equation:  

 cat1 cat2dcat , obs
d

K k M kk
K M

    


  
 (16) 

And the potential effect on the Km is given by: 
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Note, in this latter case, the Kd for the modifier should be affected by the substrate described 
in following equation,  
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Cytohesins/ARNO, EFA6 and Fbox. Like the ArfGAPs, the GEFs are a family of structurally 
diverse and complex proteins (Figure 4).  

3.1 General considerations in the kinetic analysis of ArfGEFs 

The exchange factors catalyze the exchange reaction by a bi bi ping pong mechanism, referring 
to two substrates (ArfGDP and GTP), two products (GDP and ArfGTP) and a reaction that 
proceeds with binding of the first substrate (ArfGDP), followed by release of the first product 
(GDP) and formation of a distinct enzyme intermediate (EA as shown in scheme 10, or F in 
scheme 11 as it is often presented) prior to binding of the second substrate (GTP) and release of 
the second product (ArfGTP). The essential elements of the reaction are schematized as  

E EAD
AD

D

T

AT

EAEAT

E = ArfGEF; AD=Arf1•GDP; AT = Arf1•GTP; T = GTP; D = GDP 

(10)

The general scheme often shown for bi bi ping pong is 

E ES1
S1

P1

S2

P2

FFS2

 

(11)

In the forward direction, both substrates are soluble but the ES1 and EP2 complexes are 
membrane restricted as is the second product (ArfGTP). When studying initial rates, the 
reaction can be treated as a soluble system, without invoking surface dilution kinetics. 
Nevertheless, the quality of the surface may affect stability of the enzyme complexes starting 
with ES1 through FS2 and the relaxation of the transition state of the enzyme to the ground 
state. A similar situation was found for ASAP1, an ArfGAP (Jian et al.,2009; Luo et al., 2007).  
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which provides an additional test of the model for allostery. We described this below for 
Brag2. 

The enzymology of two ArfGEFs has been examined using some of these principles.  

3.2 ARNO/cytohesin/Grp1: Example of ArfGEF regulated by relief of autoinhibition 

ARNO proteins are comprised of coiled coil, sec7 (catalytic), PH and polybasic (PB) 
domains. The ARNO group of proteins has roles in diverse cellular processes: regulation of 
cell adhesion and migration (Goldfinger et al., 2003;Santy and Casanova, 2001;Nagel et al., 
1998; Geiger et al., 2000;Hernandez-Deviez et al., 2004); insulin signaling (Fuss et al., 
2006;Hafner et al., 2006); and; vesicle transport (Hurtado-Lorenzo et al., 2006; Merkulova et 
al., 2010; Merkulova et al., 2011;Caumon et al., 2000). The regulation described for ARNO is 
complex. The effect of protein and lipid binding to the PH domain is discussed here. Protein 
binding to the coiled-coil domain (Esteban et al., 2006;Goldfinger et al., 2003) and PKC 
mediated phosphorylation (DiNitto et al., 2007) also contribute to regulating ARNO.  

The molecular basis for the effect of protein and lipid binding to the PH domain has been 
examined in some detail (DiNitto et al., 2007; Cohen et al., 2007). ARNO is autoinhibited by 
the linker region between the sec7 and PH domains and a C-terminal amphipathic helix, 
which physically block the Arf binding site. Binding of Arl4GTP, Arf6GTP and 
phosphoinositides to the PH domain has two functions. One is to recruit ARNO to the 
membrane surface on which it is active and the second to induce a conformational change in 
the PH domain that relieves autoinhibition. Phosphorylation of ARNO by protein kinase C 
(PKC) also alleviates autoinhibition (DiNitto et al., 2007; Frank et al., 1998). The 
characterization was done primarily with a truncated form of Arf, lack an N-terminal 
extension that is unique to the Arf family of GTP binding proteins. A possible function of N-
terminus – Arno interaction in regulation will be interesting to examine.  

3.3 Brag2: PIP2 acts as allosteric modifier binding to the PH domain 

The Brag subgroup of GEF proteins has three members characterized by the presence of IQ, 
sec7, PH and coiled-coil domains (Casanova, 2007). Brag1 and 3 are found primarily in 
brain. Brag2, although enriched in brain, is ubiquitously expressed. Brag2 affects 
endocytosis of cell adhesion molecules, including cadherins and integrins, and has been 
implicated in antiangiogenic signaling in endothelial cells and invasion of breast cancer 
cells.  

Recent work examining Brag2 supports the idea that PIP2 allosterically modifies activity by 
binding to the PH domain (Jian and Randazzo, manuscript in preparation). The work was 
an extension of work examining signaling by semaphorin. Sema3E is an antiangiogenic 
factor that binds to Plexin D1 resulting in recruitment of PIP kinase and increased Arf6 
exchange factor activity mediated by Brag2 (Sakurai et al., 2010; Sakurai et al., 2011). Brag2 
was found to bind to PIP2, which stimulated exchange factor activity in vitro. Subsequent 
work identified residues within the PH domain that bound to PIP2. PH domains are thought 
to be recruitment domains, but the two substrates for Brag2, ArfGDP and GTP, are soluble, 
so recruitment to a membrane by itself would not result in increased activity. PIP2 was 
found to increase both the Km and kcat for the exchange reaction, and, consistent with 
behavior as an allosteric modifier with an effect on Km, the substrate ArfGDP affected the 
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Kd for the ligand PIP2. Based on these results, PIP2 must induce some rearrangement of the 
catalytic pocket. One possibility is that PIP2 stabilizes the transition state, which is restricted 
to the membrane. Given that PIP2 has also been found to stabilize the apo form of Arf (Terui 
et al., 1994), it is possible that PIP2 binds to Arf, in addition to the PH domain of Brag2, 
within the transition complex.  

4. Conclusions 
The knowledge of kinetic parameters is limited to a few GAPs and GEFs. The information 
available has provided a number of insights into the biological function of the proteins and 
potential regulation. For instance, the effect of cotaomer and cargo on ArfGAP1 led to the 
idea that it may act prior to transport vesicle formation rather than after vesicle formation as 
has been generally accepted. Activation of ARNO by Arf6 and Arl4 has led to the idea of 
sequential signaling functions of Arf proteins.  

Other aspects of the known enzymology of GAPs and GEFs, such as the discrepant 
turnover numbers among the GAPs, are intriguing. The slow turnover number could 
result from a lack of understanding of optimal conditions for a particular ArfGAP, 
including potential allosteric modifiers that may stimulate activity. Also possible, the 
different turnover numbers may be related to the biological process being controlled. In 
addition to examination of additional GAPs and GEFs and further characterization of 
individual proteins to find optimal conditions for enzymatic activity, identification of 
GEF/GAP pairs will be important for understanding the function of the Arf proteins in 
biological processes.  
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1. Introduction 
Plants have developed several adaptive systems to control the cellular concentrations of 
essential metals in which the ion transporters play significant roles. At the cell surface, 
transporters localized on plasmamembrane controlled metal ion uptake and release whereas 
inside of the plant cells, those localized on endomembrane sequestered and remobilized metal 
ions in organella, such as vacuoles and plastids (Pilon et al. 2009, Puig and Peñarrubia, 2009). 

Iron is one of several essential nutrients but a problematic one for living organisms (Conte 
and Walker 2011). At the cellular level, iron is used as a cofactor in enzymatic activities 
based on the reversible reaction between Fe2+ (ferrous) and Fe3+ (ferric) ions (Hell and 
Stephan 2003). In plants, it is essential for chlorophyll synthesis and hence iron deficiency 
results in chlorosis and pale-yellow or white leaves (Wiedenhoeft 2006). Usually, iron is 
chelated to organic matter in insoluble forms in soils that causes iron deficiency whereas in 
anaerobic and acidic conditions, iron toxicity occurs because of the increase of iron solubility 
(Ricachenevsky et al. 2010). The basis of iron toxicity was usually discussed to be oxidative 
stress by generation of reactive-hydroxyl radicals (Neyens and Baeyens 2003). Iron 
homeostasis in plant cells is partly achieved through the control of iron transport across 
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metal transporters, it was the mouse Nramp1 that was first cloned as the gene responsible for 
resistance to mycobacterial infection (Nevo and Nelson 2006). In Arabidopsis, six NRAMP 
transporters, AtNRAMP1-6, have been identified and categorized by phylogenic analysis 
into two subfamilies: AtNRAMP1 and 6 forming the first group and AtNRAMP2 through 5 
comprising the second group (Mäser et al. 2001). Of these, AtNRAMP1, 3, 4 and 6 have been 
shown to encode functional plant metal transporters (Krämer et al. 2007, Cailliatte et al. 
2009). AtNRAMP1 can complement the fet3fet4 yeast mutant that is defective in both low- 
and high-affinity iron transporters, while overexpression of AtNRAMP1 in Arabidopsis 
increases plant resistance to toxic iron concentrations (Curie et al. 2000). AtNRAMP3 and 
AtNRAMP4 mediate the remobilization of iron from the vacuolar store and are essential for 
seed germination under low iron conditions (Thomine et al. 2003, Lanquar et al. 2005).  

In addition to iron transport activities, these transporters can mediate the transport of a 
wide range of metal cations because of their similar chemical characteristics (Hall and 
Williams 2003, Krämer et al. 2007). AtNRAMP1 can functionally complement a manganese-
uptake defective mutant and confer cadmium sensitivity to yeast (Thomine et al. 2000). This 
transporter was recently demonstrated to act as a physiological manganese transporter in 
Arabidopsis (Cailliatte et al. 2010). Similarly, TcNRAMP3 and TcNRAMP4 from the metal 
hyperaccumulator, Thlaspi caerulescens, can transport various metal cations, including Fe2+, 
Mn2+, Cd2+, Ni2+ and Zn2+ when expressed in yeast, and MbNRAMP1 from apple trees of 
Malus baccata was found to mediate Mn2+ uptake in addition to Fe2+ (Oomen et al. 2008, Xiao 
et al. 2008, Wei et al. 2009). Recently, rice Nrat1 that belongs to the NRAMP family has been 
reported to transport trivalent aluminum ion, but not other divalent ions such as 
manganese, iron and cadmium (Xia et al. 2010).  

In the present chapter, we demonstrate that tobacco NtNRAMP1 is a plasma membrane 
transporter, and that overexpression of this protein in tobacco BY-2 cells increases the 
resistance of the cells to both iron and cadmium ions. We propose that NtNRAMP1 moderates 
metal ion-uptake and prevents toxicity resulting from excess iron or cadmium application. 

2. Results 
2.1 Excess iron application induces cell death and arrests cell cycle progression 

To examine the effect of excess iron application to plant cells, we monitored the growth of 
tobacco BY-2 cells in medium containing high amounts of iron. The cells took up about 50 to 
90 g iron g cells-1 6 h after transfer to a medium containing 1.0, 2.0 or 5.0 mM FeSO4 and 
lacking other divalent cations (Mg2+, Ca2+, Mn2+, Zn2+ and Co2+), but only about 5 g iron g 
cells-1 in standard medium with 0.1 mM FeSO4 (Fig. 1A). 

Under these conditions, about 50 % or more than 80 % of the cells died 24 h after transfer to 
medium containing 1.0 and 2.0 or 5.0 mM FeSO4, respectively, whereas only a few percent of 
the cells died in the standard medium (Fig. 1B).  

As cell death is known to relate to the arrest of cell cycle progression (Kadota et al. 2004, 
Sano et al. 2006), we monitored the latter by flow cytometric and mitotic index (MI) analyses 
upon excess iron application.  

In the control condition containing 0.1 mM FeSO4, the cell cycle progressed from the S to G2 
phase 2 h after aphidicolin release, and entered mitosis at 8 h and the G1 phase at 10 h (Fig.  
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Fig. 1. Effect of excess iron application on tobacco BY-2 cell growth. (A) Amount of iron 
taken up into cells. After transfer of 7-day-old cells to medium containing 0.1, 1.0, 2.0 or 5.0 
mM FeSO4, the amount of iron taken up into the cells in 6 h was measured. Values shown 
are those after subtraction of measurements taken just after transfer to the medium as 
background. Data show the means ± SE of three independent experiments. (B) In the culture 
conditions in (A), the population undergoing cell death was measured. Data represent 
means ± SE of three independent experiments with more than 400 cells in each experiment.  

2A, B). When the cells were additionally treated with 1.0 mM FeSO4 after aphidicolin 
release, with the cell cycle restarting from S phase, cell cycle progression was delayed and 
the percentage of cells entering mitosis decreased (Fig. 2A). Further flow cytometric analysis 
demonstrated the cell cycle arrest of these cells in the S to G2 phase (Fig. 2B).  

 

 
Fig. 2. Effects of excess iron application on cell cycle progression. Cell cycle progression of 
cells in control conditions (open diamonds) and those cultured with 1.0 mM FeSO4 after 
aphidicolon treatment (open squares). Cell cycle progression was monitored by the mitotic 
index (A) and by flow cytometry (B). The data show representatives of three independent 
experiments. 
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2.2 Overexpression of NtNRAMP1 decreases sensitivity to excess iron application 

To investigate the molecular mechanisms of iron uptake and cell death of tobacco BY-2 cells, 
we identified and characterized several tobacco iron transporter genes. As the ZIP and 
NRAMP family proteins are known as iron/metal transporters in plants, we identified two 
tobacco cDNA clones that encoded proteins with high sequence similarity to ZIP or NRAMP 
and named them NtZIP1 and NtNRAMP1, respectively. The amino acid sequence of NtZIP1 
was 61 % identical to the MtZIP3 of Medicago truncatula (Lopez-Millan et al. 2004) and 53 % 
to AtZIP5 of Arabidopsis thaliana, whereas NtNRAMP1 was 71 % identical to Arabidopsis 
AtNRAMP1 and AtNRAMP6. Gene expression analysis revealed that 1.0 mM FeSO4 
application increased the relative transcript levels of NtNRAMP1 but decreased those of 
NtZIP1 (Fig. 3A, B).  

As the increased level of NtNRAMP1 gene expression upon iron application implied an 
involvement of this transporter under these culture conditions, we prepared transgenic 
tobacco BY-2 cell lines that overexpressed NtNRAMP1 by placing the gene under control of 
the cauliflower mosaic virus 35S promoter. In one (NR1) of the four transgenic lines 
obtained, NtNRAMP1 transcript levels were about 2-fold those of the non-transformed BY-2 
cells whereas the NtZIP1 transcript levels were reduced (Fig. 3A, B). Similar increases in 
NtNRAMP1 transcript levels were also observed in the other three transgenic lines obtained 
(data not shown).  

 
Fig. 3. Gene expression of the NtNRAMP1 and NtZIP1 iron transporters. NtNRAMP1 (A) 
and NtZIP1 (B) gene expression in non-transformed BY-2 cells cultured in control conditions 
for 24 h (BY-2) or with 1.0 mM FeSO4 for 24 h (BY-2 + Fe), and in NtNRAMP1 
overexpressing cells cultured in control conditions (NR1) or with 1.0 mM FeSO4 for 24 h 
(NR1 + Fe). Gene expression was monitored by real-time quantitative PCR and the data 
show relative transcripts normalized with GAPdH gene expression. The data show the 
means ± SE of three independent experiments.  

When the iron uptake activities of NtNRAMP1 and NtZIP1 were measured in yeast cells, 
the amount of iron accumulated in the yeast cells expressing NtNRAMP1 or NtZIP1 was 
about 1.5 times high compared to control cells expressing LacZ. The amout was comparable 
to those expressing Arabidopsis AtNRAMP1 or AtNRAMP3 whereas that expressing an 
effulux pump AtHMA4 (Verret et al. 2004, Mills et al. 2005) was comparable to that 
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expressing LacZ (Fig. 4). Therefore, both NtNRAMP1 and NtZIP1 could have the iron 
uptake activity comparable to Arabidopsis AtNRAMP1 and AtNRAMP3. 

 
Fig. 4. Iron uptake activity of metal transporters in yeast cells. Iron accumulation in yeast 
cells transformed with the vector containing LacZ, NtNRAMP1 (NR1), NtZIP1 (ZIP), 
AtNRAMP1 (AR1), AtNRAMP3 (AR3) and AtHMA4 (HMA) was measured by atomic 
absorption spectrograph after incubation for 18 h in a medium with 0.2 mM FeCl3. The data 
show the means ± SE of four independent experiments.  

In the NtNRAMP1-overexpressing tobacco line (NR1), cell cycle progression was similar 
to that of the non-transformed BY-2 cells under control conditions in which 0.1 mM FeSO4 
was included. When 0.3 mM FeSO4 was applied at the S phase, cell cycle progression of 
the non-transformed cells was delayed and the value of the peak MI reduced (Fig. 5A). In 
contrast, in the NR1 cells, the tendency of cell cycle progression was comparable to that in 
the control condition even though these cells took up as much as amounts of iron 
compared to the non-transformed cells (Fig. 5A, B). Furthermore, the proportion of NR1 
cells undergoing cell death was reduced in comparison with the non-transformed cells 
following 1.0 mM FeSO4 application (Fig. 5C), even though the amount of iron taken up 
by the NR1 cells was comparable to that in the non-transformed cells under these 
conditions (Fig. 5D).  

To investigate the role of NtNRAMP1 on the suppression of cell cycle arrest and cell death 
upon excess iron application, we examined the subcellular localization of NtNRAMP1 by 
transient expression of NtNRAMP1-GFP fusion proteins. The GFP fluorescence was 
localized primarily on the plasma membrane, and confirmed by the plasma membrane 
marker, SYP132 (Enami et al. 2009, Fig. 6A-C). In contrast, cells transiently expressing GFP 
only showed cytoplasmic-localized fluorescence (Fig. 6D). 

As the above results suggested that NtNRAMP1 is a plasma membrane transporter, we 
examined the effect of NtNRAMP1 overexpression on iron uptake. The total amount of iron 
taken up into cells 24 h after 1.0 mM FeSO4 application was comparable in the NR1 and non-
transformed cells (Fig. 7A). However, when calculated on the basis of the rate of iron 
uptake, the non-transformed BY-2 cells had about 3-fold higher rates than the NR1 cells in 
the initial 1 hour after iron application (Fig. 7B). In subsequent periods, uptake rates were 
comparable in the two cell lines (Fig. 7B).  
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Fig. 5. Cell cycle progression and the population of NtNRAMP1 overexpressing cells 
undergoing cell death. (A) Cell cycle progression of non-transformed BY-2 cells (BY-2 + Fe 
0.1 mM) and NtNRAMP1 overexpressing cells (NR1 + Fe 0.1 mM) cultured in control 
conditions or with 0.3 mM FeSO4, respectively (BY-2 + Fe 0.3 mM, NR1 + Fe 0.3 mM). The 
data show a representative sample of three independent experiments. (B) Amount of iron 
taken up into cells cultured for 6 h in the culture conditions shown in (A). (C) Population of 
cells undergoing cell death in non-transformed BY-2 cells (BY-2) and NtNRAMP1 
overexpressing cells cultured in control conditions (NR1) for 24 h, or those cultured with 1.0 
mM FeSO4 for 24 h, respectively (BY-2 + Fe, NR1 + Fe). (D) Amount of iron taken up into 
cells cultured for 24 h in culture conditions in (C). In (B), (C) and (D), the data show the 
means ± SE of three independent experiments. 
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Fig. 6. Subcellular localization of NtNRAMP1. (A) NtNRAMP1 localization was monitored 
in a tobacco BY-2 cell transiently expressing NtNRAMP1-GFP. (B) Plasma membrane 
localization of the syntaxin, SYP132, monitored in cells transiently expressing tagRFP-
SYP132. (C) Merged image of images (A) and (B). (D) GFP fluorescence in a tobacco BY-2 
cell transiently expressing GFP. Scale bar represents 20 m. 

 

 
Fig. 7. Effect of NtNRAMP1 overexpression on iron uptake. (A) Changes in the amount of 
iron taken up into control BY-2 cells (BY-2) and NtNRAMP1 overexpressing cells (NR1). (B) 
Changes in iron uptake rate calculated from the data in (A). Data show the means ± SE of 
four independent experiments. 

To further characterize NtNRAMP1, we examined the effects of cadmium on cell growth 
since NRAMP transporters are known to transport a variety of metal ions (Nevo and Nelson 
2006, Krämer et al. 2007). In control medium without cadmium, both non-transformed and 
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NR1 cells proliferated about 70 times per week (Fig. 8A). When 1.0 or 10 M CdSO4 was 
added to the medium, the growth rate of controls cells decreased to 40 or 20 times per week, 
respectively (Fig. 8A). In contrast, the NR1 cell growth rates in 1.0 M CdSO4 were 
comparable to those without cadmium treatment, and were still about 55 times per week in 
10 M CdSO4 (Fig 8A). After 10 M CdSO4 application, the amount of cadmium taken up 
into the control BY-2 cells increased in 24 h but decreased thereafter (Fig. 8B). In the NR1 
cells, the amount of cadmium was smaller than that in the control BY-2 cells in 24 h (Fig. 8B). 

 
Fig. 8. Effect of NtNRAMP1 overexpression on cell growth following cadmium application. 
(A) Growth rate of control BY-2 cells and NtNRAMP1 overexpressing cells during culture 
for 7 days in control conditions (BY, NR), or with 1.0 M (BY + Cd 1.0, NR + Cd 1.0) or 10 
M CdSO4 (BY + Cd 10, NR + Cd 10). (B) Changes in the amount of cadmium taken up into 
cells cultured with 10 M CdSO4. Data show the means ± SE of four independent 
experiments. 

3. Discussion 
3.1 Role of the NtNRAMP1 transporter following excess iron application 

The NRAMP family transporters function as general metal ion transporters (Nevo and 
Nelson 2006), and we have shown in this study that NtNRAMP1 overexpression in tobacco 
BY-2 cells suppressed cell cycle arrest and cell death upon excess iron application (Fig. 5). 
Plasma membrane localization of NtNRAMP1 (Fig. 6) and the decreased rate of iron uptake 
in the NtNRAMP1 overexpressing cells (Fig. 7B) implies the role of NtNRAMP1 as a 
modulator of iron uptake or an iron exporter.  

Concerning the latter hypothes, the metal ion efflux activity of the NRAMP family members  
are somewhat uncommon. The TcNRAMP3 transporter was found to exclude Ni when 
expressed in yeast but transported iron and cadmium into cells in yeast and plants (Wei et 
al. 2009). Our iron uptake experiments in yeast implies the iron uptake of NtNRAMP1 
rather than the export since the amout of iron uptake was higher than that in the cells 
expressing the effulux pump of AtHMA4 (Fig. 4).  

In this context, the increaed iron resistance upon NtNRAMP1 overexpression might be 
explaned by the role of AtNRAMP1 as a physiological manganese (Mn) transporter 
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(Cailliatte et al. 2010). Although the AtNRAMP1 was capable of transporting both iron and 
Mn in yeast cells (Curie et al. 2000, Thomine et al. 2000), Cailliatte et al. (2010) discussed the 
competence of iron uptake by Mn uptake increased the resistance to iron toxicity. Similar 
competence of iron uptake might be occured in the NtNRAMP1 overexpressing cells (Fig. 9). 
In this model, the supposed metal transporters other than NtNRAMP1 that actively mediate 
iron uptake are remained to be determined.  

 
Fig. 9. A model for the increased resistance to iron in NtNRAMP1 overexpressing cells. In 
the control cells (left), excess iron application increases the rate of iron uptake by metal 
transporters (M) with high iron uptake activity other than NtNRAMP1 (N). In contrast in 
the NtNRAMP1 overexpressing cells (right), iron uptake is competed by manganese uptake 
through the increased number of the NtNRAMP1 proteins. 

In graminaceous plants, the enhanced tolerance upon excess iron application was achieved 
by overproduction of a metal chelator, nicotianamine (Lee et al. 2009). The chelated iron was 
discussed to be an inactive form for reactive-hydroxyl radical generation as well as to be 
easily transported from roots to aerial organs (Curie et al. 2009). The increased translocation 
of iron to rice seeds was expected to provide iron-fortified plants and improve human 
health (Lee et al. 2009, Wirth et al. 2009, Zheng et al. 2010). Recently, transporters involved 
in iron translocation was identified in which iron-nocotianamine complex was transported 
to the rice shoots and phytosiderophore for iron acquisition was secreted to the soil 
(Ishimaru et al. 2010, Nozoye et al. 2011). In dicot plants, loss of nicotianamine synthase 
genes did not to fully supply iron to flowers and seeds (Klatte et al. 2009) whereas 
overaccumulation of nicotianamine did not affect iron translocation (Cassin et al. 2009). The 
role of metal chelator in dicot plants on iron translocation and resistance against iron 
application has still been controversial. The combination of the iron uptake moduration and 
the enhanced iron translocation could enhance the iron fortification and torelance in dicot 
plants. 

3.2 Increased resistance of NtNRAMP1 overexpressing cells to cadmium 

In plants, cadmium has various effects, such as the inhibition of photosynthesis, respiration 
and metabolism, and may finally lead to plant growth inhibition (Deckert 2005). NRAMP 
family members can potentially transport toxic heavy metals, including cadmium, and 
further characterization of the NtNRAMP1 overexpressing cells in this study revealed their 
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enhanced resistance to cadmium application (Fig. 8A). Changes in plant cadmium 
sensitivity as a consequence of NRAMP transporter activity have also been reported in 
which overexpression of AtNRAMP3 or AtNRAMP6 resulted in cadmium hypersensitivity 
of Arabidopsis growth (Thomine et al. 2000, Cailliatte et al. 2009). These proteins were 
considered to remobilize cadmium to cytoplasm from a detoxifying compartment such as a 
vacuole and an endomembrane compartment (Thomine et al. 2003, Cailliatte et al. 2009). The 
plasmamembrane localization of NtNRAMP1 may explain the increased resistance of 
NtNRAMP1 overexpressing cells to cadmium by the moderation of Cd2+ uptake similar to 
iron uptake.  

The basis of cadmium toxicity is not completely understood, but it appears to affect cellular 
metabolism through its high affinity for sulfydryl compounds that therefore leads to the 
misfolding of enzymes, while its chemical similarity to other divalent cations reduces the 
activity of enzymes similar to the divalent trace metals described above (DalCorso et al. 
2008, Verbruggen et al. 2009). In addition, cadmium is thought to be related to ROS 
generation and subsequent oxidative stress, although primarily through reduced 
antioxidative capacities rather than a direct effect on ROS generation (Schützendübel and 
Polle 2002, Deckert 2005, Heyno et al. 2008). In tobacco BY-2 cells, H2O2 production and 
subsequent cell death was reported upon application of 3 or 5 mM CdCl2 (Olmos et al. 2003, 
Garnier et al. 2006). Upon application of 50 M CdSO4, cell cycle phase-specific death was 
also observed in these cells (Kuthanova et al. 2008). In our observation, as cell death was not 
clearly observed 24 h after application of 10 M CdSO4, effect of cadmium application was 
monitored by measurement of cell growth (Fig. 8A). Although we can not exclude the 
possible effects of cadmium on ROS generation, the reduced cellular growth rates shown in 
this study may have resulted from the reduced enzymatic activities of metabolic pathways 
since the amounts of cadmium accumulated in the NtNRAMP1 overexpressing cells 
decreased (Fig. 8B). 

4. Conclusion 
Upon excess metal ion application, plant cells modulated transporter activities. The 
activation of the plasma membrane transporters upon excess metal application might be 
inconsistent to keep the cellular metal homeostasis. Our findings suggest that activation of 
transporters with low affinity to metal ions could be involved in avoiding metal ion toxicity. 

5. Material and methods 
5.1 Plant materials and culture conditions 

A tobacco BY-2 cell line (Nicotiana tabacum L. cv. Bright Yellow 2) was maintained by weekly 
subculture in a modified Linsmaier and Skoog medium supplemented with 2,4-D (LSD 
medium), in which KH2PO4 and thiamine HCl were increased to 370 and 1 mg l-1, 
respectively. To this basal medium, sucrose and 2,4-D were supplemented to 3 % and 0.2 mg 
l-1, respectively, and the pH was adjusted to 5.8 before autoclaving (Nagata et al. 1992).  The 
cell suspension was cultured on a rotary shaker at 130 rpm and 27C in the dark. 

Cell synchrony was established by treatment with 5 g l-1 aphidicolin (Sigma Chemical Co., 
St. Louis, MO, USA) essentially as described by Kumagai-Sano et al. (2006). After 24 h of 
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aphidicolin treatment, the cell culture was washed with 1 L of LSD medium on a glass filter 
and then incubated further in this medium. The cell culture was divided into two to four 
portions, and several different FeSO4 concentrations were applied as described in Results 
before cell cycle and cell death analyses were conducted as described below. 

5.2 Cell cycle and cell death analyses 

The mitotic index (MI) was determined by fluorescence microscopy after the nuclei were 
stained with 1 M of SYTOX (Molecular Probes Inc., Eugene, OR, USA). For flow cytometry, 
cells were fixed with 100 % ethanol, then rehydrated in Galbraith’s buffer (45 mM MgCl2, 30 
mM Na-Citrate, 20 mM MOPS and 1 g l-1l Triton X-100, pH 7.0, Galbraith et al. 1983), and 
finally treated with 20 g l-1 RNase A (Sigma) and 10 g l-1 propidium iodide (Sigma) for 1 h 
at room temperature. Cytometric analysis was performed on 5 x 103 cells with a laser 
scanning cytometer (LSC101, Olympus, Tokyo, Japan) as described by Sano et al. (2006). Cell 
death was determined after staining the cells with 0.05 % Evans Blue (Sigma) as described in 
Kadota et al. (2004). 

5.3 Quantification of iron and cadmium concentrations 

Intracellular iron and cadmium concentrations were measured by atomic absorption 
spectrograph. Cells were sedimented by centrifugation to determine their packed cell 
volumes, and were then washed with 3 % sucrose on a glass filter before being resuspended 
in distilled water. For iron or cadmium extraction, cells were disrupted by a bead cell 
disrupter (MS-100, Tomy Seiko Co. Tokyo, Japan) and the iron or cadmium concentrations 
determined by atomic absorption spectrograph (AA-6800, Shimadzu Co., Kyoto, Japan). 

5.4 Molecular cloning of tobacco iron transporter genes 

Tobacco total RNA was isolated with the E.Z.N.A. Plant RNA Kit (Omega Bio-tek, Inc. 
Doraville, GA, USA), and cDNA synthesized using M-MLV reverse transcriptase (Promega, 
Heidelberg, Germany) with oligo-dT primers. Tobacco BY-2 NRAMP cDNA fragments were 
amplified with degenerate primers of 5’-CCNCAYAAYCTNTTYCTNCAYTSNGC-3’ and 5’-
TGNCCNGCRTANGTNCCNGTDATNGT-3’ designed from homologous regions of known 
plant NRAMP proteins. NtZIP1 cDNA was obtained based on the sequence information 
with high homology to AtZIP gene families deposited in the tobacco BY-2 EST database 
(TAB, Transcriptome Analysis of BY-2, http://mrg.psc.riken.jp/strc/). Amplification of the 
5’ and 3’ cDNA ends was performed by RACE (SMART RACE cDNA Amplification kit, 
Clontech, Palo Alto, CA, USA), and the amplified fragments then subcloned into the pCR2.1 
vector (Invitrogen Corp., Carlsbad, CA, USA).  

5.5 Gene expression analysis by quantitative RT-PCR 

Real-time quantitative PCR was performed in a Smart Cycler II System (Takara Bio Inc., 
Shiga, Japan) using the SYBR Green Real time PCR Master Mix (Toyobo Co., LTD., Osaka, 
Japan). NtNRAMP1 and NtZIP1 fragments from nucleotides 635 to 833 and 313 to 487 were 
amplified with primers 5’-TCTTCAAGGGATTCCCAGGA-3’ (NRAMP1 FW) and 5’-
TGTTATCCCACGGCATGCAAC-3’ (NRAMP1 RV) or 5’- TCGCCATGTTTG 
AAAGAGAATCC-3’ (ZIP1 FW) and 5’- CCAGACTGAGCCACCAATCCA-3’ (ZIP1 RW), 
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respectively. As internal standards of the cDNA amounts, GAPdH fragments were 
amplified with primers 5’-CCGGACAAGGCTGCTGCTAC-3’ (GAP FW) and 5’-
GACCCTCCACAATGCCAAACC-3’ (GAP RW), designed on the basis of the tobacco 
GAPdH (cytosolic glyceraldehyde-3-phosphate dehydrogenase) gene (Accession number: 
M14419, Dambrauskas et al., 2003) and the relative transcript values then calculated. 

5.6 Transformation of tobacco BY-2 cells 

The coding region of NtNRAMP1 was amplified by PCR using gene specific primers of 5’-
CACCATGGCGGCGAACTCGTCCCC-3’ and 5’-ATTAGTGGTCCTCTGCTGAGGCAA-3’, 
then cloned into the pENTR/D-TOPO vector (Invitrogen) and finally introduced into the 
pGWB502 binary vector (Nakagawa et al. 2007) by the Gateway cloning system using LR 
clonase (Invitrogen). The pGWB502 vector gave the cauliflower 35S promoter sequence to 
the PCR products. Agrobacterium-mediated transformation of the tobacco BY-2 cells was 
performed as described by Mayo et al. (2006). Transformants were selected with 50 mg l-1 
hygromycin.   

Transient gene expression was carried out by particle bombardment. A cell suspension of 2 
d-old BY-2 cells was filtrated onto filter paper, and the cells bombarded with gold particles 
(1.0 m) coated with the appropriate vector constructs using a particle delivery system 
(PDS-1000/He, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s 
recommendations. Filtrated BY-2 cells were placed at a distance of 6 cm under the stopping 
screen and were bombarded in a vacuum of 28 inches Hg at a helium pressure of 1100 psi. 
Following bombardment, the cells were diluted in LSD medium and kept in the dark at 27 
C for 6 to 12 h before observation. The GFP fluorescence was detected on the inverted 
platform of a fluorescence microscope equipped with a spinning disc confocal laser 
scanning system (CSU-X1, Yokogawa, Tokyo, Japan) and a cooled CCD camera (Cool-SNAP 
HQ, PhotoMetrics, Huntington Beach, Canada).  

5.7 Yeast experiments 

Yeast cells INVSc1 (Invtrogen) were transformed by pYES2.1/V5-His-TOPO vectors 
(Invitrogen) containing an entire ORF region of the respective metal transporter cDNAs 
according to standard procedures (Invitrogen). The transformants were selected on 
synthesic complete medium omitted uracil (SC-uracil) containing 2 % glucose, 0.67 % yeast 
nitrogen base (without amino acids, Difco), amino acids omitting uracil (-Ura DO 
Supplement, Clontech Laboratories Inc.), 0.5 % ammmoniumu sulfate and 2 % agar. The 
transporter proteins were induced by application of 2 % galactose instead of glucose in the 
SC-uracil medium. For iron uptake measurements, yeast cells precultured in the SC-uracil 
medium were diluted to OD600 of 0.3 and cultured in the medium supplied with 2 % 
galactose and 0.2 mM FeCl3. After 18 h incubation, OD600 were measured and the yeast 
culture was washed with deionized water twice. For iron extraction, yeast cells were 
digested with 2N HCl and the iron concentrations were determined by atomic absorption 
spectrograph (AA-660, Shimadzu Co., Kyoto, Japan). 
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respectively. As internal standards of the cDNA amounts, GAPdH fragments were 
amplified with primers 5’-CCGGACAAGGCTGCTGCTAC-3’ (GAP FW) and 5’-
GACCCTCCACAATGCCAAACC-3’ (GAP RW), designed on the basis of the tobacco 
GAPdH (cytosolic glyceraldehyde-3-phosphate dehydrogenase) gene (Accession number: 
M14419, Dambrauskas et al., 2003) and the relative transcript values then calculated. 

5.6 Transformation of tobacco BY-2 cells 

The coding region of NtNRAMP1 was amplified by PCR using gene specific primers of 5’-
CACCATGGCGGCGAACTCGTCCCC-3’ and 5’-ATTAGTGGTCCTCTGCTGAGGCAA-3’, 
then cloned into the pENTR/D-TOPO vector (Invitrogen) and finally introduced into the 
pGWB502 binary vector (Nakagawa et al. 2007) by the Gateway cloning system using LR 
clonase (Invitrogen). The pGWB502 vector gave the cauliflower 35S promoter sequence to 
the PCR products. Agrobacterium-mediated transformation of the tobacco BY-2 cells was 
performed as described by Mayo et al. (2006). Transformants were selected with 50 mg l-1 
hygromycin.   

Transient gene expression was carried out by particle bombardment. A cell suspension of 2 
d-old BY-2 cells was filtrated onto filter paper, and the cells bombarded with gold particles 
(1.0 m) coated with the appropriate vector constructs using a particle delivery system 
(PDS-1000/He, Bio-Rad, Hercules, CA, USA) according to the manufacturer’s 
recommendations. Filtrated BY-2 cells were placed at a distance of 6 cm under the stopping 
screen and were bombarded in a vacuum of 28 inches Hg at a helium pressure of 1100 psi. 
Following bombardment, the cells were diluted in LSD medium and kept in the dark at 27 
C for 6 to 12 h before observation. The GFP fluorescence was detected on the inverted 
platform of a fluorescence microscope equipped with a spinning disc confocal laser 
scanning system (CSU-X1, Yokogawa, Tokyo, Japan) and a cooled CCD camera (Cool-SNAP 
HQ, PhotoMetrics, Huntington Beach, Canada).  

5.7 Yeast experiments 

Yeast cells INVSc1 (Invtrogen) were transformed by pYES2.1/V5-His-TOPO vectors 
(Invitrogen) containing an entire ORF region of the respective metal transporter cDNAs 
according to standard procedures (Invitrogen). The transformants were selected on 
synthesic complete medium omitted uracil (SC-uracil) containing 2 % glucose, 0.67 % yeast 
nitrogen base (without amino acids, Difco), amino acids omitting uracil (-Ura DO 
Supplement, Clontech Laboratories Inc.), 0.5 % ammmoniumu sulfate and 2 % agar. The 
transporter proteins were induced by application of 2 % galactose instead of glucose in the 
SC-uracil medium. For iron uptake measurements, yeast cells precultured in the SC-uracil 
medium were diluted to OD600 of 0.3 and cultured in the medium supplied with 2 % 
galactose and 0.2 mM FeCl3. After 18 h incubation, OD600 were measured and the yeast 
culture was washed with deionized water twice. For iron extraction, yeast cells were 
digested with 2N HCl and the iron concentrations were determined by atomic absorption 
spectrograph (AA-660, Shimadzu Co., Kyoto, Japan). 

6. Acknowledgment 
We are grateful to Dr. T. Nakagawa (Shimane University) for the kind gift of the pGWB502 
binary vector.  

Metal Ion Homeostasis Mediated by NRAMP Transporters in  
Plant Cells – Focused on Increased Resistance to Iron and Cadmium Ion 

 

225 

The nucleotide sequences reported in this paper have been submitted to GenBank as 
accession numbers AB505625 for NtNRAMP1 and AB505626 for NtZIP1. 

This work was financially supported in part by a Grant-in-Aid for Scientific Research on 
Priority Areas to S.H. (No. 23012009), a Grant-in-Aid for Scientific Research on Innovative 
Areas to S.H. (No. 22114505)  from the Japanese Ministry of Education, Science, Culture, 
Sports and Technology, an Advanced Measurement and Analysis grant from the Japan 
Science and Technology Agency (JST) to S.H. and Wada Kunkokai Foundation, Japan to T.S. 

7. References 
Cailliatte, R., Lapeyre, B., Briat, J.F., Mari, S. & Curie, C. (2009) The NRAMP6 metal 

transporter contributes to cadmium toxicity. Biochem. J. 422:217-228. 
Cailliatte, R., Schikora, A., Briat, J.F., Mari, S. & Curie, C. (2010) High-affinity manganese 

uptake by the metal transporter NRAMP1 is essential for Arabidopsis growth in low 
manganese conditions. Plant Cell 22: 904-917. 

Cassin, G., Mari, S., Curie, C., Briat, J.F. & Czernic, P. (2009) Increased sensitivity to iron 
deficiency in Arabidopsis thaliana overaccumulating nicotianamine. J. Exp. Bot. 60: 
1249-1259. 

Conte, S.S. & Walker, E.L. (2011) Transporters contributing to iron trafficking in plants. Mol. 
Plant 4: 464-476. 

Curie, C., Alonso, J.M., Le, J.M., Ecker, R. & Briat, J.F. (2000) Involvement of NRAMP1 from 
Arabidopsis thaliana in iron transport. Biochem. J. 347: 749–755. 

Curie, C. & Briat, J.F. (2003) Iron transport and signaling in plants. Annu. Rev. Plant Biol. 
54:183-206. 

Curie, C., Cassin, G., Couch, D., Divol, F., Higuchi, K., Le Jean, M., Misson, J., Schikora, A., 
Czernic, P. & Mari, S. (2009) Metal movement within the plant: contribution of 
nicotianamine and yellow stripe 1-like transporters. Ann. Bot. 103:1-11.  

DalCorso, G., Farinati, S., Maistri, S. & Furini, A. (2008) How plants cope with cadmium: 
staking all on metabolism and gene expression. J. Integr. Plant Biol. 50:1268-1280. 

Dambrauskas, G., Aves, S.J., Bryant, J.A., Francis, D. & Rogers, H.J. (2003) Genes encoding 
two essential DNA replication activation proteins, Cdc6 and Mcm3, exhibit very 
different patterns of expression in the tobacco BY-2 cell cycle. J. Exp. Bot. 54: 699-
706. 

Deckert, J. (2005) Cadmium toxicity in plants: is there any analogy to its carcinogenic effect 
in mammalian cells? Biometals. 18:475-481. 

Eide, D., Broderius, M., Fett, J. & Guerinot, M.L. (1996) A novel iron regulated metal 
transporter from plants identified by functional expression in yeast. Proc. Natl. 
Acad. Sci. USA. 93: 5624–5628. 

Enami, K., Ichikawa, M., Uemura, T., Kutsuna, N., Hasezawa, S., Nakagawa, T., Nakano, A. 
& Sato, M.H. (2009) Differential Expression Control and Polarized Distribution of 
Plasma Membrane-Resident SYP1 SNAREs in Arabidopsis thaliana. Plant Cell Physiol. 
50: 280-289. 

Galbraith, D.W., Harkins, K.R., Maddox, J.M., Ayres, N.M., Sharma, D.P. & Firoozabady, E. 
(1983) Rapid flow cytometric analysis of the cell-cycle in intact plant-tissues. Science 
220: 1049-1051. 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

226 

Garnier, L., Simon-Plas, F., Thuleau, P., Agnel, J.P., Blein, J.P., Ranjeva, R. & Montillet J.L. 
(2006) Cadmium affects tobacco cells by a series of three waves of reactive oxygen 
species that contribute to cytotoxicity. Plant Cell Environ. 29:1956-1969. 

Guerinot, M.L. (2000) The ZIP family of metal transporters. Biochim. Biophys. Acta. 1465:190-
198. 

Hall, J.L. & Williams, L.E. (2003) Transition metal transporters in plants. J. Exp. Bot. 54: 2601-
2613.  

Hell, R. & Stephan, U.W. (2003) Iron uptake, trafficking and homeostasis in plants. Planta 
216: 541-551. 

Heyno, E., Klose, C. & Krieger-Liszkay, A. (2008) Origin of cadmium-induced reactive 
oxygen species production: mitochondrial electron transfer versus plasma 
membrane NADPH oxidase. New Phytol. 179:687-699. 

Ishimaru, Y., Masuda, H., Bashir, K., Inoue, H., Tsukamoto, T., Takahashi, M., Nakanishi, 
H., Aoki, N., Hirose, T., Ohsugi, R. & Nishizawa, N.K. (2010) Rice metal-
nicotianamine transporter, OsYSL2, is required for the long-distance transport of 
iron and manganese. Plant J. 62: 379-390. 

Kadota, Y., Watanabe, T., Fujii, S., Higashi, K., Sano, T., Nagata, T. Hasezawa, S. & Kuchitsu, 
K. (2004) Crosstalk between elicitor-induced cell death and cell cycle regulation in 
tobacco BY-2 cells. Plant J. 40: 131-142. 

Kim, S.A. & Guerinot, M.L. (2007) Mining iron: iron uptake and transport in plants. FEBS 
Lett. 581:2273-2280. 

Klatte, M., Schuler, M., Wirtz, M., Fink-Straube, C., Hell, R. & Bauer, P. (2009) The analysis 
of Arabidopsis nicotianamine synthase mutants reveals functions for nicotianamine 
in seed iron loading and iron deficiency responses. Plant Physiol. 150: 257-271. 

Krämer, U., Talke, I.N. & Hanikenne, M. (2007) Transition metal transport. FEBS Lett. 
581:2263-2272. 

Kumagai-Sano, F., Hayashi, T., Sano, T. & Hasezawa, S. (2006) Cell cycle synchronization of 
tobacco BY-2 cells. Nat. Protoc. 1:2621-2627. 

Kuthanova, A., Fischer, L., Nick, P. & Opatrny, Z. (2008) Cell cycle phase-specific death 
response of tobacco BY-2 cell line to cadmium treatment. Plant Cell Environ. 
31:1634-1643. 

Lanquar, V., Lelièvre, F., Bolte, S., Hamès, C., Alcon, C., Neumann, D. Vansuyt, G., Curie, 
C., Schröder, A., Krämer, U., Barbier-Brygoo, H. & Thomine, S. (2005) Mobilization 
of vacuolar iron by AtNRAMP3 and AtNRAMP4 is essential for seed germination 
on low iron. EMBO J. 24: 4041–4051. 

Lee, S., Jeon, U.S., Lee, S.J., Kim, Y.K., Persson, D.P., Husted, S., Schjørring, J.K., Kakei, Y., 
Masuda, H., Nishizawa, N.K. & An, G. (2009) Iron fortification of rice seeds 
through activation of the nicotianamine synthase gene. Proc. Natl. Acad. Sci. USA. 
106:22014-22019. 

Lopez-Millan, A.F., Ellis, D.R. & Grusak, M.A. (2004) Identification and characterization of 
several new members of the ZIP family of metal ion transporters in Medicago 
truncatula. Plant Mol.Biol. 54: 583-596. 

Mäser, P., Thomine, S., Schroeder, J.I., Ward, J.M,, Hirschi, K., Sze, H. Talke, I.N., Amtmann 
A., Maathuis, F.J., Sanders, D., Harper, J.F., Tchieu, J., Gribskov, M., Persans, M.W., 
Salt, D.E., Kim, S.A. & Guerinot, M.L. (2001) Phylogenetic relationships within 
cation transporter families of Arabidopsis. Plant Physiol. 126:1646-1667. 

Metal Ion Homeostasis Mediated by NRAMP Transporters in  
Plant Cells – Focused on Increased Resistance to Iron and Cadmium Ion 

 

227 

Mayo, K.J., Gonzales, B.J. & Mason, H.S. (2006) Genetic transformation of tobacco NT1 cells 
with Agrobacterium tumefaciens. Nat. Protoc. 1:1105–1111.  

Mills, R.F., Francini, A., Ferreira da Rocha, P.S., Baccarini, P.J., Aylett, M., Krijger, G.C. & 
Williams, L.E. (2005) The plant P1B-type ATPase AtHMA4 transports Zn and Cd 
and plays a role in detoxification of transition metals supplied at elevated levels. 
FEBS Lett. 579:783-791. 

Nagata, T., Nemoto, Y. & Haswzawa, S. (1992) Tobacco BY-2 cell line as the “HeLa” cell in 
the cell biology of higher plants. Int. Rev. Cytol. 132:1-30. 

Nakagawa, T., Suzuki, T., Murata, S., Nakamura, S., Hino, T., Maeo, K., Tabata, R., Kawai, 
T., Tanaka, K., Niwa, Y., Watanabe, Y., Nakamura, K., Kimura, T. & Ishiguro, S. 
(2007) Improved Gateway binary vectors: high-performance vectors for creation of 
fusion constructs in transgenic analysis of plants. Biosci. Biotechnol. Biochem. 71: 
2095-2100. 

Nevo, Y. & Nelson, N. (2006) The NRAMP family of metal-ion transporters. Biochim. Biophys. 
Acta. 1763:609-620. 

Neyens, E. & Baeyens, J. (2003) A review of classic Fenton's peroxidation as an advanced 
oxidation technique. J. Hazard. Mater. 98: 33-50. 

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Uozumi, N., Nakanishi, H. 
& Nishizawa, N.K. (2011) Phytosiderophore efflux transporters are crucial for iron 
acquisition in graminaceous plants. J. Biol. Chem. 286: 5446-5454. 

Olmos, E., Martínez-Solano, J.R., Piqueras, A. & Hellín, E. (2003) Early steps in the oxidative 
burst induced by cadmium in cultured tobacco cells (BY-2 line). J. Exp. Bot. 54:291-
301. 

Oomen, R.J., Wu, J., Lelièvre, F., Blanchet, S., Richaud, P., Barbier-Brygoo, H., Aarts, M.G. & 
Thomine, S. (2008) Functional characterization of NRAMP3 and NRAMP4 from the 
metal hyperaccumulator Thlaspi caerulescens. New Phytol. 181: 637-650. 

Pilon, M., Cohu, C.M., Ravet, K., Abdel-Ghany, S.E. & Gaymard, F. (2009) Essential 
transition metal homeostasis in plants. Curr. Opin. Plant Biol. 12:347-357. 

Puig, S. & Peñarrubia, L. (2009) Placing metal micronutrients in context: transport and 
distribution in plants. Curr. Opin. Plant Biol. 12: 299-306. 

Ricachenevsky, F.K., Sperotto, R.A., Menguer, P.K. & Fett, J.P. (2010) Identification of Fe-
excess-induced genes in rice shoots reveals a WRKY transcription factor responsive 
to Fe, drought and senescence. Mol. Biol. Rep. 37: 3735-3745.  

Sano, T., Higaki, T., Handa, K., Kadota, Y., Kuchitsu, K., Hasezawa, S. Hoffmann, A., 
Endter, J., Zimmermann, U., Hedrich, R. & Roitsch, T. (2006) Calcium ions are 
involved in the delay of plant cell cycle progression by abiotic stresses. FEBS Lett. 
580: 597-602. 

Schützendübel, A. & Polle, A. (2002) Plant responses to abiotic stresses: heavy metal-
induced oxidative stress and protection by mycorrhization. J. Exp. Bot. 53:1351-
1365. 

Thomine, S., Wang, R., Ward, J.M., Crawford, N.M. & Schroeder, J.I. (2000) Cadmium and 
iron transport by members of a plant metal transporter family in Arabidopsis with 
homology to Nramp genes. Proc. Natl. Acad. Sci. USA. 97: 4991-4996. 

Thomine, S., Lelièvre, F., Debarbieux, E., Schroeder, J.I. & Barbier-Brygoo, H. (2003) 
AtNRAMP3, a multispecific vacuolar metal transporter involved in plant responses 
to iron deficiency. Plant J. 34:685-695. 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

226 

Garnier, L., Simon-Plas, F., Thuleau, P., Agnel, J.P., Blein, J.P., Ranjeva, R. & Montillet J.L. 
(2006) Cadmium affects tobacco cells by a series of three waves of reactive oxygen 
species that contribute to cytotoxicity. Plant Cell Environ. 29:1956-1969. 

Guerinot, M.L. (2000) The ZIP family of metal transporters. Biochim. Biophys. Acta. 1465:190-
198. 

Hall, J.L. & Williams, L.E. (2003) Transition metal transporters in plants. J. Exp. Bot. 54: 2601-
2613.  

Hell, R. & Stephan, U.W. (2003) Iron uptake, trafficking and homeostasis in plants. Planta 
216: 541-551. 

Heyno, E., Klose, C. & Krieger-Liszkay, A. (2008) Origin of cadmium-induced reactive 
oxygen species production: mitochondrial electron transfer versus plasma 
membrane NADPH oxidase. New Phytol. 179:687-699. 

Ishimaru, Y., Masuda, H., Bashir, K., Inoue, H., Tsukamoto, T., Takahashi, M., Nakanishi, 
H., Aoki, N., Hirose, T., Ohsugi, R. & Nishizawa, N.K. (2010) Rice metal-
nicotianamine transporter, OsYSL2, is required for the long-distance transport of 
iron and manganese. Plant J. 62: 379-390. 

Kadota, Y., Watanabe, T., Fujii, S., Higashi, K., Sano, T., Nagata, T. Hasezawa, S. & Kuchitsu, 
K. (2004) Crosstalk between elicitor-induced cell death and cell cycle regulation in 
tobacco BY-2 cells. Plant J. 40: 131-142. 

Kim, S.A. & Guerinot, M.L. (2007) Mining iron: iron uptake and transport in plants. FEBS 
Lett. 581:2273-2280. 

Klatte, M., Schuler, M., Wirtz, M., Fink-Straube, C., Hell, R. & Bauer, P. (2009) The analysis 
of Arabidopsis nicotianamine synthase mutants reveals functions for nicotianamine 
in seed iron loading and iron deficiency responses. Plant Physiol. 150: 257-271. 

Krämer, U., Talke, I.N. & Hanikenne, M. (2007) Transition metal transport. FEBS Lett. 
581:2263-2272. 

Kumagai-Sano, F., Hayashi, T., Sano, T. & Hasezawa, S. (2006) Cell cycle synchronization of 
tobacco BY-2 cells. Nat. Protoc. 1:2621-2627. 

Kuthanova, A., Fischer, L., Nick, P. & Opatrny, Z. (2008) Cell cycle phase-specific death 
response of tobacco BY-2 cell line to cadmium treatment. Plant Cell Environ. 
31:1634-1643. 

Lanquar, V., Lelièvre, F., Bolte, S., Hamès, C., Alcon, C., Neumann, D. Vansuyt, G., Curie, 
C., Schröder, A., Krämer, U., Barbier-Brygoo, H. & Thomine, S. (2005) Mobilization 
of vacuolar iron by AtNRAMP3 and AtNRAMP4 is essential for seed germination 
on low iron. EMBO J. 24: 4041–4051. 

Lee, S., Jeon, U.S., Lee, S.J., Kim, Y.K., Persson, D.P., Husted, S., Schjørring, J.K., Kakei, Y., 
Masuda, H., Nishizawa, N.K. & An, G. (2009) Iron fortification of rice seeds 
through activation of the nicotianamine synthase gene. Proc. Natl. Acad. Sci. USA. 
106:22014-22019. 

Lopez-Millan, A.F., Ellis, D.R. & Grusak, M.A. (2004) Identification and characterization of 
several new members of the ZIP family of metal ion transporters in Medicago 
truncatula. Plant Mol.Biol. 54: 583-596. 

Mäser, P., Thomine, S., Schroeder, J.I., Ward, J.M,, Hirschi, K., Sze, H. Talke, I.N., Amtmann 
A., Maathuis, F.J., Sanders, D., Harper, J.F., Tchieu, J., Gribskov, M., Persans, M.W., 
Salt, D.E., Kim, S.A. & Guerinot, M.L. (2001) Phylogenetic relationships within 
cation transporter families of Arabidopsis. Plant Physiol. 126:1646-1667. 

Metal Ion Homeostasis Mediated by NRAMP Transporters in  
Plant Cells – Focused on Increased Resistance to Iron and Cadmium Ion 

 

227 

Mayo, K.J., Gonzales, B.J. & Mason, H.S. (2006) Genetic transformation of tobacco NT1 cells 
with Agrobacterium tumefaciens. Nat. Protoc. 1:1105–1111.  

Mills, R.F., Francini, A., Ferreira da Rocha, P.S., Baccarini, P.J., Aylett, M., Krijger, G.C. & 
Williams, L.E. (2005) The plant P1B-type ATPase AtHMA4 transports Zn and Cd 
and plays a role in detoxification of transition metals supplied at elevated levels. 
FEBS Lett. 579:783-791. 

Nagata, T., Nemoto, Y. & Haswzawa, S. (1992) Tobacco BY-2 cell line as the “HeLa” cell in 
the cell biology of higher plants. Int. Rev. Cytol. 132:1-30. 

Nakagawa, T., Suzuki, T., Murata, S., Nakamura, S., Hino, T., Maeo, K., Tabata, R., Kawai, 
T., Tanaka, K., Niwa, Y., Watanabe, Y., Nakamura, K., Kimura, T. & Ishiguro, S. 
(2007) Improved Gateway binary vectors: high-performance vectors for creation of 
fusion constructs in transgenic analysis of plants. Biosci. Biotechnol. Biochem. 71: 
2095-2100. 

Nevo, Y. & Nelson, N. (2006) The NRAMP family of metal-ion transporters. Biochim. Biophys. 
Acta. 1763:609-620. 

Neyens, E. & Baeyens, J. (2003) A review of classic Fenton's peroxidation as an advanced 
oxidation technique. J. Hazard. Mater. 98: 33-50. 

Nozoye, T., Nagasaka, S., Kobayashi, T., Takahashi, M., Sato, Y., Uozumi, N., Nakanishi, H. 
& Nishizawa, N.K. (2011) Phytosiderophore efflux transporters are crucial for iron 
acquisition in graminaceous plants. J. Biol. Chem. 286: 5446-5454. 

Olmos, E., Martínez-Solano, J.R., Piqueras, A. & Hellín, E. (2003) Early steps in the oxidative 
burst induced by cadmium in cultured tobacco cells (BY-2 line). J. Exp. Bot. 54:291-
301. 

Oomen, R.J., Wu, J., Lelièvre, F., Blanchet, S., Richaud, P., Barbier-Brygoo, H., Aarts, M.G. & 
Thomine, S. (2008) Functional characterization of NRAMP3 and NRAMP4 from the 
metal hyperaccumulator Thlaspi caerulescens. New Phytol. 181: 637-650. 

Pilon, M., Cohu, C.M., Ravet, K., Abdel-Ghany, S.E. & Gaymard, F. (2009) Essential 
transition metal homeostasis in plants. Curr. Opin. Plant Biol. 12:347-357. 

Puig, S. & Peñarrubia, L. (2009) Placing metal micronutrients in context: transport and 
distribution in plants. Curr. Opin. Plant Biol. 12: 299-306. 

Ricachenevsky, F.K., Sperotto, R.A., Menguer, P.K. & Fett, J.P. (2010) Identification of Fe-
excess-induced genes in rice shoots reveals a WRKY transcription factor responsive 
to Fe, drought and senescence. Mol. Biol. Rep. 37: 3735-3745.  

Sano, T., Higaki, T., Handa, K., Kadota, Y., Kuchitsu, K., Hasezawa, S. Hoffmann, A., 
Endter, J., Zimmermann, U., Hedrich, R. & Roitsch, T. (2006) Calcium ions are 
involved in the delay of plant cell cycle progression by abiotic stresses. FEBS Lett. 
580: 597-602. 

Schützendübel, A. & Polle, A. (2002) Plant responses to abiotic stresses: heavy metal-
induced oxidative stress and protection by mycorrhization. J. Exp. Bot. 53:1351-
1365. 

Thomine, S., Wang, R., Ward, J.M., Crawford, N.M. & Schroeder, J.I. (2000) Cadmium and 
iron transport by members of a plant metal transporter family in Arabidopsis with 
homology to Nramp genes. Proc. Natl. Acad. Sci. USA. 97: 4991-4996. 

Thomine, S., Lelièvre, F., Debarbieux, E., Schroeder, J.I. & Barbier-Brygoo, H. (2003) 
AtNRAMP3, a multispecific vacuolar metal transporter involved in plant responses 
to iron deficiency. Plant J. 34:685-695. 



 
Crosstalk and Integration of Membrane Trafficking Pathways 

 

228 

Verbruggen, N., Hermans, C. & Schat, H. (2009) Mechanisms to cope with arsenic or 
cadmium excess in plants. Curr. Opin. Plant Biol. 12:364-372. 

Verret, F., Gravot, A., Auroy, P., Leonhardt, N., David, P., Nussaume, L., Vavasseur, A. & 
Richaud, P. (2004) Overexpression of AtHMA4 enhances root-to-shoot 
translocation of zinc and cadmium and plant metal tolerance. FEBS Lett. 576:306-
312. 

Vert, G., Grotz, N., Dédaldéchamp, F., Gaymard, F., Guerinot, M.L., Briat, J.F. & Curie, C. 
(2002) IRT1, an Arabidopsis transporter essential for iron uptake from the soil and 
for plant growth. Plant Cell 14:1223-1233. 

Vert, G., Barberon, M., Zelazny, E., Séguéla, M., Briat, J.F. & Curie, C. (2009) Arabidopsis IRT2 
cooperates with the high-affinity iron uptake system to maintain iron homeostasis 
in root epidermal cells. Planta 229:1171-1179. 

Wei, W., Chai, T., Zhang, Y., Han, L., Xu, J. & Guan, Z. (2009) The Thlaspi caerulescens 
NRAMP homologue TcNRAMP3 is capable of divalent cation transport. Mol. 
Biotechnol. 41:15-21. 

Wiedenhoeft, A.C. (2006) Micronutrients, In: Plant nutrition, William G. Hopkins, pp. 26-35., 
Chelsea House Publisher, New York. 

Wirth, J., Poletti, S., Aeschlimann, B., Yakandawala, N., Drosse, B., Osorio, S., Tohge, T., 
Fernie, A.R., Günther, D., Gruissem, W. & Sautter, C. (2009) Rice endosperm iron 
biofortification by targeted and synergistic action of nicotianamine synthase and 
ferritin. Plant Biotechnol. J. 7: 631-644.  

Xia, J., Yamaji, N., Kasai, T. & Ma, J.F. (2010) Plasma membrane-localized transporter for 
aluminum in rice. Proc. Natl. Acad. Sci. USA. 107: 18381-18385. 

Xiao, H., Yin, L., Xu, X., Li, T. & Han, Z. (2008) The iron-regulated transporter, MbNRAMP1, 
isolated from Malus baccata is involved in Fe, Mn and Cd trafficking. Ann. Bot. 
102:881-889. 

Zheng, L., Cheng, Z., Ai, C., Jiang, X., Bei, X., Zheng, Y., Glahn, R.P., Welch, R.M., Miller, 
D.D., Lei, X.G. & Shou, H. (2010) Nicotianamine, a novel enhancer of rice iron 
bioavailability to humans. PLoS One. 5: e10190. 

11 

Analysis of SNARE-Mediated  
Exocytosis Using a Cell Fusion Assay 

Chuan Hu, Nazarul Hasan and Krista Riggs 
Department of Biochemistry and Molecular Biology,  

University of Louisville School of Medicine, Louisville, KY 
USA 

1. Introduction 
Exocytosis is the fusion of transport vesicles with the plasma membrane. By exocytosis, 
eukaryotic cells secrete soluble proteins and endogenous chemicals to the extracellular 
space, and deliver new membrane proteins and lipids to the plasma membrane. A large 
body of work has demonstrated that the interactions of SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) proteins on vesicles (v-SNAREs) and on target 
membranes (t-SNAREs) catalyze intracellular vesicle fusion events, including exocytosis 
(Bonifacino and Glick, 2004; Jahn et al., 2003; Rothman, 1994) (Fig. 1). The vesicle-associated 
membrane proteins (VAMPs), i.e., VAMPs 1, 2, 3, 4, 5, 7 and 8, are v-SNAREs that reside in 
various post-Golgi vesicular compartments, and have been implicated in exocytosis. In this 
chapter, we review recent progress of using a novel cell fusion assay to analyze the 
specificity and membrane fusion activities of VAMPs (Hasan et al., 2010). 
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Fig. 1. Interactions of VAMPs and plasma membrane t-SNAREs drive exocytosis. 

2. SNAREs – Core machinery of vesicle fusion 
SNAREs are cytoplasmic oriented type I membrane proteins. SNAREs share one 
homologous domain, the ‘SNARE motif,’ which contains eight heptad repeats ready for 
coiled-coil formation. The SNARE proteins that mediate the fusion of synaptic vesicles with 
the presynaptic plasma membrane are well studied (Sollner et al., 1993b). In synapses, the v-
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various post-Golgi vesicular compartments, and have been implicated in exocytosis. In this 
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Fig. 1. Interactions of VAMPs and plasma membrane t-SNAREs drive exocytosis. 

2. SNAREs – Core machinery of vesicle fusion 
SNAREs are cytoplasmic oriented type I membrane proteins. SNAREs share one 
homologous domain, the ‘SNARE motif,’ which contains eight heptad repeats ready for 
coiled-coil formation. The SNARE proteins that mediate the fusion of synaptic vesicles with 
the presynaptic plasma membrane are well studied (Sollner et al., 1993b). In synapses, the v-
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SNARE VAMP2 resides in synaptic vesicles, whereas t-SNAREs syntaxin1 and 
synaptosomal-associated protein of 25 kD (SNAP-25) are located in the plasma membrane. 
Syntaxin1 and SNAP-25 constitute an acceptor complex for VAMP2 (Fasshauer and 
Margittai, 2004). The cytoplasmic domains of VAMP2, syntaxin1 and SNAP-25 form an 
extremely stable complex that is resistant to sodium dodecyl sulfate (SDS) (Hayashi et al., 
1994) and heat stable up to ~90C (Yang et al., 1999), indicating that SNARE complex 
formation is thermodynamically favorable. One -helix from VAMP2, one -helix from 
syntaxin1 and two -helices from SNAP-25 intertwine to form a four-helix bundle (Sutton et 
al., 1998). Assembly of SNARE complexes is initiated at the N-termini and proceeds to the 
transmembrane domains at the C-termini in a zipper-like fashion (Stein et al., 2009). When 
v- and t-SNARE proteins are incorporated into liposomes, they spontaneously drive 
liposome fusion (McNew et al., 2000b; Weber et al., 1998), demonstrating that SNAREs form 
the minimal machinery for membrane fusion. Using a cell fusion assay, we showed that v- 
and t-SNARE proteins ectopically expressed on the cell surface spontaneously drive cell-cell 
fusion (Hu et al., 2003; Hu et al., 2007), providing further proof that SNAREs form the core 
machinery for intracellular membrane fusion. After membrane fusion, the adapter protein 
SNAP (soluble NSF attachment protein) and the ATPase NSF (N-ethylmaleimide-sensitive 
factor) dissociate v-/t-SNARE complexes at the expense of ATP (Mayer et al., 1996; Sollner 
et al., 1993a) to free  SNAREs for the next round of fusion.  

Genomic analysis indicates that there are 36 SNAREs in humans (Bock et al., 2001). 
Individual members of the SNARE family localize to distinct subcellular organelles (Chen 
and Scheller, 2001), suggesting that each SNARE has a selective role in vesicle trafficking. 
Using yeast SNARE proteins as models, a series of experiments showed that to a remarkable 
degree the specificity of intracellular membrane fusion can be predicted from the pattern of 
liposome fusion mediated by isolated v- and t-SNARE proteins (McNew et al., 2000a; Parlati 
et al., 2002). However, membrane fusion by SNAREs in mammalian cells is more 
promiscuous (Brandhorst et al., 2006; Shen et al., 2007). Here we show that with the 
exception of VAMP5, VAMPs are essentially redundant in mediating membrane fusion with 
plasma membrane t-SNAREs (Hasan et al., 2010). 

3. Roles of VAMPs in exocytosis 
VAMPs have been implicated in vesicle fusion with the plasma membrane, the trans-Golgi 
network (TGN) and endosomes. VAMP1 (synaptobrevin 1) and VAMP2 (synaptobrevin 2) 
mediate regulated exocytosis in neurons and endocrine cells (Hanson et al., 1997; Kesavan et 
al., 2007; Morgenthaler et al., 2003). In addition, VAMP2 is involved in the exocytosis of the 
water channel aquaporin 2 (Procino et al., 2008) and 51 integrin (Hasan and Hu, 2010), as 
well as insulin-stimulated translocation of the glucose transporter GLUT4 (Randhawa et al., 
2000). Enriched in recycling endosomes and endosome-derived vesicles (Galli et al., 1994; 
McMahon et al., 1993), VAMP3 (cellubrevin) mediates the recycling of transferrin receptors 
to the cell surface (Galli et al., 1994), integrin trafficking (Luftman et al., 2009; Proux-
Gillardeaux et al., 2005; Skalski and Coppolino, 2005), and the secretion of -granules in 
platelets (Feng et al., 2002; Polgar et al., 2002). Present primarily in the TGN, VAMP4 
participates in the transport between the TGN and endosomes (Mallard et al., 2002; 
Steegmaier et al., 1999), as well as in homotypic fusion of early endosomes (Brandhorst et 
al., 2006). Expressed in muscle cells, VAMP5 (myobrevin) is associated with the plasma 
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membrane and intracellular vesicles (Zeng et al., 1998). In addition to vesicular transport 
from endosomes to lysosomes (Advani et al., 1999), the tetanus neurotoxin-insensitive 
VAMP (VAMP7) is involved in apical exocytosis in polarized epithelial cells (Galli et al., 
1998; Pocard et al., 2007). Associated with early endosomes (Advani et al., 1998; Wong et al., 
1998), VAMP8 (endobrevin) is required in regulated exocytosis in pancreatic acinar cells 
(Wang et al., 2004). 

VAMPs have high sequence homology in their SNARE motifs (Fig. 2). All VAMPs possess a 
conserved arginine residue at the center of SNARE motifs (Fig. 2), and have been classified 
as R-SNAREs based on crystal structures (Fasshauer et al., 1998). The N-terminal 51 residues 
of VAMP4 contain a dominant signal for targeting to the TGN, while the SNARE motif of 
VAMP5 is responsible for its targeting to the plasma membrane (Zeng et al., 2003). In 
VAMP7, the N-terminal ‘longin domain’ regulates subcellular targeting (Pryor et al., 2008). 

VAMPs 3, 4, 7 and 8 have broad tissue distribution (Advani et al., 1998; McMahon et al., 
1993). Originally identified in nervous tissues, VAMPs 1 and 2 are also detected in skeletal 
muscle, fat and other tissues (Jagadish et al., 1996; Martin et al., 1998; Procino et al., 2008;  
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Fig. 2. Sequence alignment of human VAMP proteins. The conserved arginine residues in 
the center of SNARE motifs are labeled red. 
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SNARE VAMP2 resides in synaptic vesicles, whereas t-SNAREs syntaxin1 and 
synaptosomal-associated protein of 25 kD (SNAP-25) are located in the plasma membrane. 
Syntaxin1 and SNAP-25 constitute an acceptor complex for VAMP2 (Fasshauer and 
Margittai, 2004). The cytoplasmic domains of VAMP2, syntaxin1 and SNAP-25 form an 
extremely stable complex that is resistant to sodium dodecyl sulfate (SDS) (Hayashi et al., 
1994) and heat stable up to ~90C (Yang et al., 1999), indicating that SNARE complex 
formation is thermodynamically favorable. One -helix from VAMP2, one -helix from 
syntaxin1 and two -helices from SNAP-25 intertwine to form a four-helix bundle (Sutton et 
al., 1998). Assembly of SNARE complexes is initiated at the N-termini and proceeds to the 
transmembrane domains at the C-termini in a zipper-like fashion (Stein et al., 2009). When 
v- and t-SNARE proteins are incorporated into liposomes, they spontaneously drive 
liposome fusion (McNew et al., 2000b; Weber et al., 1998), demonstrating that SNAREs form 
the minimal machinery for membrane fusion. Using a cell fusion assay, we showed that v- 
and t-SNARE proteins ectopically expressed on the cell surface spontaneously drive cell-cell 
fusion (Hu et al., 2003; Hu et al., 2007), providing further proof that SNAREs form the core 
machinery for intracellular membrane fusion. After membrane fusion, the adapter protein 
SNAP (soluble NSF attachment protein) and the ATPase NSF (N-ethylmaleimide-sensitive 
factor) dissociate v-/t-SNARE complexes at the expense of ATP (Mayer et al., 1996; Sollner 
et al., 1993a) to free  SNAREs for the next round of fusion.  

Genomic analysis indicates that there are 36 SNAREs in humans (Bock et al., 2001). 
Individual members of the SNARE family localize to distinct subcellular organelles (Chen 
and Scheller, 2001), suggesting that each SNARE has a selective role in vesicle trafficking. 
Using yeast SNARE proteins as models, a series of experiments showed that to a remarkable 
degree the specificity of intracellular membrane fusion can be predicted from the pattern of 
liposome fusion mediated by isolated v- and t-SNARE proteins (McNew et al., 2000a; Parlati 
et al., 2002). However, membrane fusion by SNAREs in mammalian cells is more 
promiscuous (Brandhorst et al., 2006; Shen et al., 2007). Here we show that with the 
exception of VAMP5, VAMPs are essentially redundant in mediating membrane fusion with 
plasma membrane t-SNAREs (Hasan et al., 2010). 

3. Roles of VAMPs in exocytosis 
VAMPs have been implicated in vesicle fusion with the plasma membrane, the trans-Golgi 
network (TGN) and endosomes. VAMP1 (synaptobrevin 1) and VAMP2 (synaptobrevin 2) 
mediate regulated exocytosis in neurons and endocrine cells (Hanson et al., 1997; Kesavan et 
al., 2007; Morgenthaler et al., 2003). In addition, VAMP2 is involved in the exocytosis of the 
water channel aquaporin 2 (Procino et al., 2008) and 51 integrin (Hasan and Hu, 2010), as 
well as insulin-stimulated translocation of the glucose transporter GLUT4 (Randhawa et al., 
2000). Enriched in recycling endosomes and endosome-derived vesicles (Galli et al., 1994; 
McMahon et al., 1993), VAMP3 (cellubrevin) mediates the recycling of transferrin receptors 
to the cell surface (Galli et al., 1994), integrin trafficking (Luftman et al., 2009; Proux-
Gillardeaux et al., 2005; Skalski and Coppolino, 2005), and the secretion of -granules in 
platelets (Feng et al., 2002; Polgar et al., 2002). Present primarily in the TGN, VAMP4 
participates in the transport between the TGN and endosomes (Mallard et al., 2002; 
Steegmaier et al., 1999), as well as in homotypic fusion of early endosomes (Brandhorst et 
al., 2006). Expressed in muscle cells, VAMP5 (myobrevin) is associated with the plasma 
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membrane and intracellular vesicles (Zeng et al., 1998). In addition to vesicular transport 
from endosomes to lysosomes (Advani et al., 1999), the tetanus neurotoxin-insensitive 
VAMP (VAMP7) is involved in apical exocytosis in polarized epithelial cells (Galli et al., 
1998; Pocard et al., 2007). Associated with early endosomes (Advani et al., 1998; Wong et al., 
1998), VAMP8 (endobrevin) is required in regulated exocytosis in pancreatic acinar cells 
(Wang et al., 2004). 

VAMPs have high sequence homology in their SNARE motifs (Fig. 2). All VAMPs possess a 
conserved arginine residue at the center of SNARE motifs (Fig. 2), and have been classified 
as R-SNAREs based on crystal structures (Fasshauer et al., 1998). The N-terminal 51 residues 
of VAMP4 contain a dominant signal for targeting to the TGN, while the SNARE motif of 
VAMP5 is responsible for its targeting to the plasma membrane (Zeng et al., 2003). In 
VAMP7, the N-terminal ‘longin domain’ regulates subcellular targeting (Pryor et al., 2008). 

VAMPs 3, 4, 7 and 8 have broad tissue distribution (Advani et al., 1998; McMahon et al., 
1993). Originally identified in nervous tissues, VAMPs 1 and 2 are also detected in skeletal 
muscle, fat and other tissues (Jagadish et al., 1996; Martin et al., 1998; Procino et al., 2008;  
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VAMP2           KYWWKNLKMMIILGVICAIILIIIIVYFST-------------------------- 116 
VAMP3           KYWWKNCKMWAIGITVLVIFIIIIIVWVVSS------------------------- 100 
VAMP4           QMWWRGCKIKAIMALVAAILLLVIIILIVMKYRT---------------------- 141 
VAMP5           KKCWENIRYRICVGLVVVGVLLIILIVLLVVFLPQSSDSSSAPRTQDAGIASGPGN 116 
VAMP7           AMCMKNLKLTIIIIIVSIVFIYIIVSPLCGGFTWPSCVKK---------------- 220 
VAMP8           KFWWKNVKMIVLICVIVFIIILFIVLFATGAFS----------------------- 100 
                    .. :       :   .: .*:                                

SNARE motifs

 
Fig. 2. Sequence alignment of human VAMP proteins. The conserved arginine residues in 
the center of SNARE motifs are labeled red. 
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Randhawa et al., 2000; Veale et al., 2010). Therefore, multiple VAMPs are co-expressed in 
mammalian cells. However, it is not clear if the seven VAMPs have differential membrane 
fusion activities. Using a cell fusion assay, we compare the membrane fusion activities of 
VAMPs.  

3. Cell fusion assays 
3.1 Expression of flipped SNAREs at the cell surface 

By fusing the pre-prolactin signal sequence, which specifies translocation across the 
endoplasmic reticulum, to N-termini of the neuronal SNAREs VAMP2, syntaxin1 and 
SNAP-25, the cell fusion assay was originally developed in Dr. James Rothman’s lab (Hu et 
al., 2003). The engineered SNAREs are called ‘flipped’ SNAREs because the orientation of 
their SNARE motifs against cellular membranes is flipped. A Myc tag is inserted between 
the signal sequence and N-termini of SNAREs to detect flipped SNARE proteins (Fig. 3A). 
When COS-7 cells are transfected with flipped SNARE constructs, flipped SNARE proteins 
are expressed at the cell surface (Fig. 3B). To express plasma membrane t-SNAREs, flipped 
syntaxins 1 or 4 are cotransfected with flipped SNAP-25. SNAP-25 does not contain a 
transmembrane domain. After expression, flipped SNAP-25 proteins are anchored to the cell 
surface by assembling with flipped syntaxin proteins. 

Flow cytometry is used to measure the expression levels of SNARE proteins at the cell 
surface (Figs. 3C and D). When flipped VAMPs 1, 3, 4, 5, 7 and 8, and syntaxins 1 and 4 
plasmids are transfected at the same concentration, cell surface expression of VAMPs 5 and 
8 is higher than VAMPs 1, 3, 4 and 7, and cell surface expression of syntaxin4 is higher than 
syntaxin1 (Hasan et al., 2010). To express the v- and t-SNAREs at the same level, we 
optimized the concentration of each flipped SNARE plasmid used in transfection 
(concentrations see Section 4.2), so that VAMPs 1, 3, 4, 5, 7 and 8, and syntaxins 1 and 4 are 
expressed at the same level at the cell surface, respectively (Fig. 3D).  

3.2 Microscopic cell fusion assay 

Multiple readout systems have been developed to detect fusion of the cells that express 
flipped v-SNAREs (v-cells) and the cells that express flipped t-SNARE proteins (t-cells) 
(Hasan et al., 2010; Hu et al., 2003; Hu et al., 2007). In the microscopic assay shown in Fig. 
4A, flipped v-SNARE constructs are cotransfected with a plasmid that encodes the green 
fluorescent protein EGFP. In t-cells, the flipped t-SNARE constructs are cotransfected with a 
plasmid that encodes the red fluorescent protein DsRed2. Fusion of the v- and t-cells results 
in fused cells that contain both EGFP and DsRed2. In the merged channel, the cytoplasm of 
the fused cells is yellow (arrows, Fig. 4A).  

3.3 Enzymatic cell fusion assay 

The microscopic cell fusion assay becomes less efficient when used to analyze multiple v-/t-
SNARE combinations quantitatively. To develop a quantitative cell fusion assay, we take 
advantage of the strong transcriptional activation by binding of the tetracycline-controlled 
transactivator (tTA) to the tetracycline-response element (TRE) (Gossen and Bujard, 1992).  
Two plasmids in CLONTECH’s Tet-Off gene expression system are used (Hasan et al., 2010). 
The first plasmid pTet-Off encodes the transcriptional activator tTA, and the second  
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Fig. 3. Expression of flipped SNAREs at the cell surface. (A) Domain structure of flipped 
SNAREs. (B) Twenty-four hours after transfection with empty vector pcDNA3.1(+) or 
flipped VAMP5 plasmid, unpermeabilized COS-7 cells are stained with an anti-Myc 
antibody. Representative confocal images are shown. Scale bar, 50 m.  (C and D) Twenty-
four hours after transfection with empty vector or flipped SNARE plasmids, 
unpermeabilized cells are stained with the anti-Myc antibody and analyzed by flow 
cytometry. (C) Representative FACS profiles of the cells transfected with empty vector or 
flipped VAMP1. (D) To express VAMPs and syntaxins at the same level at the cell surface, 
flipped SNARE plasmids are transfected at titrated concentrations. The mean fluorescence 
intensity of staining is obtained using CellQuest Pro software.  
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Randhawa et al., 2000; Veale et al., 2010). Therefore, multiple VAMPs are co-expressed in 
mammalian cells. However, it is not clear if the seven VAMPs have differential membrane 
fusion activities. Using a cell fusion assay, we compare the membrane fusion activities of 
VAMPs.  

3. Cell fusion assays 
3.1 Expression of flipped SNAREs at the cell surface 

By fusing the pre-prolactin signal sequence, which specifies translocation across the 
endoplasmic reticulum, to N-termini of the neuronal SNAREs VAMP2, syntaxin1 and 
SNAP-25, the cell fusion assay was originally developed in Dr. James Rothman’s lab (Hu et 
al., 2003). The engineered SNAREs are called ‘flipped’ SNAREs because the orientation of 
their SNARE motifs against cellular membranes is flipped. A Myc tag is inserted between 
the signal sequence and N-termini of SNAREs to detect flipped SNARE proteins (Fig. 3A). 
When COS-7 cells are transfected with flipped SNARE constructs, flipped SNARE proteins 
are expressed at the cell surface (Fig. 3B). To express plasma membrane t-SNAREs, flipped 
syntaxins 1 or 4 are cotransfected with flipped SNAP-25. SNAP-25 does not contain a 
transmembrane domain. After expression, flipped SNAP-25 proteins are anchored to the cell 
surface by assembling with flipped syntaxin proteins. 

Flow cytometry is used to measure the expression levels of SNARE proteins at the cell 
surface (Figs. 3C and D). When flipped VAMPs 1, 3, 4, 5, 7 and 8, and syntaxins 1 and 4 
plasmids are transfected at the same concentration, cell surface expression of VAMPs 5 and 
8 is higher than VAMPs 1, 3, 4 and 7, and cell surface expression of syntaxin4 is higher than 
syntaxin1 (Hasan et al., 2010). To express the v- and t-SNAREs at the same level, we 
optimized the concentration of each flipped SNARE plasmid used in transfection 
(concentrations see Section 4.2), so that VAMPs 1, 3, 4, 5, 7 and 8, and syntaxins 1 and 4 are 
expressed at the same level at the cell surface, respectively (Fig. 3D).  

3.2 Microscopic cell fusion assay 

Multiple readout systems have been developed to detect fusion of the cells that express 
flipped v-SNAREs (v-cells) and the cells that express flipped t-SNARE proteins (t-cells) 
(Hasan et al., 2010; Hu et al., 2003; Hu et al., 2007). In the microscopic assay shown in Fig. 
4A, flipped v-SNARE constructs are cotransfected with a plasmid that encodes the green 
fluorescent protein EGFP. In t-cells, the flipped t-SNARE constructs are cotransfected with a 
plasmid that encodes the red fluorescent protein DsRed2. Fusion of the v- and t-cells results 
in fused cells that contain both EGFP and DsRed2. In the merged channel, the cytoplasm of 
the fused cells is yellow (arrows, Fig. 4A).  

3.3 Enzymatic cell fusion assay 

The microscopic cell fusion assay becomes less efficient when used to analyze multiple v-/t-
SNARE combinations quantitatively. To develop a quantitative cell fusion assay, we take 
advantage of the strong transcriptional activation by binding of the tetracycline-controlled 
transactivator (tTA) to the tetracycline-response element (TRE) (Gossen and Bujard, 1992).  
Two plasmids in CLONTECH’s Tet-Off gene expression system are used (Hasan et al., 2010). 
The first plasmid pTet-Off encodes the transcriptional activator tTA, and the second  
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Fig. 3. Expression of flipped SNAREs at the cell surface. (A) Domain structure of flipped 
SNAREs. (B) Twenty-four hours after transfection with empty vector pcDNA3.1(+) or 
flipped VAMP5 plasmid, unpermeabilized COS-7 cells are stained with an anti-Myc 
antibody. Representative confocal images are shown. Scale bar, 50 m.  (C and D) Twenty-
four hours after transfection with empty vector or flipped SNARE plasmids, 
unpermeabilized cells are stained with the anti-Myc antibody and analyzed by flow 
cytometry. (C) Representative FACS profiles of the cells transfected with empty vector or 
flipped VAMP1. (D) To express VAMPs and syntaxins at the same level at the cell surface, 
flipped SNARE plasmids are transfected at titrated concentrations. The mean fluorescence 
intensity of staining is obtained using CellQuest Pro software.  
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Fig. 4. Cell fusion assays.  (A) Microscopic cell fusion assay. Cells that express flipped v-
SNAREs (v-cells) are labeled by the green fluorescent protein EGFP, whereas cells that 
express flipped t-SNAREs (t-cells) are labeled by the red fluorescent protein DsRed2. Fusion 
of v- and t-cells results in fused cells (arrows) whose cytoplasm is yellow under fluorescence 
microscope. Scale bar, 50 m. (B) Enzymatic cell fusion assay. The tetracycline-controlled 
transactivator (tTA) is expressed in v-cells, and a reporter plasmid that encodes -
galactosidase under control of the tetracycline-response element (TRE-LacZ) is transfected 
into t-cells. Fusion of the v- and t-cells leads to the binding of tTA to TRE and the expression 
of -galactosidase, which is measured using a colorimetric method by absorbance at 420 nm. 
Only baseline -galactosidase activity is detected when either flipped VAMP2 or SNAP-25 is 
not expressed. 
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plasmid pBI-G encodes the LacZ gene under control of the tetracycline-response element 
(TRE-LacZ). In the absence of tTA, transcription of the LacZ gene in TRE-LacZ is silent. When 
tTA is present, it binds to the TRE and activates the transcription of LacZ, resulting in the 
expression of -galactosidase. We hypothesize that if tTA is located in v-cells and TRE-LacZ 
is located in t-cells, -galactosidase will not be expressed. Fusion of the v- and t-cells would 
result in the binding of tTA to TRE and transcriptional activation of LacZ (Fig. 4B).  

The neuronal SNAREs are used to test feasibility of the assay. VAMP2 is coexpressed with 
tTA in v-cells, and syntaxin1 and SNAP-25 are coexpressed with TRE-LacZ in t-cells. When 
the v- and t-cells are combined, robust -galactosidase expression is indeed detected (Fig. 
4B). However, when either VAMP2 or SNAP-25 is not expressed, only baseline -
galactosidase activity is detected, indicating that cell fusion and expression of -
galactosidase rely on interactions of v- and t-SNAREs.  

3.4 Experimental procedures 

3.4.1 Cell culture and reagents 

COS-7 cells were obtained from the American Type Culture Collection, and cultured in 
Dulbecco Modified Eagle’s Medium (DMEM) supplemented with 4.5 g/l glucose and 10% 
fetal bovine serum (FBS). The anti-Myc monoclonal antibody 9E10, developed by Dr. 
Bishop, was obtained from the Developmental Studies Hybridoma Bank maintained by the 
University of Iowa. pEGFP-N3, pDsRed2-N1, pTet-Off and pBI-G were obtained from 
CLONTECH. Plasmid transfection is done with Lipofectamine according to the 
manufacturer’s instructions (Invitrogen). 

3.4.2 FACS analysis 

Expression levels of SNAREs at the cell surface are measured using immunostaining and 
flow cytometry as we previously reported (Hasan and Hu, 2010). Briefly, COS-7 cells are 
seeded in 6-well plates. Twenty-four hours after transfection with the flipped SNARE, pTet-
Off and pBI-G plasmids, cells are fixed with 1% paraformaldehyde in PBS++ (PBS 
supplemented with 0.1 g/l CaCl2 and 0.1 g/l MgCl2). After labeling with the anti-Myc 
monoclonal antibody 9E10 and FITC-conjugated secondary antibodies, the cells are scraped 
off the plates with a cell scraper. 15,000 cells are analyzed using a FACSCalibur flow 
cytometer (BD Biosciences). The mean fluorescence intensity of each sample is obtained 
using CellQuest Pro software. 

3.4.3 Microscopic cell fusion assay 

The day before transfection, 1.2 × 106 COS-7 cells are seeded in each 100-mm cell culture 
dish, and 5 × 104 COS-7 cells are seeded on sterile 12-mm glass coverslips contained in 24-
well plates. For v-cells, 5 g of flipped v-SNARE and pEGFP-N3 are cotransfected into the 
cells grown in each 100-mm culture dish. For t-cells, 0.25 g each of flipped syntaxin, SNAP-
25 and pDsRed2-N1 are cotransfected into the cells seeded in the 24-well plates. Twenty-
four hours after transfection, the v-cells are detached from culture dishes with EDTA 
(Enzyme-free Cell Dissociation Buffer (Invitrogen)). Detached cells are counted with a 
hemocytometer and resuspended in HEPES-buffered DMEM supplemented with 10% FBS, 
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Fig. 4. Cell fusion assays.  (A) Microscopic cell fusion assay. Cells that express flipped v-
SNAREs (v-cells) are labeled by the green fluorescent protein EGFP, whereas cells that 
express flipped t-SNAREs (t-cells) are labeled by the red fluorescent protein DsRed2. Fusion 
of v- and t-cells results in fused cells (arrows) whose cytoplasm is yellow under fluorescence 
microscope. Scale bar, 50 m. (B) Enzymatic cell fusion assay. The tetracycline-controlled 
transactivator (tTA) is expressed in v-cells, and a reporter plasmid that encodes -
galactosidase under control of the tetracycline-response element (TRE-LacZ) is transfected 
into t-cells. Fusion of the v- and t-cells leads to the binding of tTA to TRE and the expression 
of -galactosidase, which is measured using a colorimetric method by absorbance at 420 nm. 
Only baseline -galactosidase activity is detected when either flipped VAMP2 or SNAP-25 is 
not expressed. 
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plasmid pBI-G encodes the LacZ gene under control of the tetracycline-response element 
(TRE-LacZ). In the absence of tTA, transcription of the LacZ gene in TRE-LacZ is silent. When 
tTA is present, it binds to the TRE and activates the transcription of LacZ, resulting in the 
expression of -galactosidase. We hypothesize that if tTA is located in v-cells and TRE-LacZ 
is located in t-cells, -galactosidase will not be expressed. Fusion of the v- and t-cells would 
result in the binding of tTA to TRE and transcriptional activation of LacZ (Fig. 4B).  

The neuronal SNAREs are used to test feasibility of the assay. VAMP2 is coexpressed with 
tTA in v-cells, and syntaxin1 and SNAP-25 are coexpressed with TRE-LacZ in t-cells. When 
the v- and t-cells are combined, robust -galactosidase expression is indeed detected (Fig. 
4B). However, when either VAMP2 or SNAP-25 is not expressed, only baseline -
galactosidase activity is detected, indicating that cell fusion and expression of -
galactosidase rely on interactions of v- and t-SNAREs.  

3.4 Experimental procedures 

3.4.1 Cell culture and reagents 

COS-7 cells were obtained from the American Type Culture Collection, and cultured in 
Dulbecco Modified Eagle’s Medium (DMEM) supplemented with 4.5 g/l glucose and 10% 
fetal bovine serum (FBS). The anti-Myc monoclonal antibody 9E10, developed by Dr. 
Bishop, was obtained from the Developmental Studies Hybridoma Bank maintained by the 
University of Iowa. pEGFP-N3, pDsRed2-N1, pTet-Off and pBI-G were obtained from 
CLONTECH. Plasmid transfection is done with Lipofectamine according to the 
manufacturer’s instructions (Invitrogen). 

3.4.2 FACS analysis 

Expression levels of SNAREs at the cell surface are measured using immunostaining and 
flow cytometry as we previously reported (Hasan and Hu, 2010). Briefly, COS-7 cells are 
seeded in 6-well plates. Twenty-four hours after transfection with the flipped SNARE, pTet-
Off and pBI-G plasmids, cells are fixed with 1% paraformaldehyde in PBS++ (PBS 
supplemented with 0.1 g/l CaCl2 and 0.1 g/l MgCl2). After labeling with the anti-Myc 
monoclonal antibody 9E10 and FITC-conjugated secondary antibodies, the cells are scraped 
off the plates with a cell scraper. 15,000 cells are analyzed using a FACSCalibur flow 
cytometer (BD Biosciences). The mean fluorescence intensity of each sample is obtained 
using CellQuest Pro software. 

3.4.3 Microscopic cell fusion assay 

The day before transfection, 1.2 × 106 COS-7 cells are seeded in each 100-mm cell culture 
dish, and 5 × 104 COS-7 cells are seeded on sterile 12-mm glass coverslips contained in 24-
well plates. For v-cells, 5 g of flipped v-SNARE and pEGFP-N3 are cotransfected into the 
cells grown in each 100-mm culture dish. For t-cells, 0.25 g each of flipped syntaxin, SNAP-
25 and pDsRed2-N1 are cotransfected into the cells seeded in the 24-well plates. Twenty-
four hours after transfection, the v-cells are detached from culture dishes with EDTA 
(Enzyme-free Cell Dissociation Buffer (Invitrogen)). Detached cells are counted with a 
hemocytometer and resuspended in HEPES-buffered DMEM supplemented with 10% FBS, 
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6.7 g/ml tunicamycin and 0.67 mM DTT. v-Cells (1.2 × 105) are added to each coverslip 
already containing the t-cells. After 24 hours at 37C in 5% CO2, the cells are gently washed 
once with PBS++, then fixed with 4% paraformaldehyde. Confocal images are collected on 
an Olympus laser scanning confocal microscope. The 488 nm argon laser line is used to 
excite EGFP and the 543 nm HeNe laser line is used to excite DsRed2. To prevent cross-
contamination between EGFP and DsRed2, each channel is imaged sequentially before 
merging the images. 

3.4.4 Enzymatic cell fusion assay 

The day before transfection, 1.2 × 106 COS-7 cells are seeded in each 100-mm cell culture 
dish, and 2 × 105 COS-7 cells are seeded in each well of 6-well plates. For v-cells, 5 g each of 
flipped v-SNARE plasmid are cotransfected with 5 µg of pTet-Off into the cells in each 100-
mm culture dish. Control cells are cotransfected with empty vector pcDNA3.1(+) and pTet-
Off. For t-cells, 1 µg each of flipped syntaxins 1 or 4, SNAP-25 and pBI-G are cotransfected 
into the cells in each well of the 6-well plates. There are putative N-glycosylation motifs 
(Asn-X-Ser/Thr) in VAMPs. Our previous studies (Hu et al., 2003; Hu et al., 2007) showed 
that N-glycosylation disrupts the function of flipped SNAREs, and that treatment of 
tunicamycin, an antibiotic that inhibits N-glycosylation (Elbein, 1984), restores the fusion 
activities of flipped SNAREs. To prevent N-glycosylation of VAMPs 1, 4, 5, 7 and 8, v-cells 
expressing these VAMP proteins and control cells are incubated in cell culture medium 
containing 10 g/ml of tunicamycin during transfection. Since we have mutated the 
putative N-glycosylation sites in flipped VAMP2 (Hu et al., 2003) and VAMP3 proteins (Hu 
et al., 2007), v-cells that express VAMPs 2 or 3 are not treated with tunicamycin. Since 
flipped syntaxins 1 or 4, SNAP-25 proteins are not N-glycosylated (Hu et al., 2003; Hu et al., 
2007), the t-cells are not treated with tunicamycin. 

Twenty-four hours after transfection, the v-cells are detached from the culture dishes with 
Enzyme-free Cell Dissociation Buffer, and added (4.8 × 105 cells) to each well already 
containing the t-cells. After 6, 12 or 24 hours at 37C in 5% CO2, the expression of β-
galactosidase is measured using the β-Galactosidase Enzyme Assay System with Reporter 
Lysis Buffer according to the manufacturer’s instructions (Promega). The cells are washed 
twice with PBS, and then lysed in Reporter Lysis Buffer. Cell lysates are mixed with equal 
volume of Assay 2× Buffer. As a blank control, Reporter Lysis Buffer is mixed with Assay 2× 
Buffer. After 90 minutes, the colorimetric reaction is stopped by adding 1 M sodium 
carbonate, and absorbance at 420 nm is measured using a HITACHI 100-40 
spectrophotometer. 

4. Membrane fusion by VAMPs and plasma membrane t-SNAREs 
4.1 Fusogenic interactions of VAMPs and plasma membrane t-SNAREs 

Using the enzymatic fusion assay (Fig. 4B), we examine the fusogenic pairings between the 
seven VAMPs and two plasma membrane t-SNARE complexes, syntaxin1/SNAP-25 
(Fasshauer and Margittai, 2004) and syntaxin4/SNAP-25 (Reed et al., 1999). Robust β-
galactosidase expression is detected when VAMPs 1, 2, 3, 4, 7 or 8 are combined with 
syntaxin1/SNAP-25 (Fig. 5A) or syntaxin4/SNAP-25 (Fig. 5B), indicating that these VAMPs 
mediate membrane fusion with plasma membrane t-SNAREs. With syntaxin1/SNAP-25, the 
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six VAMPs drive fusion to a similar degree. With syntaxin4/SNAP-25, VAMP8 fuses less 
efficiently than VAMPs 1, 2, 3 and 4 (31% lower fusion activity and P = 0.046 vs. VAMP1, 
Fig. 5B). In contrast, when VAMP5 is combined with the t-SNAREs, only baseline β-
galactosidase activity is detected (Figs. 5A and B), suggesting that VAMP5 does not drive 
membrane fusion with the t-SNAREs. The stronger fusion activities of syntaxin4/SNAP-25 
than syntaxin1/SNAP-25 (compare Figs. 5A and B) are likely caused by higher cell surface 
expression of syntaxin4/SNAP-25 than syntaxin1/SNAP-25 and higher fusion activity of 
syntaxin4 than syntaxin1 (Hasan et al., 2010). Together, the data shown in Fig. 5 indicate that 
VAMPs 1, 2, 3, 4, 7 and 8, but not VAMP5, drive membrane fusion when partnering with 
plasma membrane t-SNAREs.  
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Fig. 5. Cell fusion by VAMPs and plasma membrane t-SNAREs. Twenty-four hours after 
combining v-cells that express VAMPs 1, 2, 3, 4, 5, 7 or 8 and t-cells that express (A) 
syntaxin1/SNAP-25 or (B) syntaxin4/SNAP-25, cell fusion is quantified using the enzymatic 
cell fusion assay. Control cells (-VAMP) are transfected with the empty vector. The flipped 
SNARE plasmids are transfected at the same concentration. Error bars represent standard 
deviation of three independent experiments. * P < 0.05 vs. VAMP1. 
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6.7 g/ml tunicamycin and 0.67 mM DTT. v-Cells (1.2 × 105) are added to each coverslip 
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(Fasshauer and Margittai, 2004) and syntaxin4/SNAP-25 (Reed et al., 1999). Robust β-
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six VAMPs drive fusion to a similar degree. With syntaxin4/SNAP-25, VAMP8 fuses less 
efficiently than VAMPs 1, 2, 3 and 4 (31% lower fusion activity and P = 0.046 vs. VAMP1, 
Fig. 5B). In contrast, when VAMP5 is combined with the t-SNAREs, only baseline β-
galactosidase activity is detected (Figs. 5A and B), suggesting that VAMP5 does not drive 
membrane fusion with the t-SNAREs. The stronger fusion activities of syntaxin4/SNAP-25 
than syntaxin1/SNAP-25 (compare Figs. 5A and B) are likely caused by higher cell surface 
expression of syntaxin4/SNAP-25 than syntaxin1/SNAP-25 and higher fusion activity of 
syntaxin4 than syntaxin1 (Hasan et al., 2010). Together, the data shown in Fig. 5 indicate that 
VAMPs 1, 2, 3, 4, 7 and 8, but not VAMP5, drive membrane fusion when partnering with 
plasma membrane t-SNAREs.  
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Fig. 5. Cell fusion by VAMPs and plasma membrane t-SNAREs. Twenty-four hours after 
combining v-cells that express VAMPs 1, 2, 3, 4, 5, 7 or 8 and t-cells that express (A) 
syntaxin1/SNAP-25 or (B) syntaxin4/SNAP-25, cell fusion is quantified using the enzymatic 
cell fusion assay. Control cells (-VAMP) are transfected with the empty vector. The flipped 
SNARE plasmids are transfected at the same concentration. Error bars represent standard 
deviation of three independent experiments. * P < 0.05 vs. VAMP1. 
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VAMPs 1, 2, 3, 7 and 8 are known to drive vesicle fusion with the plasma membrane. The 
above data provide additional evidence that vesicles that carry either one of these five 
VAMPs are capable of fusing with the plasma membrane. Since these VAMPs are 
functionally redundant, they may compensate each other in loss of function studies 
(Borisovska et al., 2005). 

To rule out the possibility that the baseline -galactosidase activity detected in the VAMP5 
combinations (Fig. 5) is caused by residual membrane fusion activity of VAMP5, we 
perform the microscopic cell fusion assay, which analyzes individual cell fusion events and 
can detect rare fusion events. In multiple experiments, no cell fusion is observed in the 
microscopic assay when VAMP5 is combined with syntaxin1/SNAP-25 or 
syntaxin4/SNAP-25, whereas VAMP4 drives fusion efficiently with both t-SNARE 
complexes (Hasan et al., 2010) (data not shown). Together, the results using enzymatic and 
microscopic cell fusion assays suggest that VAMP5 is unable to mediate membrane fusion 
with the plasma membrane t-SNAREs.  

VAMP5 is expressed in muscle cells, in which it is mainly associated with the plasma 
membrane as well as intracellular vesicles (Zeng et al., 1998; Zeng et al., 2003). It is still 
possible that VAMP5 forms fusogenic interactions with other plasma membrane t-SNAREs 
to mediate exocytosis in muscle cells. Indeed, SNAP-23, a ubiquitously expressed SNAP-25 
homolog, is expressed in skeletal muscle (Bostrom et al., 2010). The role of VAMP5 in 
exocytosis needs further investigation. 

4.2 Differential membrane fusion activities of VAMPs 

Do VAMPs have differential membrane fusion capacities? An ideal experimental system to 
answer this question will require equal expression of VAMP proteins and a quantitative 
membrane fusion assay. Using anti-Myc staining and flow cytometry as measurement (Figs. 
3C and D), we express VAMP proteins at the same level at the cell surface. Furthermore, using 
the quantitative enzymatic cell fusion assay, we compare their membrane fusion activities.  

When COS-7 cells are transfected with the flipped SNARE plasmids at the same 
concentration, cell surface expression of VAMPs 5 and 8 is more than 2 fold higher than 
VAMPs 1, 3, 4 and 7, and cell surface expression of syntaxin4 is 1.8 fold higher than 
syntaxin1 (Hasan et al., 2010) (data not shown). To express the v- and t-SNAREs at the same 
level, we titrate and optimize the concentration of each flipped SNARE plasmid used in 
transfection. Flipped SNARE plasmids are transfected at the following concentrations (per 
10 cm2 growth area, i.e., per well in 6-well plates): VAMP1, 0.2 g; VAMP3, 0.5 g; VAMP4, 
0.5 g; VAMP5, 0.05 g; VAMP7, 1.0 g; VAMP8, 0.1 g; syntaxin1, 0.5 g; syntaxin4, 0.05 
g. tTA, TRE-LacZ and flipped SNAP-25 are cotransfected at 1 g per 10 cm2 growth area. 
Under such conditions, VAMPs 1, 3, 4, 5, 7 and 8 are expressed at same level at the cell 
surface, while syntaxins 1 and 4 are expressed at the same level (Fig. 3D). Because the 
flipped VAMP2 protein does not contain a Myc tag (Hu et al., 2003), we are not able to 
compare its expression level with the other VAMPs. 

After expressing VAMPs 1, 3, 4, 5, 7 and 8 at the same level, we compare their membrane 
fusion activities using the enzymatic cell fusion assay. With syntaxin1/SNAP-25, VAMPs 1, 
3, and 8 have comparable and the highest fusion activities, whereas VAMPs 4 and 7 have 
50% and 30% lower fusion activities, respectively (Fig. 6A). With syntaxin4/SNAP-25, 
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VAMPs 1 and 3 have comparable and the highest fusion activities, whereas VAMPs 4, 7 and 
8 have 36%, 26% and 54% lower fusion activities, respectively (Fig. 6B). As expected, only 
baseline β-galactosidase activity is detected when VAMP5 is paired with the t-SNAREs. 
These data indicate that VAMPs have differential membrane fusion activities with plasma 
membrane t-SNAREs. However, when expressed at higher levels, VAMP4 drives membrane 
fusion as efficiently as VAMPs 1 and 3 (Fig. 5). Since the differences of fusion activities 
among the fusogenic VAMPs are within a factor of 2, these results imply that with the 
exception of VAMP5, VAMPs are essentially redundant in mediating membrane fusion with 
plasma membrane t-SNAREs. 

Normalized fusion 
activity

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin1/SNAP-25

0

20

40

60

80

100

120
A

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin4/SNAP-25

0

20

40

60

80

100

120

140

Normalized fusion 
activity

B

Normalized fusion 
activity

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin1/SNAP-25

0

20

40

60

80

100

120
A

Normalized fusion 
activity

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin1/SNAP-25

0

20

40

60

80

100

120
A

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin4/SNAP-25

0

20

40

60

80

100

120

140

Normalized fusion 
activity

B

VAMP 1 3 7 8 -4 5

t-SNARE Syntaxin4/SNAP-25

0

20

40

60

80

100

120

140

Normalized fusion 
activity

B

 
Fig. 6. Comparison of fusion activities of VAMPs. With optimized transfection conditions, 
VAMPs 1, 3, 4, 5, 7 and 8 are expressed at the same level at the cell surface, while 
syntaxin1/SNAP-25 (A) and syntaxin4/SNAP-25 (B) are expressed at the same level. Cell 
fusion is quantified using the enzymatic fusion assay. The fusion activities (OD420) of control 
cells (-VAMP) and the v-cells expressing VAMPs 3, 4, 5, 7 or 8 are normalized to the fusion 
activity of the v-cells expressing VAMP1. Error bars represent standard deviation of four 
independent experiments. 
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above data provide additional evidence that vesicles that carry either one of these five 
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functionally redundant, they may compensate each other in loss of function studies 
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complexes (Hasan et al., 2010) (data not shown). Together, the results using enzymatic and 
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membrane as well as intracellular vesicles (Zeng et al., 1998; Zeng et al., 2003). It is still 
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answer this question will require equal expression of VAMP proteins and a quantitative 
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3C and D), we express VAMP proteins at the same level at the cell surface. Furthermore, using 
the quantitative enzymatic cell fusion assay, we compare their membrane fusion activities.  
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concentration, cell surface expression of VAMPs 5 and 8 is more than 2 fold higher than 
VAMPs 1, 3, 4 and 7, and cell surface expression of syntaxin4 is 1.8 fold higher than 
syntaxin1 (Hasan et al., 2010) (data not shown). To express the v- and t-SNAREs at the same 
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g. tTA, TRE-LacZ and flipped SNAP-25 are cotransfected at 1 g per 10 cm2 growth area. 
Under such conditions, VAMPs 1, 3, 4, 5, 7 and 8 are expressed at same level at the cell 
surface, while syntaxins 1 and 4 are expressed at the same level (Fig. 3D). Because the 
flipped VAMP2 protein does not contain a Myc tag (Hu et al., 2003), we are not able to 
compare its expression level with the other VAMPs. 

After expressing VAMPs 1, 3, 4, 5, 7 and 8 at the same level, we compare their membrane 
fusion activities using the enzymatic cell fusion assay. With syntaxin1/SNAP-25, VAMPs 1, 
3, and 8 have comparable and the highest fusion activities, whereas VAMPs 4 and 7 have 
50% and 30% lower fusion activities, respectively (Fig. 6A). With syntaxin4/SNAP-25, 
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VAMPs 1 and 3 have comparable and the highest fusion activities, whereas VAMPs 4, 7 and 
8 have 36%, 26% and 54% lower fusion activities, respectively (Fig. 6B). As expected, only 
baseline β-galactosidase activity is detected when VAMP5 is paired with the t-SNAREs. 
These data indicate that VAMPs have differential membrane fusion activities with plasma 
membrane t-SNAREs. However, when expressed at higher levels, VAMP4 drives membrane 
fusion as efficiently as VAMPs 1 and 3 (Fig. 5). Since the differences of fusion activities 
among the fusogenic VAMPs are within a factor of 2, these results imply that with the 
exception of VAMP5, VAMPs are essentially redundant in mediating membrane fusion with 
plasma membrane t-SNAREs. 
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Fig. 6. Comparison of fusion activities of VAMPs. With optimized transfection conditions, 
VAMPs 1, 3, 4, 5, 7 and 8 are expressed at the same level at the cell surface, while 
syntaxin1/SNAP-25 (A) and syntaxin4/SNAP-25 (B) are expressed at the same level. Cell 
fusion is quantified using the enzymatic fusion assay. The fusion activities (OD420) of control 
cells (-VAMP) and the v-cells expressing VAMPs 3, 4, 5, 7 or 8 are normalized to the fusion 
activity of the v-cells expressing VAMP1. Error bars represent standard deviation of four 
independent experiments. 
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4.3 Cooperativity of VAMP proteins in the cell fusion reaction 

The number of SNARE complexes that cooperate to mediate vesicle fusion is under active 
investigation. To investigate the cooperativity of VAMPs in membrane fusion, we determine 
the dependence of cell fusion activity on cell surface expression level of VAMP1. We choose 
VAMP1 in this experiment because it has high membrane fusion activity (Fig. 6). In t-cells, 
the cell surface expression levels of syntaxin1 and SNAP-25 are kept constant. v-Cells are 
transfected with increasing concentrations of the flipped VAMP1 plasmid. At each 
concentration, we measure the cell surface expression level of VAMP1 proteins using flow 
cytometry, and determine cell fusion activity of VAMP1 with syntaxin1/SNAP-25 using the 
enzymatic fusion assay. Cell fusion activity is then plotted as a function of the mean 
fluorescence intensity of VAMP1 staining (Fig. 7A). The correlation is best fit with a 
polynomial regression. The hyperbolic instead of sigmoidal correlation (Fig. 7A) suggests 
that there is no cooperativity of VAMP1 proteins in driving cell fusion. 
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Fig. 7. Dependence of cell fusion activity on cell surface density of VAMP1. (A) v-cells 
expressing increasing amount of VAMP1 at the cell surface are combined with t-cells 
expressing syntaxin1/SNAP-25. Cell fusion activities are quantified and correlated with the 
mean fluorescence intensity of VAMP1 staining. (B) Log-log plot of cell fusion activity vs. 
mean fluorescence intensity of VAMP1 staining. 
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The log-log plot has been used to determine the cooperativity of viral fusion proteins in 
membrane fusion (Danieli et al., 1996). Using log-log plot, we further analyze the 
cooperativity of VAMP1 proteins. If two VAMP1 (V) proteins take part in the cell fusion 
reaction, i.e., V + V → Fusion, the rate of fusion (F) = k [V]2. Therefore, log (F) = log (k) + 2 
log [V], and the slope of the resulting log-log plot will be 2. A log-log analysis of the 
dependence of cell fusion activity on VAMP1 cell surface density is shown in Fig. 7B. Linear 
regression is performed to model the log-log correlation (Fig. 7B), and the resulting slope is 
0.52. These results further suggest that the cell fusion reaction does not involve concerted 
action of VAMP1 proteins. 

Previous studies have estimated that 1 to 11 SNARE complexes are needed for membrane 
fusion (Domanska et al., 2009; Hua and Scheller, 2001; Karatekin et al., 2010; van den 
Bogaart et al., 2010). In the cell fusion reaction, we do not observe cooperativity of VAMP1 
proteins, suggesting that concerted action of multiple SNARE complexes is not required to 
fuse cellular membranes. However, to achieve fast exocytosis in intact cells, concerted action 
of multiple SNARE complexes is clearly needed (Mohrmann et al., 2010). Such cooperativity 
of SNARE complexes may be organized by the binding of regulatory proteins such as 
synaptotagmins and Munc18 (Chicka et al., 2008; Shen et al., 2007). 

5. Conclusion 
To examine v-/t-SNARE interactions quantitatively, we developed an enzymatic cell fusion 
assay that utilizes activated expression of β-galactosidase and spectrometric measurement. 
Using this assay, we show that VAMPs 1, 2, 3, 4, 7 and 8 mediate membrane fusion 
efficiently with plasma membrane t-SNAREs syntaxin1/SNAP-25 and syntaxin4/SNAP-25, 
whereas VAMP5 does not drive fusion with the t-SNAREs. By expressing VAMPs 1, 3, 4, 7 
and 8 at the same level, we further compare their membrane fusion activities. VAMPs 1 and 
3 exhibit comparable and the highest fusion activities, whereas VAMPs 4, 7 and 8 have 30 - 
50% lower fusion activities. Collectively, these data indicate that VAMPs have differential 
membrane fusion activities, and imply that with the exception of VAMP5, VAMPs are 
essentially redundant in mediating membrane fusion with plasma membrane t-SNAREs. 
Furthermore, no cooperativity of VAMP1 proteins is observed in the cell fusion reaction, 
suggesting that concerted action of multiple SNARE complexes is not required to fuse 
cellular membranes. 
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Fig. 7. Dependence of cell fusion activity on cell surface density of VAMP1. (A) v-cells 
expressing increasing amount of VAMP1 at the cell surface are combined with t-cells 
expressing syntaxin1/SNAP-25. Cell fusion activities are quantified and correlated with the 
mean fluorescence intensity of VAMP1 staining. (B) Log-log plot of cell fusion activity vs. 
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