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Preface

The peripheral membrane proteins transduce the extracellular signaling into the cells. The
membrane proteins exist in the cellular membranes and are associated with lipids. The
membrane proteins include G protein-coupled receptors, receptor tyrosine kinases, channels
and transporters and other mysterious proteins.

This book introduces peripheral membrane proteins and their characteristics. The chapters
describe the functions and signaling of G proteins, as well as kinases related to cancer sig-
naling, the mechanism of membrane protein recycling, and the structure of the immune-re-
lated membrane protein. The signaling and molecular networks mediated by membrane
proteins are associated with diseases and therapeutics, which indicate the importance of the
investigation in membrane proteins.

In the first chapter, peripheral membrane proteins are introduced in general. The second
chapter describes the function of yeast RhoGEF protein related to cellular responses in cell
growth and cell division control. The third chapter describes the biosensing techniques in
yeast utilizing G protein signaling as a mediator of ligand stimulation-induced gene tran-
scription. The fourth chapter describes the function of a small G protein, Rab35 GTPase, in
development and disease. The fifth chapter describes the transcription and network of a se-
rum- and glucocorticoid-inducible kinase, SGK1, in cancer regulated by TGF-betal. The
sixth chapter describes the mechanism in rapid endosomal recycling of membrane proteins.
The seventh chapter describes the folding and binding properties and structure of human
complement receptor type 1 extracellular domain.

This book intends to provide the readers with mechanism, function and molecular network
of membrane proteins. The scope of the book includes insights into peripheral membrane
proteins with various roles and conformations in signaling the diseases and biofunctions.

Dr. Shihori Tanabe

Division of Risk Assessment
Biological Safety Research Center
National Institute of Health Sciences

Japan






Chapter 1

Introductory Chapter: Invitation for Peripheral
Membrane Proteins

Shihori Tanabe
Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.79512

1. Introduction

The peripheral membrane proteins transduce the outer membrane signaling into the cells. The
molecules include trimetric G proteins that consist of alpha, beta, and gamma subunits; trans-
porters; and channels. These proteins trigger the intercellular signaling by the stimulations such
as ligands including proteins and chemicals. The signaling which is transduced via the periph-
eral membrane proteins activates several pathways including the G protein signaling, mitogen-
activated protein kinase (MAPK) signaling, tumor necrosis factor (TNF) signaling, transforming
growth factor (TGF) beta signaling, Wnt signaling, and Hedgehog signaling. Meanwhile, the
peripheral membrane proteins, such as cadherins, transduce the signaling from the extracel-
lular ligands into the cells. This book intends to provide the readers with a comprehensive
overview of the features and signaling of membrane proteins, which includes the molecular
structure and interaction. The insights in membrane proteins associated with diseases and the
therapeutics and the effects of the drugs and chemicals are also in the scope of the book.

2. Peripheral membrane proteins

The peripheral membrane proteins exist in the cellular membranes, usually hydrophobic
domains are embedded in the lipid membrane and the hydrophilic domains transduce the
intercellular signaling. The peripheral membrane proteins include the G protein-coupled
receptors (GPCRs), receptor tyrosine kinases (RTKs), channels, and the transporters. The
cell-cell communications are mediated with cell adhesion molecules such as cadherins or
interactions of antigen and antibody through T cell receptors (TCRs). Transmembrane signal-
ing is mediated via molecular complexes such as dimers, multimers of the receptors, and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIEN
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colocalized signaling proteins [1-3]. The transmembrane proteins can be classified into recep-
tors, transporters, enzymes, and others [2]. Among receptors, human G-protein-coupled and
seven transmembrane receptors include rhodopsin, adhesion, secretin, glutamate, V1R, friz-
zled, and taste2 [2]. RTKSs include epidermal growth factor (EGF) receptors, fibroblast growth
factor (FGF) receptors, Ephrin receptors, Ser/Thr kinase receptor family, Axl, neurotrophin
receptors, insulin receptors, receptor guanylate cyclases, and platelet-derived growth factor
(PDGF) receptors [2]. Furthermore, receptors of the immunoglobulin (Ig) superfamily include
TCREs, killer cell Ig-like receptors, leukocyte Ig-like receptors, Fc receptor, netrin receptors,
and cytokine receptors [2]. The other receptors include TNF/nerve growth factor (NGF) recep-
tors, integrins, receptor-like protein tyrosine phosphatases, low-density lipoprotein (LDL)
receptors, Toll-like receptors, plexins, contactin-associated protein, notch, interleukin (IL) 17
receptors, neurexins, selectin, syndecan, neuropilins, transferrin receptors, adiponectin and
progestin, and patched receptors [2]. The transporters contain channels including ion chan-
nels and aquaporins, solute carrier superfamily, and active transporters [2]. Ion channels are
further classified into chloride channels, voltage-gated-like ion channels, and ligand-gated
ion channels [2]. Enzymes include oxidoreductases such as nicotinamide adenine dinucleo-
tide (NADH)/nicotinamide adenine dinucleotide phosphate (NADPH), cytochrome ¢, and
oxygenases; transferases such as acyltransferases transferring other groups than aminoacyl
groups, glycosyltransferases, transferring phosphorus-containing groups; and hydrolases
such as protein tyrosine phosphatases (non-receptors), O- and S-glycosylases, peptidases,
and nucleoside diphosphatases [2]. Miscellaneous class includes ligands such as major histo-
compatibility complex (MHC), semaphorins, delta, neuroligin, and ephrin B and structural/
adhesion proteins such as Ig superfamily, cadherin, and claudin [2].

3. Signaling mediated by peripheral membrane proteins

Membrane proteins mediate signal transduction [4]. EphrinA1 linked to the membrane by
glycosylphosphatidylinositol (GPI) anchor or by a single transmembrane segment that trig-
gers Eph signaling which is important for development and cancer via EphA2 RTK [4].
G protein transduces extracellular signaling to inside of the cells via the binding and dis-
sociation of GPCRs [5]. The G protein signaling consists of the cascades from stimulus of
the receptor leading to the dissociation of the G protein from the receptor to transduce
the downstream pathways to activate various cellular responses. The signaling pathways
activated by G protein include MAPK signaling and small G protein signaling [1]. It is very
important to elucidate G protein functions and characteristics to know the various cellular
activities induced by receptor stimulus. Membrane structure consists of varieties of lipids,
which mediates essential functions of gases as substrates or ligands to proteins [6]. Plasma
membrane phospholipids are reorganized by membrane potential and induce K-Ras-
dependent MAPK signaling [7]. The membrane proteins bind lipids, which leads to the
changes in the protein structure and function [8]. The transportomes of eukaryotes which
consist of transporters exhibit the energetic evolution [9].

The immune signaling is mediated via transmembrane proteins such as TCRs and B cell
receptors [10]. The ligands outside of the cells bind to the extracellular binding domain of the
receptor, which leads to the activation of the intracellular signaling via the signaling domain
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of the receptor [10]. Multichain immune recognition receptors including TCRs, glycoprotein
VI, natural killer (NK) receptors and Fc receptors such as FceRI, FcaRI, FcyRI, and FcyRIII
have a binding subunit and a signaling subunit, both of which are membrane proteins, and
assemble together via transmembrane interactions [10]. Upon the ligand binding towards the
binding subunit, the signaling subunits form homooligomers to activate downstream signals
in signaling chain homooligomerization model [10]. The targeting of the transmembrane
interactions between the binding subunit and the signaling subunit has therapeutic potential
in which the interference with the transmembrane agent leads to modulate the intracellular
signaling [10]. The inhibition of TCRs has the potential in arthritis and skin disease, whereas
the inhibition of FcRs targets allergy or asthma [10].

The RTK signaling is induced by the binding of the extracellular ligands leading to oligomer-
ization of the receptors [10]. Among transmembrane RTKSs, erb-b2 receptor tyrosine kinase
2 (ErbB2) receptor and epidermal growth factor receptor (EGFR) are targets for cancer treat-
ment, whereas the targeting 3-2 adrenergic receptor (3-2AR) has the therapeutic potential for
cardiovascular disease or asthma [10].

4. Conclusion

In conclusion, the peripheral membrane proteins regulate and are regulated by several sig-
naling molecules. These proteins transduce signaling triggered by the outside stimulus into
the cells, which leads to the regulation of gene and protein expression via transcription of
the modulated DNA. The peripheral membrane proteins consist of the several classes and
activate the downstream signaling pathways involving in cellular changes and diseases. The
new approach to treat diseases might be possible by targeting the peripheral membrane
proteins.
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Abstract

Guanine nucleotide exchange factors (GEFs) are directly responsible for the activation of
Rho-family GTPases in response to physical and chemical stimuli and ultimately regulate
numerous cellular responses such as polarized growth, morphogenesis, and movement.
The GEF proteins are characterized by a Dbl-homology (DH) domain that contacts the
Rho GTPases, to catalyzing nucleotide exchange, and an associated Pleckstrin homology
(PH) domain, which fine-tunes the exchange process by a variety of mechanisms related
to the binding of phosphoinositides. Most GEFs are divergent in regions outside the DH/
PH module and contain additional protein-protein or lipid-protein interaction domains
that presumably dictate unique cellular functions. Fission yeast Rhol-GEFs act as a link
between growth processes and the cell cycle machinery. In this chapter, we focus on the
recent leaps in our understanding of how Rho1-GEFs control interphase and cytokinesis
in fission yeast. Furthermore, we will go beyond mitosis and highlight the unexpected
roles of Rhol-GEFs in the DNA damage response.

Keywords: guanine nucleotide exchange factor (GEF), small GTPases, morphogenesis,
fission yeast, genome integrity

1. Introduction: fission yeast Rholp regulates actin dynamics and
cell integrity

Rho GTPases are key regulators of the actin cytoskeleton dynamics in eukaryotic cells. More-
over, they also regulate diverse cellular functions including cell cycle, gene expression, vesi-
cle trafficking, and cell polarity [1-3]. In response to physical and chemical stimuli, most Rho
GTPases switch between an active GTP-bound conformation, which interacts with downstream

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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effectors, and an inactive GDP-bound conformation. Because GDP is in general tightly bound
and GTP is hydrolyzed very slowly, small GTPases require the helping hand of guanine nucle-
otide exchange factors (GEFs) that facilitate GDP dissociation, as well as the help of GTPase-
activating proteins (GAPs) that stimulate GTP hydrolysis [4, 5]. For certain small GTPases that
carry a farnesyl or a geranylgeranyl group in their C-terminus, GDP/GTP alternation combines
with cytosol/membrane alternation, which is mediated by guanine dissociation inhibitors (GDIs)
that sequester the GTPase within the cytosol in an inactive conformation by shielding their lipid
moiety. In addition, the fine-tuning of Rho GTPases is achieved at the posttranscriptional level
by microRNA (miRNA) and at posttranslational level by covalent modifications that affect its
intracellular distribution, stability, and turnover, among others [6].

Fission yeast Rho GTPase Rholp is essential and is a functional homolog of human RhoAp
and budding yeast Rholp [7]. Rholp is present on the plasma membrane (PM) and at inter-
nal membranes (unpublished results). Prior to the septum invagination, the protein slightly
concentrates to the middle cortex of the cell. As the actomyosin ring shrinks, Rholp signals
continue to invaginate and finally split into two closely associated discs [7, 8].

Depletion for Rholp activity in growing cells causes cells to lyse, and the cells shrink and die
in a kind of “apoptosis” accompanied by the disappearance of polymerized actin. An increase
in Rholp expression produces larger actin dots, randomly distributed throughout the cell
[7, 9] and a thick cell wall [10]. Thus, a proper balance of Rholp activity is important for regu-
lating the actin cytoskeleton and the cell wall polymers. To date, there is no likely effector(s) of
Rholp in the regulation of the actin cytoskeleton. However, the protein regulates cell integrity
through its interaction with at least three different targets: the 3(1,3)-glucan synthase, which
is responsible for the synthesis of (3-glucan, the major cell wall component [11-14], and the
kinases Pcklp and Pck2p (the orthologs of Saccharomyces cerevisiae Pkclp and human PKC).
Pcklp and Pck2p operate in a redundant fashion to control essential functions in morpho-
genesis and cell wall biosynthesis [15-17]. Rholp, Pcklp, and Pck2p function upstream of
the mitogen-activated protein kinase (MAPK) module (Mkhlp, Skhlp/Peklp, and Pmklp/
Spmlp) of the cell integrity signaling pathway (CIP) [18-21]. This signaling cascade becomes
activated under adverse conditions and regulates cell separation, morphogenesis, cell wall
construction, or ionic homeostasis [22, 23]. Pck2p elicits the activation of the MAP kinase
Pmklp in response to most environmental stimuli, whereas Pcklp plays a minor role as a
positive regulator of Pmkl1p during vegetative growth and cell wall stress [21, 24].

Regarding upstream components of Rholp signaling, two proteins Mtl2p (Mid two like 2) and
Wsclp, with the characteristics of cell wall stress sensor-like proteins, act by turning on the GTPase.
Both proteins are required to maintain the physiological levels of Rhol-GTP under the chronic cell
wall stress produced by antifungal agents [25]. Interestingly, signaling through the MAPK Pmk1p
remained active in the mfI2A and wsc1A disruptants exposed to cell wall stress.

2. Structure and features of fission yeast Rholp-GEFs

Fission yeast Rholp acts as a hub for the integration of different signals, and only recently
have conditional mutants been described for studying its central role in cell integrity signaling
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[26]. In fact, much of what is known about the function of Rholp comes from studying its reg-
ulators, GEFs and GAPs. Rholp activity is regulated by three GEFs: Rgflp, Rgf2p, and Rgf3p
[8, 27-30]. Other members of the Rho-GEF family in S. pombe are the Cdc42p-specific GEFs:
Scdlp and Geflp [31, 32], and Gef3p specific for Rho4dp [33, 34]. Gef2p [35, 36] and Mugl0p
have not yet been assigned to any known GTPase (https://www.pombase.org).

Rholp-GEFs (Rgf1-3), like most Rho-GEFs, are multidomain proteins and contain a Dbl-
homology (DH) domain, which contacts the Rho GTPase followed by a Pleckstrin homology
(PH) domain (reviewed in Ref. [37]). The DH domain stabilizes GTP-free Rho intermediates,
leading to GTP loading, owing to high levels of intracellular GTP [38, 39]. The nature of this
interaction has emerged from crystallography or nuclear magnetic resonance studies of DH
domain-containing GEF constructs in complex with their cognate GTPase [5, 40]. DH binding
induces conformational changes in the switch regions and the P loop of the GTPase, while
leaving the remainder of the structure largely unperturbed [4, 39]. DH domains contain three
conserved regions (CR1, CR2, and CR3) and form structures similar to elongated bundles of
a-helices arranged in a “chaise longue” shape. Amino acid substitutions within these conserved
regions adversely affect nucleotide exchange activity. In S. pombe, a point mutation located on
helix H8 (CR3) of Rgf3p or the deletion of four amino acids in the same region of the Rgflp-
and Rgf2p-DH domain produces a lack-of-function phenotype [27, 30]. PH domains in DH-PH
RhoGEFs are endowed with a variety of regulatory functions and can be autoinhibitory, assist
in the exchange reaction, and influence the targeting of RhoGEFs to phosphoinositide-contain-
ing membranes [41]. In S. pombe, rgf3", a mutation that falls between the PH and Citron and
NIK1-like kinase homology (CNH) domains (lad1-1 mutant), prevents Rgf3p from localizing to
the medial ring during cytokinesis [29]. Similarly, in the Rgfl1pAPH mutant, the normal local-
ization of Rgflp at the two tips is disrupted, and the signal becomes mainly monopolar [42].
Both mutations, lad1-1 and the Rgf1pAPH, phenocopy the lack-of-function phenotype.

Apart from the DH-PH module, Rgflp, Rgf2p, and Rgf3p contain protein-protein interaction
domains. Rgflp and Rgf2p hold a DEP domain that was first discovered in flies (Disheveled),
worms (EGL-10), and mammalians (Pleckstrin). The DEP domain is a globular domain of
about 100 residues that is present in a limited number of protein families with diverse func-
tions related to signal transduction. The best-known function of the DEP domain is plasma
membrane anchoring, but DEP domains are also involved in signal termination, intradomain
binding, and in dimerization [43—45]. It is worth noting that Rgflp and Rgf2p, the two pro-
teins containing a DEP domain, localize to both poles and the septum, while Rgf3p, which
lacks the DEP domain, localizes exclusively to the septum [8, 29, 30]. Accordingly, in the
RgflpADEP mutant, which lacks 26 internal amino acids of the DEP domain, the protein
partially disappears from the poles. However, in this mutant, Rgflp strongly accumulated
inside the nucleus [42]. This finding suggests that the DEP domain of Rgflp could mediate
membrane anchoring and suggests a function for DEP domains in the intramolecular interac-
tions that drive changes in localization (see next section).

The three Rholp GEFs bear a C-terminal regulatory domain termed the citron homology domain
or CNH. Structurally, the CNH domain belongs to the super-family of 3-propellers [46] and is
present near the C-terminus of several kinases implicated in the regulation of the actin cytoskel-
eton [e.g., citron, nck-interacting kinase (NIK) and TNIK (traf-2 and nck-interacting kinase)] and
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in the regulation of Rom1p and Rom2p (the S. cerevisiae orthologous of S. pombe Rgflp/2). This
CNH domain is of unknown function but might be a protein-protein interaction domain [47, 48].
The CNH domain is essential for Rgf1p function in cell integrity and cell polarity [42]. Moreover,
cells carrying mutations in the CNH domain of Rgf3p are inviable, and swapping of the CNH
domain of Rgf3p for its counterpart in Rgflp did not rescue the lethality in the rgf3A/rgf3* dip-
loid (unpublished data). These observations suggest that the CNH domain of Rgf1p and Rgf3p
may mediate its interaction with different proteins, thus providing signal specificity.

3. Recruitment of Rgflp, Rgf2p, and Rgf3p to different subcellular
sites

The essential localization of Rholp to the cellular membranes makes it difficult to understand
the specific tasks of this protein in polarized growth, secretion, and gene expression. In many
cases, it is the specific localization of the corresponding GEFs and GAPs that activate/inac-
tivate the GTPase in time and space, allowing the GTPase to function in different signaling
pathways [49]. Most Rho-GEFs localize either to the cytoplasm or to the plasma membrane
(PM), and only a few of them are seen in the nucleus.

In S. pombe, Rgflp shows a dynamic localization during an unperturbed cell cycle. Its dis-
tribution mirrors that of the cortical actin patches that accumulate at actively growing tips
during interphase and relocalize to a central ring during mitosis (Figure 1) [8, 27, 29, 30].
Accordingly, the localization of Rgfl1p-GFP to cell tips was strongly affected by the disruption
of the actin filaments with Latrunculin A (an actin-depolymerizing agent), but was unaffected
by acute disruption of the microtubules with methyl benzimidazole carbamate (MBC). In
fission yeast, the actomyosin ring is assembled before anaphase A, whereas its constriction
occurs after completion of anaphase B [50]. Rgf1p-GFP appears in the midzone membrane in
early anaphase. As the ring constricts, Rgflp is detected near the actomyosin ring as well as in
the developing membrane forming a double-filled disc.

Rgf2p localizes uniformly at the periphery of the spore, probably associated with the fore-
spore inner membrane. Rgf2p-GFP fluorescence appears in the fraction of cells that have
already undergone meiosis I and II, where the spore outline is perfectly defined [51]. The
fluorescence signal is hardly seen in vegetative wild-type cells. However, when expressed in a
multicopy plasmid with its own promoter, Rgf2p fluorescence localizes to the growing ends,
the septum, and across the whole cell surface [8, 29, 51].

Rgf3p-GFP localizes exclusively to the contractile ring (Figure 1) [8, 29, 30]. Rgf3p appears
in the contractile ring when SPBs are ~3 um apart and contracts with the ring until the sig-
nal reaches the center of the cell and then fades. Rgf3p fluorescence is at the trailing edge of
the myosin Il-regulatory light-chain Rlclp, which may indicate that Rgf3p is closer to the
plasma membrane than myosin II [8]. Recently, super-resolution microscopy was used to
determine the spatial localization of contractile ring components relative to the membrane.
These experiments have showed that Rgf3p localizes to an intermediate layer of the ring that
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Figure 1. A schematic representation of Rgf1p and Rgf3p localization along the fission yeast cell cycle. See text for details.

includes Pxl1p, Ficlp, Spa2p, Pcklp, Clplp, Pomlp, and Cyk3. This layer is sandwiched by
the membrane-bound scaffolds Mid1p, Cdc15p, and Imp2p on the outer side and by F-actin
and motor proteins on the inner side [52]. Interestingly, Cdc15p and Imp2p recruit Rgf3p,
Pxl1p, Ficlp, and Cyk3p to preconstriction CRs [53-55]. Rgf3p localization also depends on
the CR-localized arrestin Artlp [56]. Artlp and Rgf3p physically interact and are interdepen-
dent for localization to the division site. Moreover, both proteins are involved in the mainte-
nance of active Rholp levels at the division site [56].

Many signaling pathways are activated under stress conditions, and a change in the localiza-
tion of the GEFs may be crucial for inhibiting or redirecting polarized growth under the new
situation. For instance, Rgflp is released from the cellular poles and enriched in the cyto-
plasm under osmotic stress (sorbitol and KCI 1.2 M). This situation is transient, and the pro-
tein returns to the cell tips 2 h after treatment, even in the presence of stress (unpublished
observations). On the contrary, cell wall stress induced by caspofungin, an antifungal agent
that inhibits $-glucan biosynthesis, increases the level of Rgflp at the cell tips at least three-
fold. Unexpectedly, Rgflp accumulates in the nucleus in response to DNA replication dam-
age caused by hydroxyurea (HU, an inhibitor of the ribonucleotide reductase that blocks
DNA replication). This is characteristic of Rgflp, since neither Rgf2p nor Rgf3p is observed to
undergo altered cellular localization under DNA replication-stressed cells [42]. During a nor-
mal cell cycle, Rgflp continuously shuttles between the nucleus and the cytoplasm. Import to
the nucleus is mediated by a nuclear localization sequence (NLS) at the N-terminus, whereas
release into the cytoplasm requires two leucine-rich nuclear export sequences (NES1 and
NES2) at the C-terminus of the protein. When cells are subject to replication stress, the nuclear
accumulation of Rgflp depends on the DNA replication checkpoint kinase Cdslp and the
14-3-3 chaperone Rad24p. Both proteins control the nuclear accumulation of Rgflp by inhibit-
ing its nuclear export [42].

9
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4. Rholp-GEFs at the cell tips

Rgflp localizes to the growing ends and the septum, where Rholp and its effectors Pcks and
the GSs are known to function. Rgflp and Rholp interact by co-immunoprecipitation, and
deletion of Rgflp greatly decreases the amount of GTP-bound Rholp, suggesting that Rgflp
is responsible for most of the GTP-bound Rholp available in the cell [19, 27]. Approximately
15% of the rgfIA cells lyse and the mutants are hypersensitive to cell wall-damaging agents
and other types of stress [19, 27, 42, 57]. The lysis phenotype of rgfI null cells is similar to that
seen after depletion of Rholp. However, while rhol*-depleted cells die in pairs (A) that lose
their integrity mainly during the division process, in rgfIA cells lysis occurs mainly in single
cells and in pairs of lengthy cells (7). These observations indicate that rgfIA cells do not lose
their integrity during septation.

Rgflp regulates cell integrity directly through Rholp by activating the -GS complex contain-
ing the catalytic subunit Bgs4p [27] and indirectly (also through Rholp) by signaling upstream
from the Pmk1p mitogen-activated protein kinase pathway (CIP, cell integrity pathway) [19].
Rgflp positively regulates the activation of the CIP in cells stressed by cell wall damage and
osmotic shock. Moreover, Rgflp mainly acts alone in this process since Pmklp activation
was largely independent of the other two Rholp-GEFs, Rgf2p and Rgf3p [19]. Thus, Rgflp is
important for cell wall remodeling at the cellular poles during an unperturbed cycle, acting
through Rholp-Bgs4p, and under stress conditions through Pck2p-Pmklp.

Another characteristic of the rgfIA cells is that they are monopolar because after mitosis they
fail to activate bipolar growth. In S. pombe, both cell ends are different at least in terms of the
time of growth activation [58-60]. In wild-type cells, it is always the old end (the one that
preexisted before cell division) that initiates growth after cell division. Then, after a period of
approximately 50 min, each cell initiates bipolar growth in a process called New End Take-Off
(NETO) [61]. This growth transition is triggered by the activation of CDK1 on spindle pole
bodies at mid-G2 phase [62] and requires correct completion of the last stages of cytokinesis
to render the new cell pole growth competent [63]. Moreover, transient depolymerization of
actin has been shown to promote NETO in Gl-arrested cells, suggesting that the reorganiza-
tion of actin may be sufficient to initiate NETO [64]. How the cell cycle signal is transmitted
to the cytoskeletal proteins inducing growth initiation at the second cell pole is unknown.

NETO is directed by specific polarity proteins, the kelch-repeat protein Tealp, the SH3
domain-containing protein Tea4p, and the DYRK (dual-specificity tyrosine phosphorylation-
regulated) kinase, Pom1p [65-67]. Tealp and Tea4p are deposited at cell poles by microtubules
where they form protein complexes that recruit and activate the GTPase Cdc42p, a key pro-
tein for actin reorganization [68-70]. Similar to Tealp, Teadp, and Pom1p, Rgflp is required
for NETO. In the absence of Rgflp, Cdc42p and the actin patches localize exclusively to the
growing end (data not shown and [27]). Thus, Rgflp could be a good candidate to promote
the actin reorganization required to initiate growth at the second end. In line with this, it has
been recently shown that Rgflp is phosphorylated by the MARK/PAR-1 family kinase Kinlp
[71]. Kinlp regulates cell polarity and cell wall biosynthesis through unknown mechanisms
[72-74]. Moreover, the same authors have shown that Kinlp is a substrate of the CaMKK-like
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(Ca2+/calmodulin-dependent protein kinase) Ssplp [71], also known to contribute to NETO
through its function in actin remodeling [64, 75]. Additional substrates for Kinlp are Tea4p,
Mod5p, Rga2p, Rngl0p, and Chrdp [71]. Thus, Rgflp could form part of the Ssplp-Kinlp-
signaling pathway for cell polarity and cytokinesis (see subsequent text).

Rgf2p localizes at the cell poles and the septum and plays a minor role in [3-glucan biosyn-
thesis during vegetative growth [8, 51]. rgf2A cells grow like wild-type cells at high and low
temperatures and in the presence of heat, osmotic, and genotoxic stresses. However, the dis-
ruption of rgfl* in an rgf2A background is lethal, suggesting that Rgf2p shares with Rgflp an
essential function during vegetative growth [8, 51]. Mild overexpression of rgf2* (driven by its
own promoter or the rgfl* promoter in a multicopy plasmid) fully rescues the lysis of rgfIA
cells and partially rescues their bipolar growth defect [51]. The overexpression of the lack of
function allele, rgf2-PTTRA [51], under the control of the nmt1 promoter increases the per-
centage of lysis and monopolar cells in the wild-type strain (unpublished results). Therefore,
a high level of Rgf2p phenocopies the absence of Rgflp and suggests that both proteins may
compete for the same substrates. In the absence of Rgflp, Rgf2p takes over the essential func-
tions for Rholp during vegetative growth.

5. Rholp-GEFs in cell separation (mitosis and cytokinesis)

S. pombe cells divide similar to mammalian cells, utilizing an actin- and myosin-based con-
tractile ring (CAR) [50, 76]. However, as cell-walled organisms, cytokinesis in S. pombe also
requires the synthesis of a septum between daughter cells [77, 78]. This septum is composed
of three layers. The central layer is the primary septum (PS) that is synthesized in a centripetal
manner as the actomyosin contractile ring constricts and is sandwiched on both sides by the
secondary septa (SS) [79, 80]. After septum formation, glucanases are secreted to break down
the inner primary septum which splits the daughter cells [81, 82].

Septum synthesis is carried out by the GS complex, which includes a regulatory subunit
(Rholp) [83] and three essential catalytic subunits, Bgslp, Bgs3p, and Bgsdp. It is known
that Bgslp forms linear f-glucans and is essential for PS formation [11] and Bgs4p forms
branched p-glucans and is responsible for SS [14]. The function of Bgs3p in f-glucan biosyn-
thesis is unknown. However, cells depleted for Bgs3p are shorter and rounder than wild-type
cells and do not lyse, suggesting that the protein must be important for cell polarity and not
directly involved in the preservation of cell integrity [84].

Among the Rholp GEFs, Rgf3p localizes to the CAR and is the main candidate for the role
of a positive regulator of Rholp function during cell separation [8, 30, 85]. First, lad1-1 cells
(a mutant allele of rgf3) undergo cell lysis specifically at cell division; electron microscopy
analysis indicates that lysis occurs only as the primary septum begins to be degraded [29].
Second, echinocandin hypersensitivity in ehs2-1 (a mutant allele of rgf3) cells is suppressed
by mild overexpression of Bgslp, Bgs2p, and Bgs3p in multi-copy plasmids [30, 84] and
third, Rgf3p interacts with GDP-Rholp, and cells overexpressing Rgf3p have increased GS
activity [30].
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Ring maturation and constriction also takes longer in rgf3 mutants [8, 56]. It is possible that
Rgf3p acts as a physical link between components of the CAR and the membrane-bound Bgs-
mediated septum growth [52]. As previously pointed out, CAR-localized proteins, such as
Cdc15p, Imp2p, and Artlp, recruit Rgf3p, which activates the regulatory subunit of the 3-GS [53,
56]. The same proteins may also have a role in the trafficking of the catalytic subunits, the Bgs
enzymes ((3-GS). For instance, Cdcl5p participates in the transport of Bgslp from the late Golgi
to the septum membrane, while Rga7p (a Rho GAP) contributes to the transfer of the Bgs4p
to the same area [86, 87]. Therefore, cell lysis in r¢f3 cells could be due to a defect in the newly
formed cell wall, but whether it is involved in PS or SS biosynthesis is not yet known.

Another point that remains uncertain is the relationship between Rgf3p-Rholp and the septa-
tion initiation network (SIN), the signaling pathway that coordinates mitosis with cytokinesis.
SIN signaling requires three protein kinases Cdc7p, Sid1p and Sid2p, and the GTPase Spglp,
and is required for CAR constriction and for septum formation [88, 89]. Overexpression of
Rholp or Rgf3p, but not Rgflp, partially rescues the lethality of sid2 mutants at a low restric-
tive temperature [90, 91]. Based on these results, it has been proposed that SIN activates
Rholp, which in turn activates the Bgs enzymes [91]. However, the SIN target(s) remains
unknown. A systematic search for Sid2p substrates has exploited the fact that phosphory-
lation of the Sid2p consensus site, RxxS [92], creates a binding site for 14-3-3 proteins. The
comparison of the proteins that associate with Rad24p when the SIN is switched on or off
has generated a list of potential Sid2p targets [93]. Although both Rgflp and Rgf3p contain
several RxxS consensus sites (10 and 7, respectively), only Rgflp and not Rgf3p appeared in
the search [93]. Rgf3p could be directly phosphorylated by Sid2p or another NDR kinase, but
that has not been tested. Finally, Rholp is essential for the feedback activation of Spglp dur-
ing actomyosin ring constriction [90].

In animal cells that enter mitosis, RhoA (Rholp in yeast) and Ect2p (RhoA GEF) play impor-
tant roles in the remodeling of the actomyosin cortex critical for accurate cell division [94, 95].
In addition, several RhoGEFs have been implicated in the process of chromosome segrega-
tion. ARHGEF10 controls centrosome duplication by activation of RhoA [96]. More recently,
Netlp, the closest homolog of Rgf1p in mammals, has been shown to be required for chromo-
some alignment during metaphase and for the generation of stable kinetochore-microtubule
attachments; its inhibition results in SAC activation. However, these functions are indepen-
dent of its nucleotide exchange activity [97].

In S. cerevisine, Cdc5p (polo-like kinase) regulates contractile ring formation via Tuslp and
Rom2p, two Rho-GEF proteins and orthologs of Rgf3p and Rgflp, respectively, that activate
the GTPase Rholp [98]. Rholp regulates formin-mediated contractile ring assembly [99].

In S. pombe, the lytic phenotype displayed by rhol and rgf3 mutants has proven problematic
for identifying a possible role for Rholp in the early stages of cell division. In addition, Rgflp
and Rgf2p also appear at the division site. Rgflp accumulates in the nucleus of cells treated
with HU, except in those cells that have already entered mitosis [42]. However, little is known
about a possible role for Rgflp and Rgf2p in cell division. Double-mutant and phenotypic
complementation results suggest that Rgflp and Rgf3p are not functionally exchangeable.
Disruption of rgfl* in an r¢gf3 mutant (ehs2-1) produced viable cells at 28°C but not at 37°C,



The Function of Fission Yeast Rho1-GEFs in the Control of Cell Growth and Division
http://dx.doi.org/10.5772/intechopen.75913

a temperature which allows both mutants to grow on plates [27]. In addition, the moderate
expression of rgfl* does not suppress the lysis of ehs2-1 cells at 37°C [30]. However, it still
needs to be tested whether cell death in the rgfl1Aehs2-1 occurs during cell separation and it is
not a consequence of the sum of tip growth defects plus septation defects. Regarding Rgf2p,
cells of the double rgf2Aehs2-1 mutant are viable at all temperatures and phenotypically simi-
lar to ehs2-1 cells.

6. Role of Rhol-GEFs in the maintenance of genome integrity

Besides their classical role as membrane-bound signal-transducing molecules, it has recently
been shown that Rho GEFs, Rho GTPases, and downstream components are found in the
nucleus, suggesting that Rho-related-signaling processes may also take place in this cellular
compartment [100, 101]. Nuclear Rho GEFs, Netlp and Ect2p, regulate, respectively, RhoA-
and RhoB-mediated cell death after DNA damage [102-104]. Netlp-knockdown cells fail to
activate the nuclear RhoA fraction in response to ionizing radiation [105], and Ect2p regulates
epigenetic centromere maintenance by stabilizing newly incorporated CENP-A (a histone H3
variant that acts as the epigenetic mark defining centromere loci [106]).

As pointed out earlier, Rgflp is accumulated in the cell nucleus during the stalled replica-
tion caused by hydroxyurea and is important for tolerance to chronic exposure to the drug
[42]. HU causes deoxyribonucleoside triphosphate starvation by inactivating ribonucleotide
reductase and blocks the progression of replication forks from early firing origins, activating
the DNA replication checkpoint pathway [107]. The central sensor of the DNA replication
checkpoint pathway is Rad3p, the fission yeast homolog of human ATR. Rad3p phosphory-
lates and activates the checkpoint kinases Cds1p or Chklp, depending on the stage of the cell
cycle and the nature of the upstream signal. DNA damage inflicted during S phase leads to
the activation of Cdslp, whereas DNA damage activates Chklp during the G2 phase. Once
activated, Cdslp and Chklp phosphorylate downstream targets to slow down cell-cycle pro-
gression and implement DNA repair mechanisms [108, 109].

Nuclear accumulation of Rgflp after replication stress depends on the replication checkpoint
kinases, Rad3p and Cdslp, and on the chaperone Rad24p that belongs to the 14-3-3 family.
In the proposed model, when cells are subject to replication stress, Cdslp activation recruits
Rgflp through phosphorylation priming its interaction with Rad24p. This interaction would
hide the NES sequence, reducing its association with the exportin Crm1p and thus blocking
its exit from the nucleus [42].

While the mechanism for Rgflp nuclear accumulation is outlined, much less is known about
the function of Rgflp in replication stress, as both processes seem to be directly related. An
Rgflp mutant, Rgflp-9A, which substitutes nine serine potential phosphorylation Cds1p sites
for alanines, (1) does not interact with endogenous Rad24p, (2) fails to accumulate in the
nucleus in response to replication stress, and (3) displays a severe defect in survival in the
presence of HU. Moreover, the Rgflp-9A cells do not show the phenotypes characteristic of
the rgfIA cells such as monopolar growth, sensitivity to caspofungin, and the vic phenotype
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(viable in the presence of immunosuppressant and chlorine ion) [19, 27]. These results suggest
that the interaction with Cdslp-Rad24p is required specifically for tolerance to replication
stress. Thus, Rgflp could be part of the mechanism by which Cdslp and Rad24p promote
survival in the presence of chronic replication stress [42].

Rgflp is also involved in tolerance to genotoxic agents other than HU [57]. rgf1A cells are sen-
sitive to camptothecin (CPT, a topoisomerase inhibitor) and highly sensitive to exposure to
phleomycin (Phl, a derivative of bleomycin); both agents induce DNA double-strand brakes
(DSBs) [110-112].

DSBs are repaired by two major pathways non-homologous end joining (NHE]) in G1 and
homologous recombination (HR) in S and G2, when the sister chromatid is accessible for use
as a template for repair. HR is largely error-free and is the preferred method in yeast. HR initi-
ates when the DSB is resected by nucleases and helicases, generating 3’ single-stranded DNA
(ssDNA) overhangs onto which the Rad51p recombinase, with the help of Rad52p, assembles
as a nucleoprotein filament [113]. This structure can invade homologous duplex DNA, which
is used as a template for DNA synthesis [114, 115].

It has been recently shown that Rgflp is involved in the repair of DNA double-strand breaks
induced by Phl treatment [57]. The deletion of Rgflp does not prevent the imposition of the
checkpoint, but it does prevent recovery from DNA damage, resulting in permanent activa-
tion of Chklp and permanent arrest of the cells in G2/M. This phenotype correlates with the
inability of rgfIA cells to efficiently repair fragmented chromosomes after Phl treatment and
with the presence of long-lasting, unrepaired, Phl-induced Rad52p foci in rgfIA cells.

Moreover, Rholp and some of the proteins involved in Rholp signaling also function in the
recovery from a DNA-damage G2-induced arrest induced by Phl. Similar to the rgfIA mutant
cells, the rh01-596 mutant [26] is sensitive to CPT and Phl. The dissolution rate of Phl-induced
Rad52p-YFP foci in rho1-596 and rgf1A rho1-596 cells at 28°C (permissive temperature) is very
similar to that of the rgfIA cells, suggesting that Rholp functions in DSB repair [57]. Future
studies defining the interaction of Rgflp/Rholp with other DSB repair proteins at Rad52p
factories may help to delineate its role in completing DSB repair.
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Abstract

Guanine nucleotide-binding proteins (G-proteins) act as transducers of external stimuli
for intracellular signaling, and control various cellular processes in cooperation with
seven transmembrane G-protein-coupled receptors (GPCRs). Because GPCRs constitute
the largest family of eukaryotic membrane proteins and enable the selective recognition
of a diverse range of molecules (ligands), they are the major molecular targets in pharma-
ceutical and medicinal fields. In addition, GPCRs have been known to form heteromers
as well as homomers, which may result in vast physiological diversity and provide
opportunities for drug discovery. G-proteins and their signal transduction machinery
are universally conserved in eukaryotes; thereby, the yeast Saccharomyces cerevisiae has
been used to construct artificial in vivo GPCR biosensors. In this chapter, we focus on the
yeast-based GPCR biosensors that can detect ligand stimulation and oligomer forma-
tion, and summarize their techniques using the G-protein signaling and protein-protein
interaction assays.

Keywords: yeast, G-protein, G-protein-coupled receptor, signal transduction, oligomer
formation, reporter gene assay, protein-protein interaction

1. Introduction

Guanine nucleotide-binding proteins (G-proteins) are highly conserved among various
eukaryotes, and act as signal transduction molecules [1, 2]. In cooperation with seven
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transmembrane G-protein-coupled receptors (GPCRs), G-proteins transduce external
stimuli to intracellular signaling and control a wide variety of cellular processes. GPCRs,
which represent the largest family of integral membrane proteins and present more than
800 genes in the human genome [3], engage a wide range of ligands. GPCR ligands range
from small molecules to large proteins, such as hormones, neurotransmitters, ions, tas-
tants, odor molecules and even light [4]. Thus, GPCRs are involved in various physiologi-
cal processes, and are the targets of several prescribed drugs [5-8].

Agonist ligand binding to a GPCR causes ligand-specific active conformational changes, and
allows the receptor to couple to G-proteins that are composed of Ga, Gf3 and Gy subunits [9].
Subsequently, heterotrimeric G-proteins dissociate from the receptor, and then G-protein sig-
naling generates second messengers such as cyclic adenosine monophosphate (cAMP), inosi-
tol phosphates, and intracellular Ca*. These second messengers trigger different cellular and
ultimately physiological responses [10]. During these processes, G-proteins switch from an
inactive state to an active state by exchanging a guanosine diphosphate (GDP) molecule from
the Ga subunit for guanosine triphosphate (GTP). To resume an inactive state, G-proteins
hydrolyze GTP to GDP [11].

Historically, GPCRs transduce signals only as single monomeric entities (homomers) [12].
However, in the past two decades, several studies have shown that GPCRs also transduce
signals as heteromers [13-18]. Heteromerization is involved in both the regulation and
modulation of GPCR signaling, consequently increasing the potentially large functional and
physiological diversity of various GPCR-mediated processes (e.g., ligand binding, receptor
biosynthesis, cellular trafficking, maturation, G-protein activation, and internalization) [19-
24]. Therefore, heteromerization among GPCRs may provide new opportunities for drug dis-
covery [25, 26]. For example, GPCR heteromers may be new molecular targets for therapeutic
treatments, or for developing more potent and selective compounds, such as bispecific or
bivalent ligands, with reduced side effects [27-29]. The mechanism of GPCR heteromerization
has been under debate, because the identification of individual heteromer pairs is ongoing
and the in vivo physiological importance of heteromerization has not been well explored.
Thus, the search for functional GPCR oligomer pairs is still a challenging task, due to the
continued need for elucidation of their physiological roles.

Saccharomyces cerevisiae is an extremely simplistic unicellular eukaryote and an excellent host
system for investigating both GPCR signaling and GPCR oligomerization, as the simplicity of
this fungus allows for simplified analyses of the more complicated mammalian GPCR signaling
[30]. For instance, since haploid yeast cells harbor a monopolistic G-protein (pheromone) sig-
naling pathway, and experience a variety of heterologous GPCR expressions, yeast cells have
often been utilized for studies of human and other mammalian GPCRs such as: identification
of agonistic ligands, analysis of ligand-mediated signaling properties, and mutational analysis
of critical amino acid residues [30-32]. Additionally, yeast two-hybrid (Y2H) techniques can
be utilized to investigate exhaustive protein interaction pairs [30], in which the split-ubiquitin
membrane Y2H (mY2H) system is suitable for screening membrane protein interaction part-
ners [33] including GPCR heteromer pairs [34]. In this chapter, we focus on yeast-based bio-
sensors that detect ligand stimulation and oligomer formation of GPCRs, and summarize their
techniques using the G-protein signaling and protein-protein interaction assays.
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2. G-protein signaling

Heterotrimeric G-proteins, as peripheral membrane proteins, interact with the plasma mem-
brane on the cytoplasmic side. G-proteins consist of three subunits, Ga, Gf3, and Gy, which
are widely conserved in eukaryotic species, and there are various subfamilies within each
subunit, especially the Ga subunit. The heterotrimeric G-proteins transduce messages from
GPCRs, which regulate important functions such as vision, taste, smell, heart rate, blood
pressure, neurotransmission, cell growth, and numerous other processes [10, 35]. When, in
response to extracellular stimuli, GPCRs transduce ligand-specific intracellular signaling cas-
cades, they activate a GDP to GTP exchange on the Ga subunit, resulting in Ga dissociation
from the Gy complex. Free Ga or Gy interacts with several downstream effectors including
phospholipases, adenylyl cyclases, phosphodiesterases, tyrosine kinases, ion channels, and
ion transporters in human and other mammalian cells [36, 37].

2.1. Heterotrimeric G-protein signaling in yeast

S. cerevisine’s pheromone-based mating response provides a valuable model system for
characterization of G-protein-mediated GPCR signaling (Figure 1) [38], because it allows for
simplified analyses of the more complicated signaling pathways employed by higher eukary-
otic cells [30]. The yeast pheromone signaling pathway is non-competitive and monopo-
listic, unlike other higher eukaryotes, and is mediated by a sole heterotrimeric G-protein
comprising three subunits, a Ga subunit (Gpalp) and the Gy complex (Ste4p — Stel8p)
[39]. Haploid yeast cells of mating type a (MATa) express Ste2p, which binds the peptide
pheromone a-factor secreted by cells of the opposite mating type (MATa). Upon phero-
mone binding, Ste2p undergoes a conformational change and induces a guanine-nucleotide
exchange on Gpalp [40]. Replacement of GDP with GTP on Gpalp causes a dissociation of
the Ste4p — Stel8p complex. Stedp facilitates binding of the dissociated Ste4p — Stel8p com-
plex to effectors, and results in activation of the mitogen-activated protein kinase (MAPK)
cascade [41, 42]. Ste5p scaffold protein binds to the components of a MAPK cascade to bring
them to the plasma membrane, and the concentrated kinases on the membrane may facili-
tate amplification of the signal [43, 44]. As a consequence, the activated yeast pheromone
signaling leads to phosphorylation of the cyclin-dependent kinase inhibitor Farlp and the
transcription factor Stel2p. These phosphorylated proteins induce G1 cell cycle arrest [45-
47] and global changes in transcription [48, 49]. For example, FUSI gene expression experi-
ences drastic transcriptional changes in response to yeast pheromone signaling [50, 51]. The
FIG1 gene is also a mating-specific Stel2p target gene [52, 53]. Sst2p is one of the main nega-
tive regulators of the yeast pheromone pathway [54] and acts as a GTPase-activating protein
(GAP), enhancing the rate of Ga-catalyzed GTP hydrolysis [55-57]. GDP-bound Ga rapidly
reassociates with the GBy complex, inactivating the pheromone response.

The yeast S. cerevisiae is amenable for reporter gene assays investigating agonist-stimulated
G-protein signaling. Briefly, yeast cells become available to detect signaling through endoge-
nous or heterologously expressed GPCRs by putting reporter genes, such as HIS3 (detected by
complementation of auxotrophy), lacZ (detected by colorimetry), luc (detected by luminometry)
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Figure 1. Overview of the yeast pheromone signaling pathway and the human GPCR-expressing yeast signaling biosensor.
(A) Schematic illustration of the pheromone signaling pathway. The pheromone signaling pathway is activated, via the
heterotrimeric G-protein, when a-factor binds to the Ste2p receptor. The effectors and kinases constitute that MAPK
cascades are activated by sequestered Ste4p — Ste18p complex from Gpalp. Sst2p stimulates hydrolysis of GTP to GDP on
Gpalp and helps to inactivate pheromone signaling. (B) Schematic illustration of typical genetic modifications enabling
the pheromone signaling pathway to be used as a biosensor for GPCR activation. Chimeric Gpal/Ga (transplant) can
help to transduce the signal from human GPCRs expressed on the yeast plasma membrane. Transcription machineries,
closely regulated by the phosphorylated transcription factor Ste12p, are used to detect activation of pheromone signaling
with various reporter genes. SST2, FAR1, and STE2 genes are often disrupted to improve ligand sensitivity, prevent
growth arrest (cell cycle arrest), and avoid competitive expression of the yeast endogenous receptor.

and gene encoding green fluorescent protein (GFP) (detected via fluorescence), under the expres-
sion control of a pheromone-responsive promoter like FUSI or FIG1 [58-60].

2.2. Improvement of the sensitivity of the yeast G-protein signaling

To increase the sensitivity of human GPCR expressing yeast cells, several modifications
of yeast-based biosensors have been reported. The yeast’s single GPCR (yeast pheromone
receptor Ste2p) is often deleted to avoid competitive expression with heterologous GPCRs
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[30]; therefore, expressing human GPCR on the plasma membrane of ste2A a-cells harboring
reporter genes facilitates the monitoring of agonist-promoted signaling [30, 61]. The yeast
Gl1-cyclin-dependent kinase inhibitor Farlp, which induces G1 cell cycle arrest in response to
signaling, is usually disrupted in positive selection screening to avoid abnormal cell growth
[30], because the far1A strain continues cell growth and improves plasmid retention rates [62].
Removing Sst2p facilitates experiments requiring high ligand binding sensitivity [30, 31, 63],
as this removal results in a significant decrease in Gpalp’s GTPase activity by inhibiting the
conversion of GTP to GDP.

Yeast Gpalp is equivalent to mammalian Ga. Gpalp shares particularly high homology with
the human Ga, classes, and GPCRs from a variety of species, including human, are able to
both interact with Gpalp and activate yeast pheromone signaling [32, 64, 65]. Various genetic
modifications allow many other human GPCRs to function as yeast signaling modulators.
In one such modification, a chimeric Gpalp system, referred to ‘as “transplants”, has’ been
employed to substitute only five Gpalp C-terminus amino acids for those of human Ga sub-
units, of which there are three key families: Ga, o Ga, and Gocq [66]. Indeed, these transplants
have allowed functional coupling of various GPCRs (including serotonin, purinergic, mus-
carinic, and many other receptors) to the yeast pheromone pathway with greater coupling
efficiency [32, 66-68].

The use of fluorescent reporter genes can provide the most simple and convenient proce-
dure for comparative quantification of signaling levels, as this removed the need for labo-
rious operations such as sample preparations and enzyme reactions. GFP is commonly
chosen as the fluorescent reporter and enhanced green fluorescent protein (EGFP) is often
utilized as the GFP. However, the EGFP gene was originally codon-optimized for mamma-
lian cells, and it was not suitable for expression in yeast cells [69]. To increase the maximum
expression level of GFP and decrease the detection limit of signaling, Nakamura et al. used
the tetrameric Zoanthus sp. green fluorescent protein (ZsGreen) as a reporter [70]. The use
of the ZsGreen reporter gene exhibited extremely bright fluorescence and a high signal-to-
noise (5/N) ratio in yeast, showing a dramatic improvement in both brightness and sen-
sitivity for GPCR signaling assays compared to a fluorescence reporter system using the
EGFP reporter gene [70].

2.3. Detection of GPCR agonists by utilizing yeast G-protein signaling

Many heterologous GPCRs (including muscarinic, neurotensin, serotonin, somatosta-
tin, adrenergic, olfactory, and many other receptors) have been functionally expressed in
yeast, successfully demonstrating the feasibility of yeast-based GPCR biosensors [31, 32,
63-67, 71-73].

For example, the cyclic neuropeptide somatostatin, known to inhibit growth hormone release,
regulates the human endocrine system through somatostatin receptor (SSTR) binding. There
are five identified SSTR subtypes (SSTR1 — SSTR5) [74, 75]. SSTR2 and SSTR5 are known
to regulate acromegaly patient growth hormone secretion, and are also expressed in most
growth hormone secreting tumors [76]. Several researchers demonstrated functional expres-
sion of human SSTR2 and SSTR5 in yeasts, and SSTR5 has been often used for constructing
yeast-based somatostatin-specific biosensors. To modify the functional expression of human

29



30 Peripheral Membrane Proteins

SSTRS5 and somatostatin-specific signaling functions in yeasts, addition of signal sequences
derived from secretion or membrane proteins (e.g., prepro- and pre-regions of a-factor,
and a N-terminal 20 amino acids of yeast Ste2p; Ste2N) to the N-terminus of the receptor,
and implementation of the chimeric Gpal/Ga,, transplant (see Section 2.2) were tested [77].
Additionally, the GFP reporter gene assay (see Section 2.1) was used for evaluating the func-
tional expression of SSTR5 and the signaling response to somatostatin binding. Through
these evaluations, yeast cells with improved capabilities as a biosensor capable of detect-
ing somatostatin-promoted signaling (such as potency and efficacy) were successfully con-
structed. Using this yeast-based biosensor, Togawa et al. performed site-directed mutagenesis
of human SSTR5, showing the importance of two asparagine residues (Asn13 and Asn26) on
the N-linked glycosylation motifs for signaling activation [78]. Furthermore, the artificial sig-
naling circuit formulated a positive feedback loop using G[3 (Ste4p; artificial signal activator,
which was set downstream the pheromone-responsive promoter), and was demonstrated to
enable highly sensitive agonist detection in SSTR5 expressing yeast [79].

Neurotensin receptor type-1 (NTSR1), a member of the GPCR family, is another example
of site-directed mutagenesis of human SSTR5. Neurotensin is the natural ligand of NTSR1,
as well as a central nervous system neuromodulator [80]. As neurotensin is also involved in
many oncogenic events [81], NTSR1 is a significant therapeutic target. To monitor the acti-
vation of human NTSR1 signaling responding to its agonist, a fluorescence-based microbial
S. cerevisiae-based biosensor was constructed [82]. Successful detection of NTSR1 signaling
responding to agonistic ligands was achieved in the Ga-engineered yeast strains IMFD-72
and IMFD-74, which were generated by substituting the Gpal/Ga,; and Gpal/Ga, transplants
for the intact Gpalp in modified yeast IMFD-70 strain (ste2A, sst2A, far1A, P, .,-EGFP x2) [82].
EGFP genes on the genomes of IMFD-70 and IMFD-72 were replaced with ZsGreen genes
to generate IMFD-70ZsD and IMFD-72ZsD strains, resulting in the drastic improvement in
bright fluorescence and high S/N ratio in the NTSR1 signaling assay [70]. Recently, Hashi
et al. modified the expression modes of the human NTSR1 receptor by altering the promoter,
consensus Kozak-like sequence, and secretion signal sequences of the receptor-encoding gene
[83]. The resulting yeast cells exhibited increased sensitivity to exogenously added neuroten-
sin [83].

Angiotensin II (Ang II) type 1 receptor (AGTR1) is also a GPCR and its natural ligand, Ang
II, is an important effector molecule for the renin-angiotensin system. Thus, AGTR1 controls
blood pressure and volume in the cardiovascular system [84, 85]. Interaction of Asn295 with
Asnlll may play a role in determining the ligand peptide binding selectivity of AGTR1
receptors [86, 87]. Therefore, a single alanine or serine mutation was introduced at Asn295 of
human AGTR1, and the Asn295-mutated (N295A and N2955) AGTR1 was expressed in the
IMFD-72ZsD yeast strain [88]. When exposed to Ang II and Ang II peptidic analogs, which
differ in affinity toward AGTRI, these cells resulted in successful signal transmissions inside
the yeast cells. Additionally, the secretory expression plasmids for angiotensin peptides
(Ang II, Ang III, and Ang IV) were transformed into the yeasts expressing AGTR1-N295A or
AGTR1-N295S, showing the ZsGreen fluorescence with different intensities according to the
respective agonistic activities. In contrast, the monoamine neurotransmitter serotonin (5-HT)
regulates a wide spectrum of human physiology through the 5-HT receptor family [89].
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Nakamura et al. expressed the human HTR1A in the IMFD-72ZsD strain to enable improved
detection of HTR1A signaling in response to the 5-HT [90]. The authors further validated the
capability of this improved yeast biosensor for antagonistic ligand characterization and site-
directed mutants of human HTRIA.

The rat M, muscarinic acetylcholine receptor (M3R) has been used for rapid identification
of functionally critical amino acids with random mutagenesis [67]. In this system, the CAN1
gene coding for arginine-canavanine permease was used as the reporter gene under the con-
trol of a pheromone responsive FUS2 promoter, and in the endogenous CANI-deleted yeast
cells. Owing to the cytotoxicity of canavanine, caused by Canlp expression in response to pro-
moted signaling, recombinant strains with inactivation mutations in the M3R receptor could
survive on agar media containing canavanine and M3R-specific agonists. In another study,
using this yeast platform, “antagonists” atropine and pirenzepine were found to be inverse
agonists and low efficacy agonists when coupled to Gpal/Ga, and Gpal/Ga,,, respectively
[91]. In an extended study, the applicability of this yeast platform to identify allosteric ligand-
mediated functional G-protein selectivity was also tested [92].

Human formyl peptide receptor-like 1, which was originally identified as an orphan GPCR,
has been used to isolate agonists for functionally unknown GPCRs [93]. Both a library of
secreted random tridecapeptides and a mammalian/yeast hybrid Ga subunit were employed
for histidine prototrophic selection via the FUSI — HIS3 reporter gene. Subsequent peptidic
candidate surrogate agonist screens have been successful.

In the case of olfactory receptors (ORs), Minic et al. optimized a yeast system for functional
expression of rat I7 OR and subsequent characterization. In engineered yeasts lacking endog-
enous Gpalp, the olfactory-specific Ga subunit (Ga ) was co-expressed. When the receptor
was activated by its ligands, MAPK signaling was switched on and luciferase (as a functional
reporter) synthesis was induced [71]. Marrakchi et al. successfully expressed human olfactory
receptor OR17-40 in yeast based on Minic’s biosensor system to detect the conductometric
changes [94]. Fukutani et al. improved the firefly luciferase-based biomimetic odor-sensing
system [60], and replaced the N-terminal region of mOR226 with the corresponding domain
of the rat I7 receptor [95]. They further improved some ORs by the coexpression of either
odorant accessory binding proteins or the receptor transporting protein 1 short (RTP1S) [96].
Tehseen et al. demonstrated that the Caenorhabditis elegans olfactory GPCR ODR-10 was func-
tionally expressed in yeast by using chimeric Gpal/C. elegans Ga [97]. Mukherjee et al. con-
structed a medium-chain fatty acid biosensor by using the olfactory receptor OR1G1 that
functionally expressed in yeast [98].

2.4. Yeast cell-surface display technology for single-cell signaling assay of GPCR
peptides

Yeast cell-surface display technology is a platform to tether functional proteins and peptides
expressed in yeast to the cell surface [99-102]. Cell-surface display of peptides can be used
as a powerful ligand screening based on the yeast GPCR signaling assay systems [70, 103].
Displaying peptidic ligands by fusing them to an anchor protein in the yeast can enable a
series of biological processes within a single cell, from peptide synthesis to agonist detection
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against an already expressing cognate GPCR. In such a system, a library of peptides is indi-
vidually tethered to the plasma membrane on GPCR-producing yeast cells via attachment to
a glycosyl-phosphatidylinositol (GPI) anchor. Upon phosphatidylinositol-specific phospho-
lipase C (PI-PLC) cleavage of the GPI, the peptides, which are fused to the anchor protein,
are released from the membrane and trapped in the cell wall [103]. In principle, the host cells
unconsciously detect the binding of peptidic ligands to relevant receptors on the membrane
and report the peptides resulting agonistic activation. Thus, this technique facilitates concom-
itant library synthesis and identification of peptide ligands at the single-cell level [104, 105].

Ishii et al. have developed a system for cell wall trapping of autocrine peptides (CWTrAP),
which activates human SSTR5 signaling using short anchor proteins (e.g., 42 a.a. of Flolp;
Flo42) [103]. The engineered yeast strain concomitantly expressing human SSTR5 and
somatostatin peptide successfully induced GFP reporter gene expression. Hara et al. dem-
onstrated that the somatostatin displayed on the plasma membrane successfully activated
human SSTR2 in yeast [106]. In this system, somatostatin was displayed on the yeast plasma
membrane by linking it to the anchoring domain of the GPI-anchored plasma membrane
protein Ypslp. Nakamura et al. drastically improved the sensitivity and output of this fluo-
rescence reporter system using the ZsGreen reporter, which is applicable to CWTrAP tech-
nology [70].

3. Oligomerization among GPCRs

Many GPCRs have the capacity to form homomers or heteromers that show unique functional
and biochemical characteristics including receptor pharmacology, regulation, and signaling
[14, 107, 108]. Therefore, GPCR oligomers could be potential molecular targets for the devel-
opment of new therapeutic agents. Yeast is a potential host for making cell-based biosensors
for eukaryotic proteins and biological processes of interest [109], because varied reporting
systems are available that can facilitate assays in yeast cells [110-112]. Notably, the “gold stan-
dard” for testing protein-protein interactions in vivo, Y2H systems, makes use of these report-
ers [113-115] and has also been used to identify membrane protein interaction partners [116].

3.1. Biophysical RET technologies to study GPCR oligomers in yeast cells

Varieties of resonance energy transfer (RET)-based techniques have promoted the visualiza-
tion of GPCR oligomers in living cells. Fluorescence resonance energy transfer (FRET) is a
strictly distance-dependent energy transfer technique using a cyan fluorescent protein (CFP)
as energy donor and a yellow fluorescent protein (YFP) as energy acceptor, but other pairings
are also possible [117]. Highly sensitive, bioluminescence resonance energy transfer (BRET) is
based on the distance-dependent transfer of energy between a bioluminescent energy donor
and a fluorescent acceptor molecule [118, 119].

Overton and Blumer [120] used subcellular fractionation and CFP/YFP FRET to demonstrate
that oligomerization of the endogenous mating pheromone Ste2p receptors occurs via a stable
association between protomers in yeast. Subsequently, the authors employed FRET in live
yeast cells for detection of Ste2p oligomerization with its transmembrane domains [121-124].
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Furthermore, FRET experiments with yeast cells demonstrated the oligomer formation of
functional human complement factor 5a (C5a) receptors [125].

BRET was later used to increase the detection sensitivity for Ste2p oligomerization. Increased
sensitivity was needed, because the C-terminal regions of full length Ste2p protomers did not
reach a proximity sufficient for effective energy transfer [126]. With the BRET system, Gehret
et al. [126] demonstrated that mutations previously reported as blocking Ste2p receptor oligo-
merization decreased but did not completely eliminate oligomerization. Previously, BRET
has been employed in yeast to analyze the protein interactions involved with heterogeneous
olfactory receptors [127, 128].

3.2. Membrane Y2H technology to study GPCR oligomers in yeast cells

In contrast to FRET and BRET technologies (see Section 3.1), mY2H method is based on tran-
scription-dependent reporter gene assays, permitting colorimetric evaluations with lacZ and
growth selections with ADE2 and HIS3 (detected by complementation of auxotrophies) [129].
Therefore, the split-ubiquitin mY2H approach can be employed both for quantitative assays
and for comprehensive screening of protein-protein interactions of membrane proteins [129].

In the split-ubiquitin mY2H system, the N- and C-terminal halves (NubG and Cub, respectively)
of ubiquitin are fused to separate membrane proteins (Figure 2A and B). NubG represent a
mutant version of the N-terminal half of ubiquitin that harbors an Ile-13 to Gly substitution. This
split-ubiquitin system functions when interaction between the membrane proteins results in
ubiquitin reassembly. Notably, Cub is fused to a membrane protein along with an artificial tran-
scription factor (LexA-VP16). NubG has a very low intrinsic affinity for Cub, and therefore can
interact with Cub only if the membrane proteins fused to both ubiquitin fragments have affinities
for each other [130]. The reconstituted ubiquitin is recognized by ubiquitin-specific proteases,
and cleavage liberates LexA-VP16. The released transcription factor then enters the nucleus and
induces the transcription of reporter genes, permitting both screening (via lacZ expression) and
selection (via ADE2 and HIS3 expression) based on interactions between membrane proteins.

Historically, the split-ubiquitin mY2H system was employed to screen interacting membrane-
associated proteins (not GPCRs) for GPCRs, such as the p-opioid receptor (MOR) [131, 132]
and the M, muscarinic acetylcholine receptor (M3R) [133]. Jin et al. identified GPR177, the
mammalian ortholog of Drosophila melanogaster Wntless, as a novel MOR-interacting protein
using the split-ubiquitin mY2H system [131]. Further work showed both enhanced MOR/
GPR177 complex formation at the cell periphery and inhibited Wnt secretion in response to
morphine treatment, possibly causing decreased neurogenesis. Rosemond et al. investigated
the predicted integral membrane protein Tmem147 and discovered that it functions as a novel
MB3R-associated protein [133]. Additional work also indicated that Tmem147 is as a potent
M3R negative regulator, which may interfere with M3R trafficking to the cell surface.

The split-ubiquitin mY2H system has also been applied to identify GPCR heteromers [34].
Nakamura et al. developed a specialized method to screen candidate heteromer partners for
target human GPCRs based on the split-ubiquitin mY2H method [34]. The authors noted
that mating-associated induction of cell-cycle arrest, which causes robust growth inhibi-
tion in yeast, might impair the assessment of reporter gene activity. Therefore, the authors
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Figure 2. Schematic illustration of the yeast split-ubiquitin mY2H system to study GPCR oligomers. (A and C)
No-oligomerization pairs. (B and D) Oligomerization pairs. The candidate GPCR oligomer pairs are fused to respective
split-ubiquitin segments (NubG and Cub), and Cub is further fused to an artificial transcription factor (LexA-VP16).
NubG and Cub become close in proximity only when the GPCRs form a dimer, leading to the reconstitution of the split-
ubiquitin. Ubiquitin-specific proteases (UBPs) can recognize the reconstituted split-ubiquitin, resulting in LexA-VP16
transcription factor cleavage from the Cub-fused GPCRs. LexA-VP16 diffuses into the nucleus where it binds to lexA-
binding sites on the lexA operator (lexAop). (A and B) Principal GPCR oligomer pair detection system: the reporter
genes such as HIS3, ADE2, and lacZ are placed downstream of lexAop, and their expressions are induced when GPCR
oligomer pairs interact with each other. (C and D) The reporter switching system for detecting GPCR oligomer pairs: the
expressions of two reporter genes (E2Crimson and ZsGreen) are switched in response to the Y2H readout; one (E2Crimson)
from ON to OFF and the other (ZsGreen) from OFF to ON. Briefly, after the release of the LexA-VP16 transcription factor,
the lexA operator induces the expression of Cre recombinase, which causes a gene recombination that pops-out the
E2Crimson gene and alternatively exposes the ZsGreen gene. Thus, the formation of GPCR oligomers can be discerned by
monitoring the changes from far-red fluorescence to green fluorescence.
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constructed a MAPK signal-defective yeast strain. This modified host permitted the rapid
and facile detection, not only of target human GPCR heteromerization, but also of ligand-
mediated conformational changes in living yeast cells [34]. Thus, the modified mY2H would
be available to identify GPCR heteromer components and potential therapeutic targets for
regulating physiological activities.

Furthermore, the authors subsequently designed a reporter switching system that can switch the
expressions between two reporter genes (one from ON to OFF and the other from OFF to ON) in
response to the Y2H readout (Figure 2C and D) [134]. Cre/loxP site-specific recombination was
employed to induce reporter switching. The authors were able to utilize the split-ubiquitin mY2H
system to optimize Cre-mediated reporter gene recombination and build a dual-color reporter
switching system, which could discern GPCR dimer formation. To demonstrate reporter switch-
ing, the authors used a far-red derivative of the tetrameric fluorescent protein DsRed-Express2
(E2Crimson) and a tetrameric ZsGreen as the two reporter genes. Reporter gene expression was
successfully switched in the engineered yeast cells and permitted the detection of the dimerized
yeast endogenous pheromone receptor (Ste2p). The authors also validated the applicability of
this system for monitoring the formation of human GPCRs homodimers and heterodimers, spe-
cifically human serotonin 1A receptor or (32-adrenergic receptor, and confirmed that this system
had improved sensitivity when compared with the previous system [134].

Using a modified split-ubiquitin mY2H approach, Sokolina et al. reported the systematic
interactome analysis of 48 clinically important human GPCRs in their ligand-unoccupied
state [135]. The authors also carried out additional in-depth functional validation on selected
GPCR protein-protein interactions using biochemical and cell-based assays as well as knock-
out and knock-in animals. The authors found that a G-protein-regulated inducer of neurite
outgrowth 2 (GPRIN2) and the GPR37 receptor, both physically and functionally, interact
with the serotonin 5-HT4d receptor, a promising target for Alzheimer’s disease [135].

3.3. GPCR oligomerization and G-protein signaling

GPCR oligomerization can increase the potential for diversity in the regulation and modula-
tion of GPCR signaling, and thus the specific evaluation of signaling properties among various
receptor oligomer pairs. This work has important implications, not only for the development of
new drugs, but also for the understanding of signaling networks [22]. This unique system was
developed for simultaneous detection of oligomer formation and GPCR signaling activation.
This new methodology uses a combination of the split-ubiquitin mY2H assay and a G-protein
signaling assay, and is expected to facilitate the identification of physiologically relevant GPCR
oligomers [136]. Using this system, Nakamura et al. monitored the physiological relevance of
yeast pheromone receptor Ste2p, in both native and mutated forms. In addition, the authors
demonstrated the simultaneous detection of homo- and heteromerization, and somatostatin-
induced signaling of the human SSTR5 somatostatin receptor [136]. In the future, this system
will be useful for identifying agonists that bind to the heteromer, promising to serve as a pow-
erful platform for uncovering the novel functions, modes of action, and potential molecular
targets of GPCR heteromerization for the development of new therapeutic agents.
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4. Conclusion

In summary, we focused on yeast-based biosensors employed for the detection of GPCR
ligand stimulation and oligomer formation, and described yeast-based techniques using the
G-protein signaling and protein-protein interaction assays. Due to their involvement in signal
transduction machinery, GPCRs are excellent therapeutic targets for various diseases and
clinical indications [137]. The identification of new physiologically relevant GPCR oligomers
provides a promising opportunity for drug discovery, based on the effect of allosteric com-
munication between GPCR protomers (each subunit within the oligomer complex) on known
pharmacological properties. Thus, approaches for investigating the relationship between
oligomerization and GPCR signaling are necessary for creating oligomer-specific bivalent
ligands. Additionally, there is great potential for identifying previously undiscovered physio-
logical diversities and therapeutic targets through the generation of comprehensive and inter-
active GPCR oligomer maps. It is also important to expand our knowledge of the molecular
details of GPCR-mediated signal transduction, including the identification of all proteins that
interact with clinically relevant GPCRs. Further development of various methods, including
yeast-based approaches and the investigation of GPCR oligomers, are expected to facilitate
these outcomes in the near future.
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Abstract

Rab35 mediates membrane trafficking between the plasma membrane and the early endo-
somes at the cell surface. Our understanding of the cellular function of Rab35 reveals its
role in development and diseases. In the developmental context, Rab35 has been shown
to play an important role in regulating epithelial polarity, lumen opening, myoblast
fusion, intercalation of epithelium, myelination, neurite outgrowth, and oocyte meiotic
maturation. Disruption of recycling endosome mediated by Rab35 has been linked to
several neurological diseases, including Parkinson’s disease and Down syndrome. In
addition, because Rab35 modulates cell migration through its interaction with various
effectors, Rab35 plays an important role in cancers. Lastly, the Rab35-mediated recycling
endosomal pathway and exocytosis is utilized by pathogens or hijacked by pathogens to
promote their infection and survival. This review summarizes the function of Rab35 in
endocytosis and focuses on the role of Rab35 in the context of development and diseases.

Keywords: small G proteins, Arf6, development, cell migration, protein trafficking

1. Introduction

Rab proteins constitute the largest subset of Ras-family small guanosine triphosphates
(GTPases). Over 60 mammalian Rab proteins have been identified [1]. Rab35 is an evolution-
arily conserved unique Rab GTPase that mediates membrane trafficking between the plasma
membrane and endosomes in eukaryotic cells [1]. Similar to all G proteins, Rab35 undergoes
molecular switching from active GTP-bound state to inactive GDP-bound state. The activity
of Rab35 is highly regulated with four different Rab35 guanine-nucleotide exchange factor
(GEF) and five Rab35 GTPase-activating proteins (GAPs). Depending on which effector pro-
teins are associated with Rab35-GTP, it can mediate many cellular functions, such as cytoki-
nesis, phagocytosis, cell migration, and exosome release [2-7]. Most of its cellular functions
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involve the regulation of Rab35 in actin polymerization, Arf6 inactivation, or phosphoinositi-
des (PtdIns(4,5)P2) [2, 8-10]. This review briefly summarizes the regulation of Rab35 in endo-
cytosis and focuses on Rab35 in the context of development and diseases.

2. Rab35 mediates protein trafficking

Small G proteins mediate endosomal trafficking and maintain cell surface homeostasis. Two
major types of endocytosis are the clathrin-mediated endocytosis (CME) and clathrin-inde-
pendent endocytosis (CIE) [11]. CME involves the selective uptake of plasma membrane that is
dependent on dynamin for vesicle scission. CIE is dynamin-independent and depends on free
cholesterol at the plasma membrane; CIE does not require specific endocytic sorting sequence
and is known as the bulk endocytic process [12]. The homeostasis at the cell surface requires
balanced CME and CIE and the coordinated regulation by Rab35 and Arf6 [9]. Rab35 and Arf6
work antagonistically at the plasma membrane where Arf6 recruits the Rab35 GAP to inacti-
vate Rab35, and Rab35 recruits the Arf6 GAP to inactivate Arf6. Thus, Rab35 from CME and
the Arf6 from CIE work together to balance the two branches of the endocytic pathway [11].

Following endocytosis, endocytic vesicles converge on early endosomes where the cargos are
sorted to be recycled or transported to late endosomes before eventually fusing with lyso-
somes. Activated Rab35 recruits effectors that mediate the formation of recycling tubules or
vesicles. A diverse array of cargoes have been reported to undergo Rab35-dependent endo-
cytic recycling back to the plasma membrane [13]. Overall, Rab35 plays a conserved role in
mediating endocytosis recycling after cargo internalization.

The function of Rab35 is dependent on the effector proteins that bind to the active Rab35-
GTP. Several key effectors of Rab35 have been identified that reveal its cellular functions.
The level of the PtdIns(4,5)P2 lipid on endosomes is mediated by Rab35, since it binds to
PtdIns(4,5)P2 phosphatase, OCRL [2]. Depletion of either Rab35 or OCRL leads to accumula-
tion of PtdIns(4,5)P2 and F-actin binding proteins in enlarged peripheral endosome. Thus,
Rab35 functions with OCRL to hydrolyze PIdIns(4,5)P2 on new endosomes and help define
the lipid identity of early endosomes.

Fascin is another Rab35 effector protein. It crosslinks actin and assembles F-actin filaments
into parallel bundles. Rab35-GTP recruits fascin in regulating Drosophila bristle development
(Section 3.3) [10]. The shape and growth of the bristles depend on actin bundles. Rab35 also
induces actin-rich protrusions in PC12 cells and regulates lamellipodia and filopodia formation
in Drosophila [4].

Rab35 and Arf6 have been found to function antagonistically in regulating membrane traf-
ficking [14]. Two Rab35 effectors are MICAL-L1 and ACAP2 (Arf6 GAP) that are involved in
neurite outgrowth (Section 3.9.3) [15]. Another effector protein that interacts with Rab35-GTP
in regulating neurite outgrowth is RUSC2. The overexpression of the RUN domain of RUSC2
inhibits Rab35-iduced neurite outgrowth in PC12 cells [16]. The role of RUSC2 downstream of
Rab35 is not known. It is likely that the Rab35 interactome is far from complete.
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3. Rab35 in development

The function of Rab35 in development has been examined mainly in the fly and worm. Various
cell type such as myoblasts, fly S2 cells, oocytes, osteoclasts, neurons and oligodendrocytes
have been used to study specific developmental processes. This section summarizes our cur-
rent understanding of the role of Rab35 in the context of development.

3.1. Rab35 polarizes the fly tracheal seamless tubes

Drosophila trachea consists of multicellular, autocellular, and seamless tubes [17]. How seamless
tubes are constructed is not well known; however, vesicular transport of apical membrane is
thought to play an important role in forming the seamless tubes. During tubulogenesis, tip cells
undergo epithelial to mesenchymal transition and initiate branching morphogenesis. A sub-
population of tip cells then differentiate in to terminal cells. A single seamless tube forms within
each branched extension of the terminal cell. Together with Rab35, Whacked (a Rab35-GAP)
mediates polarization of the growth of seamless tubes. Constitutive activation of Rab35 resulted
in overgrowth of tubes at the terminal cell branch tips [18]. Conversely, Rab35-S22N dominant
negative (DN) leads to ectopic branching surrounding the terminal cell nucleus. The function
of Whacked and Rab35 is not in actin regulation, but in transporting vesicles from a recycling
endosome to the branch tips [18]. Further, the polarized vesicular trafficking mediated by Rab35
is dependent on dynein motor-mediated transport towards the apical membrane [18]. Thus,
polarized growth of the seamless tubes involves coordination of Rab-GAP, Rab35, and dynein.

3.2. Rab35 regulates epithelial organ lumen opening formation

Epithelial organs such as the lungs and kidneys are composed of a polarized cell monolayer
surrounding a lumen. Madin-Darby canine kidney (MDCK) cells have been used as a model
to examine the establishment of epithelial polarity and lumen [19]. It is thought that new
apico-basal polarity in cysts arises from divisions of a single cell where apical transmembrane
proteins are transcytosed from the plasma membrane to the cell-cell contact site. A recent
study using MDCK cells indicated that Rab35 was found to directly interact with Podocalyxin
(PODXL), a classical apical marker that has anti-adhesive properties that promote cell-cell
repulsion at the apical membrane [20]. Rab35 knockdown with RNAi resulted in a complete
inversion of polarity so that the PODXL localizes on the membrane facing the extracellular
matrix instead of the lumen [20]. Rab35 establishes the apico-basal polarity by transporting
PODXL to the site of lumen formation [20].

3.3. Rab35 recruits fascin to form Drosophila bristles

The Drosophila bristle is a mechanosensory organ where their shape and growth depends
on actin bundles as the important structural component. Drosophila Rab GTPases were sys-
tematically tested for their impact on development with the use of DN mutant proteins. Of
these 31 fly Rab GTPases tested, Rab35-522N DN and Rab35 RNAI in the peripheral nervous
system resulted in bristle morphology defects [10]. Adult bristles in reduced Rab35 function
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were structurally abnormal, with sharp bends and kinks. Rab35-GTP binds to fascin, an actin
cross-linking protein that organizes F-actin into bundles. In Rab35 DN cells, actin is found to
be loose and disconnected. Although Rab35 has no effect on actin bundling in vitro, its asso-
ciation with fascin allows it to control when or where actin is bundled in vivo [10]. It was pro-
posed that Rab35 may recruit fascin to initiate the cytoplasmic extension required for bristle
extension. Insufficient Rab35 function would lead to bends and kinks in the bristles. Thus,
Rab35 recruits fascin to subcellular location to drive actin bundling at the leading edge of cell
protrusions to form the Drosophila bristles.

3.4. Rab35 functions in Drosophila germband extension

During development, cell assemblies that involve coordination of cellular adhesion and shape
changes are needed to form tissues and organs. Internal organs such as the palate cochlea, gut
and the kidney all require tissue elongation to shape an elongated body axis of an developing
animal [21]. Cellular reshaping during organ formation requires the function of apical and
junctional cytoskeletal and adhesion proteins. During Drosophila germband extension (GBE),
cells undergo coordinated planar contraction of interfaces between Anterior-Posterior (AP) of
neighboring cells. In the fly epithelium, Rab35 is expressed at low levels in the plasma mem-
brane at the AP interfaces during active interface contractions. During this time, Rab35 func-
tions in a conserved cell-shaping mechanism in which Rab35 shrinks AP cell surfaces by feeding
endocytosed membranes and protein components to early endosomes to decrease plasma
membranes to shape the epithelial cells. Rab35 directs the progressive shortening of anterior
interface in response to apical area oscillations [22]. In addition, another developmental context
where Rab35 shapes the epithelium is during mesodermal invagination where a ventral fur-
row is formed. In Rab35 knockdown embryos, rates of apical construction are greatly reduced
and the embryo failed to form a ventral furrow for mesodermal invagination [22]. Thus, Rab35
functions by shrinking cell surfaces in shaping epithelial cell behaviors during development.

3.5. Rab35 regulates mouse oocyte meiosis

During meiosis, the oocytes undergo nuclear and cytoplasmic maturation where the migra-
tion of intracellular components such as spindle, mitochondria, and cortical granules is
important for subsequent embryonic development. Rab35 localizes in the ooplasm at the ger-
minal vesicle (GV) stage [23]. After germinal vesicle breakdown (GVBD), Rab35 is distributed
at the spindle and colocalizes with a-tubulin. Rab35 RNAI treated oocytes displayed abnor-
mal spindle morphology with multiple poles of spindle components, indicating that Rab35
regulates mouse oocyte spindle formation [23]. In addition, Rab35 RNAi and antibody block-
ing experiments indicated that GVBD is not affected, but polar body extrusion defect was
observed. Overall, Rab35 was found to be important for forming spindles of oocytes during
oocyte meiotic maturation and activation [23].

3.6. Terminal steps of cytokinesis is regulated by Rab35

Intracellular transport is essential for animal cytokinesis, with both the secretory and the
endocytic pathways being implicated in the late phase of cytokinesis. Previously Rabs impor-
tant in cytokinesis was screened with RNAI in S2 cells, in search for binucleated cells that
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failed to undergo cytokinesis [2]. Rab35 is found to be required for the stabilization of the
cytokinesis bridge connecting the daughter cells after furrow ingression as well as the abscis-
sion [2]. The proposed mechanism of Rab35 here is that Rab35 controls the localization of
phosphatidylinositol 4,5-bis phosphate (PIP2) and SEPT2 at the bridge which are required
for the stability of cytokinesis completion [2, 24, 25]. Rab35-mediated endocytic recycling is
important for the stabilization of the late stage cytokinesis and abscission.

3.7. Rab35 regulates endocytic recycling of yolk receptor

Previously genetic mutants of endocytosis were identified in C. elegans. In rme-4 and rme-5
(Rab35) mutants, yolk uptake was greatly reduced [26]. Yolk uptake is necessary to support
early embryonic growth. Biochemical and genetic evidence indicate that RME-4 recruits or
activates Rab35 on endocytic vesicles to recycle receptors to the plasma membrane. RME-4
contained DENN domain that interacts with Rab35-GDP form, not the Rab35-GTP or WT
forms [26]. In rem-4 and rem-5 mutants, sorting and/or recycling of yolk receptor RME-2 was
impaired. Interestingly, in C. elegans, rab35 null mutants are viable and fertile, so it is not essen-
tial for the abscission step of cytokinesis as previously reported [2]. RME-4 is generally required
for endocytosis in multiple cell types, whereas Rab35 may be cell type or cargo-specific.

3.8. Rab35 mediates myoblast fusion

During embryonic development, assembly and disassembly of cadherins play an impor-
tant role in morphogenesis, cell differentiation, growth and migration [27]. Rab35 regulates
cadherin trafficking and stabilization at cell-to-cell contacts to mediate myoblast fusion [28].
Rab35-S22N DN and RNAI results indicated a reduction of N- and M-cadherin at cell-to-
cell contacts and increased accumulation in intracellular vacuoles. Rab35 RNAi and DN
inhibited myoblast differentiation by preventing myoblast fusion to form myoblasts [28].
Overexpression of Rab35-WT and constitutively active Rab35-Q67L indicated their colocal-
ization at the plasma membrane with PI(4,5)P,, but no perturbation of PI(4,5)P, was observed
[28]. The proposed mechanism is that Rab35 function is required for PI(4,5)P, production
which stabilizes cadherin at cell-cell contact sites. Taken together, these results indicate that
Rab35 regulates cadherin-dependent adherens junction formation and myoblast fusion [28].

3.9. Rab35 in the nervous system
3.9.1. Rab35 suppresses oligodendrocyte differentiation

During development of the central nervous system, oligodendrocytes precursor cells undergo
cell division and migrate along axons where oligodendrocytes differentiate to wrap axons with
myelin sheaths [29]. The dynamic morphological changes are in part mediated by small GTPase
signaling. The regulatory role of Rab35 in oligodendrocyte differentiation was examined in
FBD-102b (mouse oligodendroglial cells) cells [30]. Rab35 activates its effector protein ACAP2
(a Arf6-GAP) to deactivate Arf6, which inhibits FBD-102b differentiation [30]. Consistent with
this result, knockdown of Arf6 with RNAi inhibits oligodendrocyte differentiation. In oligo-
dendrocyte and neuronal cocultures, knockdown of Rab35 or ACAP2 promotes myelination,
and inhibition of cytohesin-2 (Arf6-GAP) or Arf6 knockdown inhibits myelination [30]. These
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studies revealed that Rab35 and Arf6 function antagonistically in regulating the differentiation
of oligodendrocyte and myelination.

3.9.2. Rab35 coordinates synaptic vesicle trafficking and turnover

At least 30 out of the 60 mammalian Rab GTPases are associated with synaptic vesicle (S5V) pools
[31]. Antagonistic and synergistic functions of molecules within the Rab35 and Arf6 signaling
network are necessary for regulating SV protein trafficking, degradation, and neurotransmitter
release. Depending on neuronal activity, SVs may either get exocytosed when Arf6 is activated,
or SVs can get recruited to presynaptic endosomes when Rab35 is activated [32]. Dysfunction of
this signaling network may induce neurologic and neurodegenerative diseases. The molecular
mechanism of SV protein turnover was further defined by using the rat hippocampal neurons
[33]. Rab35 degrades SV proteins via the endosomal sorting complex required for transport
(ESCRT) pathway, by recruiting Rab35 effector and ESCRT protein, Hrs. Upon neuronal stimu-
lation, ESCRT proteins are recruited to SV pools to degrade specific SV proteins [33].

In addition, Rab35 and its GAP, Skywalker (Sky), were found to be key players in the endo-
somal sorting/recycling of SV proteins [34]. Sky was identified to facilitate endosomal traffick-
ing of synaptic vesicles at Drosophila neuromuscular junction boutons, by controlling Rab35
GTPase activity. Sky mutants harbor a larger releasable pool of synaptic vesicles and led to
increased basal neurotransmitter release. Rab35 DN rescues Rab35 GAP sky mutant pheno-
types [33]. Consistent with the antagonistic function of Rab35 and Arf6, Arf6 loss-of-function
is similar to that observed in sky mutants (result in accumulation of Rab35-GTP). Thus, Rab35
and Arf6 antagonistic regulation of synaptic endosomal trafficking maintains the SV protein
homeostasis.

3.9.3. Rab35 mediates neurite outgrowth

Rab35 has been shown to promote neurite outgrowth of PC12 cells in response to nerve growth
factor (NGF) stimulation [35, 36]. Upon nerve growth factor (NGF) stimulation, Rab35 accu-
mulates in Arf6-positive endosomes [36]. Both Rab35 and Arf6 work antagonistically to regu-
late neurite outgrowth. The same Rab35 effector, ACAP2 (or centaurin-f32) that regulates the
differentiation of oligodendrocytes (Section 3.9.1), is recruited to the Arf6-positive endosomes
in a Rab-35-dependent manner upon NGF stimulation. The Arf6-GAP activity of ACAP2, lead-
ing to Arf6 inactivation, was required for NGF-induced neurite outgrowth [36]. In addition,
Rab35 was found to form a tripartite structure with MICAL-L1 and ACAP2 and recruit them
to Arf6-positive endosomes in response to NGF. MICAL-L1 and ACAP2 cooperatively recruit
EHD1, which belongs to the dynamin-like C-terminal Eps15 homology domain protein family
[37]. EHD1 promotes membrane trafficking of various receptors, mainly from recycling endo-
somes to the plasma membrane. EHD1 functions as molecular scissors that facilitate fission of
vesicles from recycling endosomes via its ATPase activity. Knockdown of Rab35, MICAL-L1,
ACAP2, and EHDI1 all resulted in shortened neurite outgrowth, indicating the importance of
each of these components [36, 38]. In summary, Rab35 recruits and coordinates MICAL-L1
and ACAP2 to Arf6-positive endosomes. At the same time, EHD]1 is recruited by binding to
MICAL-L1 where it may facilitate neurite tip outward growth by mediating fission of vesicles
that target to neurite tips from recycling endosomes during neurite outgrowth.



The Function of Rab35 in Development and Disease
http://dx.doi.org/10.5772/intechopen.75168

Rab35 has been proposed to act as a master Rab that determines the intracellular localiza-
tion of MICAL-L1, which functions as a scaffold for other recruited Rabs [15]. Upon NGF
stimulation, Rab35 localizes to Arf6-positive recycling endosomes and recruits MICAL-L1,
which interacts with Rabs 8, 13, and 36 [15]. Each of these recruited Rabs functions in a non-
redundant manner downstream of Rab35 and MICAL-L1 in regulating neurite outgrowth
[15]. Knockdown of individual MICAL-L1 interacting Rabs did not alter MICAL-L1 localiza-
tion but inhibited NGF-induced neurite outgrowth. Overall, the NGF stimulation activates
Rab35 which recruits several other Rabs at recycling endosomes that supply membranes and
proteins to enable neurite outgrowth.

3.9.4. Rab35 functions in axon elongation

Neurons acquire an asymmetric morphology during embryonic development to establish
neuronal polarization, where a single axon and several dendrites are formed [39]. Neuronal
polarized trafficking is dependent on the supply of membrane needed to cell expansion and
the differential distribution of proteins. This process involves Rab35 and its regulators. Rab35
was found to function in axon elongation that is regulated by p53-related protein kinase, or
PRPK [40]. PRPK is a negative regulator of Rab35 that promotes the degradation of Rab35
via the ubiquitin proteasome degradation pathway. Another protein, microtubule-associated
protein 1B (MAP1B), interacts with PRPK to inhibit its degradation of Rab35 [40]. MAP1B is
necessary for proper axon outgrowth, as decreased MAP1B expression reduces axon length.
MAPIB knock out is rescued by Rab35 overexpression or PRPK inactivation. Neurons over-
expressing Rab35 WT and active Rab35-Q67L exhibited a significant increase in exon length.
In contrast, Rab35-522N DN transfected neurons had reduced axon length. In addition, Rab35
activates Cdc42 by either direct activation of Cdc42 or transporting vesicles containing polar-
ity determinants to the elongating exons [40]. Overall, these results indicate that Rab35 is
critical for mediating neuronal polarization trafficking to elongate axons.

4. Rab35 in diseases

Disruption of recycling endosome mediated by Rab35 has been linked to several neurological
diseases, including Parkinson’s disease and Down syndrome [41, 42]. In addition, because
Rab35 modulates cell migration through its interaction with Wnt/Dvl signaling pathway and
F-actin modulators, Rab35 plays an important role in cancers (see Section 4.3). Lastly, the
Rab35-mediated recycling endosomal and exocytosis pathways are used by pathogens to
promote their infections and survival (see Section 4.4). This section summarizes the role of
Rab35 in various diseases (Table 1).

4.1. Rab35 may be involved in Parkinson’s disease

Parkinson’s disease (PD) is aneurodegenerative disease in which the patient’s dopaminergicneu-
rons in the substantia nigra are impaired [43]. Lewy bodies composed of abnormal a-synuclein
accumulate in substantia nigra neurons of PD patients [44]. The serum levels of Rab35 was
high in PD patients and in the substantia nigra of mice models for PD [41]. Overexpression
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Disease Function Potential molecular mechanism Ref

Parkinson’s disease Endocyclic recycling of Unknown [41]
a-synuclein

Down syndrome Exosome release Unknown [42]

Breast cancer Promotes cell migration Activation of Racl via Wnt5a/Dv12. [5, 43]

Active Rab35 and MICAL1 generate ROS
and activate Akt pathway

Lung cancer Enhance cell polarization =~ Rab35 mediates interaction of RUSC2 and  [44]
and migration GIT2; mediate GIT2 phosphorylation

Allergy-induced asthma Delayed TCR recycling; DENNDI1B interacts with AP-2 to mediate [45]
increase cytokines Rab35 GTP exchange

Amoebic colitis Entamoeba Uses Rab35 to phagocytose  Unknown [46]

histolytica RBCs

Uropathogenic E. coli Iron acquisition; lysosome  Exploits host TfR1 to acquire iron [47]
evasion

Enterohemorrhagic E. coli Inhibit host endocyclic Bacteria EspG interacts with Arf6-GTP [48]
recycling pathway

Legionnaires disease Evade fusion with host LepB stimulates GTP hydrolysis on Rab35  [49, 50]
lysosomes AnkX modifies Rab35 with [51]

phosphocholine

Antrax Bacillus anthracis Endocytosis and release Rab35 mediates MAPKK cleavage and [7]

anthrax lethal toxin exosome formation

Table 1. Summary of Rab35 in diseases.

of Rab35 in SH-SY5Y cells (cell line model to study neuronal function) resulted in increased
aggregation and secretion of a-synuclein [41]. Although no detailed mechanism of Rab35 in the
pathogenesis of PD is known, Rab35 may participate in the processing and endocyclic recycling
of a-synuclein [43]. This proposed role of Rab35 in PD is in part supported by several studies
that have shown a-synuclein to interact with other Rab proteins [45, 46]. The level of Rab35 in
patient serum may be useful in the diagnoses of different Parkinsonian disorders.

In addition, activation of leucine-rich repeat protein kinase 2 (LRRK2), caused by autosomal
dominant missense mutation, predisposes patients to PD [47]. LRRK2 is a Rab GTPase that has
been found to phosphorylate 14 Rab proteins, including Rab35 [48]. Specific LRRK2 antibodies
that recognize phosphorylated forms of Rab proteins have been developed to examine how
LRRK2 and Rab proteins contribute to PD and may serve as a potential therapeutic tool [49, 50].

4.2. Rab35 controls exosome secretion in Down syndrome patients

Early endosomal abnormalities have been correlated to developmental brain defects in
Alzheimer’s disease (AD) and Down syndrome patients (DS) [51]. In the neurons of these
patients, their endosomes are aberrantly numerous and enlarged with accumulated materi-
als that lead to neuronal vulnerability and degeneration [52]. Early endosomes are the first
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vesicular compartment along the endocytic pathway where internalized cargos are delivered
to late endosomes or multivesicular bodies (MVBs) for sorting to either lysosomes for degra-
dation or to the extracellular space via exosomes release (EVs). The docking of MVBs to the
plasma membrane is regulated by Rab35 [6]. In human brain homogenates, Rab35 proteins
were at a higher level in DS patients compared to controls using western blotting detection
[42]. In addition, DS patients and Ts2 mice (murine model for DS) have higher levels of exo-
some-enriched EVs and Rab35 in the brain extracellular space [42]. Rab35 is proposed to play
a protective role in mediating exosome release to relieve neurons of the toxic materials in
neuronal endosomes in DS and AD patients [42].

4.3. Rab35 functions in cell migration and cancers

Rab35 has been shown to interact with effector proteins that are involved in cell adhesion
and cell migration which are key processes that are disrupted in cancer. Rab35 is required for
Wnt5a/DvI2-induced Racl activation and cell migration in MCF-7 breast cancer cells [5]. Upon
in vitro Wnt5a stimulation, Dv12, Rab35 and Racl are activated to promote cell migration in
MCE-7 breast cancer cells. Conversely, a knockdown of Wntb5a using siRNA resulted in sig-
nificantly lowered expression of Rab35 and decreased MCEF-7 cell migration [5]. Knockdown
of DvI2 also blocked Wnt5a-induced Rab35 and Racl activation, supporting that Rab35 was
the downstream target of Wnt5a/DvI2 signaling in MCE-7 breast cancer cells. Rab35 knock-
down also resulted in decreased Racl activation and cell migration. Further, Rab35 was found
to physically associate with DvI2 in MCF-7 cells using immunofluorescence and co-immuno-
precipitation assays. Thus, Wnt5 signaling results in activation of Dvl/Rab35/Rac1 activity that
promotes breast cancer cell migration.

In another study, active Rab35 and its effector protein, MICALI, control cell invasive pheno-
type in breast cancer cells [53]. MICAL1 has been shown to upregulate reactive oxygen species
(ROS) in HeLa cells and phosphorylate proteins leading to malignancies and metastasis. Breast
cancer cells receive signals from their microenvironment, such as epidermal growth factor
(EGF), LPA and hypoxia, ROS level in cells may increase and functions as second messengers
in intracellular signaling cascades to induce their metastasis [54]. Upon stimulation of EGF,
Rab35 levels increased in MCEF-7 cells [53]. Rab35 knockdown using siRNA in MCF-7 cells
showed a dramatic decrease in cell invasion, demonstrating that Rab35 was required for EGF-
induced invasion in breast cancer cells [53]. Transfection of cells with siRab35 or siMICALL1 led
to decreased ROS, indicating that both Rab35 and MICAL1 are required for ROS generation.
Further, the generated ROS was found to activate the PI3K/Akt pathway which also plays a
key role in migratory potential regulation. Consistent with this result, knockdown of Rab35 or
MICAL1 by RNAi resulted in decreased phosphorylated Akt (P-Akt) [53]. Similarly, P-Akt was
higher when MICAL1 or Rab35-GTP (active) were overexpressed in MCF-7 cells. Together,
these results revealed that Rab35 and MICAL1 promote ROS production which leads to PI3K/
Akt signaling activation, resulting in increased breast cancer cell migration and invasion [53].

Consistent with the role of Rab35 in activating the Akt signaling pathway, an earlier study
identified that Rab35 functions downstream of growth factor receptors and upstream of the
Akt signaling pathway [55]. Using lentiviruses that express short hairpin RNAs (shRNAs) tar-
geting genes coding for all known G-proteins and lipid/protein, Rab35 knockdown was found
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to downregulate Akt phosphorylation [55]. Furthermore, the PI3K-dependent phosphorylation
of FOXO1/3A was also decreased in cells depleted of Rab35. Wild type, constitutively active
Rab35-Q67L and DN Rab35-522N was each expressed in cell lines and only the Rab35-Q67L
active form bound to and activate FOX01/3A and the P13K/AKT signaling pathway [55]. Based
on missense mutations previously identified in the proto-oncogene KRAS in myeloid leuke-
mia patients and colorectal tumors, Rab35 with A151T and F161L mutations were tested for
their effect on AKT signaling [56, 57]. Interestingly, Rab35-A151T and Rab35-F161L mutants
expressed stably in NIH-3T3 cells also resulted in elevated AKT phosphorylation levels, indi-
cating that these gain-of-function alleles are sufficient to activate PI3K/AKT signaling [55].
Therefore, these studies demonstrated that Rab35 activates AKT signaling in cancer cells to
suppress apoptosis and aid in cell transformation.

Rab35 plays an important role in non-small cell lung cancer (NSCLC) cell migration by regulat-
ing the interaction of RUSC2 (Rab35 effector protein) and GIT2 (Arf6-GAP) [58]. Both RUSC2
and GITS2 have been found to regulate cell polarity and directional cell migration [16, 59]. The
function of RUSC2 is not well characterized and may participate in vesicle-mediated transport
and secretory pathway to regulate directional migration [60]. GIT2 interacts with paxillin to
mediate normal cell spreading and lamellipodia formation [61]. Upon EGF stimulation, Rab35
is activated and promotes the binding of RUSC2 to the non-phosphorylated form of GIT2 [58].
Knockdown of Rab35 or RUSC2 by RNAI resulted in decreased GIT2 phosphorylation and its
half-life, indicating that Rab35 and RUSC?2 are each essential for GIT2 phosphorylation and sta-
bility [58]. The phosphorylated form of GIT2 is released from RUSC2 and localizes to the plasma
membrane to mediate cell migration [58]. Collectively, these data indicate that upon EGF stimu-
lation, active Rab35 promotes the interaction of RUSC2 and GIT?2, the intracellular stabilization
and phosphorylation of GIT2, and lung cancer cell polarization and cell migration [58].

4.4. Rab35 may regulate T-cell receptor signaling

Upon receptor complex activation, the duration of signaling is affected by alterations in recep-
tor internalization, recycling, and degradation [62]. The prolonged activation of T-cell receptor
(TCR) on immune T,;2 cells promotes allergic asthma [63]. TCRs within the plasma membrane
of T,2 cells are dynamically regulated through endocytosis and recycling [64, 65]. The role
of Rab35-GEF, DENNDIB, in allergic asthma was investigated in mice [63]. The independent
knockdown of DENN1B, Rab35, or clathrin adaptor AP-2 resulted in delayed TCR downmod-
ulation after its activation [63]. This in turn resulted in aberrant, prolonged TCR signaling and
increased cytokine secretion of IL-4, IL-5, and IL-13 in T, 2 cells. The ability of DENNDI1B to
interact with AP-2 and mediate Rab35 GTP exchange is required for optimal regulation of sur-
face TCR signaling in T, 2 cells [63]. These findings were consistent with enhanced in vivo T,2-
mediated inflammation in Dennd1b-/- mice when challenged with aerosolized antigen [63].
The regulation of DENND1B of T,;2 cells provides a potential mechanistic basis to explain the
genetic association observe with DENND1B gene variants in early childhood asthma [66, 67].

4.5. Pathogens use the Rab35 pathway during infections

Rab35 has been demonstrated to be involved in the process of erythrophagocytosis of Entamoeba
histolytica trophozoites, leading to amoebic colitis [68]. E. histolytica infect around 50 million
people worldwide, and around 100,000 people die annually from this infection [69]. The ability
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of E. histolytica trophozoites to phagocytose host red blood cells (RBCs), immune cells, apoptotic
cells, and microbiota during infection is critical for their pathogenicity [70]. Using an amoebic
expression plasmid for E. histolytica Rab35 (EhRab35), a previous study found that EhRab35 is
mainly localized to both large vacuolar and smaller punctate structures that are distinct from
giant early endocytic vacuoles in the cytoplasm [68]. Infection of human RBCs with a stable
transgenic line of trophozoites expressing either active Rab35-Q67L or the inactive Rab35-522N,
EhRab35 was found to be involved in the early phase of erythrophagocytosis [68]. Specifically,
the active Rab35-Q67L localized to the site of the phagocytic cups during erythrophagocytosis.
In addition, live cell imaging data revealed that GFP-EhRab35 translocated to the newly formed
actin-based phagocytic cup rapidly from the attachment of RBCs [68]. The number of phago-
cytic cups decreased when RBCs were incubated with the inactive form of Rab35-522N tropho-
zoites. Collectively, these results indicate that EhRab35 mediates phagocytosis of RBCs during
infection and is involved in phagosome maturation and degradation of RBCs [68].

Uropathogenic Escherichia coli (UPEC) are the causative agent of 80% of the urinary tract injec-
tions (UTIs) [71]. UPEC hijacks the vesicular trafficking proteins of host bladder epithelial
cells (BECs) to facilitate its survival [72]. In comparison to other tested Rab proteins, Rab35
showed a rather striking degree of localization to UPEC-enriched vesicular structures, termed
UPEC-containing vacuoles (UCVs) [72]. BECs over-expressing GFP-tagged Rab35 protein
were infected with UPEC. Results indicated that Rab35 is recruited to the UPEC-containing
vacuoles during intracellular infection of BECs, and Rab35 protein is also increased during
UPEC infection [72]. Rab35 knockdown with RNAi in BECs led to a significant reduction in
the intracellular bacterial load, demonstrating that Rab35 plays an important role in the intra-
cellular survival of UPEC in bladder epithelial cells. Mechanistically, UPECs usurp the host
membrane trafficking system to facilitate trafficking of iron containing (transferrin) vesicles
to their residing vacuoles [72]. This is supported by confocal microscopy analysis that showed
colocalization of transferrin receptor 1 (TfR1) and Rab35 at the cell surface of BECs during
UPEC infection. Both Rab35 and TfR1 knockdown BECs led to reduced iron pool and reduced
survival of UPEC. Interestingly, iron supplementation in BECs during UPEC is not able to sup-
port intracellular UPEC survival in the absence of host Rab35 or TfR, indicating that the Rab35
pathway is critical for iron acquisition and survival during intracellular UPEC infection [72].

An additional function of the Rab35 recruitment from the host is to promote UPEC survival
by preventing the fusion of UPEC-containing vesicles with the hosts” degradative lysosomes
[72]. UPECs colocalized with lysosomes in normal and Rab35-deleted cells in late endosomes
and lysosomes. In Rab35 knockdown BECs, a significantly higher number of intracellular
UPECs colocalized with the lysosomal marker where UPECs are destroyed. Thus, UPECs
utilize the host Rab35 mediated vesicular trafficking pathways to enhance its iron acquisition
and prevent lysosomal degradation within the bladder epithelial cells during infection [72].

Enterohemorrhagic E. coli (EHEC) and enteropathogenic E. coli (EPEC) cause food-poisoning
outbreaks, in which patients suffer from diarrhea, hemorrhagic colitis and hemolytic uremic
syndrome (HUS) [73]. EHEC is common as a food or water-borne pathogen in industrial-
ized countries, while EPEC remains a significant cause of diarrhea in low-income countries.
Another characteristic of EHEC but not EPEC is the production of Shiga toxins, which are
associated with the more severe hemorrhagic colitis and HUS [74]. During infections, both
EHEC and EPEC deliver bacterial effector proteins into host gut epithelial cells to facilitate
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their colonization [75]. One of these bacterial effector protein is EspG, which is critical for
EHEC to deplete cell surface receptors from the plasma membrane during infections [76].
EspG may reorganize multiple host signaling networks during infection by binding to Arfs
and Rab GTPases [77]. Recently, EHEC EspG during infection was found to modulate an
ARF6:Rab35 signaling axis to prevent the host cell’s recycling endosome function [78]. EspG
binds with Arf6-GTP and not Arf6-GDP in a co-immunoprecipitation study [78]. Interestingly,
EspG also acts as a Rab-GAP for Rab35 and other Rabs where it inactivates Rab35. During
infections, EspG preferentially interacts with Arf6-GTP upstream of Rab35 binding to trans-
port itself to endosomal structures and prevent Rab35 in mediating recycling of cargo to the
host cell surface. Thus, the EHEC secretes its effector protein EspG to shut down the recycling
endosomal trafficking in the host cell.

Legionella pneumophila is the causative agent for Legionnaires disease, a community or hospi-
tal-acquired pneumonia [79]. L. pneumophila proliferates within amoebae in nature and infects
human alveolar macrophages. Alveolar macrophages engulf L. pneumophila through phagocy-
tosis; however, by secreting over 250 effector proteins that modify the host signaling networks
and cell membrane trafficking machineries, this intracellular pathogen converts the macrophage
phagosomes into the Legionella-containing vacuoles (LCV) where Legionella survive and repli-
cate. One of the L. pneumophila effector proteins is LepB, which is secreted by Legionella at later
stages of infection and accumulates in the host cell [80]. In biochemical enzyme kinetic studies,
LepB was identified to act as a Rab-GAP to inactivate multiple Rab proteins [80]. LepB can
stimulate GTP hydrolysis on Rab35, although with 10-100 times decreased catalytic efficiency
than Rab1b [81]. The proposed function of LepB is that it may target multiple Rab proteins that
are involved in the biogenesis or maintenance of the LCVs to promote Legionella survival.

Another L. pneumophila effector protein is AnkX, a phosphocholine transferase that covalently
links a phosphocholine moiety to Rab35 [82]. Fluorescent protein-tagged AnkX introduced
to mammalian cells was found to localize at the plasma membrane and tubular membrane
compartments by transmission electron microscopy [83]. Consistent with its targeting of the
endocytic recycling pathway, AnkX co-localized with Rab35 and a Rab35 cargo, the major his-
tocompatibility class I protein (MHCI) [83]. AnkX mediated phosphocholination of Rab35 has
been found to stabilize phosphocholinated Rab35-GDP in the membranes [84]. These seques-
tered membrane-bound phosphocholinated Rab-GDP proteins cannot be converted to the
Rab35-GTP form, because they cannot interact with cellular Rab35-GEFs [84]. The phospho-
choline modification of Rab35 by AnkX was found to be critical for preventing the activation
of Rab35 and prevent the fusion of LCV with phagosomes [83, 85]. Thus, AnkX mediates post-
translational modification to Rab35 to manipulate the host endocytic recycling trafficking to
evade the immune system.

Rab35 may play a role in the pathogenesis of Bacillus anthracis infection. The lethal toxin (LT)
is made of protein subunits lethal factor (LF) and protective antigen (PA). PA oligomerizes
into ring-shaped structure that bind to four LF subunits that then gets taken up by host cells
via clathrin-mediated, dynamin-dependent endocytosis to the early endosomes [86]. The
anthrax PA forms a pore into the membrane of the intraluminal vesicles (ILV) that can be
delivered to the cytosol or released into the extracellular medium as exosomes which can be
taken up by naive recipient cells to propagate infection [87]. Rab11l and Rab35 knockdown
in RPE cells failed to trigger MAPKK cleavage in naive RPE-1 cells [7]. Furthermore, Rab35
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knockdown prevented exosome formation, indicating that Rab35 is required for the delivery
of LF-containing exosomes to extracellular medium in RPE1 cells where these LF-containing
exosomes can be taken up by additional cells [7].

5. Conclusions

Rab35 is a highly conserved small GTPase that is the only Rab that mediates endosomal recy-
cling of target proteins between the plasma membrane and the early endosomes. Further
understanding of the interactome of Rab35 will elucidate additional functions of Rab35 in the
context of development and disease.
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Abstract

SGK1, a serum- and glucocorticoid-inducible kinase implicated in cancer, is regulated
by TGF-betal and PI3-kinase. In a comparative study of different benign and cancer-
ous breast and prostate cells, we demonstrate in this study that exon 11 deletion in
SGK1 occurs only in LNCaP prostate cancer cells in association with the deficient TGF-
betal mRNA message and FOXO3A-driven promoter activity. Using protein modeling
approaches, we discovered that exon11 deletion in SGK1 could redistribute electrostatic
surface potential around the major kinase domain and affect phosphorylation of SGK1
target proteins including FOXO3A. Concordantly, we found that LNCaP cells displayed
FOXOBA hyperphosphorylation at the Ser218/321 (a site next to Ser315 with the marked
SGK1 preference) along with changes in gene expression profile of TGF-beta relevant reg-
ulators (such as SMAD2/4, MAD4 and SKIP). Oncomine-interactome analysis further val-
idated a possibility of reciprocal TGF-betal regulation by its transcriptional target SGK1
through alterations in FOXO/SMAD and steroid hormone nuclear receptor interactions.

Keywords: SGK1, TGF-betal, FOXO-SMAD, LNCaP, prostate cancer

1. Introduction

SGK1 plays a major role in carcinogenesis in association with FOXO3A (or FKHRL1), p53
and GR [1-3]. Since TGF-betal is turned on by cancer cells from a tumor suppressor into
a mediator of metastasis [4], its transcriptional target SGK1 can contribute to pleiotropic
TGEF-beta actions in homeostasis and carcinogenesis [5]. Glucocorticoid (GC) control of
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SGK1 can provide more clues to dual TGF-betal effects on the coregulation by endogenous
steroids on cell growth. Furthermore, serum and glucocorticoid (GC)-inducible SGK1 regu-
lates ion channel conductance, cell cycling, and apoptosis. Additionally, SGK1 enzymatic
activity is also regulated by PI3-kinase [6], and the PI3K/Akt/mTOR cascade is known to
be involved in TGF-betal resistance in cancer [7]. SGK1 downregulation was identified in
prostate carcinogenesis with its mRNA levels specifically reduced in hormone-refractory
carcinomas [8, 9]. In the current study, we first examined TGF-betal and SGK1 mRNA
message and gene expression in benign and cancerous breast and prostate cells differing in
their hormone sensitivity. Aberrant SGK1 transcription (Aexon11) in LNCaP prostate can-
cer cells coincided with alterations in TGF-betal mRNA message and FOXO3A-driven pro-
moter activity indicating a possible feedback regulation of TGF-betal by SGK1. Our protein
simulation studies (DeepView/Swiss-PdbViewer) suggested that the defective translation
in the Aexon11-SGK1 could affect its kinase domain and thereby phosphorylation of target
proteins including a major TGF-betal transcriptional regulator FOXO3A. Consequently,
we demonstrated FOXO3A hyperphosphorylation in LNCaP, which suggested FOXO3A
deficient transcriptional activity that was concordant to altered gene expression in the
FOXO-SMAD and other components of TGE-beta signaling. Analysis of TGF-betal-SGK1
reciprocal regulatory circuits (Oncomine) suggested possible coregulation of TGF-betal by
its downstream SGK1 linking FOXO-SMAD to nuclear steroid receptors (AR and GR).

2. Materials and methods

2.1. Cell cultures

Benign as well as cancerous breast and prostate cells (ATCC, Manassas, VA) were routinely grown
in media (184B5—MEGM, PrEC—PrEGM; LNCaP —RPMI1640; PC3—F12 K; DU145, MCF7 and
MDA-MB-231—MEM; MDA-MB-435—50%DMEM+50%F12) containing FBS and antibiotics
(Invitrogen, Carlsbad, CA; Cambrex, East Rutherford, NJ). RNA was extracted (RNAqueous-4
PCR Kit, Ambion, Austin, TX) from confluent cells and used (2 pg) for reverse transcription reac-
tions (SuperScript First-Strand Synthesis System for RT-PCR, Invitrogen, Carlsbad, CA).

2.2. Multiplex PCR and sequencing

MultiplexPCRwasperformedusingfollowing primersfor TGF-betal (forward —5"-GCCCTG-
GACACCAACTATTGC-3" and reverse—5-GCTGCACTTGCAGGAGCGCAC-3'), SGK1
(forward —5'-CTCCTGCAGAAGGACAGGA-3' and reverse—5-GGACAGGCTCTTCGG-
TAAACT-3") and beta-actin (forward —5-CTGGCCGGGACCTGACTGACTACCTC-3" and
reverse—5-AAACAAATAAAGCCATGCCAATCTCA-3', ratio to other primers 1:10).

Following TGF-betal primers were used to amplify almost entire coding region (1250 bp)
orits 3'-fragment (499 bp): forward 5-AGGCCCTCCTACCTTTTGC-3' or 5 ATTGAGGGCTTT
CGCCTTAG-3" with reverse 5-ACAGCTGCTCCACCTTGG-3'". Both fragments from DU145
control were successfully amplified using 1ul of 0.1x cDNA, whereas amplification with 1ul
cDNA from LNCaP produced only the smaller fragment.
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Sequencing was verified for the SGK1 amplicon with expected size (193 bp) and identified a
missing exonll (90 bp) in the extra amplicon from LNCaP. Amplification and sequencing of
full-length SGK1 (~1.4 kbp; primers: forward —5-TTTGAGCGCTAACGTCTTTCTGT-3' and
reverse —5-TTGCTAAGCTTCCAGAGATGTGC-3'; data not shown) from DU145 and LNCaP
confirmed a single exon11 deletion in the apparently smaller amplicon in LNCaP that could
cause a lack of following protein sequence: MEIKSHVFFSLINWDDLINKKITPPFNPNV.

2.3. TGF-betal promoter analysis

TGF-betal promoter (~2400 bp) inspection by the Genomatix software (GmbH, Munich,
Germany) identified a single FOXO3A-specific regulatory element (V$FKHRL1.01, core and
matrix similarity ~1; within the -350-450) as well as numerous elements with possible modify-
ing effects on TGF-beta transcription (upstream ~600 bp). TGF-betal promoter activities were
assessed in different cells (MDA-MB-435—N/A) using Firefly Luciferase Reporter System
(Promega, Madison, WI) and presented as normalized ratios from quadruple measurements.
pGL3-Basic Vector lacking eukaryotic promoter and enhancer sequence was used to insert
functional promoters containing first 5 ‘-UTR nucleotides (ACCTCCCCTCCG) in exonl in
addition to the -323, -453 or -1132 sequences in TGF-betal promoter.

2.4. Protein modeling

Using the DeepView/Swiss-PdbViewer, v3.7 software developed at GlaxoSmithKline and
available for download through public access at Expasy (http://www.expasy.org/spdbv), we
simulated C-terminal SGK1 protein based on a crystallographic model of Rac-beta protein
kinase (Kinase Domain 146-460, PDB: 1gzk). According to aminoacid composition, a homol-
ogous structure was successfully assigned to SGK1 (UniProtKB/SwissProt Entry: O00141)
and C-terminal SGK1 fragment (102-372) was correctly “threaded” on a structural template
of the Ser/Thr Rac-beta kinase. In order to complete SGK1 C-terminal (102-376) protein
modeling with low threading energy levels, we fixed side chains of some aminoacids with
possible clashes and built four 3’end-exon1l SGK1 residues (the NPNV fragment did not
have corresponding residues in a structural template). Based on the simulated wt-SGK1,
we created a Aexonl11-SGK1 (102-346) model that lacked 30 3’end-residues (M347-V376)
corresponding to the deleted exonll. In order to predict possible structural effects of the
Aexonll in SGKI1 protein, surface (including internal cavities) and electrostatic potential
were computed using the DeepView/Swiss-PdbViewer software. In addition, SGK1 nucleo-
tide and protein analysis were performed using databases such as Entrez, Ensembl and
Expasy Tools.

2.5. cDNA microarray analysis

cDNA microarray analysis of prostate cancer cells was performed using Atlas Human Cancer
1.2 arrays and the corresponding software AtlasImage 2.01 (Clontech, Palo Arto, CA). Gene
expression in two compared arrays was assessed using the ratios of adjusted intensities after
subtraction of external background and global normalization based on sum method (signal dif-
ference threshold >4000; ratio threshold R > 2: upregulation —R >2; downregulation—R < 0.5).

71



72 Peripheral Membrane Proteins

2.6. Western blotting

Lysates from LNCaP and DU145 were concentrated by TCA, precipitated and equivalently
loaded on polyacrylamide SDS gel (entire image, left), then transferred to nitrocellulose mem-
branes for Western Immunoblotting (enlarged fragment, middle) with the 1:1000 dilution of
Phospho-FOX03A (Ser318/321) antibody (Cell Signaling Technology, Danvers, MA).

3. Results

3.1. In LNCaP prostate cancer cells, aberrant SGK1 transcription was associated
with altered TGF-betal message and promoter activity

To evaluate the relationship between TGF-betal and its transcriptional target SGK1 in prostate
and breast cancer cells, we examined their gene expression. Benign prostate (PrEC) and breast
(184B5) cells displayed expectedly high TGF-betal and low SGK1 gene expression that was
maintained in most cancer cells (Figure 1A). Among the tested benign and cancerous prostate

A
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- TGF-beta1
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Figure 1. SGK1 transcription in association with TGF-betal message. (A) Multiplex PCR was performed using primers
for TGF-betal and SGKI1 as described under “materials and methods.” (B) sequencing verified that the SGK1 amplicon
with expected size (193 bp) was missing exon11 (90 bp) in the amplicon from LNCaP.
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(LNCaP, DU145, and PC3) and breast (MCF7, MDA-MB-231, and -435) cells, LNCal> was the
only cell line with the almost undetectable TGF-betal, which coincided with an additional
aberrant A-exon11-SGK1 transcript of 90 kb (Figure 1A). Unlike similar profiles of transcrip-
tion in breast and prostate cells, mRNA message of SGK1 in the LNCaP prostate cancer cells
displayed a double-band for full-length SGK1 cDNA, thereby validating a slightly smaller size
of the extra-SGKI-transcript. SGK1 amplicon with the expected size (193 bp) and the identi-
fied missing exonl11 (90 bp) in the extra amplicon from LNCaP were verified by sequencing
(Figure 1B). Identification of the two PCR amplicons of SGK1 in the LNCaP cells suggests the
presence of a heterozygous mutation in genomic DNA that apparently results in an alterna-
tive splicing of the SGK1 mRNA.

We analyzed TGF-betal promoter (~2400 bp) by the Genomatix software (GmbH, Munich,
Germany) and identified a single FOXO3A-specific regulatory element (V3FKHRL1.01,
core and matrix similarity ~1; within the -350-450) as well as numerous elements with
possible modifying effects on TGF-beta transcription (upstream ~600 bp). Therefore,
TGEF-betal promoter activities were assessed in different cells using the Firefly Luciferase
Reporter System (Promega, Madison, WI) and presented as normalized ratios from qua-
druple measurements. TGF-betal promoter activity analysis (Figure 2A) identified hor-
mone-sensitive LNCaP as prostate cells with the lowest average activity (~50% compared
to the rest). Similarly, hormone-sensitive MCF7 cells had the lowest TGF-betal promoter
activity among breast cells. Drastically enhanced promoter activity in the -453-fragments
compared to -323 in MDA-MB-231 cells in comparison with MCF7 cells can be attributed
to the FOXO3A (Genomatix) elements contributing to their hormone-sensitive functional-
ity. Further extension of the promoter fragment (-1132) suggested cell-specific TGF-betal
transcriptional modulation by auxiliary regulatory elements including SMAD-interacting
(FAST-1/FoxH3) and TGF-beta inducible (TIEG/EGR-alpha) proteins as well as Myc/MAX
and GR. Remarkably, the FOXO3A-enhanced -453-promoter activity was annulled in the
-1132-fragment in the androgen-sensitive LNCaP cells, while the estrogen-sensitive MCF7
breast cancer cells maintained similar TGF-betal promoter activity in both fragments.
Previous studies have shown that SGK1 co-mediated FOXO3a inactivation [10] contributes
to the TGF-betal-mediated cell survival.

In our further study on the TGF-betal message (Figure 2B) in LNCaP versus DU145 (two
prostate cell lines with most similar TGF-betal promoter activity profiles), LNCaP lacked
complete TGF-betal mRNA but possessed a message which could translate the active
form of TGF-betal with the 5'-end of its latency-associated peptide responsible for the cell
attachment. These results suggested that along with alternative splicing, mRNA process-
ing and stability can be affected by the 5-UTR sequences (absent in previous amplifica-
tion, Figure 1A) modifying autocrine TGF-betal regulation. However, deficient TGF-betal
message could affect folding and cleavage of the mature TGF-beta-1 in LNCaP, while the
remaining latency-associated peptide portion could render it inactive. Consistent with
suggested hormonal regulation of TGF-betal transcription, TGF-beta mRNA presence and
secretion have been previously shown in both androgen-resistant DU145 and PC3, but not
in LNCaP [11] where TGF-beta insensitivity was associated with promoter methylation of
its cognate receptors [12]. However, LNCaP could secrete active TGF-beta in response to
estrogen or androgen [13].
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Figure 2. (A) TGF-betal promoter activities in prostate and breast cancer cells. TGF-betal promoter activities were
assessed in different cells using different truncated promoter plasmids as described under “Materials and Methods”
and Firefly Luciferase Reporter System (Promega, Madison, WI) and presented as normalized ratios from quadruple
measurements. (B) TGF-betal cDNA transcripts in DU145 and LNCaP cells. TGF-betal primers were used to amplify
almost entire coding region (1250 bp) or its 3'-fragment (499 bp) as described under “Materials and Methods.” Both
fragments from DU145 control (as well as PrEC and PC3, not shown) were successfully amplified using 1ul of 0.1x cDNA,
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whereas amplification with 1ul cDNA from LNCaP produced only the smaller fragment.
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3.2. Identified SGK1 exon11 deletion could affect major kinase domain responsible
for the phosphorylation of SGK1 target proteins

To our knowledge, this is a first report for alternative transcription of human SGK1 presented
by a single transcript (Ensemble: ENSP00000237305) and having effect on TGF-beta. Based
on peptide analysis (ExpasyTools), a loss of the 90-bp spanning exon11 is not likely to affect
drastically the average MW (reduction only by ~7%) or pl (~8.7 for both). Although none
of reported SNPs or mutations implicated the exonl1 loss, its missing residues (347-376) in
SGK1 protein are included in major Protein Kinase (98-355) or Protein Kinase C (375-427)
domains associated with the key phosphorylation function of SGK1 as a Ser/Thr kinase.
Defined central SGK1 domain (83-355) included catalytic domain, nuclear localization signal
and the PY-domain involved in NEDD4-2 binding [1]. Using DeepView/Swiss-PdbViewer,
we simulated both wt- and A-SGK1 C-terminals (Figure 3). As expected, external area or vol-
ume (decrease by 9 and 11%, respectively) as well as disposition and size of internal cavities
(images on the left) did not change essentially in the A-SGK1 model. However, exonl1 dele-
tion reshaped protein surface (images in the middle) and redistributed electrostatic potential
(images on the right) around the major kinase domain. These changes could influence pro-
tein binding and phosphorylation of SGK target proteins (such as FOXO3A and NEDD4-2
involved in the TGF-betal, GCs or nutrient starvation responses) as well as SGK1 transport
between cytoplasm and the nucleus.

3.3. SGK1 aberrant transcription and predicted kinase domain alterations were
associated with the increased FOXO3A phosphorylation in LNCaP

As a direct target of SGK1, FOXO3A is phosphorylated in response to PI3K signaling [14].
Unlike two sites (Thr32 and Ser253) in FOXO3A which are catalyzed more effectively by Akt/
PKB and are required for FOXO3A binding to 14-3-3 proteins, the Ser315 site next to the
nuclear export signal is favored by SGK, which has a primary role in exporting FOXO3A
from the nucleus. Consistently, FOXO3A in LNCaP was more phosphorylated at the adjacent
Ser318/321 site (Figure 4) even when compared to DU145 cells with the most similar reduc-
tion profile of TGF-betal promoter activity.

3.4. TGF-betal-specific synexpression profile and interactome associated with
aberrant SGK1 and TGF-betal mRNA messages in LNCaP

cDNA microarray analysis revealed a distinct TGF-betal relevant synexpression pattern in
LNCaP as compared to DU145 (Figure 5). Most importantly, two major TGF-beta relevant
transcriptional regulator SMADs (2 and 4) were greatly reduced in LNCaP consistent with the
“logic of TGF-beta signaling” [4] and ability of the SMAD2-lacking cells to escape TGF-beta-
mediated growth inhibition [15].

On the other hand, the TGF-betal target MAD4 that is upregulated in LNCaP could switch cell
growth regulation to Myc pathway [16]. The SMAD3-binding Myc-regulator NOTCH1 [17, 18]
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Figure 3. Protein modeling of wt- and A-SGK1 C-terminal. In both wt-SGK1 (top) and A-SGK1 (bottorn), sequences are
colored by threading energy (upper line) except added NPNV residues in the wt-SGK1 (in white). Exon11 residues
are highlighted in red in the wt-SGK1 and presented by dots in the A-SGK1. Structural template sequences in both
models are in white (lower line). In both models, left images represent ribbon structure (in white) with labeled end-
residues and internal cavities (in color); middle images—External surface (yellow filled triangles) and right images—The
electrostatic potential computed by coulomb method using partial atomic charges (dotted lines, dark red —-1.800 and
dark blue—1.800). C-terminals are viewed from the same position with the designated areas corresponding to exon11
(white arrows).

was overexpressed, while two Myc-relevant stress response mediators (GADD-45 and -153)
were downregulated in LNCaP cells (data not shown). Intriguingly, spliceosomal component
and transcriptional coregulator SNW/SKIP, which activate the SMAD2/3 activity [19], were
underexpressed in the LNCaP cells and increased in DU145 pointing to a differential hor-
monal regulation with aberrantly transcribed SGK1 and TGF-betal and reduced SMAD. Gene
expression of TGF-betal and SGK1 (represented by short downstream 3'UTR fragments) did
not change as much accentuating the causative role of alternative RNA processing.

TGEF-betal and SGK1 interactome (Figure 6) substantiated a possible feedback regulation of
TGF-betal by its transcriptional target SGK1. Alterations in the FOXO3A phosphorylation
and following FOXO/SMAD signaling could involve nuclear hormone receptors (GR, AR) and
ubiquitination targeting components (UBL1, UBE2L3, UBE2E1) indicating links to steroids
and autophagy in the TGF-beta-regulated cell death/proliferation. Consistently, in LNCaP
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Figure 4. FOXO3A phosphorylation in LNCaP versus DU145. Lysates from LNCaP and DU145 were loaded onto
polyacrylamide SDS gel and subjected to immunoblotting (enlarged fragment, middle) with the 1:1000 dilution of Phospho-
FOXO03A (Ser318/321) antibody (Cell Signaling Technology, Danvers, MA). Specific bands with expected size (~97 kDa)
were found in the 68-116 kDa gel fragment. Ponceau S staining (enlarged fragment, right) marked the standards.
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Figure 5. cDNA microarray analysis of prostate cancer cells showing TGF-betal-relevant synexpression. cDNA
microarray analysis of prostate cancer cells was performed using Atlas Human Cancer 1.2 arrays and the corresponding
software Atlasimage 2.01 (Clontech, Palo Arto, CA). Gene expression in two compared arrays was assessed using the
ratios of adjusted intensities after subtraction of external background and global normalization based on sum method
(signal difference threshold >4000; ratio threshold R > 2; upregulation—R > 2; downregulation—R < 0.5). Graphic
presentation of adjusted intensities for several listed genes is shown.
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Figure 6. Putative feedback regulation of TGF-betal by its transcriptional target SGK1. TGF-betal and SGK1 Interactome
was created using the Oncomine (http://www.oncomine.org), which represents physically interacting proteins based on
the Human Protein Reference Database.

cells with the disturbed PI3K/Akt pathway, the AR-mediated mTOR activation induced cell
proliferation, while the serum-induced SGK1 represented modulation of nutrient availability
[20]. Our recent studies on cytotoxicity and cell death/proliferation in response to tumor sup-
pressor p53 and ANXA7 suggested deficient PCD-type2 in LNCaP (data not shown).

At last, the spliceosomal regulator SNW/SKIP which mediates TGF-beta, NOTCH, Rb and
nuclear hormone receptor signaling [19] may link defective TGF-beta pathway components
including FOXO/SMAD to the AR- and GR-dependent alternative splicing in SGK1 and TGEF-
betal RNA in the hormone-sensitive LNCaP.

4. Discussions

Our observations on TGF-betal and SGK1 pathways in LNCaP are in line with previously
reported evidence that SGK1 altered negative control of FOXO-dependent transcription by
Akt/PKB [4]. SGK1 could contribute to the PI3K/Akt and AR controlled cell growth in LNCaP
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where constitutive PI3K/Akt activation has been ascribed to phosphatidylinositol-phospha-
tase PTEN deficiency [21]. Reduced expression and hyperphosphorylation of FOXO3A in
progression of LNCaP cells to androgen independence [22] could be also associated with the
steroid-regulated SGK1. Correspondent to that, androgen-sensitive and GR-negative LNCaP
lacked GC-induced cell growth inhibition unlike the androgen-resistant and GR-expressing
prostate cancer cells in which GC could induce TGF-betal mRNA [23, 24]. Differential dexa-
methasone response in LNCaP versus DU145 and PC3 is consistent with the distinct TGE-
betal and SGK1 mRNA message patterns found in this study. In prostate carcinogenesis,
AR and TGF-betal interactions were implicated [25], and AR can inhibit TGF-beta-relevant
transcription through SMAD3 [26]. Therefore, LNCaP cells could have a shift toward the
AR-dominating TGF-betal cell survival control where pathological GC-responses could
involve SGK1 and GR-mediated FOXO3A inactivation [10].

Another SGK1 target, NEDD4-2 can negatively regulate TGF-beta signaling through the
ubiquitin-mediated degradation of SMAD2 and TGF-beta-RI [27], which has intrinsic serine/
threonine kinase activity and can stimulate phosphorylation of SMADs [4]. LNCaP cells are
defective for conventional TGF-beta-RI (which is not required for TGF-betal signaling) but
overexpress the TGF-beta-RII in response to dihydrotestosterone [28] that restores cell growth
inhibition by TGF-betal [29].

Structural changes in SGK1 (which is responsible for phosphorylation in response to various
factors including GCs, TGF-betal and nutrient starvation) may cause downstream alterations
associated with specific target proteins. SGK1 is involved in the cross-talk among FKHRL1 (or
FOXO3a), p53 and GR [3, 30] as well as activation of various channels and transporters through
the ubiquitin ligase Nedd4-2 [31]. Therefore, suggested electrostatic charge redistribution
around a major kinase domain in the Aexon11-SGK1 could affect phosphorylation of the SGK1-
related proteins indicating potential targets in a defective response to endogenous steroids
with following cell growth imbalance in cancer. Moreover, identified aberrant SGK1 transcrip-
tion may contribute to prostate carcinogenesis by affecting a reciprocal regulation of TGF-beta
by GCs that could uncover a major dysfunction in the homeostatic cell growth control.

5. Conclusions

In summary, LNCaP alternative SGK1 transcription identified in this study may represent a
feedback modulation in the TGF-betal pathway. Affecting TGF-betal signaling by controlling
FOXOBA phosphorylation and thereby —nuclear transport and transcriptional activity, SGK1
may uncover cell growth control mechanisms that are lost in cancer. Further studies on the recip-
rocal TGF-beta-SGK1 associations can elucidate bimodal character of TGF-betal responses in the
GC and sex hormone coregulated cell death/proliferation in homeostasis and carcinogenesis.
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Abstract

Peripheral membrane proteins are endocytosed by constitutive processes of membrane
invaginations, followed by internalization driven by diverse endocytic machinery avail-
able at the cell surface. It is believed that after endocytic uptake, cargo proteins proceed
either through the endosomal recycling circuit of the cell or travel toward late endosomes
for degradation. In this chapter, we analyzed trafficking of seven cargo molecules (trans-
ferrin receptor, fully conformed MHC-I, non-conformed MHC-], cholera-toxin B subunit,
CD44, ICAM1, and G-protein-coupled receptor Rae-1) known to use the distinct endo-
cytic route. For that purpose, we developed the software for multicompartment analysis
of intracellular trafficking. We demonstrate that all endocytosed molecules are rapidly
recycled and propose that the rapid recycling is a constitutive process that should be
considered in the analysis of intracellular trafficking of peripheral membrane proteins.

Keywords: rapid endosomal recycling, clathrin-independent cargo, endosomal
recycling, endosomal trafficking, kinetic modeling of endosomal trafficking,
transferrin receptor

1. Introduction

Endocytosis is an essential cellular function maintenance of the membranous system and
plasma membrane (PM) associated functions, including uptake of nutrients and extracel-
lular material, cell communication and information processing, motility, adhesion, and cell
division (reviewed in [1-7]). Endocytic uptake occurs either by ligand binding to cell sur-
face proteins (receptor-mediated endocytosis) or by uptake of extracellular fluid by mem-
brane invaginations (fluid-phase endocytosis) [3]. Endocytosis is initiated by cellular proteins
that change PM lipid composition and by the assembly of a series of cytoplasmic proteins,

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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known as endocytic machinery, which causes membrane deformation and assists pinching
off membrane invaginations into endocytic carriers. The best characterized is cytoplasmic
protein clathrin that assembles and forms clathrin coat which initiates the rapid develop-
ment of endocytic carriers, known as clathrin-dependent endocytosis (CDE). Endocytic carri-
ers may be developed without the assistance of the clathrin, known as clathrin-independent
endocytosis (CIE), although it is assisted by cellular proteins such as caveolin (known as
caveolin-dependent endocytosis) or flotillin (flotillin-dependent endocytosis). Pinching off
endocytic carriers is also facilitated by several cellular proteins, including cellular guanosine-
triphosphatase (GTPase). Endocytic uptake that requires the dynamin is known as dynamin-
dependent endocytosis (DDE), and the endocytic uptake which does not engage dynamin is
known as dynamin-independent endocytosis (DIE).

In addition to the endocytic uptake initiated by ligand binding, PM is constitutively endocy-
tosed with the dynamic unique for each cell. Depending on cell type, the whole cell surface is
internalized one to five times in an hour [3]. The dynamic of the constitutive uptake, thus, is a
cell adaptation to the metabolic and growing conditions. Constitutive endocytic uptake of PM is
a part of cellular physiology required for maintenance of PM and membranous organelle com-
position. PM is internalized into endocytic carriers, which upon endocytic uptake coalesce and
together with endocytic carriers derived by receptor-mediated endocytosis form early endo-
somes (EEs). EEs are highly dynamic intracellular compartments that grow in size, migrate
along cytoskeleton, fuse with each other, mix and sort membrane content, mature, and ulti-
mately deliver the membrane content to lysosomes for degradation [1, 8]. Along the endocytic
pathway, membranes change composition and form membrane domains, which at some stage
of endosomal maturation can form subcompartments [1, 2, 7]. Maturing EEs form larger organ-
elles, which extensively sort membrane cargo, known as sorting endosomes (SEs), by process of
endosomal conversion transform into late endosomes (LEs). LEs are a highly dynamic network
of membrane domains that also mix and sort membrane cargo and deliver it either toward the
trans-Golgi network (TGN), cell surface (exocytosis), or lysosomes for degradation [1, 7, 9].

Along the entire endosomal pathway, endosomal membranes develop recycling domains
to generate recycling carriers that return membranes back to the cell surface (reviewed in
[10-12]). As endocytic uptake, endosomal recycling may be initiated and regulated by a set
of cellular proteins representing the recycling machinery and may occur constitutively. At
the stage of EEs, a majority of the endocytosed membrane is returned to the cell surface from
tubular EEs that directly deliver recycling carriers to PM or transform into the agglomerate
of recycling domains near the cell center, known as the endosomal recycling compartment
(ERC). EEs and the ERC return the majority of internalized membranes, although recycling
may also occur from LEs [13], and only 3-5% of internalized membranes are delivered to lyso-
somes. Although it is considered that endosomal route through EEs and the ERC represent
the endosomal recycling circuit, and LEs represent the feeder system that delivers cargo into
degradation [1], it appears that recycling occurs from LEs and the endosomal recycling route
can be divided into EE and LE recycling circuits [13].

Constitutive endosomal uptake and recycling are processes utilized by the cell to regulate
PM and endosomal organelle composition and represent a fundamental mechanism for cel-
lular adaptation to the metabolic activity and environmental conditions. Maintenance of the
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membranous system consumes ~30% of cellular energy [14] and, thus, it is of particular inter-
est for the cell to make these processes energetically efficient. The delivery of endocytosed
membranes and membrane cargo along the endocytic pathway should be aligned with the
cellular physiology requirements for endosomal compartmentalization, and all membranes
and membrane cargo that do not need to enter the distal parts of the endosomal pathway
should be returned back to the cell surface as early as possible to minimize cellular energy con-
sumption. Therefore, for a substantial part of an internalized PV, it is essential to be returned
quickly after endocytic uptake. This process of membrane return should occur rapidly after
both ligand-initiated and constitutive endocytic uptake and may be called rapid recycling.

The term rapid recycling is not clarified in the literature. Although the term rapid recycling
can also be assigned to the recycling processes that are characterized by the very fast delivery
of membranous content to the PM at any stage of the endocytic tract, we assign the term rapid
recycling to a part of the recycling circuit that is activated very early after endocytosis. In this
chapter, we used available data from the literature, our experimental data, and kinetic mod-
eling to demonstrate that rapid recycling is a significant constitutive part of post-endocytic
itinerary irrespective of the way of membrane endocytic uptake.

2. Plasma membrane dynamics

Early studies on endocytosis suggested that the PM is highly dynamic and the whole PM
is internalized one to five times in an hour [2]. Studies using fluorescent lipid analogs dem-
onstrated that the PM system is extremely dynamic and that the half-time for membrane
turnover could be as short as 5-10 min [15]. Constitutive endocytic uptake occurs by clathrin-
coated pits and by clathrin-independent mechanisms (reviewed in [5, 6]). Thus, it is reason-
able to assume that the constitutive uptake does not occur at the entire PM with the same
rate. In addition to the wide range of endocytic machinery available in the cell, the rate of PM
constitutive uptake would also depend on membrane composition at the site of development
of endocytic carriers and attachment of PM to the actin network. For example, requirements
for membrane deformation and transformation into an endocytic carrier will be different at
lipid-organized membrane microdomains (i.e., lipid rafts) than at more fluid parts of the PM.

Much understanding of the kinetics of the PM uptake came from the studies of CDE cargo,
mostly the transferrin receptor (TfR). In general, internalization kinetics of CDE cargo mol-
ecules demonstrated that PM uptake at the segments which involves clathrin-coated pits (coat-
dependent endocytic uptake) is very fast [4, 15] and occurs with the rate which is in the range of
0.20-0.50 min™ [16-19], although lower [20] and higher [19] rates were determined. Kinetics of
the endocytic uptake of CDE cargo, however, does not reflect the average rate of the constitu-
tive uptake of PM. Namely, the coat-dependent route accounts for 40-50% of the constitutive
endocytic uptake [5], although recent evidence suggests that at least 95% of cellular endocytic
uptake is based on clathrin-coated pits [21] and that different cell surface proteins can be sorted
into distinct clathrin-coated pits [2, 4]. On the other hand, the kinetic and physiology of the
constitutive endocytic uptake that does not involve clathrin coats (coat-independent pathways)
is poorly analyzed. It appears that the rate of the constitutive endocytic uptake is much lower
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than in the coat-dependent pathway [22, 23]. However, these rates are mostly determined as
the uptake of soluble enzymes or fluorescently labeled molecules and, thereby, may represent
the rate of fluid-phase uptake, which is one smaller segment in the coat-independent pathway.
Very little quantitative analysis was performed by measuring the constitutive endocytic uptake
of coat-independent PM cargo proteins. Even studies based on the incorporation of fluorescent
lipid analogs (i.e., sphingomyelin), which are an excellent tool to determine PM dynamics and
demonstrated a high rate of the PM uptake [15], did not accurately measured the uptake of the
entire PM, but rather PM segments that incorporated the lipid analog.

In general, it is difficult to measure the rate of PM uptake. In fact, most studies determined the inter-
nalization rate (IR) which represents the difference between the endocytic rate (ER) and the recy-
cling rate (RR). Thus, any measurement that may account recycling does not represent the rate of
PM uptake (ER) but rather IR. Given that the recycling may occur very early after endocytosis (i.e.,
one or two min. after initiation of the endocytic uptake), any measurement that is longer than 2 min,
thus, potentially determines the IR and not the ER. Since it has been shown that membranes labeled
with fluorescent lipid analogs rapidly recycle with the high rate, in the range of 0.17-0.70 min™
[15, 18], it can be estimated that the rate of PM uptake must be higher. Thus, understanding the
dynamics and activation of the rapid recycling mechanism is essential for understanding the turn-
over of the PM. Similarly, to understand the cellular physiology of any peripheral membrane pro-
tein, including feedback mechanisms that determine its intracellular distribution and consequently
function, it is essential to construct its intracellular itinerary, which includes endocytic uptake,
inter-endosomal trafficking, and endosomal recycling. Therefore, in addition to PM dynamics, it
is essential to understand quantitative aspects of the cellular physiology of the endosomal system,
particularly the EE system.

3. The early endosomal system: a brief overview

The early endosomal (EE) system is the complex network of membranous vesicular and tubular
structures that continuously exchange cargo and form membrane domains with different func-
tions [1, 8]. The endosomes undergo fusion and fission reactions which shape the number and
size of organelles. During these reactions, the cargo is sorted either into tubular domains for
recycling to the PM and TGN or into intraluminal vesicles for degradation. Several hundreds
of individual endosomes form a dynamic network and create funnel-like system [8] in which
endocytosed cargo progressively flow from small endosomes at the cell periphery to large endo-
somes in the cell center until Rab5-positive EEs convert into Rab7-positive LEs [7, 24]. Recent
studies demonstrate that the EE system can be subdivided into at least two stages: proximal
comprised of pre-EEs and the distal comprised of EE/SEs [8, 25-27].

3.1. Pre-EEs

We consider pre-EEs as subcortical endosomes which are positive for Rab5, as all EEs, and devoid
of early endosomal antigen 1 (EEA1) and phosphatidylinositol-3-phosphate (PI3P) [8, 27]. These
endosomes accept CDE cargo, such as TfR [26], epidermal growth factor receptor (EGFR) [2, 25],
beta-2-adrenergic receptor (B2AR) [28], and luteinizing hormone receptor (LHR) [27]. A subpop-
ulation of Rab5-positive pre-EEs recruit APPL1 (adaptor protein, phosphotyrosine interaction,
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PH domain and leucine zipper containing 1) [29, 30] and represent a stable sorting station, not
only intermediate in EE maturation [26]. However, APPL1 endosomes are not the only entry site
for clathrin-coated pits, since a significant fraction of clathrin-coated pits do not acquire APPL1
following uncoating [29] and a substantial fraction (approx. 40%) of internalized Tf does not
colocalize with APPL1 or EEAL at early times after internalization [26].

3.2. Early/sorting endosomes

EEs are not the homogenous population of endocytic compartments which accept all internal-
ized cargo without discrimination, but instead are comprised of distinct populations regard-
ing mobility and maturation kinetics [31]. EEs represent a broader profile of tubular and
vacuolar compartments that are characterized by the presence of PI3P, EEA1, and Rab5 [31]
and form a dynamic network. Endosomes in the central part of this network develop vacu-
olar and tubular domains [32], undergo fusion and fission reactions [8], and represent earlier
stages of endosomal maturation. It also includes dynamic endosomes [31] and APPL1+EEA1
endosomes [29, 30]. Maturation of EEs involves either generation of the tubular endosomal
domain which recycles cargo to PM or vacuolization and formation of intraluminal vesicles
which ends up with conversion into LEs [24, 31, 32].

The vacuolar domain of EEs retains cargo destined for degradation and sort it into intralumi-
nal vesicles whereby vacuolar EEs become multivesicular endosomes. Limiting membranes
of vacuolar EEs generate tubular-sorting endosome (TSE) [32] or tubular endosomal network
(TEN) [9] that sorts plasma membrane recycling proteins either into recycling carriers or
develop into the ERC. TSE/TEN also sort lysosomal membrane proteins (Lamp1, Lamp2, and
CDé63), sortilin and M6PR into LEs or TGN [32]. Also, limiting membranes of vacuolar EEs,
just before their maturation into LE vacuoles, can develop the endosome-to-TGN transport
carriers (ETC) specific for retrograde transport of lysosomal proteins [33]. It has been shown
that several CDE cargo molecules can pass through the same EE vacuoles but exit this organ-
elle through different recycling tubules, i.e., the TSE/TEN and ETCs [33].

Live cell imaging [31] and fluorescence resonance energy transfer (FRET) analysis [32] demon-
strated the existence of two kinetically distinct populations of EEs, dynamic and static. Dynamic
EEs is a smaller peripheral subpopulation of EEs that transfer cargo into LEs with the fast rate,
whereas static EEs are multivesicular perinuclear endosomes that undergo an EE-to-LE transi-
tion as the latest stage of EE maturation [31, 32]. Static EEs are a pleomorphic structure composed
of large vesicles and thin tubular extensions that have membrane invaginations and develop
multivesicular appearance [32], sort CDE and CIE cargo, and transport CIE cargo by MICAL1-
positive TREs or CDE cargo by Rab11-positive carriers to the ERC or the cell surface [34].

3.3. The endosomal recycling compartment

The endosomal recycling compartment (ERC) is membranous tubulovesicular organelle
organized in the pericentriolar region [10, 11]. The ERC is constructed around the MTOC
as a network of both partially connected, and individual vesicles and tubules organized [10,
34] which is distinct from membrane-bound tubular recycling endosomes (TREs) [34]. ERC
is spatially confined within the Golgi, whereas EEs, LEs, and Ly are excluded from inside
the Golgi [35].
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4. Endosomal recycling

Early studies of membrane recycling demonstrated that of all endocytosed membrane 95% is
eventually recycled, and only 5% is targeted to lysosomes [3]. Most of the knowledge about
endosomal recycling routes were generated using conventional assays based on redistribu-
tion of receptors, mostly from the TfR (reviewed in [11]). In contrast to CDE cargo proteins,
the recycling route was not established or is poorly characterized for many proteins that are
endocytosed by the CIE. The best characterized is the recycling route of major histocompat-
ibility class I (MHC-I) proteins [11], although recycling routes of several CIE cargo proteins
have been described in the last decade [6, 11, 36].

4.1. Fast and slow endosomal recycling

Recycling route, recycling rate, and recycling efficiency are well established for TfR due to
the availability of an excellent tool appropriate for radioactive, chemical, or fluorescent label-
ing [15, 16]. Recycling of TfR occurs by iterative fractionation during EE trafficking [10, 11,
37] and the recycling kinetics is typically biphasic, with the initial fast and the later slow
component [17]. Thus, TfR recycling route is usually divided into two steps: a fast or direct
route that occurs from EEs, sometimes called rapid recycling route [11], and slow or indirect
route that occurs from the ERC [10-12, 19, 37]. Recycling of TfR from EEs requires the func-
tion of Rab4 [7, 10, 11, 18], whereas recycling from the ERC requires the sequential function of
multiple regulators including Rab5, Rab11, Rab8a, their effectors (Rabenosyn-5, Rab11-FIP2,
and MICAL-L1, respectively), and EHD proteins [34]. TfR can be recycled from both static
and dynamic EEs, including those in the process of Rab5 and Rab7 conversion [31]. Some
cargo proteins, such as G protein-coupled receptors (GPCRs), require specific sequence and
multiple interacting proteins for recycling [28, 38], whereas many proteins may recycle with-
out any sequence and interaction requirements [10, 39], as a part of the bulk membrane flow.
Sequence-dependent recycling occurs via tubular microdomains that are distinct from tubular
domains that mediate the bulk recycling, even at the same endosome [40].

Using fluorescent lipophilic dyes, Hao and Maxfield [15] demonstrated rapid recycling endo-
somal membranes very early after endocytosis. They showed after 2 min of pulse internaliza-
tion of NBD-SM that 30-60% of membranes is rapidly returned (recycled) with very high rate
(0.35-0.70 min™), indicating very early activation of the recycling mechanism. Based on the
kinetics of fluorescent dyes trafficking, they concluded that larger endocytic compartment
than primary endocytic vesicles is involved in rapid recycling. In addition, a similar study
showed rapid and extensive (with similarly high rate) mobilization of the significant fraction
of membranes not only in the very early stage of endosomal flow but also from all later stages
[39]. Thus, rapid and extensive engagement of membranes into recycling is a general property
of the endosomal system, and the exchange of membranes between endosomes and PM is
more extensive than it can be derived from studies using single membrane receptor.

4.2. Rapid endosomal recycling

Recent studies using live-cell imaging and total internal reflection fluorescence microscopy
(TIRFM), suggest that recycling mechanism may be activated very early in the endocytic tract,
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at the stage of pre-EEs or very early endosomes (VEEs). The TIRFM study of GPCRs recorded
rapid recycling events as exocytic puffs that appeared at the cell surface 2-3 min after internal-
ization [41], and live cell imaging studies demonstrated that EEA1- and PI3P-negative endo-
somes and APPL1-positive endosomes represent the very early recycling compartment [27, 40].

Although most of knowledge about recycling was constructed on studies of TfR recycling using
radiolabeled or fluorescent ligand (Tf), uncovering the very early recycling step was difficult,
because all assays were based on the quantification of the ligand release from the cell as an
indication of recycling. However, the release of Tf from TfR only occurs when TfR reaches suf-
ficiently acidic compartment which converts holo- into apo-Tf. Thus, it was long believed that
CDE cargoes could recycle back to the cell surface through a pathway that requires Rab4 and
Rab35 [11]. Nevertheless, recent studies demonstrated that TfR recycling might occur very early
in the endocytic tract, from APPL1 endosomes, downstream APPL1-EEA1 endosomes which
receive CIE cargo, and from EEA1 endosomes [8, 26]. The TIRFM study of GPCRs also recorded
coincident puffs of fluorescent Tf-labeled receptors, indicating that the earliest recycling of TfR
occurs without the release of apo-Tf [41]. These rapid recycling events were invisible by con-
ventional assays, and thus rapid recycling processes were underestimated. The TIRFM imag-
ing enabled visualization of very rapid recycling vesicles, since these vesicles contain endocytic
cargo at relatively high concentration, whereas vesicles that mediate slower pathways of recy-
cling or biosynthetic insertions contain cargo at a significantly lower concentration which cannot
be detected by the TIRFM imaging. Most evidence for rapid recycling can be derived from stud-
ies on the post-endocytic itinerary of G protein-coupled receptors (GPCRs). Activated beta-2
adrenergic receptor (B2AR), a typical representative of the largest GPCR family, is endocytosed
by the dynamin-dependent CDE mechanism [28, 38]. Internalized receptors rapidly recycle back
to the cell surface in vesicles that concentrate internalized receptor, which recently enabled visu-
alization of the rapidly recycled receptor by the TIRFM microscopy [41]. Also, during each cycle,
a fraction of receptors is directed into EE/SEs and either to the ERC from which they are slowly
returned to the cell surface or to lysosomes where they are degraded [28, 38]. Not all GPCRs fol-
low the same endocytic itinerary. For example, follicle-stimulating hormone receptors (FSHRs)
follow the same route as B2AR, whereas the majority of LHR and d-opioid receptor (dOR) are
targeted from EEs into lysosomes and degraded [27]. However, both types of receptors recycle
from EEA1- and PI3P-negative small very-early endosomal (VEEs)/pre-EE compartment [27].

5. Analysis of rapid recycling by kinetic modeling

To analyze rapid recycling, we used kinetic modeling approach, which is based on the accu-
rate measurement of cell surface kinetic and construction of the intracellular itinerary using
the software which enables calculation of dynamic distribution through multiple compart-
ments of endosomes [13, 42].

5.1. Selection of peripheral membrane cargo molecules

Itis becoming clear that membrane proteins cannot be put into two categories (CDE and CIE cargo)
but instead classified into broader spectrum regarding engagement of endocytic machinery,
kinetics of the endocytic uptake, and post-endocytic itinerary [6]. Thus, we examined endocytic
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itinerary of seven membrane cargo molecules (Figure 1) that have been shown to use the distinct
endocytic route and that had a distinct post-endocytic itinerary. The route of TfR and GPCRs,
CDE cargo proteins, is well defined [4, 9, 43] and involves rapid recycling [15, 27, 41]. Routes
of the six CIE cargo molecules (Figure 1) are relatively well characterized, but their very-early
post-endocytic itinerary is mostly unknown. Internalization pathways of two of these cargo
molecules, GM1/CTxB and antibody-clustered GPI-anchored protein (GPI-AP) Rael-y [5, 44],
require the activity of dynamin (DDE) [45]. These two cargo molecules may not only enter the
cell via caveolae but also may be internalized DIE pathway which is regulated by the small
GTPase Cdc42 [45]. The Cdc42-regulated pathway, also known as CLIC/GEEC pathway, is con-
trolled by the small GTPase Arfl and is used for fluid-phase uptake [5, 6]. Constitutive inter-
nalization pathway of three membrane proteins (fully-conformed MHC-I molecules, CD44, and
ICAM]1) is regulated by small GTPase Arf6 (known as Arf6-regulated pathway) [43, 46, 47]. One
membrane cargo molecule (empty MHC-I) is internalized by the CIE mechanism, but dynamin
requirement and small GTPase regulation are unknown [13, 48].

Irrespective of the way of entry into the cells, cargo molecules have distinct itineraries in the
endosomal system upon endocytosis [43] and can be classified into six types according to
known endocytic routes. Type A cargo proteins are long-lived, travel along the recycling route,
and in EE/SEs, nearly all cargo molecules are sorted into recycling tubules or the ERC and
returned to the PM, whereas very little enter LEs and lysosomes. Type B cargo travels along the
bulk route that in EE/SEs, it directs some cargo into recycling tubules and some into LEs and
lysosomes for degradation. Type C cargo is short-lived, travels along the degradative route,
and nearly all cargo is sorted into LE and degraded in lysosomes. Type D cargo is long-lived,
travels along the TGN retrograde route, and upon entry into EEs, it is sorted either into ret-
rograde tubules to TGN or LEs and delivered to the TGN. Type E cargo is long-lived, travels
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[ 10
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Figure 1. Typology of peripheral membrane cargo molecules used for kinetic analysis. Clathrin dependence during
endocytic uptake classifies peripheral membrane cargo for clathrin-dependent endocytosis (CDE) and clathrin-
independent endocytosis (CIE). The requirement of dynamin activity during pinching off endocytic carriers classifies
cargo molecules as dynamin-dependent (DDE) and dynamin-independent (DIE). Cargo molecules can be classified into
at least seven types according to the post-endocytic itinerary (see description in the text).
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along the LE route, and in EE/SEs is sorted into LEs and recycled back to the PM either by
recycling or exocytic carriers. Type F cargo travels along the Golgi retrograde route and from
EE/SEs, it is sorted in the ERC from which it is delivered to the Golgi.

According to the classification, GPCRs can be classified as Type A and Type B [28, 38, 41] cargo,
ligand-bound or antibody bound TfR as Type A cargo [9, 43], CTxB/GM1 as Type F [44]; Rael
as Type A cargo [5, 6], eMHC-1 as Type E cargo [13, 48], fIMHC-I as Type B cargo [23, 43, 46, 48],
ICAM]1 as Type A and Type C cargo [47], and CD44 as Type A cargo [43, 46].

5.2. Cell surface expression displays internalization rate as integration of endocytic
uptake and recycling of membrane proteins

Quantification of distribution of peripheral membrane proteins at the PM and in the endosomal
system is critical for analysis and understanding their intracellular itineraries. Unfortunately,
the number of techniques for accurate measurement of the number of peripheral membrane
proteins in an intracellular compartment is quite limited. On the other hand, techniques based
on antibody reagents and radioactively or fluorescently labeled ligands provide quite an accu-
rate method for quantification of the number of peripheral membrane proteins at the cell sur-
face. Thus, kinetic studies of cell surface expression of peripheral membrane proteins are the
best available data for quantitative estimation of the intracellular itinerary, as explained below.

The steady state distribution of membrane endocytic cargo components reflects the net effect
of endosomal sorting events. The frequency of appearance at the PM and endosomal compart-
ment depends on the rate of transit between compartments and a compartment with the lowest
rate of the transit will be a major retention site for cell surface receptor. In general, the distribu-
tion of peripheral membrane proteins will depend on the rate of endocytic uptake from the
PM and the integrated rate of recycling from endosomal compartments. Receptors with higher
endocytic rate will be retained inside the cell and receptors with higher recycling rate will be
retained at the cell surface. For example, after rapid endocytic uptake, the TfR almost entirely
enters into the recycling circuit, return to the cell surface, and again into endocytic carries. Very
little (less than 1%) of internalized TR is rerouted into LEs and degraded. Thus, TfR circulates
from PM through endosomes and back. After several cycles, TfRs established the steady state
distribution at the PM and endosomal compartment, and the net result is a redistribution of
two-thirds of TfR inside the cell. On the contrary, the rate of recycling of MHC-I proteins over-
rides the rate of endocytosis, and thus the majority of MHC-I proteins reside at the cell surface.
Inhibition of recycling or enhancement of endocytosis, thus, is a mechanism available to the
cell to regulate cell surface level of a peripheral membrane protein.

5.3. Kinetic modeling of peripheral membrane protein trafficking

Kinetic models have been used to translate the cell physiology knowledge into mathematical
formulas. Accordingly, the knowledge on endosomal compartments determined the number
of compartments taken into analysis. Most of the kinetic studies were based on the use of a
minimal number of compartments, and the recent expansion on the knowledge about EE sys-
tem enabled the development of more complex models. The three models can be identified in
the literature (Figure 2).
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Figure 2. Kinetic models of peripheral membrane protein trafficking. (A) The simple model. (B) The two EE steps
model —pre-EEs and EEs as sorting endosome. (C) The complex EEs model —pre-EEs and dynamic and static EEs. PM,
plasma membrane; EE/SEs, early/sorting endosomes; ERC, endosomal recycling compartment; LEs, late endosomes;
DEEs, dynamic early endosomes; and SEEs, static early endosomes.

The simple model (Figure 2A) used EE/SEs, the ERC, and LEs as the only recognized compart-
ments of cargo transit [17]. With the expansion of the knowledge about the endosomal system,
it is becoming clear that EEs, LEs, and even the ERC represent a various set of organelles and
subcompartments and that the initial categorization into early, late, and recycling endosomes
is oversimplified [10, 31, 35]. Recent studies introduced pre-EEs as a stable sorting station that
sorts and recycles endocytotic cargo [25-28]. Thus, the EE system can be subdivided into at least
two stages: proximal comprised of pre-EEs and the distal comprised of EE/SEs (Figure 2B). The
more complex organization of the proximal stage (Figure 3), for example, has been proposed
recently [26]. The funnel-like structure of EE system [8] suggests more complexity and requires
separation of the EE system into at least two compartments (Figure 2C). Although the degree of
biochemical and morphological separation of EEs is still incomplete, live-cell imaging studies
[31, 32] suggest that EEs are organized into the more dynamic and static populations (Figure 2C).

To analyze endocytic itinerary of the seven peripheral membrane cargo molecules (Figure 1), we
used the two-step model (Figure 2B). A kinetic model was developed which predicts sequential
trafficking of peripheral membrane cargo molecules from PM through the endosomal system
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Figure 3. Pre-early endosome model proposed by Kalaidzidis et al. [26].
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and that recycling may occur from every step of endosomal trafficking (pre-EEs, EEs/SEs, the
ERC, and LEs). Our modeling was based on the following assumptions: (i) each compartment
is considered homogenous, “well mixed,” and can grow and shrink in size; (ii) cargo enters and
leaves the compartments all the time; (iii) the cargo flux is presented as the fraction of cargo
in the compartment at any given time; (iv) the velocities can change in space and time, con-
tinuously and smoothly; (v) the model does not capture the stochastic, “back and forth” move-
ments of endosomes; (vi) the rates of exit from the compartment should not exceed the rate of
entry into the compartment; (vii) different rates of exit from a compartment assume existence of
different domains within a compartment; (viii) the predictions must be consistent with values
derived from experimental data, including morphological analysis. The model predicts constant
flux of cargo from a compartment toward the next compartment with the first-order rate kinet-
ics [16, 17]. We predicted only the forward flux, and the retrograde flux, if exists, was integrated
as a sum within the forward flux. Initially, the amount of cargo at the PM was set to 100(%), and
the PM was considered as the first compartment. The assigned rate constants are graphically
displayed in Figure 2B.

We fit the parameters of the model to the kinetic data of cargo molecule determined experimen-
tally by flow cytometry, as cell surface expression of mAb-labeled or ligand-labeled periph-
eral membrane cargo molecules. To quantify the goodness of any of the models obtained by
the described fitting processes, we used the coefficient of determination (R?). The fitting was
based on the adjustment of kinetic parameters until the R* value was larger than 0.93.

5.4. Determination of the endocytic rate constant

The endocytic rate constant is defined as the probability of a cell surface receptor to be inter-
nalized in 1 min at 37°C [49]. Thus, for kinetic analysis of the earliest post-endocytic events, it
was critical to determine the endocytic rate constant (k,). For experimental measurement of k,
for peripheral membrane cargo molecules, it was essential to satisfy the following three condi-
tions [49]: (i) internalized and cell surface cargo molecules can be quantitatively discriminated
from each other, (ii) there is no degradation at the time of measurement, and (iii) there is no or
very little dissociation of primary and secondary reagents during the course of the measure-
ment. Thus, for each cargo molecules, we precisely defined the first step, conditions of ligand
binding at the cell surface, since the pool of occupied cell surface molecules is the substrate
for endocytosis. All primary and secondary reagents were tested for concentration and time
required for saturation of almost all (>98%) PM molecules at 4°C, and dissociation rate of
bound primary and secondary reagents at 4°C and at 37°C in the absence of endocytosis.

Experimental identification of k, was performed by fitting the predicted curve to the experi-
mental data sets by iterative adjustment of k, values and visual alignment by minimization of
the sum of square differences (R?) [13, 42].

5.5. Selection of kinetic parameters

Kinetic parameters, rate constants (k,-k,) and the time of the beginning of transition between
compartments, were manually chosen by fitting the PM level to the experimental data using
the existing knowledge from the literature about endosomal kinetics.

93



94  Peripheral Membrane Proteins

Kinetic parameters for the pre-EE step were based on the following: (i) endocytic vesicles
were observed after as little as 20 s of internalization [21]; (ii) after 2 min TfR localize in pre-
EEs [25-27]; (iii) in the first 2 min, TfR does not localize in EEA1-positive endosomes, and
partial colocalization with EEA1 is evident between 2 and 3 min; (iv) internalized cargo (TfR,
EGFR) localize in EEs 3-6 min after endocytosis [17, 25, 27] and EEs are maximally filled with
internalized cargo after 5 min [17]; (v) after 5 min, less than 10% of internalized TfRs localize
in pre-EEs [27]. The recycling rate constant from pre-EEs (k,) of 0.17-0.35 min™" was reported
for EGFR and of 0.35-0.69 min™ for TfR [15]. The pre-EE-to-EE transition rate constant (k,) of
0.15-0.35 min™ was reported for TfR [17, 18], 0.69 min™ for HDL, and 0.53 min™* for Glut4 [19].

Kinetic parameters for the EE step were based on the observation that the EE stage of endosomal
trafficking ends 6-10 min after endocytosis [25, 37]. The EE recycling rate constant (k,) of 0.11-
0.35 min™ was reported for TfR and B2AR [10, 17, 18, 38]. Several reports suggest that the transi-
tion of cargo from SE to the ERC (k;) occurs with the rate of approx. 0.30-0.35 min™ [37, 39]. The
transport from SEs into LEs was reported to occur at the rate of 0.087-0.115 min™ [10, 15, 24, 37].

Kinetic parameters for the ERC step were based on the observation that the ERC is maximally
filled at 12-13 min [17]. The ERC recycling rate constant (k,) was determined in many studies
based on loading of Tf-labeled TfRs. Most often reported rate was 0.040-0.080 min™ [10, 15,
17, 39], although lower and higher rates up to 0.3 min™ [19, 39] were reported. Similar exter-
nalization rate from the ERC was also reported using the fluorescent lipid analog C6-NBD-SM
[39]. Recycling rate from LEs (k,) of 0.058 min™" was reported for open MHC-I conformers [13].

5.6. Evaluation of the kinetic model by identification of the rapid recycling of the
transferrin receptor (TfR)

To evaluate our kinetic model, we analyzed the endocytic itinerary of TfR which is the best
characterized CDE molecule in the literature. For quantification, we used its ligand transferrin
(Tf) conjugated with the biotin (Tf-biotin) and specific monoclonal antibody (anti-TfR Abs).
We used these two reagents since they provide different information about TfRs. Tf-biotin
displays internalized receptors at the cell surface that are recycled back to the cell surface from
anon-acidic but not from an acidic endosomal compartment. In contrast, anti-TfR Abs display
all receptors that recycle back to the cell surface. TfRs were labeled with these two reagents at
4°C, cells were rapidly warmed to 37°C (internalization), and analyzed every minute for the
number of labeled TfRs that remained at the cell surface (Figure 4).

Rapid loss of Tf-biotin- and anti-TfR-labeled TfRs from the cell surface indicates rapid endo-
cytic uptake (endocytic rate, k,) with the very high rate. With the estimated endocytic rate of
~0.61 min™, all receptors should be removed from the cell surface within 10 min. However,
after 3 min and later, both Tf-biotin- and anti-TfR-labeled receptors remained at the cell sur-
face (Figure 4), suggesting either the arrest of endocytosis or rapid return of labeled receptors
back to the cell surface. In the presence of aluminum-fluoride, a potent inhibitor of endosomal
recycling [11], labeled receptors did not remain at the cell surface (data not shown) suggesting
that endocytosis normally goes on after 3 min and that the reason for the maintenance of the
labeled receptors is rapid return by recycling.

To fit the predicted cell surface level to the experimental data, the rapid recycling from the
pre-EEs (k,) should be activated after 2.3-2.4 min after initiation of endocytosis (Figure 4).
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Figure 4. Evaluation of the kinetic model by analysis of the post-endocyticitinerary of transferrin receptor. (A) Internalization
kinetics of TfRs. Cell surface TfRs were labeled either with Tf-biotin or anti-TfR mAb at 4°C for 30 min, incubated at 37°C
from one to 30 min, and stained with AF*-conjugated secondary reagents. Cell surface fluorescence was quantified by
flow cytometry. (B) Schematic diagram of the kinetic model used for analysis of TfR post-endocytic itinerary. (C=D) Outcomes of the
kinetic analysis. Kinetic parameters are presented in table (C), and relative distribution within the endosomal system using
these parameters is presented in the screen-shots of the kinetic modeling software for multicompartment analysis (D) [13,
42]. Experimental data (red diamonds) were plotted into the software, and rate constants (k,—k,) and time of the beginning
transition between compartments (time) were adjusted to fit the curve of the predicted cell surface level (blue line) to the
experimental data. Green, gray, dark gray, and yellow lines represent predicted distribution in corresponding endosomal
compartments. The analysis was performed on the J26 fibroblast-like cell line.

Recycling from pre-EEs (k,) should be active for the whole time of chase and in the absence
of this mechanism, it was impossible to simulate the measured receptor levels at later times
(data not shown). The estimated recycling rate from pre-EEs (k,) was significantly lower
for Tf-biotin- (~0.20 min-') than for mAb-labeled (~0.52 min-') TfRs (Figure 4), suggesting
that a fraction of Tf-biotin/TfRs was returned to the PM from pre-EEs that are sufficiently
acidic to convert holo-Tf into apo-Tf. Namely, a fraction of TfRs loaded with apo-Tf-biotin that
was delivered from acidic endosomes would not be detected by flow cytometry as apo-Tf is
released from the receptor that reached the cell surface. Nevertheless, the kinetic analysis
demonstrates that endocytosed TfRs must be rapidly recycled to maintain the cell surface
level. The rate of recycling must be rather high to oppose the high endocytic rate.

Entry of internalized TfRs into EEs occurred 3—4 min after endocytic uptake with the rate (k,)
similar to that described in the literature [17-19], followed by immediate activation of recycling
from this compartment (k,). Estimated recycling rate using Tf-biotin (Figure4) represents therate
of TfR recycling sufficient to return holo-Tf-biotin-associated receptors that are detected by flow
cytometry. Recycling of holo-Tf-biotin-associated receptors was also detected from the ERC (k,).
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Thus, Tf-biotin detection at the cell surface suggests that the rate of recycling of TfRs from EEs and
the ERCissignificantly higherthan observed by measuring theapo-Tfrelease[10,15,17-19,38,39].
This observation is confirmed by estimations of the recycling rates from EEs and the ERC
(k, and k) of mAb-labeled receptors (Figure 4). The omitting of any of these recycling rates
made impossible to simulate measured cell surface levels of receptors. Thus, kinetic analysis
of Tf-biotin- and mAb-labeled TfRs demonstrates the existence of the rapid recycling of TfRs
from non-acidic endosomes and recycling with the high rate at the entire recycling circuit.

5.7. Kinetic modeling provides evidence for rapid recycling of clathrin-independent
peripheral membrane proteins

We analyzed cell surface kinetics and intracellular itinerary of six CIE cargo molecules, five
PM proteins using mAb reagents and GM, using biotinylated CTxB. The PM kinetics was
measured using flow cytometry as described for TfR. The incubation conditions and the shift
in temperature (i.e., from 4°C to 37°C and vice versa) were carefully controlled to minimize
the time required for warming or cooling. Experimental details and validation of protocols
have been published in several papers [13, 22, 23, 42, 48].

Experimentally acquired values were imported into the kinetic modeling software [13, 42],
and kinetic analysis of trafficking through five membranous compartments (Figure 4) was
performed. The fitting of kinetic parameters (rate constants and transition time) was based on
data from the immunofluorescence analysis of intracellular itinerary and data from the litera-
ture. The experimental data and the outcome of the fitting procedure (including distribution
throughout the compartments) for each cargo molecule are presented in graphs of Figure 5,
and parameters that best fit to the experimental data in the table of Figure 5.

PM kinetics of six CIE cargo molecules, which are endocytosed by distinct mechanisms, dem-
onstrated different rates of disappearance from the cell surface (k,). CDE and DDE cargo, such
as TR, disappeared with the very high rate (0.573 min-"') also in murine embryonal fibroblasts
(Figure 5) and other cell lines used for analysis (data not shown). CIE and DDE cargo (such
as GM,/CTxB and ICAM1) disappeared with the moderate rate, whereas CIE and DIE cargo
(CD44, fMHC-], and Rael) disappeared from the cell surface six times slower than TfR (Figure 5).
Although the contribution of dynamin in the endocytic uptake of eMHC-I has not been proven,
kinetic of their disappearance from the cell surface suggests that they belong to the group of CIE
and DDE cargo and may use the similar route as ICAM1 and GM,/CTxB (Figure 5).

The rate of disappearance from the cell surface represents the rate of endocytosis (k,). The
observed rates (k, for all six CIE cargo molecules) would lead to the kinetics of the loss (internal-
ization) from the plasma membrane as presented by blue dashed lines in the graphs of Figure 5.
Apparently, the measured kinetics of cell surface expression of all cargo molecules is distinct
to this calculated kinetics, and all cargo molecules remain at the cell surface much longer than
predicted by the calculated kinetics. As described above for TfR, the prolonged retention of
cargo molecules at the cell surface is not due to the arrest in the endocytic uptake, since under
conditions of inhibited recycling by aluminum-fluoride [11], all cargo molecules disappeared
from the cell surface with the rate similar to that predicted by the calculated kinetics (data not
shown). Thus, the reason for the prolonged maintenance of cargo molecules at the cell surface
is the activation of the recycling mechanism, which returns internalized cargo to the cell surface.
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Figure 5. Analysis of the early post-endocytic itinerary of clathrin-dependent and clathrin-independent cargo molecules.
PM proteins were labeled with specific mAbs and ganglioside M, (GM,) with AF*-CTxB at 4°C, and cell surface
expression was quantified by flow cytometry after indicated time of internalization at 37°C. The experimental data
(red diamonds) were loaded into the software for multicompartment analysis [13, 42], five endosomal compartments
setup as described in Figure 4, and kinetic parameters were adjusted by fitting the curve of the predicted cell surface
level (full blue line) to the experimental data. Kinetic rates (k,~k,) and the time of the beginning of transport between
compartment (time) are shown in the table. Dashed blue lines represent predicted cell surface expression in the absence
of recycling. The analysis was performed on murine embryonal fibroblasts except for eMHC-I (*), which was analyzed
on Li-transfected L-cells (L-L4), and Raely (**), which was analyzed on Raely-transfected NIH 3 T3 cells.

Alignment of kinetic parameters to the experimental data between 2 and 5 min after initiation
of internalization, demonstrated that recycling mechanism should be activated approx. within
2 min for all CIE cargo molecules to explain experimentally measured value at 5 min (Figure 5).
Therefore, our analysis demonstrates that also CIE cargo, irrespective of the involvement of
the dynamin in the endocytic uptake, enter into endosomes that may recycle cargo back to
the cell surface very early after endocytosis. Apparently, the recycling mechanism is activated
from pre-EEs, since at 2 min, none of the cargo molecules should be expected in EEs. The
estimated rate of exit from pre-EEs indicates rather a high rate (more than 0.3 min-'), which
is in agreement with previously observed rapid recycling kinetic [15, 17-19]. The only excep-
tion was ICAM1 which activates very fast recycling mechanism later. The distinct rate of the
return from pre-EEs indicates that pre-EEs are not the homogenous population of endosomes.
This is not surprising since distinct endocytic routes lead to distinct endocytic carriers which
have membrane composition that correspond to the piece of the PM taken up into endocytic
carriers. Altogether, this analysis indicates that rapid recycling mechanism exists for all CIE
cargo molecules and occurs very early after endocytosis with a very high rate.

Analysis of further steps (5 min after internalization) in the endocytic itinerary demonstrate
that additional recycling should be activated, from EEs and later from the ERC, to maintain
the measured cell surface level. The kinetics of recycling from these compartments (k, and k)
differ among cargo molecules, indicating that EEs and the ERC may have distinct domains or
subcompartments that generate recycling carriers with distinct rates. Although cargo molecules
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used for this analysis differ in their post-EE endocytic itinerary, we did not add this complex-
ity into the analysis since our intention in this discussion was to demonstrate that all endocytic
cargo undergoes into the rapid recycling circuit. The rapid recycling circuit is, apparently, dis-
tinct from the conventional recycling circuit [1] and also recycles cargo that is excluded from
the conventional recycling circuit. For example, although eMHC-I molecules are excluded from
the recycling circuit that involves EEs and the ERC [48] and recycles from LEs [13], they are
included onto the rapid recycling circuit and recycled from pre-EEs with the relatively high rate
(Figure 5). Given that the conventional recycling circuit has the capacity of conformation-based
sorting (i.e., sorting of membrane proteins that changed conformation and can be considered
as misfolded), this type of endosomal sorting does not operate in the rapid recycling circuit.

Altogether, our analysis of post-endocytic itinerary of seven cargo molecules that utilize dis-
tinct endocytic machinery and undergo distinct post-endocytic itinerary demonstrated that
all endocytic cargo molecules enter into the rapid recycling circuit and are rapidly returned
to the cell surface after endocytosis. Thus, a critical segment of post-endocytic trafficking of
peripheral membrane proteins and other membrane components was underestimated in the
past and should be considered in the explanation of the cellular physiology of peripheral
membrane proteins and related physiological and pathophysiological processes.

6. Physiological significance of the rapid endosomal recycling

Very early activated recycling (rapid recycling) is apparently an important cellular physiology
mechanism to reduce energy consumption for the maintenance of plasma membrane composi-
tion. The vast majority of the energetic cost for the maintenance of the cells is associated with
protein synthesis and maintenance of membranes (i.e., ~30% cellular energy budget is spent on
membranes) [14]. Therefore, there is an evolutionary rationale to evolve mechanism(s) which
will reduce energy consumption in the membrane trafficking pathways. For example, although
the bulk recycling route may provide sufficient amount of a protein at the cell surface, for some
cellular proteins (i.e., proteins that maintain cell-cell contacts), it is not reasonable to enter deep
inside the cell and travel throughout the entire recycling circuit. It would be more energy effi-
cient to return internalized proteins back to the cell surface as soon as possible. To maintain the
steady-state distribution of a protein at the cell surface, which is determined by the post-endo-
cyticitinerary, it is essential to synthesize enough proteins to fill all compartments that are on the
route. Thus, the size of the cellular pool of a protein would depend on the length of a route intra-
cellular trafficking of a protein. The rapid return would require less protein synthesis and would
reduce a load of endosomal compartments by a protein, which may be important for fidelity of
post-endocytic sorting events. Therefore, rapid recycling may reduce energy consumption by
the shortening of the recycling circuit for many membrane components and by reducing the
number of membrane proteins required to fill the membranous system of the cell properly.

Rapid recycling is also essential for the cellular physiology of cholesterol homeostasis, which
requires efficient binding of lipoproteins (LDL and VLDL remnants) to LDL receptor (LDLR),
their internalization, the release of lipoproteins in the endocytic compartment, and the return of
receptors to the cell surface for further rounds of lipoprotein uptake. Quantitative fluorescence
imaging study [50] demonstrated that lipoprotein release occurs before the entry of LDLRs
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into EEs. The failure of LDLRs recycling results in the loss of receptors by rerouting into the
lysosomal degradation pathway and several therapeutic strategies were explored in order to
minimize LDLRs degradation. The failure of pre-EE recycling route also may result in reduced
LDL clearance. Thus, understanding the rapid LDLRs’ recycling pathway may lead to the
identification of new therapeutic targets that can be exploited to prolong LDLR half-life and,
thereby, enable treatment of atherosclerosis-based diseases, including coronary artery disease.

Very early activation of recycling is undoubtedly vital in shaping cellular receptor-mediated
signaling via GPCRs. Rapid endocytic recycling determines the number of functional recep-
tors at the PM [28, 38] and the rapid recovery of functional signaling after ligand-activated
endocytic uptake [28, 38]. Even more, a rapid recycling process that delivers receptors at high
concentration may be particularly suited for dynamic regulation of localized receptor signal-
ing.Rapid recycling may be essential for assembly and maintenance of cell-cell contacts. The
very fast rate of endocytic uptake may result in the redistribution of molecules that maintain
cell contact, and slow recycling processes may make cell contacts weaker. It has been shown
that recycling processes are important for regulation of trafficking of various cell adhesion mol-
ecules, including cadherins and integrin receptors (reviewed in [51]). Alteration of recycling
processes has been shown to be associated with the loss of cell adhesion increased motility and
cell migration, which are the characteristics of epithelial-mesenchymal transition and invasive
cancer cells [51]. Many of these processes may be assigned to the rapid recycling. Thus, mis-
regulation of the rapid recycling can result in human disease when it compromises important
cellular functions, such as lipid homeostasis, cellular signaling, movement, or division.

7. Conclusion(s)

Although significant progress has been made in understanding the endosomal recycling, charac-
terization of endosomal recycling routes of peripheral membrane proteins is still poorly integrated
into the cellular physiology, especially into the higher-order physiology [11]. The increasing num-
ber of molecules with characterized recycling routes indicates that recycling may occur very early
in the endocytic tract, suggesting more complexity of the endosomal recycling circuit and the
need for its integration into physiology and pathophysiology of many cellular processes.

Our study demonstrates that the constitutive endocytic uptake of peripheral membrane proteins
occurs with much higher rate and the overall low internalization rate is primarily maintained by
rapid recycling prior their entry into structured EE network. Internalization rates and endocytic
rates described in the literature, in fact, represent the combination of endocytic uptake and the
(rapid) recycling processes. Rapid recycling, therefore, should be taken into consideration when
analyzing and estimating many important cellular processes, including physiology cell motility
and adhesion, receptor signaling, lipoprotein metabolism, and signal transduction.

Acknowledgements

This work was supported in part by the Croatian Science Foundation (grant IP-2014-9-9564)
and by the University of Rijeka (grants 13.06.1.1.4, 13.06.2.1.55, and 13.06.2.1.56).

99



100 Peripheral Membrane Proteins

Conflict of interest

The authors declare that they have no conflict of interest.

Notes/Thanks/Other declarations

We apologize to all authors whose work has not been cited owing to space restrictions, and
for not always citing primary literature.

Abbreviations

Ab antibody

AF alexa-fluor
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Abstract

Complement receptor type 1 (CR1 or CD35) is a peripheral glycosylated membrane pro-
tein that regulates the complement activation in the control of immune responses. The
author would like to overview the folding and binding properties of the soluble form of
CR1, so-called as sCR1, introducing our development of the high-yield overexpression
and purification methods as well as the investigation to its molecular structure. Although
sCR1 prepared through our method showed the highest binding affinity against C3b, it
is quite difficult to be crystallized for X-ray structure analysis. In spite of many attempts,
only microcrystals have been obtained so far. Considering the usefulness to understand
factors within the difficulty, the primary sequence of sCR1 has been reexamined from
the viewpoints both of secondary structure predictions and recent findings of intrinsi-
cally disordered proteins (IDPs) or natively unfolded proteins (NUPs). As an example, the
theoretically predicted structure of a short consensus repeat (SCR) of a binding domain,
SCR-15-17 in sCR1 is compared with the reported solution structure by NMR. The discus-
sion is extended to protein structure studies with proteins containing ID regions, which
are unfolded state without taking uniformly decided structures.

Keywords: complement receptor typel, CR1, sCR1, innate immunity, dissociation
constant, binding affinity, overexpression, molecular structure, secondary structure
prediction, crystallization

1. Introduction

Many cellular proteins are believed to fold autonomously to a certain specific three-dimensional
structures in order to realize their unique biologically important functions [1, 2]. In the field of pro-
tein structural chemistry or structural biology, protein crystallography is fraught with challenge,
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whereby various kinds of proteins are known to be difficult to be crystallized. The difficulty
may be caused either by polymorphic conformations that the protein takes or movement of
regions participating in the contact between molecules in a crystal field [3, 4].

On the other hand, wholly or partly unstructured proteins in vivo have been known for a long
time and have been recently reevaluated and designated as intrinsically disordered proteins
(IDPs) or natively unfolded proteins (NUPs) [5, 6]. It has been revealed that a large number
of proteins contain at least a region that does not fold into uniformly converged sophisticated
three-dimensional structures. Those regions are sometimes called random coils, which usu-
ally indicate globular proteins adopting an unfolded state. It is also not so rare for regions
to form chain-like conformations as long as several hundred residues. Since the first review
by Wright and Dyson [7], analyses by NMR studies and followed by computational analyses
have revealed the importance of IDPs or NUPs in protein structural biochemistry. According
to the recent computational survey of primary sequences, it is predicted that the total number
of NUPs is approximately one-third of eukaryotic proteins [8].

From the viewpoint of studying functions of proteins, how to recognize and distinguish between
self and non-self is still reminded mysterious. Recently, it has become apparent that extracellular
membrane vesicles such as exosomes, released from cells are also involved in information trans-
mission between cells in the immune system as well as cancer metastasis [9-12]. In this chapter,
the author would like to limit the subject protein to a complement regulatory peripheral mem-
brane protein of innate immunity. Immune adherence was first described at the beginning of
the twentieth century and was rediscovered in the 1950s [13, 14]. The binding of serum-exposed
particles to blood cells, which is a fundamental step for initiating and promoting the destruction
of invasion microbes and for activating an adaptive immune system. This interaction is depen-
dent on the coating of the antigenic particle with the complement, and the recognition by a factor
on the erythrocyte surface, namely the immune adherence receptor [15, 16]. Recently, not only
infectious microorganisms such as Salmonella, pathogenic Escherichia coli, influenza virus and
so forth but also causative substances of pollinosis and allergies are widely known as a trigger,
further similar causes are increasing including artificial nanoparticles. The complement system,
comprised of over 35 protein components present in the plasma or bound to cell surfaces, forms
an integral part of the early innate immune response. Three major complement cascades such as
classical-, alternative-, and mannose-binding lectin pathways are known to activate the comple-
ment pathway and for excluding harmful invaders.

Complement receptor type 1 (CR1 or CD35) is a glyco-membrane protein that plays a role as a
regulator of complement activation in the control of immune responses through its binding to
C3b/C4b-opsonized foreign antigens [17]. The existence of allotypes is known to CR1, and the
molecular mass varies from 160 to 250 kDa depending on its types. The extracellular portion
of the most common allotype has about molecular mass of 220 kDa and is comprised of 30
modules, a series of tandem arranged short consensus repeat (SCR) (Figure 1). The sequence
of each SCR shows approximately 45% homogeneity on average. The feature to be noted is the
existence of four conserved cysteine residues in each SCR, as the first and third, and the sec-
ond and fourth cysteines from the N terminus are covalently linked through disulfide bonds
[17]. Weisman et al. reported a construction of human CR1 plasmid (pBSCR1c¢/pTCSgpt) by
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Figure 1. A schematic diagram showing the structural features of human sCR1. The extracellular domain consists of
30 short consensus repeats (SCRs). The amino-terminal 28 SCRs constitute four long homologous repeats (LHRs). The
regions of LHR-A through LHR-D are indicated in the brackets. The predicted binding domains to complement proteins
C3b, and C4b are indicated, respectively. The inset shows the enlargement of the triple loop structure of SCR with the
predicted disulfide bonds.

cloning a soluble CR1 gene to plasmid pTCSgpt, in which a stop codon was inserted before
the transmembrane and cytoplasmic domains [18]. As shown in Figure 1, the schematic draw-
ing of the predicted structure of human sCR1 shows sCR1 consisting of four long homologous
repeats (LHRs) constituted with seven SCRs, which are referred as LHR-A, -B, -C, and -D
from N terminus. A binding domain to complement fragment C4b resides near N-terminus in
LHR-A, and two domains to C3b reside LHR-B and LHR-C. The C3b binding domains appear
to bind C4b but more weakly than C3b.

Although sCR1 may not fall exactly within the category of NUPs (or IDPs) because it has
structured domains arranged at intervals tandemly, we think that it is important to consider
the analysis of sCR1 from the perspective of NUPs (or IDPs).

2. Materials and methods

2.1. Preparation of human sCR1 from the cultivation with CHO cells

The cell line of Chinese hamster ovary (CHO) (CRL-10052) that carries the human sCR1 gene
was purchased from American Type Culture Collection (ATCC) and was cultured under the
ATCC’s instructions. The human sCR1 was overexpressed using our novel cell culture method
comprised of two-stage cell culture of CHO cells expressing sCR1 [19, 20]. The first stage involves
cells grow up to 70-80% confluent in the medium with fetal bovine serum (FBS), and during the
second stage, the cells produce sCR1 extensively and secrete it in a serum-free medium. For the
first stage of cell growth culture, cells were cultivated in a medium containing a-MEM (Sigma-
Aldrich Co. LLC., MO) supplemented with 10% FBS (Hyclone Lab. Inc., UT), 60 U/mL penicillin
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and 60 ug/mL streptomycin (Pen Strep, Gibco, Life Technologies Corp., CA). Medium used for
CHO cell culture was especially chosen, without deoxyribonucleoside and ribonucleoside. For
the second stage of protein production, the cells were cultured in a serum-free medium such as
ASF104 without albumin (Ajinomoto Co. Inc., Tokyo, Japan) supplemented with 1 pM metho-
trexate. Cell culture was performed in the incubator with 5% CO, at 37°C.

The serum-free medium which contains the secreted human sCR1 was recovered after a fil-
tration (pore size of 0.22 um). Subsequently, the purification of human sCR1 was performed
by affinity column chromatography using HiTrap Heparin HP (GE Healthcare, PA). Briefly,
the filtered medium solution was applied to the column that had been pre-equilibrated with
20 mM Tris-HCl buffer (pH 7.5) containing 0.05% CHAPS (Dojindo Molecular Technologies,
Inc., Kumamoto, Japan). The column was washed with the equilibration buffer containing
100 mM NaCl, and the bound protein was eluted with 20 mM Tris-HCI buffer (pH 7.5) con-
taining 0.05% CHAPS and 200 mM NaCl. Each eluted fraction sample was examined with
sodium dodecyl sulfate polyaclylamide gel electrophoresis (SDS-PAGE) and subsequent
Coomassie Brilliant Blue (CBB) staining. Though in most cases, a single or a considerably
major band which corresponds to human sCR1 can be observed at this stage, to achieve the
buffer exchange concurrently and further examine the purity, the fractions containing sCR1
gathered from the eluents from the heparin column was injected to HPLC gel filtration column
chromatography (TSK gel G3000SWxl, Tosoh Corp., Tokyo, Japan). The single peak fraction
at around the elution volume of 5.75 ml with a flow rate of 0.5 ml/min was collected as a puri-
fied human sCR1 [21]. Complement protein C3b was purchased from Calbiochem Research
Biochemicals (EMD Bioscience, Inc., La Jolla, CA), and used after HPLC gel filtration column
chromatography (TSK gel G3000SWxI, Tosoh Corp., Tokyo, Japan).

2.2. Characterization of binding affinity of sCR1 for C3b, and suppression effect of
cell necrosis by sCR1

In order to investigate the binding affinity of the human sCR1 prepared by our protocol men-
tioned above, binding assay was performed by the use of a BIACORE X (GE Healthcare UK
Ltd., Buckinghamshire, UK) using C3b as an analyte. The measurement was carried out using
sCR1 as a ligand, immobilized on a substrate by the amine coupling method, and following
the manufacturer’s operation manual. In addition, assuming heterogeneous ligand parallel
reaction, data analysis was performed by the software, BIAevaluation attached to the device.

The suppression effect of sCR1 on complement activation was examined as follows: a stroma
cell derived from mouse skull bone marrow was used for this assay. PA-6 cells were seeded
and allowed to grow in the medium containing a-MEM (Sigma-Aldrich Co. LLC., MO) with
10% EBS for 1 day. After three washes with PBS, cells were added with serum-free medium
(900 puL of a-MEM) as well as 100 uL of PBS solution containing sCR1 and normal human
serum (NHS) at a ratio of 1:9, or 100 uL of PBS solution containing sCR1 and heat-inactivated
NHS at a ratio of 1:9. After 1 h incubation at 37°C, the suppression effect on the necrosis of cells
was observed with a microscope (Zeiss Axiovert 200 M and Nikon DP50-WMED) following
the previous methods [22-24].
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2.3. Crystallization trials

Crystallization using thus obtained human sCR1 was carried out with a normal sitting drop
vapor diffusion technique in the combination with a random-screening protocol with screen
packages such as the Hampton Crystal Screen, Hampton Crystal Screen II (Hampton Research,
CA), and Structure Screen 1 and Structure Screen 2 (Molecular Dimensions, Suffolk, UK) after
the condensation to the protein concentration of around 3.5 mg/mL by means of centrifugal
concentrator (Centri-plus 20, Merck Millipore Corp., MA). The incubation temperature for the
crystallization trials was kept at around 23°C [4, 25].

2.4. Secondary structure prediction of human sCR1

The secondary structure predictions of human sCR1 on the basis of its primary sequence
were performed by the use of PArallel Protein Information Analysis (PAPIA) system (http://
cbre3.cbre.jp/papia/), parallel calculation using EnterPrise 4000 with 250 MHz UltraSPARC
II 9pu, at the Computational Biology Research Center, AIST [26, 27]. The computing strat-
egies employed were Chou-Fasman algorithm, and the joint prediction method where the
protein secondary structure results of five different independent prediction methods were
evaluated. In the latter calculation, the most likely secondary structure element for each amino
acid sequence region of interest is decided from five independent answers depending on the
decision by majority. The five methods incorporated are Qian-Sejnowski, Ptitsyn-Finkelstein,
Nisikawa-Ooi, SSthread (prediction of protein secondary structure using threading), and
Gibrat-Garinier-Robson methods. They were chosen from different methodologies on the
basis of their performance.

3. Results and discussion

3.1. Characterization of sCR1 binding affinity for C3b

The intrinsic state, that is, if the protein is in the original structural state, its activity should
be retained. Therefore, it can be considered that the purified protein assumes the same three-
dimensional structure as when it is present in vivo. The binding affinity of the overproduced
and purified human sCR1 for the complement C3b was investigated by biophysical interaction
analysis with BIACORE X. The scheme in Figure 2(a) shows an outline of the measurement,
and Figure 2(b) shows one of the typical results of sensorgram. In the light of the manufac-
ture’s protocol for data analysis, we have analyzed the data on the assumption of hetero-
geneous ligand parallel reaction and found that the dissociation constants of sCR prepared
according to our production and purification method were Kd = 3.03 x 10° M for C3d dimer,
and Kd =4.59 x 10~ M for C3b monomer, which are higher affinity than any values reported
so far [18, 28-32]. It turned out that the binding affinities for C3b of the sCR1 prepared by our
developed procedure are remarkably strong. We consider that the reason is due to the rapid
and efficient purification method developed by us that can preserve sCR1 in an intact state.
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Figure 2. (a) A schematic drawing of the binding assay measurement by BIACORE. In complement C3b solution used
as an analyte, monomeric and dimeric forms in C3b are recognized. The existence ratio between C3b monomer and C3b
dimer was confirmed on HPLC gel permeation column chromatography. (b) A typical result of sensorgram from the
biophysical interaction analysis with BIACORE X.

3.2. Characterization of sCR1 suppression effect of cell necrosis

In order to investigate the suppression effect of sSCR1 on complement activation, a stroma cell
PA-6 derived from mouse skull bone marrow was used for the assay. Human serum com-
prises complement proteins C1-C9, which trigger the activation of complement pathways
and attack invading target microbes or non-self-cells. The complement pathway ends with the
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necrosis of target cells due to the attack by C5b-9 membrane attack complex (MAC) [22, 23].
MAC is an important innate immune effector of the complement terminal pathway that
forms cytotoxic pores on the surface of microbes. Similarly to CR1, the conformation in three-
dimension of MAC is also unknown. In order to determine whether the purified human sCR1
retains its activity to bind complement C3b and/or C4b and suppresses the necrosis of cells by
blocking complement pathway, sCR1 was added to PA-6 cells before the addition of the nor-
mal human serum (NHS). The results are shown in Figure 3. Cells cultured in medium were
used as a control (Figure 3(a)), and cells cultured with inactivated NHS show similar results
as the control; all cells grew well and maintained their normal morphology (Figure 3(b)).
This fact implies that the inactivated complements in the serum cannot trigger any comple-
ment pathway. However, cells cultured with NHS reveal remarkable necrosis (Figure 3(c)).
It implies that NHS triggers the activation of complement pathway and MAC attacks the cell
membrane and causes cell death. On the other hand, when cells were cultured in the presence
of NHS as well as the purified sCR1, cells showed normal morphology without any necrosis
although most of cells appeared slim in their shape (Figure 3(d)). These results proved that
the purified sCR1 has an activity to bind C3b and C4b in NHS and play a role as a blocker to
the activation of MAC.

Figure 3. Suppression effect of cell necrosis by sCR1 on stroma cell PA-6. Phase contrast micrographs of PA-6 cells
in (a) a-MEM media (control), (b) in the presence of heat inactivated NHS, (c) in the presence of NHS, and (d) in the

presence of NHS plus the purified sCR1. Cell necrosis is observed when the formation of membrane attack complex
(MAC) located at the complement terminal pathway is not inhibited. The scale bars correspond to 100 pm.
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3.3. Crystallization trials

Although we have not yet fully succeeded in obtaining crystals of sCR1 suitable for X-ray crys-
tallographic experiments, the microcrystals have been obtained more than 10 years after the
continuous re-innovation of cell culture methods and protein purification strategies. Figure 4
shows the micrographs of thus obtained microcrystals of sCR1. These crystals are obtained
under the conditions where sulfate and polyethylene glycol (PEG) of low polymerization degree
were used as precipitants (Kato and Ishii, unpublished data). Those microcrystals diffract X-ray
up to several tens of angstrom units, only in a small angle region (data not shown) [33].

Furtado et al. reported the structural model as a partly folded back solution structure of human
sCR1 by using a combination of small angle X-ray scattering and analytical ultracentrifugation
analyses [34]. They constructed the sCR1 model using a SCR segment as a building block unit.
The average model of the consensus SCR domain used was derived from 27 different experi-
mental SCR structural templates and 49 residue consensus SCR sequence from 124 human
complement sequences. They connected the SCRs and build the sCR1 model so as to give a
better hit to the X-ray solution scattering profiles. Although they emphasize that one out of the
five models is the most likely conformation in a free environment, these five models do not
seem to overlap three-dimensionally with each other at all. Their solution structure of human
sCR1 reported appears not to be rigid at each inter-SCR connection. The realization of structure

Figure 4. Microcrystals of human sCR1. Approximate dimension of the typical crystals were 29 x 29 x 33 um. The scale
bar in panel (a) corresponds 100 pm, and that for the enlargement, (b)—(d) corresponds 50 pum. Those microcrystals
diffract X-ray poorly and spots could be recorded in a small angle range (not shown).
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at an atomic resolution of human sCR1 as determined with X-ray crystallography appears very
difficult without once forming a rigid complex structure with a complement ligand like C3b,
although it is unknown what three-dimensional structured complex would be formed between
sCR1 and C3b.

3.4. Secondary structure simulation of human sCR1

To change tactics, it may be useful to compute the secondary structure prediction for the amino
acid sequence of a protein whose tertiary structure is not determined [26]. First, we tried the pre-
diction method of Chou-Fasman. The results of secondary prediction for each SCR (from SCR-1
through SCR-30) are exhibited in Figure 5. According to the Chou-Fasman method, the content
of a-helices is 13.6%, and that of 3-strands is 24.9%. Taking a look at the distribution along the
sequences of the predicted secondary elements, similarity is recognized between every seventh
SCRs. Typically, the homogeneity among the every seventh SCRs between SCR-8-SCR-11 and
SCR-15-SCR-18 are remarkable. These regions are considered as a C3b/C4b binding site, thus
the conservation in the secondary elements between the above regions is convincible consistent
with this observation.

The structural model of the domain from SCR-15 through SCR-17 of human sCR1 was built by
Smith et al. [35]. Before building the structural model of the three consecutive SCR domains,
they had determined the solution structure of SCR-15-5CR-16, and SCR-16-SCR-17, inde-
pendently by NMR analyses. As shown in Figure 6(a), the model reveals three complement
control modules (SCR-15-17) in extended head-to-tail arrangement with flexibility at the SCR-
15-SCR-16, and the SCR-16-SCR-17 junction. Figure 6(b) shows the result of quantitative elec-
trostatic calculations. The view orientation is the same as Figure 6(a). In this view angle, the
negatively charged surface regions appear to be dominant and appear to be concentrated on
the surface of SCR-15, and SCR-17. Figure 6(c) is a presentation of SCR-15-16-17 from a dif-
ferent orientation (turned 180°) as shown on the right side of Figure 6(b). The corresponding
electrostatics to Figure 6(c) is shown in Figure 6(d). At this angle, the positively charged sur-
face regions appear to be connected with one-side surface of SCR-15 through SCR-17. It is said
that the positively charged region on SCR-15 is critical for C4b binding, and further, together
with basic amino acid residues exposed on the same surface of SCR-16 are requisite for C3b
binding [35]. Negatively charged regions are also seen scattered on the surface. The domain
architecture and the manner of charged states appear important and may provide clues to the
functional aspect of C3b binding.

At this stage, it appears interesting to examine the secondary structure predictions with the
model built from the solution structures by NMR analyses. The domain SCR-15-17 (indi-
cated with a box in Figure 5) is from a prediction using the Chou-Fasman method (Figure 5).
a-Helices are not assigned with the solution structure at all (Figure 6), though the existence
is predicted by the Chou-Fasman method. However, it is interesting that the number of pre-
dicted secondary structural elements is almost comparable. We then tried another structure
prediction method, that is, the joint prediction method, which had higher precision. Figure 7
shows the results of secondary prediction for each SCR (from SCR-1 through SCR-30) by the
use of the joint prediction method. The content of a-helices is 6.0%, and that of (3-strands is
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Figure 5. Secondary structure prediction for each SCR (from SCR-1 through SCR-30) in human sCR1 by the use of the
Chou-Fasman method. The sequence predicted as a-helix or -strand is shown with a cylindrical shape or fat arrow,
respectively. The predicted sequence except the secondary structural element is a coil shown as a simple rod. The conserved
Cys residues in each SCR are highlighted in red. The portion of SCR-15-17 discussed in the text is indicated with a box.
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SCR-15

Figure 6. Diagrams of solution structure of domains SCR-15-17 (PDB ID: 1GOP). (a) Ca trace of SCR-15-17 with secondary
structural elements (-strand is indicated with arrow) and disulfide bonds (indicated with spheres). (b) An electrostatic
presentation of SCR-15-17; the same view as (a). The protein domains are shown as an electrostatic surface colored blue in
the positive regions and red in the negative regions. (c) Ca trace with secondary structural elements and disulfide bonds
of SCR-15-17 made to rotate 180° as shown on the right side of (b). (d) An electrostatic presentation of SCR-15-17; the
same view as (c). Atomic coordinates were obtained from the RCSB protein data Bank (www.rcsb.org/pdb/home/home.
do) and imaged using PyMol (the PyMOL molecular graphics system, version 0.99, DeLano scientific, LLC).

19.3%. The accuracy of results from the joint prediction methods is better than a single method
such as Chou-Fasman method, Garinier-Osguthorpe-Robson method, and Lim method [27].
Since the final assessment of whether a certain amino acid sequence forms a secondary struc-
ture element is determined by majority rule between five different prediction algorithms, the
precision success rate is rather high while the adoption rate as secondary structure elements is
low compared to the prediction results by Chou-Fasman method on the whole. Looking at the
prediction of SCR-15-17 for example (as indicated with a box in Figure 7), all but one predicted
secondary elements as (3-strands, suggesting that precision rose. The content of a-helices was
predicted in the half ratio in comparison with that of B-strands by the Chou-Fasman method,
but the prediction of a-helices improved in one-third or less compared with the content of
[-strands using the joint method. In the algorithms of the joint prediction method, the most
likely secondary structure element for each amino acid sequence region is decided depending
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Figure 7. Secondary structure prediction for each SCR (from SCR-1 through SCR-30) in human sCR1 by the use of the
joint prediction method. The sequence predicted as a-helix or 3-strand is shown with a cylindrical shape or fat arrow,
respectively. The predicted sequence except the secondary structural element is a coil shown as a simple rod. The conserved
Cys residues in each SCR are highlighted in red. The portion of SCR-15-17 discussed in the text is indicated with a box.
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on the decision by majority votes against five independent answers, from Qian-Sejnowski,
Ptitsyn-Finkelstein, Nisikawa-Ooi, SSthread, and Gibrat-Garinier-Robson methods. Therefore,
a sequence will not be qualified as a secondary structure, either a-helix or -strand, unless
getting an approval from majority solutions. Therefore, the number of region predicted as
secondary structured elements as a whole will be decreased, but higher reliability will be
expected. The tendencies in the order and distribution of the predicted secondary elements
are recognized to be almost the same between every seventh SCRs, especially among the every
seventh SCRs between SCR-8-SCR-11 and SCR-15-SCR-18.

3.5. Structural biological aspect of human sCR1

As discussed earlier, determinations of three-dimensional structure of each SCR, and the
confidence with subsequent modeling of sCR1 appears severely difficult due to the sequence
variation, and the orientation and flexibility of neighboring SCRs with respect to one another
appear to easily change considerably, and are thus unpredictable. sCR1 is one of the very dif-
ficult targets for structure analysis, but we are convinced that such a goal has some promise
once its three-dimensional molecular structure is determined.

Recently, a large number of NUPs have been found, and those appear to be connected with
signaling and regulation of gene expression [8]. As exemplified above with sCR1, there are a
lot of proteins involved in the immune system whose three-dimensional structure has not yet
been revealed by X-ray crystallography. One of the reasons is the difficulties in the preparation
of crystals suitable for X-ray diffraction methods probably due to the large flexibility (that may
correspond to large values in B factor) of functional and reactive domains and is thus subject to
conformational changes. The conceptual importance of NUPs is that various proteins interact
with other proteins via intrinsically disordered regions. It means the ID region is an unfolded
state without a definitive structure, but when a ligand peptide or partner protein coexists, the
region interacts with it to form a complex by changing the random coil segments to second-
ary structures. It is suggested that disorder in a free state may actually be advantageous for the
binding process, and that the rate of macromolecular association is enhanced by the presence of
disorder region [36, 37]. As a way out of the situation, co-crystallization with some sort of ligands
may work. That is, we should utilize the property of NUPs-like protein that is easy to change
conformations by letting the protein change its structures, and by guiding it to a structure that
is easier to be crystallized. The structural atlas of the protein promotes and deepens an under-
standing of the interaction between the complement proteins, which are involved in the human
immune system, and drives novel drug development. Direct structural studies of the interaction
between C4b and sCR1, or between C3b and sCR1 are desired to realize these goals [38].

4. Conclusions

Proteins like sCR1 are difficult targets to lead crystallization suitable for X-ray crystallogra-
phy. The recognition of NUPs has imposed the view that proteins consist not only of struc-
tured domains but also of ID regions. The ID region is an unfolded state without a definitive
structure, but when a ligand peptide or partner protein coexists, the region interacts with it
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to form a complex by changing the random coil segments to rigid structured secondary struc-
tures. As a way out of the situation, co-crystallization with some sort of ligands or partner
protein molecule may work. That is, we should utilize the flexible conformation property of
NUPs-like protein, let the protein change its structures, and guide it to the structure that is
easy to be crystallized. Once the structural detail of interest is obtained at hand, the atlas of the
protein promotes and deepens the understanding of the interaction between the complement
proteins which are involved in the immune system.
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The peripheral membrane proteins transduce the extracellular signaling into the cells.
The peripheral membrane proteins include the G protein-coupled receptors, receptor
tyrosine kinases, channels and transporters. The signals, which are transduced via
the peripheral membrane proteins, activate several pathways including G protein
signaling, MAPK signaling, TNF signaling, TGFf signaling, Wnt signaling and
Hedgehog signaling. The peripheral membrane proteins transduce the signaling from
the extracellular ligands into the cells. This book intends to provide a comprehensive
overview of the features and signaling of peripheral membrane proteins, which
includes the molecular structure and interaction. The insights into membrane proteins
associated with diseases and therapeutics and the effects of drugs and chemicals are
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