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Preface
DNA molecule is the carrier of genetic information in the cell. Its faithful transmission
through the generations is the basis of genome stability and integrity. A number of
pathways ensure that the genome is replicated once and only once each time the cell
divides. Several chapters in this book are dealing with regulation of DNA replication
in eukaryotes. Targeted phosphorylation and dephosphorylation of key proteins that
carry out initiation step of DNA replication is presented in chapter by Zhai et al., how
initiator protein Cdc6 may promote cell proliferation by preventing senescence is
demonstrated in chapter by Feng et al., while additional mechanisms, beside cyclinCDK activity, adopted by cells to prevent re-replication during cell cycle arrest is
addressed by Chandrasekaran and coworkers.
This book highlights different aspects of DNA replication process in eukaryotes, from
assembly and regulation of prereplication complex (Lutzmann), mechanism of
unwinding the double stranded DNA during initiation step (Simmons) and possible
importance of intrinsically bent DNA regions in replication origins (Fiorini et al.),
through structure and function of DNA polymerase α (Takemura) and functional
analysis of its individual subunits (Mizuno et al.), to formation and propagation of
epigenetic patterns during the cell cycle (Jacobi et al.) and its changes by various
environmental factors (Kubota).
On the other hand, minichromosome maintenance complex (MCM) is essential
component of pre-replication complex and plays the central role in the progression of
replication forks. Regulation of MCM complex under replication stress in order to
preserve the replication machinery is reviewed in chapter by Zafar and Nakagawa.
Possible role of MCM7 protein in human malignancies and its potential use in gene
therapy is analyzed in chapter by Luo and Yan Yu, whereas possible function of
another member of MCM protein family, MCM8 protein, in DNA replication and
during the cell cycle is discussed in chapter by Daniel.
Interesting on its own right is the question of collision between replication fork
progression and ongoing transcription discussed in chapter by Castro-Roa and
Zenkin. Visualization of chromosome structure dynamics during S phase of the cell
cycle, covered by Gotoh, has provided much of our understanding of relation between
DNA replication and chromosome condensation.

XII

Preface

Research of DNA replication, carried out in E. coli, revealed the basic mechanism and
enzymology of replication fork and Espindola-Serna and coworkers in their chapter
present an overview of DNA replication process and its regulation in prokaryotes.
The chapters in this book bring the current understanding of the mechanisms leading
to genome stability and replication fidelity and we hope the reader will find it
interesting, helpful and inspiring.
Dr. Jelena Kušić-Tišma
Laboratory for Molecular Biology
Institute of Molecular Genetics and Genetic Engineering
Belgrade
Serbia
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Assembly and Regulation of the Pre-Replication
Complex: Increasing Complexity in Sight of
Diversified Function and Regulation
Malik Lutzmann

Institute of Human Genetics, IGH, CNRS
France
1. Introduction

Perhaps the two most fundamental rules in DNA replication say firstly to replicate the
entire genome without leaving even small parts unreplicated and secondly, not to replicate
any part, even a small one, more than just once during each cell cycle. In light of the size of
an average eukaryotic genome and the time of S-phase, this is an enormous challenge. If in a
gedankenexperiment a mammalian cell were scaled up to the size of a football and its DNA
proportionally expanded in length, the DNA would span more than the distance from the
earth to the sun - more than 1700 millions of kilometers in a football that has to be replicated
in approximately eight hours.
In contrast to a (small) bacterial genome on a single chromosome, the replication of an
eukaryotic genome (portioned in several chromosomes) has to start from multiple starting
points, called origins of replication, in order to be accomplished in a reasonable time. Around
30.000 such origins are activated in an average mamalian cell and give rise to replication forks
in each S-phase. In order to hold the fundamental rules of once per cell cycle replication, this
complexity demands an extremely sophisticated regulation of replication initiation events. The
formation of the pre-replication complex (pre-RC) on potential orgins of replication at a time
different from active replication is a key step in this regulation.
Through the formation of the pre-RC, the replicative helicase, the MCM2-7 complex, is loaded
onto chromatin. The activity of this helicase separates the DNA double strand at the beginning
and during S-phase and permits access of the polymerase machinery to the template strands.
In addition, only the presence of the pre-RC proteins on chromatin permits the recruitment of
other proteins that are necessary to load the polymerases. Therefore, in order to avoid that
replication can start more than once per cell cycle at the same site, which would lead to rereplication, the formation of the pre-RC is restricted to a period with low S-phase kinase
activity, that is, at the exit from mitosis and in G1. This system normally assures the once-per
cell cycle replication: The license to start replication can only be given before replication itself
has started. The cell only has to safeguard in addition that a pre-RC that once gave rise to a
replication fork is by this action deactivated for the remaining cell cycle.
However, this very efficient system to avoid rereplication comprises on the other hand the
danger that not sufficient replication forks will be created to replicate the entire genome if
the cell encounters stress situations that block replication forks or lead to DNA breaks.
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Therefore, far more pre-RCs are assembled as will normally be used later in S-phase to start
a replication fork. This poses the questions how sites of pre-RC assembly are chosen and
how the subpopulation of pre-RCs that will be activated and thus finally lead to the
establishment of a replication fork are picked.
In this chapter, I will first review the basic protein machinery of the pre-RC and will then
discuss additional factors that were recently characterized, which might influence or even
decide the localization and fate of a given pre-RC. I will then give a short insight into
situations, where re-replication is physiologically normal and give a summary of how origin
licensing is regulated in these special cell cycles. At the end of this chapter, I will present
examples that relate the increasing complexity of pre-RC factors in higher eukaryotes with
their more and more complex organization of S-phase with respect to cell fate and
differentiation.

2. Assembly and function of the pre-RC
The yeast Sacharomyces cerevisiae is special as it assembles its pre-RCs on sites on the
chromatin that are defined by sequence motifs, so called ARS (Autonomous Replication
Sequence) sites. Nevertheless, the yeast pre-RC serves as a paradigm, since its basic
machinery is conserved throughout eukaryotes.
Pre-RC assembly begins in G1 with the binding of the hexameric ORC-complex (Origin
Recognition Complex, ORC1 - ORC6) to the ARS consensus sequences. The ORC-subunits
1,4 and 5 are ATPases. Once the ORC-complex is chromatin-bound, CDC6, another ATPase,
joins and recruits the Cdt1 protein. Cdt1 has no enzymatic activity, but is nevertheless also
an essential factor for pre-RC assembly. Importantly, Cdt1 seems to be the most regulated
factor of the pre-RC, since it is tightly regulated by chromatin binding, several degradation
pathways and finally by binding to geminin (see below).
Pre-RC assembly is then finally accomplished by the loading of the replicative helicase, the
MCM2-7 complex, onto chromatin. In S. cerevisiae, Cdt1 is already in its soluble, nonchromatin bound form associated with the MCM2-7 complex, whereas in other organisms,
Cdt1 and the MCM2-7 complex bind one after the other to the forming pre-RC. The
concerted ATP consuming action of ORC, CDC6 and Cdt1 loads multiple hexameric MCM27 complexes, 20 to 40, for each pre-RC, on DNA. A huge amount of work and effort was
invested to understand this ATP-driven MCM2-7 loading machinery functionally and (so
far partially) also structurally (Mizushima et al, 2000), (Harvey & Newport, 2003), (Bowers
et al, 2004), (Speck et al, 2005), (Randell et al, 2006).
ATP hydrolysis by ORC and CDC6 is necessary for iterative MCM2-7 loading and thus for
viability. However, ORC bound to ATP, but defective of ATP hydrolysis, can support one
single round of MCM2-7 loading, whereas the ATPase activity of CDC6 is strictly required
for any MCM2-7 loading (Bowers et al, 2004). The "loaded" chromatin binding state of the
MCM2-7 complex is defined as a salt-resistant binding that is, once loading is accomplished,
even independent of the presence of the other pre-RC proteins.
Speck et al. added a milestone by presenting the first structural information of the "MCM2-7
loading machine" (Speck et al, 2005). The authors presented an image reconstruction from
electron micrographs of the yeast ORC complex alone and in complex with CDC6. These
structures with a resolution of about 25 Å show the ORC complex as an elongated entity
composed of three domains. Association with CDC6 creates a ring-like structure that has
quite similar dimensions to an archeal MCM helicase ring that could be visualized by
protein crystallography.
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Another fundamental step forward in understanding pre-RC formation functionally and
structurally was achieved in 2009 when Evrien et al. and Remus et al. managed
independently to reconstitute yeast pre-RC assembly in vitro from purified proteins onto
immobilized DNA and to follow and dissect this assembly functionally and structurally
(Remus et al, 2009), (Evrin et al, 2009). Importantly, they could present for the first time
structural data showing how the MCM2-7 complex is topologically "loaded" onto double
stranded DNA. The ORC-CDC6 assembly on chromatin recruits Cdt1-MCM2-7
heteroheptamers and loads MCM2-7 complexes stably onto DNA in a way that each time
two of them form stable head-to head double hexamers that can freely slide along the DNA.
They also presented data arguing that these double hexamers are loaded in a way that the
DNA double strand passes through the central channel of the helicase, at least during its
inactive state.

3. Regulation of the pre-RC in different organisms: Assembly and activation
As mentioned, the yeast pre-RC is a simple, but without doubt the best understood "MCM27 loading machine" known, but as organisms became more and more complex in respect of
their development and cellular differentiation, additional factors seemed to be necessary to
provide either back-up mechanisms of regulation or the possibility of fine-tuning pre-RC
assembly and activation in different cellular contexts.
In this section, I will present these additional factors. Some of them have been studied for
more than ten years, others were only very recently discovered or described and their
functions still await confirmation and a coherent embedding in the known context of origin
licensing and cell identity.
Geminin:
Geminin was discovered 1998 in a screen for proteins being degraded by the anaphase
promoting complex (APC) as a protein that blocks DNA replication in Xenopus laevis egg
extracts (McGarry & Kirschner, 1998). Soon after the discovery of Cdt1 (Maiorano et al,
2000), it became clear that geminin binds to Cdt1 and inhibits Cdt1 in recruiting the MCM27 complex to the assembling pre-RC (Tada et al, 2001).
Whereas in yeast, Cdt1's activity is regulated solely by its degradation at S-phase entry, in
higher eukaryotes geminin provides thus another layer of MCM2-7 recruitment control.
Geminin is highly expressed at S-phase onset and blocks a second round of pre-RC
assembly by binding and inhibiting Cdt1. Not before the end of mitosis, when the APC
targets geminin for destruction, a new round of pre-RC assembly is thus permitted. Geminin
is absent from the genomes of yeast and fungi and C. elegans might have a diverged form
that however still awaits comprehensive functional analysis (Yanagi et al, 2005).
Drosophila has a geminin that shares the functions of controlling and blocking DNA
replication by direct interaction with Cdt1 (Quinn et al, 2001). Plants also encode a protein
that shares partial homology with geminin that functions in cell differentiation and that also
interacts with plant Cdt1, however, a clear role in replication control by blocking Cdt1 needs
to be shown (Caro & Gutierrez, 2007).
Importantly, geminin is also implicated in development and cell differentiation, as it
interacts with key transcription factors, chromatin remodelers and seems further to be able
to act as a transcription factor for developmental genes on its own (see down). An
interesting model arises with these findings stating that geminin is placed at the intersection
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between the "replication road" and the "differentiation road" and its presence and binding to
different partners influences which way a cell goes: Less geminin (or no geminin at a
particular localization at a particular moment in the cell cycle) leads the cell to assemble preRCs and to license origins and so to engage in another cell cycle. More geminin blocks
replication licensing and thus proliferation, but at the same time activates the transcription
of genes that lead to cell differentiation like neuronal transcription factors (see below).
However, these regulating functions of geminin are surely more complex than known so far
and we await in the future more data about how precisely in a given situation geminin
influences cell fates.
In the earliest and extremely fast embryonic cell cycles, before transcription is activated,
geminin is not (completely) degraded at mitosis, and is present also in G1 during pre-RC
formation. Several studies investigated how pre-RC formation in the presence of geminin in
these early cell cycles could be possible. Hodgson et al. (Hodgson et al, 2002) reported that
the geminin that survived mitosis does not bind to Cdt1 and seems to be modified (as Li et
al. suggested later, possibly by ubiquitination (Li & Blow, 2004)) in a way that its interaction
with Cdt1 is blocked, thus Cdt1 is kept active in recruiting MCM2-7 complexes to
chromatin. After licensing is achieved, the nuclear envelope reforms around chromatin, and
only after this step is completed, S-phase promoting Cdks can be concentrated inside the
nucleus in order to trigger S-phase. Then, once the nuclear envelope is resealed, also
geminin becomes imported into the nucleus and seems to loose its modification by the
import process itself so that it is again competent of binding and inhibiting Cdt1.
Another study reports the existence of two different stoichiometries of the Cdt1-geminin
complex, one containing less geminin and a second one containing more geminin bound
to each Cdt1 molecule (Lutzmann et al, 2006). The two different complexes can be
assembled in vitro, and by using the Xenopus egg extract system it was shown that both
complexes indeed behave differently: Cdt1 with less geminin bound is active in recruiting
the MCM2-7 complex, but licenses origins in a strictly controlled "once per cell cycle"
manner (under these conditions, Cdt1 alone leads to re-replication) whereas the complex
of Cdt1 with more geminin associated is licensing inactive. This change in the
stoichiometry seems to take place exactly at the onset of S-phase. These models of how
licensing is permitted in the presence of geminin are not mutually exclusive. Several
structural studies of Cdt1- and geminin-domains, alone and in complex, support the idea
of different stoichiometries of the Cdt1-geminin complex (Lee et al, 2004), (Okorokov et al,
2004), (De Marco et al, 2009).
MCM8 and MCM9:
Besides the heterohexameric MCM2-7 complex, the family of MCM-domain containing DNA
helicases also includes MCM8 and MCM9. In contrast to the MCM2-7 complex, MCM8 and
MCM9 do not exist in all eukaryotic genomes, but with the only exception of Drosophila
melanogaster, both are either together present or absent in a given genome, suggesting that the
two proteins have interdependent roles (Liu et al, 2009). Yeast and C.elegans do not have
MCM8 and MCM9, but several fungi possess open reading frames coding for shortened
versions of MCM8 and MCM9. However, a long version of MCM9 with a C-terminal extension
of about 500 amino acids is found only in vertebrates (Lutzmann et al, 2005).
Whereas one report on MCM8 employing overexpression of the protein places MCM8 on
the pre-RC (Volkening & Hoffmann, 2005), another report depleting the endogeneous
protein using Xenopus egg extracts shows that pre-RC formation and the initiation of DNA
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replication is not affected by the absence of MCM8, but that elongation of replication forks is
hindered after depletion of MCM8 (Maiorano et al, 2005).
Recently, single nucleotide polymorphisms (SNPs) in human MCM8 exons were shown to
affect the fertile life span in women. However, the biological mechanism of these results is at
present unknown (He et al, 2009), (Stolk et al, 2009).
Using Xenopus egg extracts, which recapitulate the early embryonic cell cycles during
embryonic development, it was shown that MCM9 is necessary for pre-RC assembly by
binding to Cdt1 and so limiting the amount of geminin that can associate to Cdt1 during the
period where Cdt1 has to be active in recruiting the MCM2-7 complex in the presence of
geminin (Lutzmann & Mechali, 2008). However, whether the functions of MCM9 (and
MCM8) are similar in these early embryonic cell cycles and in normal somatic cycles has still
to be investigated.
HBO1:
A highly active field in investigating the regulation of DNA replication origin analyses the
chromatin environment at origins. The identification of the HBO1 protein, a MYST-family
histone acetyltransferase that is necessary for normal origin licensing and MCM2-7
recruitment was an important step in deciphering chromatin remodeling during the
licensing reaction. HBO1 (Human acetylase Binding to ORC1) was originally identified as
an ORC-interacting acetylase in a yeast two hybrid-screen (Iizuka & Stillman, 1999). By
affinity purification, HBO1 is also found in a large chromatin-remodeling complex
containing ING5 and this complex was shown to be essential for normal replication and Sphase progression (Doyon et al, 2006).
In such different systems as cultured cells from humans, Drosophila or Xenopus egg
extracts, the depletion or inactivation of HBO1 affects the chromatin recruitment of the
MCM2-7 complex and leads to replication defects. However, the effects on pre-RC
formation vary. For example, whereas in Xenopus egg extract, depletion of the putative
Xenopus HBO1 leads not only to a defect in MCM2-7 loading and replication but also to a
recruitment defect of Cdt1 (Iizuka et al, 2006), knock-down of HBO1 in human cells does not
affect the chromatin association of Cdt1 (Miotto & Struhl, 2008). HBO1 is found in its
soluble, non-chromatin bound form in complex with Cdt1 and seems to enhance Cdt1's
MCM2-7 recruiting activity once bound to chromatin.
Using ChIP, it was shown that HBO1 bound to Cdt1 is specifically recruited to origins, and
acetylates at these sites histone H4 tails in order to facilitate MCM2-7 loading. Interestingly, it
was reported further that geminin binding to Cdt1 does not physically affect the association of
HBO1 with Cdt1 or its targeting to origins, but inhibits HBO1's acetylase activity specifically
toward H4 at origins (Miotto & Struhl, 2010). Consistent with this, HBO1 is absent in
organisms that also do not possess geminin, including yeast and possibly worms.
HOX proteins:
Several studies reported that geminin binds not only to the promoter regions of several
HOX genes, but also directly to a subset of HOX proteins. One study investigated the
binding of HOX proteins to replication origins and reported binding of several HOXmembers, especially HOXD13 to origin DNA (Salsi et al, 2009). HOXD13 was found in this
study to interact further with CDC6, in order to enhance the recruitment of pre-RC proteins
to origins. When overexpressed, HOXD13 seems to accelerate DNA replication. The authors
of this study claim further that geminin binding to HOXD13 blocks the interaction with
CDC6 and the positive effect of HOXD13 to origin licensing.
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ORCA:
Up to now, the most upstream event of pre-RC formation known is the recruitment of the
ORC complex to chromatin. Since besides yeast, no clear consensus site of ORC binding could
be found on DNA, it remains unclear which factors specify ORC-binding sites. Chromatin
context, influenced by multiple factors such as histone modifications, transcription and the
presence of other chromatin binding proteins seem to play crucial roles.
Very recently, Vermeulen et al. (Vermeulen et al, 2010) and Shen et al. (Shen et al, 2010)
identified in human cells a protein that was called ORCA (ORC Associated) that stabilizes
ORC binding to chromatin.
ORCA was identified by mass spectrometric analysis of ORC2-immunoprecipitates from
human cells and homologous proteins were identified in higher eukaryotes from human to
flies, but the protein seems to be absent in yeast and worms. Interestingly, when the
reciprocal ORCA-IP was analyzed, not only ORC subunits were found to interact with
ORCA, but also Cdt1 and geminin (Shen et al, 2010). ORCA has about 650 amino acids and
contains leucin-rich repeats and a WD-repeat containing domain. It is this WD-repeat
containing domain that confers both chromatin association of ORCA and also binding to
ORC. ORCA was shown to associate predominantly with chromatin during the G1 phase
and to colocalize partially with HP1, mainly at heterochromatic regions.
Knockdown of ORCA leads in all cell lines analyzed to a reduction of ORC binding to
chromatin. Interestingly, whereas cancer cell lines do not show a concomitant reduction in
MCM2-7 recruitment or cell cycle alterations, primary cells indeed recruit less MCM2-7 and
are enriched in G1 after knock-down of ORCA.
Also remarkable is the different colocalization of ORCA and ORC on centromeres and
telomeres in several different immortalized cell lines. Telomerase-positive cells show ORCA
and ORC localization at the centromeres whereas cells that use alternative lengthening of
telomeres (ALT) through recombination recruit ORCA and ORC to telomeres. These
findings indicate that ORCA and ORC might also have a function in recombination and / or
DNA repair.
GEMC1:
GEMC1 was identified by database mining for ORFs containing sequence motifs of known
replication proteins (Balestrini et al, 2010). The protein was named GEMC1 since its sequence
contains a central coiled-coil region that shares similarities with geminin's coiled-coil region
(Geminin coiled-coil Containing protein 1). The presence of GEMC1 was reported so far only
in the genomes of vertebrates. However, despite its partial homology to geminin, GEMC1 does
not exert a blocking function in DNA replication, but an activating one.
GEMC1 is necessary for the recruitment of CDC45, an essential factor that plays a key
initiating role in turning the pre-RC into the pre-initiation complex (pre-IC) at S-phase onset.
CDC45 binds to chromatin downstream of pre-RC formation, when S-phase kinase activity
is already high, but upstream of the recruitment of replisome-factors such as MCM10, GINS
and polymerase α. GemC1 is highly phosphorylated by S-phase kinase activities and is
recruited to chromatin through its association with the TopBP1 protein. This association is
strengthened by GEMC1 phosphorylation. In Xenopus egg extracts, GemC1 and TopBP1
however bind to chromatin already during pre-RC formation. Whereas Balestrini et al.
present data showing that binding of GEMC1 is indeed ORC-dependent, it is still debated
whether the chromatin association of TopBP1 is equally ORC-dependent.
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However, the question of whether GEMC1 is a true pre-RC protein is not clearly answered
by this fact since its absence (by depletion from Xenopus egg extract) does not inhibit the
final step of pre-RC assembly, the recruitment of the MCM2-7 helicase. Thus, pre-RC
formation and origin licensing are not dependent on GEMC1.
Maybe, somehow similar to the ORCA protein, GEMC1 might be a factor that does not fit
entirely into the textbook model of pre-RC assembly, were the chromatin-binding of one
factor is strictly and entirely dependent on the presence of its upstream predecessor on
chromatin. Once ORC and / or ORCA are bound to chromatin at a potential origin of
replication, several, and from there on independent, branches of protein-machinery
assembly might take place. One is surely the loading of the replicative helicase, the MCM2-7
complex, and another might be the recruitment of factors that permit the activation of this
helicase later at S-phase onset. If helicase loading is blocked, at least a part of the machinery
that would be needed further downstream of MCM2-7 loading to activate an origin might
still be assembled: GemC1 binding to chromatin is dependent on ORC, but GemC1 is not
necessary to load the MCM2-7 helicase, and if MCM2-7 chromatin loading is blocked (by
addition of exogenous geminin), GEMC1 binds to chromatin nevertheless.
GEMC1 might be an interesting factor that forces us to question and maybe re-think
the formerly-presumed strict dependences and hierarchies of licensing and replisome
assembly.

4. Controlled re-replication
Before I finish the chapter by trying to interpret the increasing number of factors that are
required for either pre-RC assembly or its regulation in multicellular organisms that have a
more and more complex embryonic development and cell differentiation program, I want to
mention situations in which controlled re-replication is required and physiological normal.
Whereas during aberrant re-replication cells re-replicate parts of the genome in an
uncontrolled number, in most physiological situations of re-replication, either the whole
genome (in so called endocycles) or only very particular loci (so called gene amplifications) are
precisely re-replicated multiple times. Controlled re-replication is normally programmed in
cells that have a very high metabolic turnover or have to produce a certain (sub-) set of
proteins in extremely large amounts. Not surprisingly, in most of the known cases of gene
amplification, ribosomal genes are amplified. Another prominent example is the amplification
of chorion genes in Drosophila ovary cells that encode the proteins forming the eggshell.
Endocycles, in which cells re-replicate their entire genome (albeit often less accurately than
in normal cycles) are executed when cells pass directly from a G2 phase into a new G1 phase
(without passing through mitosis) or if only a partial mitosis that lacks cytokinesis is
interposed. Endocycles are common in plants and flies and also in some vertebrates (most
often in fish and reptiles) but are rare in mammals. Very generally, endocycles require that
Cdk1 activity is inhibited in order to block mitosis and that the APC(Cdh1) activity is high
to degrade mitotic cyclins and - in higher eukaryotes - also geminin at moments when Cdk
activity is low.
In addition, another important change in cell cycle control mechanisms has to take place:
Normally, in order to block the propagation of damaged DNA or of extra copies of DNA to
daughter cells, the DNA damage checkpoint becomes activated when re-replication occurs
and this response activates either cell senescence or cellular death via apoptosis. Therefore,
another distinctive mark of cells undergoing scheduled endoreplication is the inactivation of
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the DNA damage checkpoint during re-replication of the genome: Even if artificially (by
overexpression of the Drosophila Cdt1 homologue Dup1) in endocycling Drosophila cells
DNA damage is caused, the DNA damage checkpoint is not activated in these cell cycles
(Mehrotra et al, 2008).
The best described situation of mammalian cells that undergo endocycles is found during
the differentiation of trophoblast stem cells into trophoblast giant cells that are produced to
facilitate the implantation of the early embryo into the epithelium of the uterus. Importantly,
the licensing machinery is essential and active also in endocycling cells. Therefore, like in
normal mitotic cycles, gap phases are required where Cdk2 activity is low and pre-RC
assembly is allowed to take place.

5. Origin choice and pre-RC complexity
In this final part of the chapter, I will resume the ideas in the field why multicellular
eukaryotes with a complex developmental biology and cell differentiation program obviously
need more factors to regulate replication origins as do single-cell eukaryotes. As mentioned in
the beginning, the yeast S. cerevisiae possesses a simple licensing apparatus, maybe the most
sized-down of all eukaryotes. It is surely not a coincidence that this organism specifies all
possible replication origins through clearly defined DNA sequence motifs, the autonomous
replication sequences (ARS), which work when placed on plasmids outside the chromosomal
context as well as in their natural genomic environment (even though if not all ARS sequences
in the yeast genome lead to active replication origins in each cell cycle). Furthermore, besides a
meiotic cell cycle, yeast does not have a developmental- or cell differentiation program.
For multicellular organisms (and for most unicellular ones as well), no consensus sequence or
sequences could be found that specify pre-RC assembly sites or origins of replication. In
contrast, the positions of assembled and finally also used replication origins can change due to
gene expression, growth conditions and chromatin structure (for review see (Mechali, 2010)).
It seems that during evolution, epigenetic factors took at least a part of origin determination
from the pure genetic influence (the sequence) in order to cope with the replication of an
always similar sequence that is present in very different chromatin states depending on cell
identity and transcriptional programs.
As pointed out, in higher eukaryotes a number of pre-RC factors interact with chromatinshaping proteins and chromatin remodelers. The ORC complex interacts with HP1 and seems
to be dependent on ORCA for its normal localization, especially at heterochromatic sites. ORC
and MCM2 further interact with the histone acetylase HBO1. Cdt1 is dependent on HBO1 and
its histone acetylation activity to exert its function in recruiting the MCM2-7 complex.
Furthermore, geminin, likely not an essential pre-RC factor itself, but essential for its proper
regulation, has complex roles in origin regulation. The protein interacts not only with crucial
developmental transcription factors but also with the chromatin remodeler Brg1 (Seo et al,
2005). Thus, several chromatin-remodeling activities seem to be required to assemble and
regulate pre-RCs.
It was shown that origin positioning changes with the transcriptional status of a chromatin
domain (Gregoire et al, 2006) and further that binding of a transcription factor to a plasmid
specifies the site where replication of the plasmid starts when incubated in Xenopus egg
extract that otherwise does not show sequence specificity of DNA templates (Danis et al, 2004).
Interestingly, the moment during G1 when origins are chosen that will be activated later in
S-phase is precisely defined and called the Origin Decision Point (ODP) (Wu & Gilbert,
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1996), (Li et al, 2003). Once this program is established, cells have to go through mitosis in
order to "reset" this programming. Incubation of differentiated nuclei (having large origin
distances) in mitotic egg extract (resembling the undifferentiated state with short interorigin distances) is sufficient to switch from large to small replicons (Lemaitre et al, 2005).
Mostly, cell differentiation has to go along with a block in proliferation. In organisms
composed of billions of cells, which are found at all possible positions between the extremes
of completely undifferentiated, fast proliferating stem cells and on the other side fully
differentiated cells that dropped completely out of the cell cycle, the correct tuning between
differentiation and proliferation is a complex and vital task. Several data suggest that also
here, the pre-RC and its regulation play an important role.
Since its discovery, two roles of geminin have been described: Its regulating (blocking)
function on the licensing system (McGarry & Kirschner, 1998) and its involvement in
neuronal differentiation (Kroll et al, 1998). Several situations were described where geminin
is placed on the crossroads between proliferation and differentiation.
Geminin binds the homeobox-containing transcription factor Six3 that is necessary for
proliferation of retinal precursor cells. Six3 can displace Cdt1 from geminin. By this means,
even without affecting transcription, Six3 can specifically activate the proliferation of retinal
precursor cells by sequestering geminin from Cdt1 (Del Bene et al, 2004).
Geminin also interacts with HOX proteins and blocks their binding to their promoter
targets. In addition, it also binds to polycomb group proteins that repress HOX transcription
and function. Like in the case of Six3, HOX proteins seem to be able to displace geminin
from Cdt1. Therefore, a model arises in that geminin can block differentiation by binding
and blocking HOX proteins and at the same time releasing Cdt1 to favor proliferation. Or, in
contrast, geminin can release HOX proteins and block Cdt1, which leads the cell to take the
road away from proliferation towards differentiation (Luo et al, 2004).
In yet another study, geminin was shown to bind the catalytic subunit of the SWI/SNF
chromatin-remodeling complex, Brg1 (Seo et al, 2005). This complex is necessary for the
transcription of neuronal genes that lead to neuronal differentiation in neuronal progenitor
tissue. Thus, in this case, more geminin means a block of Brg1 activity, no transcription of
neuronal genes and ongoing proliferation of neuronal progenitor tissue. Less geminin keeps
Brg1 active, neuronal genes are transcribed and differentiation wins over proliferation, even
if less geminin (which means more free Cdt1) is present.
Finally, in Xenopus egg extracts recapitulating the very early embryonic cell cycles in which
geminin is not degraded but present in G1, the MCM9 protein limits the binding of geminin
to Cdt1, keeping Cdt1 active in recruiting the MCM2-7 complex to chromatin (Lutzmann &
Mechali, 2008).
Clearly, most of the principal, and obviously all of the fine-tuning mechanisms that use the
licensing reaction to balance proliferation and differentiation have still to be discovered and
characterized. Likely, in the coming years we will learn much more about how replication
and its regulation are connected to and interdependent with cell differentiation and
development. Pre-RC assembly and origin choice might play crucial roles in these processes.
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1. Introduction
DNA replication is a fundamental biological process that serves to create two copies of the
genetic material during each cell division. Complete and precise replication enables
identical sets of genes to be faithfully delivered to daughter cells during each cell division.
To achieve rapid duplication of the entire genome, eukaryotic cells initiate DNA replication
at multiple locations on each chromosome termed origins of DNA replication. Origin DNA is
unwound and complementary DNA is then synthesized from bi-directionally moving
replication forks. The replication forks eventually merge to form two identical
chromosomes.
The cell expends tremendous energy ensuring that a single origin of replication does not
initiate replication twice within the same cell cycle. One of the most highly regulated steps
in DNA replication is assembly of pre-replication complexes (pre-RCs). Pre-RC assembly
begins as cells exit mitosis and continues through G1 phase, culminating in chromosomes
poised for replication by the end of G1. At the onset of S phase, origins fire and replication
begins. During this time, several overlapping mechanisms prevent pre-RC assembly on
origins that have already fired to avoid utilizing any origins twice.
An abnormal situation in which replication is triggered multiple times from the same origin
during a single cell cycle is termed re-replication (Figure 1). Re-replication is detrimental to
genome stability, because it generates multiple replication forks on the same DNA strand.
Ultimately such structures result in double strand breaks, genome instability, and in some
cases, tumorigenesis (Arentson et al., 2002; Karakaidos et al., 2004; Xouri et al., 2004; Liontos
et al., 2007). This chapter focuses on mechanisms to prevent re-replication during normal
and perturbed cell cycles.

2. Pre-replication complex (pre-RC) assembly
To faithfully replicate its genomic information in a timely manner, a cell must initiate
replication at thousands of sites across the genome. These origins of replication are prepared
for replication through assembly of pre-RC complexes, beginning in late mitosis and
continuing through G1 phase of the cell cycle. Origins with a fully assembled pre-RC are
said to be “licensed” for replication. It is essential that origins assemble pre-RCs only in G1
because assembly of pre-RCs in S or G2 can lead to re-replication.
Pre-RC assembly begins when the six-subunit origin recognition complex (ORC) binds to an
origin of replication (Figure 2). ORC is composed of the constitutively-expressed subunits
Orc2-6, as well as the cell cycle-regulated Orc1 protein, and acts as an ATPase (Dhar et al.,
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2001; Vashee et al., 2001; Bowers et al., 2004; Mendez et al., 2002). Once bound to origins,
ORC recruits the remaining licensing factors Cdc6 and Cdt1 to origins (Cocker et al., 1996;
Nishitani et al., 2000).
Normal Replication

Re-replication

G1

G1

S

S/G2

G2

Fig. 1. Re-replication leads to double strand breaks. In a normal replicating cell (left), origins
are licensed only in G1 phase (indicated by the green diamonds). Replication begins in S
phase, and origins are inhibited from firing again (indicated by the red diamonds);
replication is completed by G2 phase. In re-replicating cells (right), origins are licensed again
in either S or G2 phase, leading to origin re-firing and re-replicated stretches of DNA. The
consequences of re-replication include DNA damage, genome instability, and
tumorigenesis.
Cdc6 was discovered in Saccharomyces cerevisiae and is essential for DNA replication; if
Cdc6 is absent, yeast cells not only fail to replicate but also undergo reductional anaphase
in which mitosis initiates without genome replication (Hartwell, 1976; Zwerschke et al.,
1994; Piatti et al., 1995). Cdc6 is a member of the AAA+ ATPase family, and is closely related
to Orc1 (Gaudier et al., 2007; Liu et al., 2000). ATP hydrolysis by Cdc6 and ORC is needed
to load the helicase complex onto DNA (Randell et al., 2006; Bowers et al., 2004; Weinreich
et al., 1999; Herbig et al., 1999; Donovan et al., 1997; Cook et al., 2002). Due to its tight
association with ORC and its partially conserved DNA binding domain, it has been
suggested that Cdc6 may also play a role in defining ORC binding sites (Mizushima
et al., 2000).
Cdt1 was first discovered in Schizosaccharomyces pombe and, while possessing no enzymatic
activity, is essential for the licensing reaction (Hofmann & Beach, 1994; Nishitani et al.,
2000). Cdt1 binds the core replicative helicase Mini-Chromosome Maintenance (MCM)
complex and recruits MCM to origins through direct interactions with ORC and Cdc6
(Tanaka & Diffley, 2002; Cook et al., 2004; Bruschi et al., 1995; Chen & Bell, 2011). While both
Cdc6 and Cdt1 are needed to load the MCM complex, they bind in a sequential manner;
Cdt1 can only bind to chromatin-bound Cdc6 and ORC (Tsuyama et al., 2005). Both Cdc6
and ORC hydrolyze ATP to load MCM complexes onto DNA (Randell et al., 2006). ATP
hydrolysis by Cdc6 also releases Cdt1 to recruit additional MCM complexes (Randell et al.,
2006). Once MCM complexes are loaded, the origin is licensed and can initiate replication
once the MCM helicase is activated in S phase. After MCM complexes have been loaded,
ORC, Cdc6, and Cdt1 are no longer needed, and replication can continue in their absence

15

Regulation of DNA Replication Origin Licensing

(Donovan et al., 1997; Rowles et al., 1999; Maiorano et al., 2000). This property of the loaded
MCM complex is key to preventing re-replication because, as discussed below, ORC, Cdc6,
and Cdt1 are inactivated beginning in S phase.
At each origin, at least two MCM hexamer complexes are loaded at a time, with multiple
rounds of loading at each origin (Evrin et al., 2009; Remus et al., 2009; Edwards et al., 2002;
Lei et al., 1996). The exact mechanism of MCM loading is not currently understood, but
electron microscopy images suggest ORC and Cdc6 form a structure similar to known
clamp loaders such as RFC (Chen et al., 2008; Speck et al., 2005). While multiple MCM
complexes can be loaded at each origin, perhaps as many ten copies per origin, the majority
of the MCM complexes that associate with chromatin do not travel with the replication fork
suggesting that they are not normally activated (Edwards et al., 2002; Krude et al., 1996;
Dimitrova et al., 1999). These additional MCM complexes may be loaded as a backup
mechanism to ensure that a sufficient number of origins fire in S phase (Ge & Blow, 2010).
ORC

origin

Cdt1
MCM

Cdc6

MCM
MCM

ORC

Cdc6
ORC

Cdt1
MCM

MCM
MCM

Fig. 2. Pre-RC assembly in G1 phase. Pre-RC assembly begins when the Origin Recognition
Complex (ORC) binds to origin DNA. ORC recruits Cdc6, which in turn recruits Cdt1 bound
to the Mini-Chromosome Maintenance (MCM) core helicase complex. Through the ATPase
activity of ORC and Cdc6, the MCM complex is loaded onto DNA and the origin is licensed
for replication.
MCM loading is highly regulated by multiple overlapping mechanisms (summarized in Table
1). Cdc6 and Cdt1 protein levels peak at different stages of the cell cycle; Cdt1 levels peak in
G1 phase whereas Cdc6 peaks in S/G2 phase in mammalian cells (Nishitani et al., 2000;
Petersen et al., 2000). Additionally, a member of the ORC complex, Orc1, is degraded or
inactivated at the onset of S phase (Mendez et al., 2002; Li & DePamphilis, 2002; Li et al., 2004).
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Due in part to these alternating protein levels, there are only two short windows in the cell
cycle when pre-RC formation can occur. Pre-RC assembly begins at the end of mitosis, before
the Anaphase Promoting Complex/Cyclosome (APC/C) becomes active in G1, and targets
Cdc6 for degradation. The second round of pre-RC assembly occurs in late G1 phase when
activated Cdk2 stabilizes Cdc6 but before Cdt1 is degraded at the onset of S phase (Diffley,
2004). Furthermore, the MCM subunits undergo post-translational modifications that facilitate
MCM complex formation as well as their ability to be loaded onto DNA (Lin et al., 2008;
Chuang et al., 2009). These mechanisms will be discussed in depth in the subsequent sections
with specific emphasis on the regulation of metazoan pre-RC assembly.
Regulator

Substrate

Function

Cdt1
Cdc6
(Ser106)
Orc1

ubiquitination by SCF Skp2

nuclear export and/or degradation depending on cell type

Cdc6 (Ser54)

stabilization by protection from APC/C Cdh1 ubiquitination

Mcm3

facilitates Mcm (2-7) complex formation

Cyclin/Cdk
cyclin A/
Cdk2
cyclin E/
Cdk2

nuclear export of Cdc6

Ubiquitin ligases
SCFSkp2
APC/
C Cdc20

Cdt1

ubiquitination in S phase

cyclin A

ubiquitination in G2 phase

APC/
C Cdh1

geminin

CRL4Cdt2

Cdc6
Cdt1
Set8

ubiquitination in M and G1 phases
ubiquitination in S phase and after DNA damage

Acetyltransferases
Gcn5
Hbo1

Cdc6
histone H4

pre-RC
proteins?
Methyltransferases
histone H4
Set8
(K20)

Promotes phosphorylation of Ser6 by cyclin A/Cdk2
promotes pre-RC formation (Cdt1 stimulation?)

Monomethylation promotes chromatin condensation and
pre-RC assembly

Table 1. Regulation of pre-RC components and related factors.

3. Pre-RC regulation
Pre-RC formation and origin licensing occurs during late mitosis and early G1 phase of the
cell cycle (Bell & Dutta, 2002). It is important to limit the assembly of pre-RCs to only the G1
phase since failure to restrict pre-RC formation results in re-replication. Re-replication can
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cause increases in double strand breaks and ploidy. Over time, damaged DNA could lead to
genome instability, ultimately increasing the propensity for tumorigenesis. In this section
we will discuss several mechanisms by which metazoan cells avoid re-replication.
3.1 Regulation of pre-RCs by cyclin-dependent kinases
Cyclin-dependent kinases (Cdks) are a family of serine-threonine protein kinases essential
for timely and appropriate progression through different stages of the cell cycle. Cdks are
activated by association with cyclins, whose expression and stability are cell cycle-regulated.
In budding and fission yeast, a single Cdk controls the G1/S and G2/M transitions, while in
metazoans different Cdks are active in different phases of the cell cycle (Figure 3, reviewed
in Malumbres & Barbacid, 2009). In metazoans, passage through G1 phase is governed by
cyclin D/Cdk4 (or cyclin D/Cdk6) and cyclin E/Cdk2 (Braden et al., 2008; van den Heuvel
& Harlow, 1993). S phase, and therefore DNA replication, is regulated by cyclin A/Cdk2
(Wheeler et al., 2008). Finally, mitotic entry is triggered by Cdk1 first binding to cyclin A
and then cyclin B.
DNA replication is both positively and negatively governed by Cdk activity. High Cdk2 and
Cdk1 activities, which are found from early S phase through mid-mitosis, block pre-RC
assembly; thus pre-RC assembly begins as cells exit from mitosis when these kinases are not
active. Cyclin E protein peaks in early S phase, triggering Cdk2 activity and replication
initiation from licensed origins; replication begins also with the help of a dedicated
replication kinase, Cdc7/Dbf4 (Bochman & Schwacha, 2009; Remus et al., 2009). (Additional
chapters related to origin firing and S phase progression appear elsewhere in this book.)
Simultaneously, S phase Cdk activity inhibits pre-RC formation at origins that have already
fired. Premature expression of cyclins E or A during G1 phase blocks normal pre-RC
assembly (Wheeler et al., 2008; Ekholm-Reed et al., 2004). Thus S phase Cdks promote
replication initiation but block pre-RC assembly after G1 (described below), resulting in one
genome duplication per cell cycle.

Cyclin B
Cyclin A
Cyclin E
Cyclin D
G1

S

G2

M

Fig. 3. Cyclin levels fluctuate throughout the cell cycle. Cell cycle progression is regulated
through the action of cyclin/Cdk complexes. In G1 phase, the cyclin D/Cdk4 and cyclin
D/Cdk6 complexes are nuclear and active and regulate the transcription of genes for pre-RC
components. Cyclin E/Cdk2 activity stimulates replication in S phase while simultaneously
inhibiting re-licensing of origins. Cyclin A/Cdk controls S phase progression and also
inhibits relicensing. Entry into mitosis is triggered by cyclin B/Cdk1 complexes. Darker
shading indicates peak protein expression or activity.
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3.1.1 Cyclin-Cdks as negative regulators of pre-RC assembly
Several experimental findings support a role for Cdks in preventing re-replication. For
example, transient over-expression of the Cdk inhibitor, p21, in G2 caused re-replication
(Bates et al., 1998). In addition, ORC and MCM complexes were recruited to human
chromatin in G2 when Cdk activity was inhibited genetically or pharmacologically
(Coverley et al., 1996; Fujita et al., 1998; Ballabeni et al., 2004; Li et al., 2004; Sugimoto et al.,
2004). Finally, chemical inactivation of Cdk1, combined with genetic ablation of Cdk2,
allowed pre-RCs to assemble inappropriately during mitosis (Ballabeni et al., 2004). These
observations highlight a role for Cdks in preventing inappropriate origin licensing.
Re-licensing of origins during S phase is prevented, in part, by Cdk2, in association
with cyclin A (Wheeler et al., 2008). Cdt1 interacts with the S phase cyclin A/Cdk2
complex, which results in Cdt1 phosphorylation at threonine 29 (Li et al., 2004; Liu et al.,
2004). Phosphorylated Cdt1 binds to the F-box protein, Skp2, the substrate receptor for
the ubiquitin ligase SCFSkp2. Cdt1 is polyubiquitinated by SCFSkp2 and targeted
for degradation by the 26S proteasome, thus reducing the pool of Cdt1 protein available
to participate in origin licensing (Takeda et al., 2005; Sugimoto et al., 2004; Kim &
Kipreos, 2007).
Coincident with Cdt1 destruction in S phase, Cdc6 is acetylated by Gcn5 on lysines 92, 105,
and 109 which promotes cyclin A/Cdk2 phosphorylation on Cdc6 at serine 106 (Paolinelli et
al., 2009; Mailand & Diffley, 2005). Serine 106 phosphorylation results in exclusion of Cdc6
protein from the nucleus, preventing re-replication (Paolinelli et al., 2009; Saha et al., 1998;
Coverley et al., 2000; Kim et al., 2007; Fujita et al., 1999; Jiang et al., 1999; Petersen et al.,
1999). The small amount of Cdc6 that remains nuclear throughout S phase is chromatinbound and likely participates in the ATR-dependent intra-S phase checkpoint by
mechanisms that are not yet understood (Mendez & Stillman, 2000; Lau et al., 2006).
Additionally, the Orc1 subunit of ORC is phosphorylated by cyclin A/Cdk1 during S phase,
and this phosphorylation promotes Orc1 degradation in HeLa cells (Mendez et al., 2002).
The same phosphorylation on Orc1 in Chinese Hamster Ovary cells (CHO) does not affect
Orc1 stability, but lowers the affinity of Orc1 for chromatin (Li et al., 2004). In both HeLa
and CHO cells, Orc1 phosphorylation allows the export of Orc1 to the cytoplasm (Saha et al.,
2006). Over-expression of cyclin A from Kaposi’s Sarcoma-associated herpes virus also
facilitates re-localization of Orc1 to the cytoplasm. These results show that Orc1 is subject to
phosphorylation by cyclin A/Cdk1, and this event modulates the stability and/or
localization of Orc1, thereby contributing to the prevention of re-replication.
Recent evidence from S. cerevisiae suggests that Orc2 and Orc6 may also be targets of
cyclin/Cdk inhibition. Phosphorylation of these subunits leads to a marked decrease in
MCM loading (Green et al., 2006; Tanny et al., 2006; Nguyen et al., 2001). Interaction
between Orc6 and the S phase Cdk, Clb5, is needed to prevent MCM loading outside of G1
phase; this interaction occludes the Cdt1 binding site on the ORC complex (Wilmes et al.,
2004; Tanny et al., 2006; Chen & Bell, 2011). In addition to steric hindrance, Clb5
phosphorylates Orc6; this modification also partially blocks the Cdt1 binding site and
prevents MCM loading (Chen & Bell, 2011). It remains to be determined if similar
mechanisms also apply to Cdk regulation of mammalian ORC (DePamphilis, 2005).
3.1.2 Cyclin-Cdks as positive regulators of pre-RC assembly
Cdc6 protein levels are very low in both quiescent cells and in early/mid G1 phase cells due
to ubiquitin-mediated proteolysis, but Cdc6 protein accumulates in late G1 just prior to a
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burst of MCM loading. In late G1, cyclin E/Cdk2 phosphorylates human Cdc6 on serine 54,
which protects Cdc6 from the ubiquitin E3 ligase APC/CCdh1 (Mailand & Diffley, 2005).
Many cancer cells have both high cyclin E/Cdk2 activity and high Cdc6 protein levels
which may reflect not only the transcriptional up-regulation of cyclin E and cdc6 genes in
tumors but also the stabilizing effect of cyclin E/Cdk2 on Cdc6 protein (Nielsen et al., 1996).
Cyclin E may also have an as yet poorly understood direct role in MCM loading through
association with Cdt1 and MCM subunits independently of its association with Cdk2. When
cyclin E was depleted from mammalian cells, MCM loading did not occur as cells re-entered
G1 from quiescence (Geng et al., 2007; Geng et al., 2003).
In addition to regulating Cdc6, Cdk complexes also facilitate the formation and loading of
the MCM helicase complex. Mcm3 is phosphorylated on serine 112 by Cdk1, which triggers
MCM complex assembly (Lin et al., 2008). Cdk activity affects MCM loading in an indirect
fashion as well. The activity of cyclin E/Cdk2 is required for the accumulation of Cdc7
mRNA, which in turn functions in origin firing (Chuang et al., 2009; Francis et al., 2009;
Jiang et al., 1999; Masai et al., 2000; Sheu & Stillman, 2006). In quiescent cells,
phosphorylation of Mcm2 at serine 5 is necessary to promote MCM loading (Chuang et al.,
2009; Geng et al., 2007).
3.2 Cdk-independent regulation of pre-RCs
3.2.1 Regulation of Cdt1 by CRL4Cdt2
Cdk-independent mechanisms also prevent re-replication by targeting Cdt1. Nonphosphorylatable (Cdk-resistant) Cdt1 mutants are degraded during S phase despite being
unable to bind to Skp2 (Takeda et al., 2005; Nishitani et al., 2006; Senga et al., 2006). An
alternate, DNA-dependent, mechanism for Cdt1 degradation was subsequently uncovered
(Jin et al., 2006; Arias & Walter, 2006; Senga et al., 2006; Higa et al., 2006; Nishitani et al.,
2006; Hu & Xiong, 2006; Ralph et al., 2006). Proliferating Cell Nuclear Antigen (PCNA) is a
cofactor required to increase the processivity of DNA polδ during leading strand synthesis
(Maga & Hubscher, 2003). Thus, PCNA travels with active replication forks. Cdt1 interacts
with PCNA through a highly conserved region called the PIP box during S phase. Cdt1
binding to DNA-loaded PCNA is essential for Cdt1 recognition by the CRL4Cdt2 ubiquitin E3
ligase. CRL4 associates with Cdt1 via direct binding to the Cdt2 substrate adapter which
links to the Cul4 scaffold. Since Cdt1 only binds PCNA on chromatin, it is only
ubiquitinated by chromatin-associated CRL4Cdt2. In this manner Cdt1 degradation is directly
coupled to DNA synthesis. A Cdt1 mutant that cannot bind either PCNA or cyclin/Cdk is
stable during S phase and causes re-replication (Nishitani et al., 2006). Likewise, Cdt2
depletion stabilizes Cdt1 in S phase, causing re-licensing of fired origins, and extensive rereplication (Jin et al., 2006; Higa et al., 2006; Ralph et al., 2006).
3.2.2 Regulation of Cdt1 by geminin accumulation
As another layer of regulation, metazoan S phase cells accumulate the protein geminin,
which binds to Cdt1 and blocks the Cdt1-MCM interaction (Lee et al., 2004; Wohlschlegel et
al., 2000; Tada et al., 2001). Geminin is expressed throughout the S, G2 and M phases of the
cell cycle when origin licensing is inhibited (McGarry & Kirschner, 1998; Wohlschlegel et al.,
2000). Geminin is targeted for degradation in G1, but begins to accumulate at the end of G1
when the ubiquitin ligase responsible for its degradation (APC/CCdh1) is inactivated
(McGarry & Kirschner, 1998; Rape et al., 2006). In S phase, geminin binds to the residual
Cdt1 that escaped degradation and renders it unavailable to re-license origins.
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Recent biochemical evidence has suggested that geminin-Cdt1 complexes exist in several
forms (De Marco et al., 2009). These forms include a licensing-inhibitory heterohexamer that
consists of two Cdt1 molecules and four geminin molecules, and a licensing-permissive
heterotrimer, comprised of one Cdt1 molecule and two geminin molecules (Lutzmann et al.,
2006). Binding of geminin to Cdt1 in a heterohexamer can tether several Cdt1 molecules
together, creating chromatin-bound foci that may cooperatively inhibit licensing (Ode et al.,
2011). Depending on the amount of geminin in the cell, geminin may switch from being an
inhibitor of origin licensing when geminin levels are high to an activator when levels of
geminin are low.
3.2.3 APC/C as a regulator of pre-RC assembly
The cell spends a significant amount of energy to ensure that the correct proteins are expressed
at the appropriate time. Before one cell cycle phase begins, cells ensure that the previous step
has been properly completed and, in many cases, inactivated by controlling protein activity
abundance. One mechanism for enforcing the proper order of events is through regulated
protein degradation. The Anaphase Promoting Complex/Cyclosome (APC/C) is uniquely
tied to cell cycle progression and control of DNA replication as evidenced by the fact its
regulation and activity are modulated in every phase of the cell cycle. APC/C is a RING-type
E3 ubiquitin ligase originally discovered though its association with its substrates, the mitotic
cyclins (Sudakin et al., 1995; King et al., 1995). Two activator subunits, Cdc20 and Cdh1,
interact dynamically with the APC/C holoenzyme to influence substrate recognition (Figure 4).
APC/CCdh1 targets in G1 include Skp2, a member of the SCF ubiquitin ligase complex, the
licensing factor Cdc6, and the inhibitor protein geminin (Wei et al., 2004; Petersen et al.,
2000; McGarry & Kirschner, 1998). Degradation of Skp2 results in accumulation of the Cdk2
inhibitors p21 and p27, and prevents premature S phase entry due to low Cdk2 activity (Wei
et al., 2004). APC/CCdh1 also acts to limit the amount of Cdc6 that is available in the cell
(discussed in 3.1.2).
As cells progress through S phase, Cdh1 is phosphorylated by cyclin A/Cdk2 complexes;
since hyper-phosphorylated Cdh1 cannot interact with APC/C, the ubiquitin ligase complex
is inactive (Zachariae et al., 1998). This inactivation allows geminin to accumulate and bind
any remaining Cdt1 (McGarry & Kirschner, 1998). During S phase, APC/CCdh1 is also bound
by its inhibitor protein, Emi1 (Hsu et al., 2002). Interestingly, Emi1 accumulation is not
needed to begin S phase but is needed to signal the stop of replication and mitotic entry,
even though APC/CCdc20 can still ubiquitinate its targets if Emi1 is present in mitosis (Di
Fiore & Pines, 2007). Emi1 remains bound until prophase, when it is phosphorylated by Plk1
(Moshe et al., 2004). While Emi1 accumulation is not needed for S phase entry, it is essential
to inhibit re-replication. Depletion of Emi1 leads to re-replication in human cells, due to the
untimely activation of APC/CCdh1 (Sivaprasad et al., 2007; Machida & Dutta, 2007). This
stabilization allows geminin levels to drop when Cdt1 levels are high; at the same time,
increased activity of cyclin A/Cdk2 allows Cdc6 to become stabilized. With both licensing
factors present, origins are licensed outside of G1 and re-replication occurs.

4. Re-replication causes DNA damage and cell cycle arrest
Manipulation of key components of the replication machinery can induce re-replication. For
instance, over-expression of replication proteins Cdt1 and Cdc6 causes re-replication in
human cancer cells (Nishitani & Nurse, 1995; Vaziri et al., 2003; Ekholm-Reed et al., 2004;
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Fig. 4. APC/C is cell cycle regulated and controls several important pre-RC proteins. In G1
phase, APC/C is bound to the adaptor protein Cdh1 and APC/CCdh1 ubiquitinates the
licensing factor Cdc6 and the Cdt1 inhibitor geminin. During this time, it also targets
another APC/C adaptor protein, Cdc20, for degradation. As cells progress into S phase,
APC/CCdh1 is bound by its inhibitor protein, Emi1. At the beginning of mitosis, APC/C and
Cdh1 become hyper-phosphorylated, leading to dissociation of Cdh1 from APC/C.
Phosphorylated APC/C can then bind the adaptor protein, Cdc20. The APC/CCdc20 complex
is responsible for degrading cyclin B and securin, thereby promoting sister chromatid
separation and mitotic exit.
Tanaka & Diffley, 2002; Liontos et al., 2007). Depletion of the Cdt1 inhibitor geminin also
induces re-replication in certain cancer cell types (Melixetian et al., 2004; Zhu et al., 2004).
Depletion or inhibition of the CRL4Cdt2 ubiquitin E3 ligase, the machinery responsible for the
ubiquitination of Cdt1, stabilizes Cdt1 and stimulates re-replication (Jin et al., 2006; Zhong et
al., 2003; Lin et al., 2010). Thus, misregulation of pre-RC components or proteins involved in
regulating the pre-RC complex can promote re-replication.
Re-replication activates the DNA damage response (Blow & Dutta, 2005). Mammalian cells
depleted of geminin, Cdt2, or Ddb1 (another subunit of CRL4Cdt2), fail to properly downregulate Cdt1 during S phase. These cells, or cells that overproduce Cdt1, also acquire
phosphorylated γH2AX, a histone variant incorporated into chromatin at sites of DSBs
(Vaziri et al., 2003; Melixetian et al., 2004; Zhu et al., 2004; Jin et al., 2006; Lovejoy et al., 2006;
Zhu & Dutta, 2006). The appearance of double stranded break markers (DSBs) in rereplicating cells suggests that multiple forks on the same DNA result in replication fork
collision and/or collapse.
Checkpoint sensors recognize impaired fork activity, generated by either fork collapse or
stalled replication forks, and shut down cell cycle progression. This DNA damage response
involves activation of the serine-threonine kinases, ATM (Ataxia Telangiectasia Mutated)

22

Fundamental Aspects of DNA Replication

and ATR (ATM-related) (Shiloh, 2003). Single-stranded regions are recognized by ATR,
which preferentially activates and phosphorylates the Chk1 protein kinase (Guo et al., 2000;
Zhao & Piwnica-Worms, 2001; Kramer et al., 2004; Niida et al., 2007; Zou & Elledge, 2003).
Chk1 in turn inactivates the Cdc25 phosphatase causing an intra-S or G2/S phase arrest
(Donzelli & Draetta, 2003; Jin et al., 2003; Ferguson et al., 2005). Inactivation of Cdc25 is also
accomplished by induction of MAPKAP-K2 (MK2), a downstream effector kinase of the p38
MAP kinase pathway, which is stimulated by genotoxic stress (Manke et al., 2005; Reinhardt
et al., 2007; Lemaire et al., 2006; Huard et al., 2008). Without active Cdc25, the mitotic cyclin
B/Cdk1 complex remains phosphorylated and inactive. Thus, the DNA damage response
pathway leads to a G2/M cell cycle arrest (Tang et al., 2006).
Damage caused by DSBs is recognized by ATM (Shechter et al., 2004; Costanzo et al., 2001).
ATM activates and phosphorylates the checkpoint protein kinase Chk2 (Melchionna et al.,
2000; Zhou & Elledge, 2000). Activated Chk2 then phosphorylates and activates the
transcriptional regulator, p53 (Meek, 1994; Milczarek et al., 1997). Active p53 induces
expression of many genes needed for DNA repair and cell cycle arrest, including the Cdk
inhibitor, p21 (Smith et al., 1995). The accumulation of p21 inhibits Cdk2 function and blocks
cells from entering S phase (Taylor & Stark, 2001; Levine, 1997; Vogelstein et al., 2000). DNA
damage in G2 phase also leads to p53-dependent p21 accumulation, inhibition of Cdk1, and
arrest in G2 (Agarwal et al., 1995; Deng et al., 1995; Brugarolas et al., 1995).
Cells can recover from arrest by activating repair pathways and continuing cell division, but
if the damage is too extensive, they die by apoptosis (Hartwell & Weinert, 1989; Weinert &
Hartwell, 1990; Nasmyth, 1996; Abraham, 2001). Re-replication induced by Cdt1
stabilization or geminin depletion results in many of the checkpoint events outlined above,
including phosphorylation of Chk2, Chk1, and p53, failure to enter mitosis or initiation of
apoptosis depending on the degree of re-replication-associated damage (Zhu & Dutta, 2006;
Zhu et al., 2004; McGarry, 2002). G2/M arrest caused by loss of geminin is primarily
mediated by ATR recognition of single-stranded regions generated early in re-replication.
As cells eventually accumulate more damage from more extensive re-replication and
generate DSBs, the ATM pathway is induced (Lin & Dutta, 2007). Such sequential activation
may permit low-level damage to be repaired during an ATR-mediated G2/M arrest prior to
ATM-mediated p53 activation and permanent arrest or cell death.
Interestingly, ATR-deficient cells show a higher propensity to re-replicate than their ATRproficient counterparts do (Lin & Dutta, 2007). These observations suggest that the ATR
pathway can restrict re-replication while re-replication simultaneously activates ATR.
Another potential interplay between replication licensing and the ATR pathway is
suggested by the binding of Cdc6 to ATR, which promotes ATR chromatin binding
(Yoshida et al., 2010). Cdc6 can also activate p21-bound Cdk2 and override the DNA
damage checkpoint (Kan et al., 2008).

5. Pre-RC regulation during a DNA damage response
As described above, cyclin/Cdk activity prevents inappropriate formation of pre-RC
complexes in S and G2 phases of the cell cycle. Exposure to DNA-damaging agents or
generation of DSBs during replication elicits the DNA-damage response, which can reduce
Cdk activity, particularly in G2 phase. Therefore, DNA damage can perturb the normal
Cdk-dependent regulation of pre-RC components such that there is potential danger of
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initiating re-replication events. To counteract this risk, the DNA damage induces Cdkindependent mechanisms to inhibit pre-RC assembly.
5.1 Degradation of Cdc6
When cells are exposed to various genotoxins, such as ultraviolet (UV) irradiation, ionizing
radiation (IR), base alkylating agents, etc., Cdc6 is actively degraded by two mechanisms. As
outlined above, the DNA damage response results in p53-dependent induction of the Cdk
inhibitor p21Cip1. Reduced Cdk activity prevents phosphorylation of Cdc6 at serine 54
(Duursma & Agami, 2005). Without this protective phosphorylation, Cdc6 can be
ubiquitinated by APC/CCdh1 and degraded, particularly in G1 phase due to the high activity
of APC/CCdh1 (Mailand & Diffley, 2005). Cdc6 ubiquitination by APC/CCdh1 is further
facilitated by the activation of APC/CCdh1 by the DNA damage checkpoint and cyclin
destruction (which also reduces Cdc6 serine 54 phosphorylation) (Sudo et al., 2001).
Cdc6 is also targeted for degradation by a different E3 ubiquitin ligase, Huwe1 (Figure 5).
Recognition of Cdc6 by Huwe1 is independent of both p53 induction of p21 and changes in
Cdk-mediated phosphorylation (Hall et al., 2007). Huwe1 is a monomeric HECT family E3
ligase that has been linked to the regulation of many proteins central to cell proliferation
control, including maintaining low p53 levels in the absence of DNA damage (Chen et al.,
2005). Huwe1-mediated Cdc6 degradation is also activated in response to endogenous rereplication-associated DNA damage ultimately leading to loss of Cdc6 from re-replicating
cells (Hall et al., 2008).
5.2 Degradation of Cdt1
When cells are exposed to exogenous DNA damaging agents, Cdt1 is rapidly degraded
(Higa et al., 2003; Hu et al., 2004). DNA damage-induced Cdt1 degradation is unaffected by
Cdk activity, and is therefore unrelated to ubiquitination by the SCFSkp2 ubiquitin ligase.
Instead, Cdt1 is degraded through association with the CRL4Cdt2 ubiquitin ligase (Higa et al.,
2003; Hu & Xiong, 2006; Jin et al., 2006; Nishitani et al., 2006; Ralph et al., 2006; Sansam et al.,
2006; Senga et al., 2006). PCNA is loaded onto damaged DNA not only during normal
replication, but also in response to DNA damage both for DNA repair synthesis and in a
checkpoint role (Lee & Myung, 2008). As a result, Cdt1 interacts with loaded PCNA after
DNA damage in the same way that it interacts with PCNA during S phase. The interaction
of Cdt1 with PCNA at sites of DNA damage recruits CRL4Cdt2 via direct binding of Cdt2 to
the Cdt1-PCNA complex, leading to Cdt1 ubiquitination and proteasomal degradation.
Like Cdc6, Cdt1 is targeted for destruction in response to both exogenous and endogenous
DNA damage. Human or Drosophila cells depleted of geminin also rapidly lose Cdt1 and
Cdc6 (Mihaylov et al., 2002; Ballabeni et al., 2004). Since the lack of geminin induces rereplication-related DNA damage, Cdt1 and Cdc6 are simultaneously targeted for
degradation by CRL4Cdt2 and Huwe1, respectively (Hall et al., 2008). In cells depleted of
either CRL4Cdt2 components or Huwe1, geminin depletion allowed more extensive rereplication, suggesting that the destruction of pre-RC proteins in re-replicating cells protects
them from even further re-replication.
5.3 Phosphorylation of pre-RC components by DNA damage-stimulated kinases
Cdt1 and Cdc6 destruction after DNA damage is largely independent of the DNA damage
checkpoint, but other pre-RC members are specifically targeted by the ATM and ATR
pathways. Mcm2 is phosphorylated in both Xenopus and human cancer cells (on serine 92
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Fig. 5. DNA damage causes degradation of Cdc6 and Cdt1. Exogenous genotoxic damage
and endogenous re-replication-associated damage induce the degradation of the licensing
factors Cdc6 and Cdt1. Cdc6 is targeted by the ubiquitin ligase Huwe1. Cdt1 binds to
PCNA, which is loaded at sites of DNA damage. This association allows the CRL4Cdt2
ubiquitin ligase to bind Cdt1 and target it for degradation.
and serine 108, respectively) in response to many DNA damaging agents (Yoo et al., 2004;
Cortez et al., 2004). In Xenopus egg extracts, both ATM and ATR phosphorylate the Mcm2
subunit of the MCM complex, whereas in human cells ATR is the primary kinase involved
(Yoo et al., 2004; Cortez et al., 2004). Mcm3 and Mcm4 are also phosphorylated in response
to DNA damage. Mcm4 becomes phosphorylated after DNA damage in a caffeine-sensitive
manner. Caffeine is a known inhibitor of the ATM and ATR kinases, so these kinases or their
downstream targets are presumed to be responsible. Mcm3 is phosphorylated on serine 535
by ATM in response to ionizing radiation (Cortez et al., 2004). Additionally, Orc3 is
phosphorylated in response to ionizing radiation (Matsuoka et al., 2007). The functional
consequences of these phosphorylations are not yet known, but it is reasonable to predict
that these modifications prevent pre-RC assembly.

6. Novel interfaces between pre-RC regulation and cell cycle control
6.1 Additional control of replication licensing
In addition to the core pre-RC members described thus far, other proteins have also been
implicated in regulating DNA replication licensing. A protein related to MCM subunits,
Mcm9, is not itself incorporated into the core helicase complex, but has been suggested to be
essential for licensing in eukaryotes. Mcm9 contains an ATPase and a helicase domain, and
may directly bind and influence Cdt1 function (Lutzmann & Mechali, 2008). Geminin and
Mcm9 compete for binding to Cdt1; as such, Mcm9 could protect Cdt1 from geminin during
origin licensing (Lutzmann & Mechali, 2009).
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Another protein that plays a role in influencing DNA replication is the acetyltransferase,
Hbo1. Hbo1 binds both Orc1 and Mcm2, and is thereby recruited to origins (Miotto &
Struhl, 2008; Iizuka et al., 2006; Burke et al., 2001). Hbo1 depletion causes licensing defects in
human cells and in Xenopus egg extracts by preventing the loading of MCM complexes but
not the chromatin association of ORC, Cdc6, or Cdt1 (Iizuka et al., 2006; Miotto & Struhl,
2008). These defects can be reversed by over-expressing Cdt1, suggesting that Hbo1 is an
activator of MCM loading at the Cdt1 step in pre-RC assembly. Hbo1 acetylates histone H4
which may reflect a role for Hbo1 in modulating chromatin at origins (Miotto & Struhl,
2010). Hbo1 also associates with the tumor suppressor, p53, and this association negatively
regulates Hbo1 enzymatic activity. Cellular stress agents other than DNA damage, such as
hyperosmotic stress, activate p53 (Vogelstein et al., 2000), and this activation was suggested
to inhibit the HAT activity of Hbo1 and consequently, origin licensing (Iizuka et al., 2008).
Hbo1 can also acetylate multiple pre-RC components in vitro however, so its role in pre-RC
assembly may also be through direct modification of licensing proteins (Iizuka et al., 2006).
In addition to histone acetylation, monomethylation of histone H4 facilitates pre-RC
formation. Tethering the H4 Lys20 methyltransferase, Set8 (PR-Set7), to an ectopic sequence
induced pre-RC formation at that site, suggesting that H4K20 methylation may also
promote pre-RC assembly at normal chromosomal origins (Tardat et al., 2010). Set8 is
ubiquitinated by the CRL4Cdt2 ubiquitin ligase in PCNA-dependent manner during S phase
and in response to DNA damage (Jorgensen et al., 2011; Wu & Rice, 2010; Oda et al., 2010).
Failure to degrade Set8 in S phase leads to re-replication and lack of chromatin condensation
during mitosis (Wu & Rice, 2010; Jorgensen et al., 2011). These data further suggest an
involvement of chromatin structure in the regulation of origin licensing.
Each of the genes encoding pre-RC components is transcriptionally regulated by the Rb-E2F
pathway. Given that tumor cells frequently exhibit high-level expression of E2F target
genes, (Rb or p16 loss, cyclin overproduction, etc.) it is not surprising that Cdt1 and Cdc6
are overproduced in many cancers (Ohta et al., 2001; Karakaidos et al., 2004; Pinyol et al.,
2006; Di Micco et al., 2006). Overproduction of Cdt1 or Cdc6 in cultured human cells
induces re-replication, raising the possibility that tumor cells also re-replicate in vivo.
Recently it has been suggested that cancer cells “hyper-replicate” and that this form of
replication stress is a driving force in oncogenesis. It has also been suggested that excessive
pre-RC assembly may even downregulate expression of the INK4/ARF tumor suppressor
locus due to interference between a nearby origin and the INK4 promoter (Gonzalez et al.,
2006). Recently, mutations in genes for several components of the pre-RC, including Orc1,
Orc4, Orc6, Cdt1, and Cdc6 have been linked to the autosomal recessive primordial
dwarfism syndrome, Meier Gorlin syndrome (Guernsey et al., 2011; Bicknell et al., 2011).
This is the first report implicating impaired licensing in a developmental disorder. Taken
together there are now clear links between pre-RC formation, normal human development,
and tumorigenesis.
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1. Introduction
MCM8 is a relatively new protein about which little is currently known regarding its
function within the cell. Even so, there is controversy surrounding what its role might be in
DNA replication. In this chapter, information regarding the role of MCM8 in DNA
replication gleaned from studies carried out in different species will be discussed. In
addition, sequence differences in the protein, itself, among different species will be
presented. This review will focus on MCM8 in three species, Homo sapiens, Xenopus laevis and
Drosophila melanogaster, since the bulk of published experimental data was obtained using
these organisms.

2. Structure of MCM8
The discovery of the MCM8 gene was the direct result of sequencing of the human genome.
The MCM8 gene was discovered based on direct search for homologies to the genes of other
family members (Johnson et al., 2003) and on direct database comparison of sequences in
which a hepatitis virus had integrated in DNA from human hepatocellular carcinoma tissue
(Gozuacik et al., 2003). MCM8 belongs to the Minichromosome Maintenance (MCM) family
of proteins so named based on the role of founding members in the maintenance of
centromeric plasmids containing an origin of replication in Saccharomyces cerevisiae (Maine et
al., 1984). MCM family members other than MCM8 will be discussed in another chapter and
will not be further discussed here except for comparative purposes. Two groups
simultaneously named the newly discovered protein and gene MCM8, essentially because
the names MCM1, MCM2-7 and MCM10 were already taken (Gozuacik et al., 2003; Johnson
et al., 2003). MCM 1 and MCM10 are not homologous in sequence to MCM2-7 family
members (Tye, 1999). Whereas MCM2-7 family members have a secured position within the
mechanistic framework of DNA replication based on studies in both yeast and Xenopus
(Blow & Laskey, 1988; Chong et al., 1995; Forsburg, 2004; Gomez et al., 2002; Hennessy et al.,
1991; Kubota et al., 1995; Labib et al., 2000; Thommes et al., 1997; Tye, 1999; Yan et al., 1993),
the role of MCM8 is enigmatic.
In Homo sapiens, the MCM8 gene is located at chromosome band 20p12.3-13 and is located
contrapodal to a gene encoding a homolog of the yeast GCD10 gene. It is composed of 19
exons (Johnson et al., 2003). MCM8 will be italicized hereafter when specifically referring to
nucleic acid. MCM8 also exists in a variant form (isoform 2) in a choriocarcinoma found
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among Expressed Sequence Tags, which could be the result of aberrant splicing (Johnson et
al., 2003). Both MCM8 and MCM8 isoform 2 have canonical helicase domains, Walker A and
Walker B (Walker et al., 1982). Although other family members have an unusual A-box
motif, either AKS or SKS, MCM8 has the canonical A-box motif GKS, indicating the
possibility of intrinsic helicase activity (Johnson et al., 2003). Sequences deleted in the
MCM8 isoform 2 are near a zinc finger-like motif located N-terminal to the Walker boxes
(Fig. 1). The reported Xenopus laevis MCM8 homolog contains similar structural motifs,
including a Zn finger-type motif, highly homologous to the human one, and Walker A and
Walker B motifs. It also contains the canonical Walker A GKS sequence described above for
human MCM8 (see Fig. 2). Xenopus MCM8 is highly homologous to human MCM8 (74%),
with most variability in the N terminus. This variability is in a region of 60 amino acids that
are arginine- and glycine-rich in both species (Maiorano et al., 2005).

Fig. 1. Diagram showing the conserved structural features for human MCM8. Lengths and
positions of the noted motifs are approximately to scale. WAA and WAB are the Walker A
and Walker B boxes, respectively (Walker et al., 1982). Hel2ins is the helix-2 insert
(Jenkinson & Chong, 2006) and ZnF and RF refer to the zinc finger-like motif and arginine
finger motif, respectively (Forsburg, 2004; Tye, 1999). Del refers to the sixteen amino acids
deleted in human MCM8 isoform 2 (Johnson et al., 2003).
The rec gene in Drosophila melanogaster was later reported to be the MCM8 ortholog, and it
is located on Drosophila Chromosome 3 between c(3)G and spn-E. The rec gene consists of
two exons and an intron. Note that rec will indicate the gene and REC will indicate the
protein. It may have diverged from other MCM8 orthologs through accumulation of
more changes as indicated by its longer branch length in the phylogenetic tree compared
with other MCMs (Blanton et al., 2005). Based on ancient diversification, MCM8 is
concordantly either present or absent along with another family member, MCM9, in
various taxa. Exceptions are the Drosophila species, which lack MCM9. The sequence
divergence of REC is suggested to relate to the lack of MCM9 in this species or to a major
change in protein function (Blanton et al., 2005; Liu et al., 2009). MCM9 is not included in
all compilations of MCM proteins because MCM9 lacks the signature Walker B box
sequence, IDEFDKM, present in all other MCM members. Human MCM9 contains instead
the somewhat conserved IDEFNSL (Shultz et al., 2007). Compared to other MCM family
members, MCM9 proteins have a longer and poorly conserved C-terminus (Lutzmann et
al., 2005; Shultz et al., 2007). From an evolutionary standpoint, the highly divergent
MCM8 ortholog in all species of Drosophila may not make it a good model for other
eukaryotes (Liu et al., 2009).
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MCM8 is not present in yeast where family members MCM2-7 have been extensively
studied using genetic approaches (Tye, 1999). The archaeal MCM proteins and MCM2-7
proteins are AAA+ (ATPases associated with a variety of cellular activities) enzymes (Bae et
al., 2009; Bochman & Schwacha, 2009, review; Koonin, 1993; Neuwald et al., 1999). The
ATPase active site is known as the AAA+ domain (Neuwald et al., 1999). Subdomains of
AAA+ proteins contain ATPase active site motifs found in a P loop domain and a lid
domain C-terminal to the P loop. The P loop domain consists of Walker A and Walker B
boxes and a Sensor I motif. The lid contains the arginine finger motif and a Sensor II motif.
In MCM proteins, the AAA+ active sites are formed from the P loop cis motif of one subunit
and the lid domain trans motif of another subunit. Nucleotide binding and hydrolysis can
lead to conformational changes that drive mechanical work (Bochman & Schwacha, 2009;
Erzberger & Berger, 2006). Conformational changes among subunits of toroidal hexamers,
such as the MCM2-7 complex, may be coupled and propagated by the combinational
arrangement of active sites (Davey et al., 2003; Bochman & Schwacha, 2009).
A large presensor-I (PS-I) AAA+ superclade is comprised of clade 4 viral superfamily III
helicases (e.g., SV40 large T-antigen), the clade 5 HCLR (HslU, ClpX, Lon and Ruv) and the
clade 6 H2 insert family in which MCM family members were initially placed (Erzberger &
Berger, 2006). The clade 6 H2 insert family has a beta-alpha-beta insertion in helix 2 (Iyer et al.,
2004; Jenkinson & Chong, 2006). As in MCM2-7, Fig. 2 sequence alignment shows that the
helix-2 insert (Hel2ins) is also present between the Walker A and B boxes in MCM8 in Homo
sapiens, Xenopus laevis and Drosophila melanogaster. In addition to the presence of an insertion in
helix 2 of clade 6 members, an additional insertion has been reported to define Clade 7
(Erzberger & Berger, 2006). Based on structural studies, this group reported that MCM2-7
members contain a Sensor-II motif within the lid domain that is uniquely repositioned to act in
trans through a helical insertion positioned N-terminal to it (presensor-II). They used this
insert to define a presensor-II (PS-II) insertion clade 7, which includes MCM2-7. The divergent
members reported for clade 7 were chosen based on the presence of the helical insertion when
the H2 insert family members were examined. Whereas clade 6 H2 insert mutations disrupted
interaction of clade 6 member NtrC with its remodeling target, the clade 7 helical insertion is
thought to coordinate the stability of adjacent subunits or protomers, perhaps by changing
contacts or accessible surface area (Erzberger & Berger, 2006). Our sequence analyses reveal
that Homo sapiens, Xenopus laevis and Drosophila melanogaster MCM8 contain a potential helical
insertion in PS-II. Further structural information about this MCM8 insert is not available, but it
could potentially place MCM8 in AAA+ clade 7. Notably, this region appears much longer in
Drosophila than in the other two species based on these analyses (not shown). This region in all
three species requires further analysis, since it has been described as potentially important in
subunit interactions (Erzberger & Berger, 2006) and could help account for active-site
differences within MCM2-7 subunits (Bochman & Schwacha, 2009).

3. Sequence variations of MCM8 proteins among and within different species
The following figures show important sequence alignments for the three species to be
discussed in this review: Hs1 is Homo sapiens isoform 1, Hs2 is Homo sapiens isoform 2 (Johnson
et al., 2003), Xl is Xenopus laevis, and Dm is Drosophila melanogaster. All sequence alignments in
the figures in Section 3 were performed using the Multalin algorithm (Corpet, 1988).
Fig. 2 is an alignment of the conserved Walker A and Walker B ATPase domains, the AAA+
clade 6 helix-2 insert that is present in MCM2-7 and the canonical MCM arginine finger
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domain (SRFD). The conserved motifs are part of the AAA+ domain of many ATPdependent molecular motors (Koonin, 1993; Neuwald et al., 1999). Note that there is
significant homology in three of these four motifs among the three species. Only the helix-2
insert of Drosophila MCM8 is completely divergent.

Fig. 2. The Mg-ATP binding domain of MCM8 from three species. Comparative alignment
of MCM8 conserved motifs in Hs (forms 1 and 2), Xl and Dm. Abbreviations: WAA (Walker
box A), WAB (Walker box B), RF (arginine finger), Hel2ins (helix-2 insert).
The Walker box A is important for P loop conformation and is implicated in ATP binding by
interacting with the phosphate moiety (Saraste et al., 1990; Walker et al., 1982). The Walker B
motif is thought to contribute to ATP hydrolysis by mediating interaction with ATP through
Mg2+. (Koonin, 1993; Walker et al., 1982). The arginine finger is the SRFD amino acid motif
found in other MCM2-7 family members (Forsburg, 2004). At the AAA+ active site, the
arginine finger is in a different subunit from the one that binds ATP and helps to complete
the active site interface between two subunits. It may help coordinate the order of
hydrolysis in the MCM2-7 oligomer (Bae et al., 2009; Davey et al., 2003; Davey et al., 2002).
The helix-2 insert is implicated in helicase activity (Brewster et al., 2008; Jenkinson & Chong,
2006). The helix-2 insert domain plays a key role in transducing or coupling energy of
hydrolysis to unwinding of target. Removal of the helix-2 insert in archaeon
Methanothermobacter thermautotrophicus (MthMCM) resulted in the loss of DNA unwinding
and increased dsDNA-dependent ATP hydrolysis and the affinity for single-stranded and
double-stranded DNA. Since this motif is not as conserved as other neighboring AAA+
motifs, its role in MCM activity was predicted to be mechanical (Jenkinson & Chong, 2006).
In the Fig. 3, the zinc finger-like motif, a common feature of other MCM family members
(Forsburg, 2004; Tye, 1999) is presented for the three species under discussion. Note that this
domain in Drosophila melanogaster is almost completely divergent from the domain in Homo
sapiens isoform 1, Homo sapiens isoform 2 and Xenopus laevis. Only a P residue and the Znchelating four C residues are conserved in Drosophila MCM8.
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Fig. 3. Homologies among zinc finger domains in three species.
The Zn2+ finger motif is not involved directly in DNA binding. It stabilizes folding of the Nterminal domain, and this function is predicted to aid in the formation of the double
hexamer in the MthMCM archaeon (Fletcher et al., 2003). For discussion of this motif in
eukaryotic MCMs, see the review by Bochman and Schwacha, 2009.
In Fig. 4, the region of Homo sapiens isoform 1 MCM8 found to be deleted in choriocarcinoma is
aligned to compare the two Homo sapiens isoforms with Xenopus laevis and Drosophila
melanogaster. Note that Xl and Hs1 are highly homologous in the region of the deletion. The
deletion occurs in the Hs2 variant, which has thus far only been reported in a case of
choriocarcinoma (Johnson et al., 2003). A similar region is missing in Dm MCM8. This deletion
most likely does not eliminate DNA binding because Dm MCM8 is reportedly involved in
DNA repair synthesis in meiosis (Matsubayashi & Yamamoto, 2003; Blanton et al., 2005).

Fig. 4. A deletion in Hs MCM8 isoform 2 is also present in Dm MCM8.
Based on archaeon MtMCM mutational analysis, N- and C-terminal sequences were found
to play a regulatory role in ATP hydrolysis with effects on substrate binding and on
processivity (Jenkinson & Chong, 2006). Whether this particular region of deletion in Hs
isoform 2 has similar regulatory effects remains to be determined.

4. Research regarding MCM8 protein function in DNA replication in Homo
sapiens and Xenopus laevis
A report on MCM8 from human studies resulted from the integration of hepatitis B virus at
a site that was subsequently identified as being the sequence coding for MCM8 (Gozuacik et
al., 2003). The group developed a rabbit polyclonal antibody against the N-terminus of the
protein and cloned the MCM8 gene using RT-PCR. Further investigation was carried out
using cultured cells for in vitro studies. Following the release of density arrested Hs27
newborn foreskin fibroblasts, MCM8 mRNA accumulated from G1 through S phase. The
MCM8 protein was detectable in these same cells throughout the cell cycle. Although no
nuclear localization sequence could be found, MCM8 was detected in the nuclei of Hs27 and
HeLa cells. Both nucleosolic and structure-bound MCM8 were observed. Detergentpermeabilized nuclei released nucleosolic MCM8 into the lysate, whereas the remaining
structure-bound MCM8 portion in the pellet could be released by increasing salt
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concentrations. Unlike the MCM3 control, MCM8 was structure bound in S, but not G1,
based on HeLa cell synchronization at G2/M, late G1 and early S phases using nocodazole,
mimosine and aphidicolin, respectively. Using these same cells, this group did not pull
down MCM8 during immunoprecipitation procedure using antibodies against MCM3 or
MCM4. MCM8 was expressed in Hs27, HeLa, HEK-293 and HuH7 cell lines, and was more
highly expressed in the hepatocellular carcinoma-derived HuH7 cells than in normal
(nonproliferating) liver tissue. The authors proposed a specific role for MCM8 in DNA
replication based on its being structure bound in S phase and their lack of detection of
MCM8 with MCM3 and MCM4, members of the G1 pre-replication complex (pre-RC).
Another group reported on a new human MCM8 gene following a comparison of MCM
family sequences against sequence tags expressed mRNAs (Johnson et al., 2003). By
arranging these expressed cDNA segments contiguously, they identified an open reading
frame (ORF) that was not identical to any known MCM. DNA sequencing of IMAGE cDNA
clones led to confirmation of the ORF. They also searched the HTGS database of human
genomic sequences to locate a BAC clone containing a unique gene encoding the new ORF
with chromosomal location on 20p12.3-13. MCM8, comprised of 19 exons, was found to be
located contrapodal to another gene comprised of 11 exons that encodes a homolog of yeast
gene product GCD10. The sequences between the two transcription units were found to be
TATA-less and highly GC-rich with multiple CpG units and to contain E2F, Sp1 and Pur
binding elements. Notably, MCM8 was reported to have a canonical Walker A helicase
domain as distinct from MCM2-7. This group also identified an MCM8 variant in a
choriocarcinoma that is devoid of sixteen amino acids that are located N-terminal to the
conserved helicase domain. They prepared a monoclonal antibody that specifically detects
MCM8. Using this antibody, a fraction of MCM8 was found by this group to coisolate through
several steps with MCM6 and MCM7 from HeLa cells. There was also an MCM8 gradient
fraction not coincident with other MCMs that could be free MCM8. In addition, antibodies
against MCM4, MCM6, and MCM7 coimmunoprecipitated MCM8 from HeLa cells as detected
with anti-MCM8 antibody using immunoblotting. Using RT-PCR with commercially prepared
cDNA, this group reported expression of MCM8 mRNA in placenta, lung, liver, pancreas and
heart. The same procedure using matched normal and tumor cDNAs involving cases of colon
adenocarcinoma showed that MCM8 mRNA expression was reduced relative to noncancerous
tissue from the same patient. Results of their studies led these authors to propose a role for
MCM8 in DNA replication or repair processes. They also proposed that MCM8 might
substitute for another MCM at certain times in development or during the cell cycle. Due to a
unique helicase motif among MCM proteins, they proposed that such a substitution might add
a regulatory dimension to the function of the MCM complex.
Investigators performing studies in human HeLa and 293T cells reported that MCM8 has an
important function during G1 in pre-RC assembly (Volkening & Hoffmann, 2005). This
group prepared N- and C-terminal rabbit polyclonal antibodies against MCM8. Based on
biochemical fractionation of HeLa cells following cell synchronization with nocodazole,
MCM8 was found to accumulate on chromatin in G1 prior to binding of the MCM2-7
complex. MCM8 was found to be chromatin-bound throughout the cell cycle paralleling the
binding of Cdc6 and Orc2. Following transfection of 293T cells with expression constructs
for Ha-MCM8, HA-Cdc6 and HA-ORC2 (hemagglutinin-derived tag), MCM8 was found to
interact with proteins Cdc6 and Orc2, both of which are components of the pre-RC.
HA-MCM8 was not, however, found to interact with MCM2 or MCM6, also components
of the pre-RC. Interactions were verified for these endogenous proteins in HeLa extracts
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using anti-MCM8 antibody for immunoprecipitation followed by Western blots with
antibody against Cdc6 or Orc2. Small hairpen RNAs were used to down-regulate
endogenous MCM8 in HeLa cells, and this down regulation led to a delay in the entry of
these cells into S phase as verified by flow cytometry. The authors proposed that this delay
has to do with a role for MCM8 in G1 progression. The down-regulation of MCM8 was
found to lead to a reduction of Cdc6 and MCM2-7 complex loaded onto chromatin. All these
findings led these authors to report that interaction of MCM8 and Cdc6 is required for
assembly of the pre-RC.
Using the Xenopus model, a group reported that MCM8 is required for efficient replication
of chromosomal DNA in the Xenopus cell free replication assay (Maiorano et al., 2005). This
group identified the Xenopus MCM8 homolog and studied its function using Xenopus egg
extracts and demembranated sperm nuclei. They prepared a rabbit polyclonal antibody
against a Xenopus MCM8 N-terminal peptide. Immunoprecipitation procedure using an
anti-MCM3 antibody was performed and followed by Western detection using an antiMCM8 antibody. MCM8 was not found to associate with soluble MCM3 or to complex with
other components of the MCM2-7 complex present in S phase egg cytosol. The investigators
isolated detergent-resistant chromatin fractions over a time course from S phase egg extracts
to which demembranated sperm nuclei had been added. MCM8 was found to bind this
chromatin at initiation of DNA replication after chromatin binding by Cdt1 and MCM2. In
addition, they also isolated chromatin from membrane-depleted egg extracts, competent
only for formation of the pre-RC, but not for initiation of DNA replication. MCM8 did not
bind this chromatin. This group used immunofluorescence microscopy and Western
blotting of chromatin fractions to determine the effect on MCM8 of adding aphidicolin at
the time of initiation of DNA replication (which is not inhibited by aphidicolin) or during
elongation (which is inhibited due to inhibition of DNA polymerase alpha). Although
MCM3 was present in the labeled nuclei after both aphidicolin treatments, MCM8 was
only present during elongation. Although MCM3 was present when S-CDK inhibitor, p21,
was added at initiation (where p21 proteins blocks initiation of DNA synthesis but not
formation of the pre-RC) and at the elongation time points, MCM8 was only present
during elongation. Based on these experiments, investigators proposed that MCM8 binds
chromatin after the pre-RC licensing step and at initiation of DNA synthesis.
Immunodepleting MCM8 did not affect the chromatin loading of MCM3, a member of the
pre-RC. The authors interpreted these data to mean that MCM8 is not required for
replication licensing. This group also showed that recombinant MCM8 prepared from a
baculovirus expression system possessed in vitro DNA helicase and ATPase activities. The
helicase activity was lost by creating a mutation in the ATP binding site. Knockdown of
MCM8 resulted in a 40% reduction in DNA synthesis compared to controls and in a slow
replication phenotype. Nuclear assembly, however, was not affected. After depletion of
MCM8, replication products were found to be short DNA chains similar to those
produced in the presence of low concentrations of aphidicolin, which slows down
replication. They found that depletion of MCM8 reduced chromatin bound Replication
Protein A (RPA) 34 subunit and DNA polymerase alpha. In extracts depleted of MCM8,
DNA synthesis could be rescued by reconstitution with ATP bound MCM8. Using
immunofluorescence microscopy, MCM8 was found to colocalize with the RPA34 subunit
and with replication foci. The authors proposed that MCM8 is a helicase that facilitates
RPA recruitment as well as the processivity of DNA polymerases. The investigators
proposed a function for MCM8 in the elongation step of DNA replication in regulating
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fork movement that is distinct from the exclusive role of MCM8 in pre-initiation studies in
HeLa and 293T cells noted by Volkening & Hoffmann, 2005.
These apparently contradictory roles for MCM8 in initiation versus elongation may be at
least partially resolved by more recent findings. In human studies using HeLa cells, MCM8
was reported to colocalize with certain proteins involved in different aspects of DNA
replication (Kinoshita et al., 2008). Using HeLa cells synchronized by a double-thymidine
block, this group performed immunoprecipitation procedure with an anti-MCM7 antibody
followed by Western detection using an anti-MCM8 monoclonal antibody, which they had
previously prepared and characterized to be MCM8-specific. The resulting data revealed
that the association between MCM8 and MCM7 peaked in mid G1, at the time of assembly
of the pre-replication complex. Double chromatin immunoprecipitation (ChIP), developed
by this group to determine the presence of two proteins on a specific segment of DNA at an
origin of replication, was then used to show association of MCM8 with proteins involved in
DNA replication. Using HeLa cells synchronized by double thymidine block, cell cycle
studies were combined with double ChIP procedure. Genomic sequences upstream of the cMYC gene were targeted through double ChIP using an antibody against Cdc6 for the first
ChIP and followed by an anti-MCM8 antibody for the second ChIP. This procedure
localized MCM8 with Cdc6, a protein reported to be involved in the subsequent loading of
MCM proteins into the pre-RC (Kinoshita & Johnson, 2004; Kneissl et al., 2003; Lei & Tye,
2001). This localization was on specific DNA segments flanking the approximate center of
the c-MYC replication initiation zone (Vassilev & Johnson, 1990), and occurred during both
G1 and S phases, but not continuously. The investigators found a role for MCM8 in
elongation was likely to be discontinuous from any role in initiation due to an MCM8 off
signal in regard to its interaction with Cdc6 at the G1/S border and an MCM8 on again
signal at the beginning of S phase. They also used double ChIP to show that MCM8 is
present simultaneously at the c-MYC initiation zone with chromatin-bound Cdk2, a G1-S
phase kinase essential for G1 to S phase transition. Immunogold electron microscopy was
performed using mid-S phase HeLa cells, and MCM8 was strongly localized to
heterochromatin, which replicates during this time. In these same samples, MCM8 was also
shown to be in close localization with RPA70, a protein involved in elongation, not
initiation. Based on these findings, the authors proposed distinct roles for MCM8 in DNA
replication during G1 and S phases of the cell cycle. In addition, they suggest that MCM8
may also participate in processes distinct from replication initiation and elongation.

5. MCM8 protein function in DNA synthesis in Drosophila
Following the first two reports identifying human MCM8, the Drosophila rec gene was
identified as a new member of the MCM family and was reported to be required for
meiotic recombination in this species (Matsubayashi & Yamamoto, 2003). This group
recognized the MCM domain and the putative Zn-finger motif through comparison with
MCM2-7. They reported that rec mutations result in a very low level of meiotic
recombination with primary non-disjunction at high frequency. These defects could be
reversed in transformants carrying a wild type transgene. They identified molecular
lesions consistent with induced mutant phenotypes. The investigators used DNA damage
via methylmethane sulfonate or X-rays to determine that in somatic cells, the rec gene
plays a limited or no role in DNA recombination and repair. They report that a role in
pre-meiotic DNA replication is unlikely because electron microscopy revealed normal
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synaptonemal complexes in rec mutants. In addition, there was normal oogenesis and
oocyte development except for the lack of recombination. The authors suggested a role for
Dm MCM8 in meiotic recombination.
Studies conducted in the Drosophila model by a second group revealed that the MCM8
orthologue REC is required for sufficient DNA synthesis to permit formation of a necessary
meiotic crossover intermediate to drive this process (Blanton et al., 2005). This group found
that in the absence of MCM8, recombination occurred through synthesis–dependent strand
annealing to generate noncrossover products only. They reported that in meiotic
recombination, REC functions at an intermediate step, but is not essential for pre-meiotic S
phase. They found evidence for this in genomic DNA, where formation of normal
synaptonemal complexes between homologous chromosomes in female rec mutants
provided the supporting data. Rec mutant females displayed twice the rate of noncrossover
gene conversions, but there was little crossover repair of double strand breaks. There was an
increase in noncrossover events, but crossovers did not follow the normal distribution.
There was a significant reduction in tract length in these mutants, which the authors suggest
is due to diminished DNA repair synthesis. A role for rec in nonmeiotic cells was not
reported. These authors proposed a model in which REC functions in meiotic crossover at
the repair synthesis step.
Another group using Drosophila S2 cells reported a role for REC in DNA replication (Crevel
et al., 2007). This group used dsRNA interference to deplete MCM2-8 family members. The
depletion of MCM8 resulted in a reduction in fork number by 30%. They did not observe a
significant effect on cell cycle or viability when analyzing flow cytometry profiles. They codepleted MCM8 and MCM5, but did not observe a synergistic effect on cell cycle
distribution. Based on an immunoblot, depletion of MCM8 did not have an effect on Orc5,
MCM2, MCM5 or Cdc45 loading in chromatin. In a similar experiment, the investigators
found a decrease in the amount of chromatin-bound PCNA detected, which they reported
as evidence for a role for MCM8 in DNA replication in Drosophila S2 cells.

6. Role of MCM8 during the cell cycle
Reports differ as to where in the cell cycle MCM8 exerts its activity. Two different groups
find that human MCM8 associates with Cdc6 in cultured cells, using two different
approaches and three unique antibodies (Kinoshita et al., 2008; Volkening & Hoffmann,
2005). The two procedures included immunoprecipitation with anti-HA for exogenously
expressed proteins or with anti-MCM8 polyclonal antibody for pull down of endogenous
MCM8 (Volkening & Hoffmann, 2005) and by double ChIP of cell cycle fractions using
monoclonal antibodies against Cdc6 and against MCM8 (Kinoshita et al., 2008). Cdc6, along
with Cdt1, is involved in the subsequent loading of MCM2-7 onto the ORC complex loading
deck during formation of the pre-RC (Forsburg, 2004, review). MCM8 was found to bind to
chromatin throughout the cell cycle paralleling the binding of Cdc6 (Volkening &
Hoffmann, 2005). Although MCM8 was found to interact with Orc2 based on the same
immunoprecipitation experiments, Orc2 binding to chromatin was not affected by MCM8
silencing. Down regulation of MCM8 led to a concurrent decrease in Cdc6 on chromatin and
delay of entry into S phase based on flow cytometry profiles leading the authors to suggest
that MCM8 is required to load Cdc6 to chromatin (Volkening & Hoffmann, 2005). Cell cycle
analysis of chromatin binding of Cdc6 during MCM8 down regulation is, however, not
available. These additional data are needed to determine whether Cdc6 chromatin binding
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was inhibited in G1 or S or both. In addition, MCM8 was found to be concurrently present
with Cdc6 at sequences in the c-MYC replication initiation zone in HeLa cells when double
chromatin immunoprecipitation (ChIP) with anti-Cdc6 antibody was followed by ChIP
using anti-MCM8 antibody. Cell cycle studies using double ChIP revealed that these
proteins are both present at the c-MYC initiation zone sequence in G1 as well as in S phase,
but not continuously due to an on to off signal at the G1/S border followed by an off to on
signal (Kinoshita et al., 2008). Using the same double ChIP procedure, MCM8 was found to
be present with Cdk2 on specific sequences at the initiation zone of the c-MYC gene. Cdk2 is
required for transition into S phase, and this association of MCM8 with Cdk2 supports a role
for MCM8 in the transition. During this same time range (G1/S), there was little to no
association of MCM8 with Cdc6 on these same sequences. This transition period requires
further study.
MCM8 was also found to colocalize with RPA subunits during S phase by two groups
(Kinoshita et al., 2008; Maiorano et al., 2005). RPA binds to single-stranded DNA and
therefore serves as a marker for unwound strands of replicating DNA. MCM8 was found to
colocalize with the RPA34 subunit during S phase in the Xenopus replication model
(Maiorano et al., 2005). In HeLa mid-S phase cells, dual immunogold electron microscopy
studies showed that MCM8 colocalized with RPA70, RPA large subunit (Kinoshita et al.,
2008). When MCM7 and MCM8 were compared in this study, there was a difference in the
amount of MCM7 and MCM8 that colocalized with RPA70 where colocalization is defined
as two beads within 10 nm distance of each other. MCM7 was most often present within
10 nm distance of RPA70. Whereas MCM8 was sometimes within 10 nm of RPA70, it was
most often present within 100 nm distance of RPA70. Thus, both in the Xenopus replication
assay and in HeLa cells, MCM8 colocalizes with or near a protein involved in DNA
replication during S phase. Although MCM2-7 proteins have not generally been shown to
do so, MCM8 was shown to colocalize with replication foci in Xenopus nuclei labeled with
bromodeoxyuridine (Maiorano et al., 2005).
The major disagreement among studies regards whether MCM8 interacts with the other
MCM2-7 family members. This has been addressed in the Xenopus model by Maiorano et al.,
2005, who investigated whether MCM8 is present along with other members of the MCM
complex when the pre-RC forms in demembranated sperm nuclei in egg extracts or when
either initiation or elongation stages of replication are specifically inhibited in these nuclei.
No association of MCM8 with MCM2 or MCM3 could be found in these studies. The data
were in agreement with that of Gozuacik et al., 2003, where chromatin-bound MCM8 could
not be detected in pull down lysates from the pellet 1 fraction containing the MCM2-7
complex using anti-MCM3 and anti-MCM4 antibodies. This same group specifically
synchronized HeLa cells at G2/M, late G1 and early S phases using nocodazole, mimosine
and aphidicolin, respectively. Following this specific synchronization, they did not detect
MCM8 in the late G1 pellet fraction remaining after removal of the Triton X-100extractable supernatant when using anti-MCM8 polyclonal antibody. Volkening et al.,
2005, using HA-tagged MCM8, Cdc6 and Orc2, carried out transfection studies to analyze
MCM8 association with Cdc6 and Orc2. Although association of MCM8 with Cdc6 and
Orc2 was found, association of MCM8 with MCM2 and MCM6 was not found even
though these proteins are also members of the pre-RC. They found that MCM8 loaded
onto chromatin in G1 prior to the other MCMs in a profile similar to Cdc6 and Orc2.
Using double thymidine block of HeLa cells and immunoprecipitation with anti-MCM7
antibody followed by Western detection using anti-MCM8 monoclonal antibody,
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Kinoshita et al., 2008, found an association of MCM8 with MCM7 during both G1 and S
phases of the cell cycle.
Perhaps differences in experimental protocols or synchronization procedures may have led
to different end results when investigating the association of MCM8 with members of the
MCM2-7 complex. Three of the studies were completed in human cells (Gozuacik et al.,
2003, Kinoshita, 2008 #4; Volkening & Hoffmann, 2005). The third study was done using the
Xenopus replication model (Maiorano et al., 2005). There is the possibility of species-specific
differences or of questions regarding the ability of one model to recapitulate the same
process in the other. There may be weak binding that is lost under certain conditions. More
experiments where proteins are cross-linked to DNA, such as in the ChIP procedure, may be
informative. It is possible that antibodies raised against different epitopes may not yield the
same result due to differential accessibility of the epitopes when the MCM8 protein is folded
or part of an oligomer or when it is part of a multi-protein complex. More work is needed to
resolve the differences, which may be due in part to the multi-dimensional and dynamic
aspects of this complex machinery.

7. Summary of MCM8 and interacting partners involved in DNA replication
Evidence described in Section 6 indicates a role for MCM8 in DNA replication during G1
and S phases of the cell cycle. This evidence is based on the apparent interaction of MCM8
with proteins forming the pre-RC during G1 or with proteins involved in elongation during
S phase. Whereas all six MCM proteins of the MCM2-7 complex are essential for DNA
replication fork progression (Labib et al., 2000), the exact role of these proteins during the
cell cycle is not known. The role of MCM8 is also unknown as is its active assembly and
configuration. In contrast to members of the MCM2-7 complex, MCM8 has its own intrinsic
helicase activity based on studies using the Xenopus replication assay (Maiorano et al., 2005).
Whether MCM8 could replace one or more members of the MCM2-7 complex at some time
during development or during the cell cycle is unknown. The canonical Walker A helicase
motif of MCM8, unique among MCMs, could indicate a regulatory role if replacing another
family member (Johnson et al., 2003).
There is strong evidence for an interaction between MCM8 and Cdc6. Two independent
groups confirmed the interaction of MCM8 with Cdc6 in human cells (Johnson et al., 2003;
Volkening & Hoffmann, 2005). There are questions regarding whether the interaction occurs
only during G1 phase prior to loading of other MCMs onto chromatin (Volkening &
Hoffmann, 2005) or, if indeed, MCM8 is assembled onto chromatin during G1 (Maiorano et
al., 2005). An interruption in MCM8 interaction with Cdc6 at the G1/S border could
indicate that MCM8 may be involved in a switch mechanism or perform a different function
during G1 than in S phase (Kinoshita et al., 2008). There is also strong evidence for the
interaction of MCM8 with RPA during S phase based on immunofluorescence microscopy
(Maiorano et al., 2005) and immunogold electron microscopy (Kinoshita et al., 2008). There
is evidence that much of MCM8 acts with MCM6 and MCM7, while a significant fraction of
MCM8 is independent (Johnson et al., 2003). Which MCM partners MCM8 might act with
functionally is presently not known.
Studies in Drosophila point to a role in meiotic recombination (Matsubayashi & Yamamoto,
2003) and at the repair synthesis step in meiosis crossover (Blanton et al., 2005). Future
studies should address whether there is a similar role for MCM8 in other species or whether
this is a specific function of Drosophila MCM8 brought about by sequence divergence. In
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Drosophila S2 cells, MCM8 was found to have a role in replication (Crevel et al., 2007), but
direct interactions with proteins involved in DNA replication were not studied.
Based on transfection studies carried out in human HCT116 cells along with
semiquantitative RT-PCR, MCM8 mRNA was shown to be upregulated by exogenous E2F1
(Hayashi et al., 2006). This group also used chromatin immunoprecipitation to demonstrate
that E2F1 and NF-Y each directly associate with the human MCM8 promoter in HCT116
cells. The investigators carried out transfection of HeLa cells using MCM8 promoterluciferase constructs and an expression vector for E2F1 in a dual luciferase reporter assay to
demonstrate that transcriptional activation required an E2F-binding motif near the site for
transcription initiation. Activation of the human MCM8 promoter was achieved by E2F1-4
transcription factors in these assays.
Fig. 5 presents MCM8 interacting partners detected by various experimental procedures
based predominately on cell cycle studies as described in this review. MCM8 interaction
with Cdk2 is also included since Cdk2 is a G1- S phase kinase that is essential for transition
into S phase.

Fig. 5. Proteins reported to interact with MCM8 during the cell cycle. References and
experimental approaches used: Orc2, Volkening and Hoffmann, 2005, immunoprecipitation
(IP); Cdc6, Volkening and Hoffmann, 2005, IP; Cdc6, Kinoshita et al., 2008, double chromatin
immunoprecipitation, (ChIP); RPA34, Maiorano et al., 2005, immunofluorescence microscopy;
RPA70, Kinoshita et al., 2008, immunogold electron microscopy; Cdk2, Kinoshita et al., 2008, double
ChIP; Cdc6/MCM8 switch G1 on to off, S off to on, Kinoshita et al., 2008, double ChIP; MCM8
promotor (E2F, NF-Y), Hayashi et al., 2006, ChIP.
Determination of whether MCM8 acts as an AAA+ molecular motor in the three model
species discussed will provide some insight into the enigma of MCM8 function during the
cell cycle and in DNA replication. The evolutionary advantage for adding a new member to
the MCM family and what sets it apart from the MCM2-7 complex are important questions
to answer as researchers investigate the MCM8 active three-dimensional configuration and
interactive targets in Hs, Xl and Dm.
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1. Introduction
Miniature chromosome maintenance (MCM) proteins were initially identified from
autonomously replicating sequence in Saccharomyces cerevisiae. Mutations of some of these
proteins such as MCM7 or MCM3 in yeast result in loss of the large chunk of yeast
chromosomes. MCM7 cDNA encodes a 543-amino acid protein and is ubiquitously
expressed in all tissues. Initiation of DNA replication is a complex process involving the
concerted action of many proteins. A large body of studies indicate that MCM7 is a critical
component of DNA replication licensing complex in the yeast and xenopus (Chong et al.,
1996; Coxon et al., 1992; Dalton and Whitbread, 1995; Kearsey et al., 1996). Some studies
suggest that MCM4, 6 and 7 complex contains DNA helicase activity (Ishimi, 1997; You et
al., 1999). DNA replication licensing complex is multimeric and phase specific. In the yeast,
DNA replication licensing proteins such as MCM2-7 and several replication origin binding
proteins such as Cdc6 and Cdt1 forms DNA replication licensing complex in G1 phase to
enable DNA replication and to promote cell cycle entry into S phase. Such complex,
however, dissipates in the S, G2 and M phases to prevent re-firing of DNA replication, and
thus protect the integrity of genomes. There is little interest in MCM complex as target for
oncongenic or tumor suppressor pathway until the links of MCM7 over-expression and
amplification to several human malignancies were found (Brake et al., 2003; Honeycutt et
al., 2006; Kan et al., 2009; Ren et al., 2006).

2. MCM7 transforming oncogenic activity
Initial implication of MCM7 involvement in human malignancies is positive
immunostaining of MCM7 in several human malignancies, including endometrial
carcinoma (Li et al., 2005), melanoma (Gambichler et al., 2009), esophageal adenocarcinoma
(Kan et al., 2009), colorectal adenocarcinoma (Nishihara et al., 2008), oral squamous cell
carcinoma (Feng et al., 2008), glioblastoma (Facoetti et al., 2006), and thyroid cancer
(Kebebew et al., 2006). Most of these studies used MCM7 as a proliferation marker to
compare with the existing markers such as Ki-67 or PCNA. The first study addressing the
oncogenic role of MCM7 came from genome analysis of prostate cancer. By performing a
genome wide copy number analysis using biotin-labeled genome DNA on Affymetrix U133
2.0 chip (Ren et al., 2006) (figure 1). Ninety-two genes and expressed sequenced tags (ESTs)
consistently had a two-fold or greater number of genome copies in the prostate cancer
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specimens relative to matched blood cells (p < 0.01, using baseline analysis by Microarray
Suite 5.0TM). To determine whether these gene amplifications were associated with increased
expression of the same loci, mRNA expression arrays were performed with the same tumor
samples and matched normal prostate tissue adjacent to but separate from the tumor. Only
five of the 92 potential amplifications had increased mRNA expression. Using SYBR-green
quantitative PCR and fluorescence in situ hybridization (FISH) with bacterial artificial
chromosome containing these genes, it has been confirmed that two of these genes were
amplified in the prostate cancer specimens. One of these genes, MCM7, located at 7q21.3
and a component of DNA replication licensing complex, was found to be amplified 4 and 15
fold, respectively.

Fig. 1. Schematic diagram of genome hybridization on U133 2.0 chip. Left panel: Genome
DNA from prostate cancer samples with matched blood were digested with Tsp509I
restriction enzyme and ligated with an adaptor containing T7 promoter. In vitro
transcription was then carried out to generate biotin-labeled gRNA. The gRNA was then
fragmented and hybridized to HU133 2.0 chip for signal analysis. Right panel: Total RNA
from matched samples of the left were reversed transcribed using T7-oligo dT (24) primer.
After double-stranded cDNA synthesis, in vitro transcription using GTP, ATP, biotinlabeled UTP and CTP was then performed. The resulting cRNA was then fragmented and
hybridized to U95av2 chip.
Subsequent validation analyses suggest that either copy number and/or protein level
increase of MCM7 are associated with prostate cancer relapse and metastasis. To determine
the prevalence of MCM7 amplification in prostate cancer, FISH analyses were performed on
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74 prostate samples, including 58 cancers and 16 benign tissues (Figure 2). Nearly half,
(26/58, 45%) of the prostate cancers had at least a doubling in the number of genome copies
(compared to the centromere of chromosome 7) (Table 1). Meanwhile, none of the benign
prostate tissues demonstrated a similar amplification. As further validation of these
findings, SYBR-green quantitative PCR was performed on an additional 133 prostate
samples, including 119 cancers and 14 normal tissues. In this analysis, fifty percent (59/119)
of the prostate cancers had at least a 2-fold increase in the MCM7/β-actin ratio relative to
DNA from benign prostate specimens. In the most up-regulated case, the MCM7/β-actin
ratio in the cancer sample was 16-fold greater than control levels.

Fig. 2. MCM7 amplification and overexpression in prostate cancer. Images of fluorescence in
situ hybridization (FISH) on normal lymphocytes, non-neoplastic prostate gland and
prostate cancer. Chromosome 7 centromere is labeled with orange spectrum (orange), and
MCM7 is labeled with fluorescein (green).
Amplification of MCM7 was associated with a significantly increased rate of prostate cancer
relapse within 5 years of radical prostatectomy (defined as a detectable PSA): 76.5% (52/68)
patients with MCM7 amplification relapsed compared to only 12.3% (7/57) of patients
without MCM7 amplification (p < 0.0001, log-rank test) (figure 3A). Similar results were
seen with MCM7 protein expression: 76.3% patients with ≥ 2+ MCM7 expression
experienced a recurrence within 5 years after radical prostatectomy compared with only
26.5% patients with weak MCM7 expression (p < 0.006) (figure 3B). The combination of
MCM7 amplification and overexpression generated additional improvement in separating
the two groups (Figure 3C).
Eleven clones of DU145 transfected with a constitutive MCM7 cDNA overexpression vector
were characterized by Western blot analysis, and two with high MCM7 expression were
chosen for subsequent analysis. Over a 6-h experimental period DU145 pCMV-MCM7
clones had twice the number of cells enter S phase (figure 3B), with cell proliferation being
50% faster than vector only controls (figure 3C). DU145 pCMV-MCM7 clones had a 2-fold
higher level of invasiveness in Matrigel transmigration analysis compared to vector-only
controls. In vivo, DU145 pCMV-MCM7 xenograft tumors were twelve times larger than
vector-only control tumors, 2.58 cm3 versus 0.22 cm3, respectively (p < 0.0001), with a 50%
mortality within 6 weeks of innoculation (p = 0.0063). These findings are consistent with the
clinical findings that increased MCM7 expression is associated with higher rates of local
tumor invasion.
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Case
number
95T
72T
54T
45T
139T
69T
5T
85T
48T
4T
101T
107T
2213T
42T
214T
3T
2T
147T
68T
22T
7T
93T
6T
641T
56T
39T
40T
75T
911T
46T
83T
99T
13T
67T
1127T
M35
26T
11T
194T

Gleason
score
7
7
9
6
8
6
7
7
8
9
6
6
6
7
6
9
7
6
6
6
7
9
6
6
6
7
6
6
6
7
7
8
7
9
6
6
6
7
6

Pathology stage
T3a
T3a
T3b
T2b
T2b
T3a
T2b
T2b
T3a
T3b
T3a
T3a
T3a
T3a
T3a
T3b
T3a
T3a
T2b
T3a
T3a
T3b
T2b
T2b
T2b
T3a
T3a
T2b
T3a
T3a
T2b
T3a
T2b
T3b
T3a
T2b
T2a
T2b
T2b

MCM7/
centromere
6.67
6.42
6.1
5.49
4.2
4.15
3.97
3.77
3.5
3.3
3.11
3.11
3.06
2.69
2.66
2.52
2.49
2.46
2.1
1.86
1.62
1.52
1.5
1.1
0.95
0.84
5.76
5.55
4.48
4.47
1.94
1.82
1.74
1.64
1.58
1.55
1.54
1.54
1.37

Relapse*
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
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82T
55T
91T
94T
96T
941T
M33
M29
217T
121T
M21
M24
853T
M28
998T
M36
M31
828T
M23
M2
A4
M4
P28
P91
P93
U-2
D-41
U-4
9
19
99
l1
l2
l3
l4

7
6
7
7
6
6
8
7
7
6
6
6
6
8
6
7
7
6
7

T3a
T2b
T2b
T3a
T2a
T2b
T3b
T3b
T3a
T2b
T2b
T2b
T2b
T3b
T2b
T2b
T3a
T2b
T2b
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate
Normal Prostate

1.24
1.18
1.14
1.13
0.97
2.17
2.13
2.05
1.96
1.86
1.68
1.64
1.49
1.39
1.29
1.14
1.11
1
0.94
1.2
1.01
0.9
1.2
0.89
0.95
1.3
0.8
1.2
1
1.09
0.93
1.02
1.08
1.03
1.05

N
N
N
N
N
U
U
U
U
U
U
U
U
U
U
U
U
U
U
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Y-yes; N-No; U-undetermined due to lack of follow-up; N/A-not applicable.
*Determined by PSA relapse or physical evidences of metastasis within 5 years after prostatectomy.

Table 1. FISH analysis of MCM7 amplification in primary prostate cancer
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(a)

(b)
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(c)
Fig. 3. MCM7 amplification and overexpression associated with prostate cancer relapse. A.
Kaplan curves of samples from patients with clinical follow-up for 5-year period. The
samples were divided by presence (Y) or absence (N) of MCM7 amplification based on FISH
and/or quantitative PCR. Ratios of MCM7/Centromere or MCM7/β-actin >2 are considered
an increase of MCM7 DNA. B. Kaplan curves of samples from patients with clinical followup for 5-year period. The samples were divided by MCM7 expression scores: scoring > 2+ or
< 1.C. Kaplan curves of samples from patients with clinical follow-up for 5-year period. The
samples were divided by presence (Y) or absence (N) of MCM7 amplification and MCM7
overexpression.
Amplification of MCM7 was also found in esophageal carcinoma (Kan et al., 2009). The
magnitude of MCM7 amplification correlates with the expression of MCM7, tumor grades
and aggressiveness of the esophageal cancer (Kan et al., 2009). It is presumed that
amplification of MCM7 is the driving force of MCM7 over-expression in primary human
malignancies. When MCM7 was transgened in basal cells of skin of mice utilizing keratin
promoter, the animals developed squamous cell carcinoma upon DMBA/TPA challenge
versus complete negative results from the WT controls (Honeycutt et al., 2006). However,
MCM7 does not play an initiator role in cancer development because organ specific MCM7
transgene mice develop no spontaneous cancer either in skin nor prostate model (Honeycutt
et al., 2006; Poliseno et al.). The inability of MCM7 expression alone to initiate carcinogenesis
could result from other negative feedback mechanisms that neutralize MCM DNA
replication licensing in the cell, such as Rb or ILK signaling discussed later. Even though
MCM7’s transforming activity is clearly observed, strictly speaking, it does not fall into the
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category of a typical proto-oncogene because it does not have a viral counterpart nor
sequence mutations that render its oncogenic potential. MCM7 probably falls into the
broadly defined oncogene category whose gain of oncogenic function is generated by
epigenome or chromosomal numerical alterations.

3. MCM7 as target of oncogenic or tumor suppressor signaling pathways
The first significant signaling pathway targeting MCM7 was found by yeast two-hybrid
screening analysis where the N-terminus of Rb bait probe binds with MCM7 (Sterner et al.,
1998). Additional analysis suggests that other Rb homologues p107 and p130 also bind with
MCM7 (Sterner et al., 1998). In vitro analysis indicates that the binding of MCM7 and Rb
inhibits DNA replication. However, the biological significance of such interaction was not
elucidated until 11 years later that interaction of Rb-MCM7 is essential for TGFβ induced
blockade of entry into S phase (Mukherjee et al.). These studies suggest that MCM7 could be
the main target of Rb in controlling cycle S phase check point (figure 4). This is because
over-expression of MCM7 can reverse Rb inhibition effect, and peptide that interferes with
MCM7/Rb binding but not other activity of Rb also reverses the Rb check point blockade.
Another salient example of MCM7 as a target of a signaling pathway is androgen receptor
signaling. It is well known that androgen receptor regulates cell growth and proliferation.
However, most of the studies have been focusing on gene expression regulation which may
play secondary role in controlling cell cycle progression. It was found later that AR interacts
with MCM7 directly, and inactivates or activates MCM DNA replication licensing
depending on the nature of ligands or their concentrations (Shi et al., 2008). Mutation of
MCM7 that abrogates its interaction with androgen receptor but not its DNA replication
licensing activity eliminates the pleiotrophic effect of testosterone. Furthermore, androgen
receptor mutant that does not bind with MCM7 can translocate into nucleus upon androgen
stimulation but fails to induce cell proliferation or to enhance transcription of androgen
dependent genes. It appears that both DNA replication activity and transcription activity of
AR is dependent on its binding with MCM7. It is likely that AR serves as a co-replication
factor that directs the MCM complex DNA replication licensing through its interaction with
MCM7 (figure 4). One surprising finding in the analysis is that MCM7 also serves as a cotranscription factor for AR. There are several well read studies showing that transcription
activity enhances DNA replication, and that transcription activity is dependent on DNA
replication in eukaryotic cells (Marahrens and Stillman, 1992; Veldman et al., 1985). It
remains to be seen whether MCM7 dependent transcription activity holds truth with other
MCM7 interacting transcription factors. The MCM7 dependency of androgen receptor
transcription activity suggests that androgen dependent gene expression could only occur in
actively proliferating cells, since MCM7 is excluded from the nucleus during S, G2 and M
phases, and it only re-enters the nucleus in G1 phase.
MCM7 also plays some critical role in mediating the function of cell membrane receptor.
This is demonstrated in its interaction with integrin linked kinase (figure 4). It appears that
MCM7 is a substrate of integrin linked kinase. The binding and phosphorylation of MCM7
N-terminus by integrin linked kinase reduce the binding of MCM7 with other DNA
replication licensing factors, and lead to slow-down of cell growth (Han et al., 2010). The
phosphorylation of MCM7 by integrin linked kinase proves to be a critical link to the tumor
suppressor activity of integrin α7. Dominant negative mutant of integrin linked kinase
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interrupts the integrin linked kinase/MCM7 interaction, and partly blocks the tumor
suppression activity of integrin α7. MCM7 mutant that lacks the integrin linked kinase
binding motif operates DNA replication licensing similar to that of wild type but is
unresponsive to integrin α7 signaling. These findings suggest that MCM7 could be the end
target of many oncogenic or tumor suppressing signaling pathways. Depending on the
nature of these interactions or modification of MCM7, it may lead to increased or decreased
DNA replication licensing activity of MCM complex, and guides the cells into either higher
level of proliferation or cell growth arrest.

Fig. 4. Diagram of MCM7 oncogenic signaling. Fifteen exons and miR106b-25 oncogenic
miRNA cluster of MCM7 genome were transcribed into MCM7 mRNA and miRNA 106b, 93
and 25. Two prong pathways were directed at promoting DNA replication: Degradation of
critical tumor suppressor genes p21 and pTEN mRNA by miR106b-25 cluster, and increase
of DNA replication licensing by MCM7 protein. Androgen receptor (AR) promotes DNA
replication by enhancing MCM7 replication licensing activity. Integrin α7 inhibits DNA
replication through inhibition of MCM7 activity.

4. Transforming miRNA cluster in MCM7 genome
A unique feature of MCM7 genome is that it contains an intronic miRNA miR-106b-25
cluster in intron 13, which includes miR-106b, miR93 and miR-25. miR-25 is highly
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homologous to miR-32, a onco-miRNA, while miR-106b and miR-93 belong to the family of
miR-17. All three members of miR-106b-25 cluster are abundantly expressed in most of the
prostate cancer cell lines. Similar to their host gene MCM7, amplification and up-regulation
of all members of miR-106b-25 cluster are found in several human malignancies including
esophageal and prostate cancers (Ambs et al., 2008; Kan et al., 2009; Petrocca et al., 2008a;
Poliseno et al., ; Sikand et al., 2009). These miRNAs target multiple tumor suppressor genes,
and shut down their expression levels (figure 4). One of the most notable examples is pTEN
gene expression. miR-25 and miR-93 expression decrease pTEN protein levels, and result in
activation of AKt pathway (Poliseno et al.). The expression of miR106-25 cluster increase
tumorigenesis in both anchorage-independent assay and xenografted tumors in animal
model. The mice with knock-in prostate specific MCM7 and miR-106-25 cluster develop
cancer like dysplasia in mice, while mice with pure MCM7 knock in do not seem to develop
dysplasia without carcinogen challenge. One may interpret such observation as miR-106-25
cluster function as tumor initiator by knocking down pTEN in mice, while over-expression
of MCM7 serves as a mechanism for the development of invasive phenotype. miR-106b-25
cluster appears more versatile than knocking down just one tumor suppressor gene. Several
studies suggest that miR-106 and miR-25 target p21, Bim and E2F1 (Ambs et al., 2008; Kan et
al., 2009; Petrocca et al., 2008a; Petrocca et al., 2008b). These targets and their relationship
have been clearly demonstrated in prostate cancer, esophageal adenocarcinoma and gastric
cancer. Inhibition of E2F1 by miR-106b and miR-93 in gastric cancer cell lines partially
blocks TGFβ induced apoptosis (Petrocca et al., 2008b). Interestingly, E2F1 is a strong
stimulator of MCM7 locus transcription. As a result, a negative feedback loop of
MCM7/miR-106b-25 is formed. Such feedback loop may serve to limit the excessive cell
death induced by TGFβ in physiological condition, and thus achieves a balance of cell
growth and cell death. In the event of malignancies, amplification of MCM7 locus may
bypass such negative feedback loop, and tips the balance to cell survival. Targeting on
p21waf and bim by miR-106b and miR-25 were demonstrated in both esophageal and
prostate cancers. Application of inhibitors of miR-106, miR-93 or miR-25 inhibits
tumorigenesis both in vitro and in vivo. With these targets that all appear critical for the
oncogenic activity of miR-106b-25 cluster, it is not easy to analyze the contribution of each of
these pathways to carcinogenesis since there is a lack of experiments to block off each of the
pathways to offset the oncogenic activity of miR-106b-25 cluster. Generally speaking, miR25/93-pTEN pathway is compelling because of the inverse correlation of pTEN expression
and miR-106b-25 miRNA levels in primary and mouse tumor samples, the animal model
initiating prostate cancer with MCM7/miR-106b-25 cluster transgene showing clear downregulation of pTEN expression and concomitant increased level of miR-106b-25 cluster
expression, and consequent Akt pathway activation. It would be of interest to see how much
oncogenic phenotype will be reversed if these animals are transgened with pTEN, or p21 or
BIM or E2F1 gene construct lacking the miR-106b-25 target sequences in their 3’
untranslated regions.

5. Potential therapeutic target
MCM7 is essential for any cell that undergoes proliferation. This poses a dilemma for
MCM7 gene targeted therapy. Nevertheless, a report indicates that shRNA targeting MCM7
in xenografted PC3 and DU145 tumors in mice dramatically reduces tumor volume, rate of
metastasis and fatality (Shi et al., 2010). The drawback of this analysis is that the shRNA
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target may not recognize the MCM7 sequence from mice since the target sequence is
intended for human MCM7. Nevertheless, the study is a proof of principle that MCM7
kncokdown is a potential effective approach in combating prostate cancer, particularly those
with MCM7 amplification and over-expression. In light of double oncogenic effect of MCM7
genome cluster, it may be more effective if a shRNA is designed to neutralize the effect of
miR-106b, miR-93 and miR-25 onco-miRNA. This can be accomplished with large dosage of
morpholino oligonucleotide specific for these onco-miRNAs. These RNAse resistent
oligonucleotides have a clear advantage over genome approach that it will not interfere with
the genome structure of a cell but have long lasting presence once they are taken.
Furthermore, there is no evidence suggesting that knocking down of these miRNAs
adversely affects the survival of normal cells.

6. Abreviation
M7-MCM7; M6-MCM6; M5-MCM5; M4-MCM4; M3-MCM3; M2-MCM2; ITGA7- Integrin
α7; ILK-integrin linked kinase; AR-androgen receptor; ORC-origin recognition complex.
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1. Introduction
Progression of DNA replication forks is hindered by various reasons such as DNA-binding
proteins, DNA damage, and dNTP depletion. The minichromosome maintenance (MCM)
complex, which comprises of Mcm2–7 subunits, is the DNA helicase that plays the central
role in the progression of replication forks. MCMs are loaded onto specific sites of
chromosomes called origins to create pre–replication complexes (pre–RCs). At the onset of
the S–phase, MCM forms a complex with GINS and Cdc45, and starts unwinding the
double-stranded DNA providing template strands to polymerases. Even after the fork
encounters replication stress, the DNA unwinding continues to some extent and causes an
extended length of single-stranded DNA to be exposed, which in turn induces the activation
of checkpoint pathways. However, unregulated translocation of MCM may cause reannealing of two complementary single-strands behind the fork and destabilize the stalled
replication machinery. Thus, DNA helicase activity needs to be tightly regulated under the
stress conditions in order to preserve the replication machinery. It appears that the proteins
associated with the replication forks including Mrc1/Claspin, Tof1/Swi1/Tim1,
Csm3/Swi3/Tipin, Ctf4/Mcl1/AND-1 mediate the interaction between the MCM helicase
and DNA polymerases, and are required for coupling of DNA unwinding with DNA
synthesis. The evolutionally conserved C-terminal domain (CTD) of Mcm4 is also involved
in the regulation of the MCM helicase activity. The checkpoint kinase, cyclin-dependent
(CDK), Dbf4-dependent kinase (DDK) and Polo-like kinase (PLK) kinase phosphorylate and
regulate the function of the MCM helicase. Here we review the recent findings in regard to
the MCM regulation in response to replication stress, and discuss how DNA synthesis and
unwinding are coordinated to maintain the genome integrity.

2. Formation of the replication machineries on eukaryotic chromosomes
2.1 Assembly of pre-Replication Complex (pre-RC)
A single round of replication of chromosomal DNA in every cell cycle is important for
faithful transmission of the genetic information to daughter cells. G1-phase of the cell cycle
is marked as the growth phase, which prepares the cells for the S-phase (replication)
(Pardee, 1989). The initiation sites of DNA replication on chromosomes are called replication
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origins. A series of proteins that are specifically required for chromosome replication,
shown in Table 1, are assembled on each origin for the initiation. Essentially, all of the
replication proteins are conserved from yeasts to humans, making yeast an excellent model
system to understand the molecular mechanisms of DNA replication. The origin recognition
complex (ORC), which consists of Orc1-6 subunits, has been identified as the protein
complex that binds to the origin DNA in an ATP-dependent manner (Bell & Stillman, 1992).
The minichromosome maintenance (MCM) complex, that forms a ring-like structure
consisting of Mcm2-7 subunits each of which contains the AAA+ motif (Neuwald et al,
1999), has been originally identified by a genetic screening for the budding yeast mutants that
affect autonomous replication sequence (ARS) activity on episomal plasmids (Maine et al,
1984). MCM proteins were independently identified from Xenopus egg extracts as the factor
that binds to chromosomes, licensing the initiation of DNA replication (Blow & Laskey, 1986;
Kubota et al, 1995). In 1997, DNA helicase activity associated with MCM was first reported by
using Mcm4-6-7 sub-complex in an in vitro assay (Ishimi, 1997). Using conditional degron
system, it has been shown that MCM is essential for the initiation as well as the elongation
phases of DNA replication (Labib et al, 2000). From late M to G1 phase, MCMs are loaded onto
the origins depending on Cdt1 and Cdc6, resulting in the formation of pre–replicative
complexes (pre–RCs) (Diffley et al, 1994; Donovan et al, 1997; Liang et al, 1995; Nishitani et

Table 1. DNA replication proteins are conserved from yeasts to humans.
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Fig. 1. Stepwise formation of DNA replication forks in eukaryotes.
al, 2000; Remus et al, 2009). The pre–RC is an important landing pad for the replication
initiation, because it is prerequisite for the assembly of other factors that are essential for
replication. Being connected via their N-terminal domains, head-to-head double hexamers
of Mcm2-7 are stably and exclusively formed on the origin DNA (Evrin et al, 2009; Gambus
et al, 2011; Remus et al, 2009). Each of the double hexamers may be involved in bidirectional replication from a single initiation site. Although DNA replication initiates from
the single replication origin oriC in E. coli (Kaguni et al, 1982), there are large number of
origins where pre-RCs are assembled onto each chromosome of eukaryotes. In both budding
and fission yeasts, there are hundreds of origins per genome of about 14-Mb (Hayashi et al,
2007; Wyrick et al, 2001). Under the unperturbed condition, replication starts from only a
subset of these origins. The dormant origins serve as the replication initiation sites under the
stressed conditions (see below). In multicellular organisms, the origins that fire in early S
phase differ during development or between different cell types (Goldman et al, 1984). It is
also important for normal development that many pre-RCs are produced in the genome,
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because mutations in ORC, Cdc6, or Cdt1 have been found in the patients of Meier-Gorlin
syndrome (Bicknell et al, 2011a; Bicknell et al, 2011b; Guernsey et al, 2011), which is a rare
autosomal recessive genetic condition whose primary clinical hallmarks include small
stature, small external ears and small or absent patellae.
2.2 Assembly of pre-Initiation Complex (pre-IC)
The choice of the origins to be used is determined by the loading of additional replication
proteins onto pre-RCs to form pre-initiation complexes (pre-ICs). Among the components of
pre-IC, it seems that Sld2/Drc1/RecQ4/RecQL4 (Kamimura et al, 1998; Sangrithi et al, 2005;
Wang & Elledge, 1999), Sld3/Treslin (Kamimura et al, 2001; Kumagai et al, 2010; Nakajima
& Masukata, 2002; Sansam et al, 2010), and Dpb11/Cut5/Rad4/TopBP1 (Araki et al, 1995;
Saka & Yanagida, 1993; Yamane et al, 1997) are essential for the initiation but not for the
elongation phase of replication. Two classes of protein kinase that are active in the S phase:
Dbf4-dependent kinase (DDK) and cyclin-dependent kinase (CDK) play important roles in
the assembly of pre-IC and ensure that only a single round of DNA replication takes place in
each cell cycle. Mcm2, 3, 4, and 6 subunits can be phosphorylated by DDK in vitro (Lei et al,
1997), and the phosphorylation of Mcm4 appears to be critical for loading of Cdc45 onto
pre-RCs (Masai et al, 2006; Sheu & Stillman, 2006; Sheu & Stillman, 2010). In fission yeast,
loading of Sld3 onto origins occurs in a DDK-dependent but CDK-independent manner
(Yabuuchi et al, 2006). And, Sld3 and DDK are required for the loading of Cdc45 as well as
GINS complex (Yabuuchi et al, 2006; Yamada et al, 2004). Thus, it is tempting to argue that
the loading of Sld3 is mediated by the phosphorylation of MCM proteins by DDK. It has
been established that Sld2 and Sld3 are the two major substrates of CDK-dependent
phosphorylation that are essential for replication in budding yeast (Masumoto et al, 2002;
Tanaka et al, 2007; Zegerman & Diffley, 2007). The phosphorylation of Sld2 and Sld3
enhances their interaction with Dpb11 that contains multiple copies of the BRCT motif,
which is the phosphopeptide-binding module found in many other proteins including
BRCA2 (Glover et al, 2004). As both Sld2 and Sld3 are essential for stable association of
Dpb11 to replication origins, the phosphorylation-mediated interaction between them is
required for the Dpb11 loading onto pre-RCs. The CDK-mediated regulation for the
assembly of Sld2 and Sld3 with the BRCT-motif-containing protein, Dpb11/Cut5/TopBP1
appears to be an evolutionally conserved mechanism, as the fission yeast homolog of Sld2,
Drc1 is phosphorylated by Cdc2 kinase, and the Drc1 phosphorylation appears to be
important for interaction with the homolog of Dpb11, Cut5/Rad4 in a CDK-dependent
manner (Fukuura et al, 2011; Noguchi et al, 2002). Furthermore, it has been shown that the
mammalian homolog of Sld3, Treslin associates with TopBP1 in a Cdk2-dependent manner
and is essential for the initiation of DNA replication (Kumagai et al, 2010). Dpb11 forms a
complex with DNA polymerase ε (Masumoto et al, 2000), and is required for the loading of
the Sld5-Psf1-Psf2-Psf3 (GINS) complex (Kanemaki et al, 2003; Kubota et al, 2003; Takayama
et al, 2003) and Cdc45 (Muramatsu et al, 2010) onto pre-RCs. Mcm10 protein also binds to
subunits of Mcm2-7 complex, and is essential for the initiation and elongation of replication,
although its mechanism of action remains elusive (Aves et al, 1998; Heller et al, 2011; Izumi
et al, 2000; Solomon et al, 1992). In the S phase, MCM proteins and Cdc45 dissociate from
origin and travel along DNA, concerted with DNA polymerase ε (Aparicio et al, 1997). The
traveling along DNA has also been observed for GINS (Kanemaki et al, 2003; Takayama et
al, 2003). Purification of proteins from yeast cells in the S phase identified the complexes
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containing Cdc45, GINS and Mcm2-7 (Gambus et al, 2006). Xenopus Cdc45, GINS and
Mcm2-7 were also identified at the replication fork (Pacek et al, 2006). In vitro
experiments showed that the Cdc45/Mcm2–7/GINS (CMG) complexes purified from
Drosophila cells exhibit robust DNA unwinding activity, and that the CMG complex
translocates on DNA in a 3’ to 5’ direction (Moyer et al, 2006). Association with Cdc45 and
GINS enhances ATP hydrolysis, DNA binding and the helicase activity of Mcm2–7 (Ilves
et al, 2010). These studies show that the CMG complex functions as the DNA unwinding
complex in the replication machinery. Replication may begin such that two forks originate
from a single origin moving in opposite directions (bi-directionally) behind the CMG
complex, which unwinds DNA to provide single-stranded DNA (ssDNA) templates to the
polymerases for duplication. To sum up, CMG complex is the motor of the replication
fork that unwinds double-stranded DNA (dsDNA), providing template ssDNA for
polymerases that synthesize new strands. Therefore, it is important to understand the
formation and the regulation of the CMG complex to elucidate the molecular mechanism
of DNA replication.

3. Blockage to the progression of DNA replication forks
DNA replication forks may encounter certain impediments such as DNA damage, dNTP
depletion, the proteins that tightly bind to DNA, or epigenetic status of nucleosomes. In
order to replicate the entire genome within a limited period of time, such aforementioned
blocks are necessary to be removed or tolerated. Failures to respond to these replication fork
blockages lead to genome instability such as gross chromosomal rearrangements (GCRs),
consequently leading to cell death or genetic diseases including cancer in multicellular
organisms.
3.1 Inhibitors to the replication fork progression
Replication is an eventful process liable to encounter odds during its procession. Various
exogenous substances have been recognized to obstruct this process in their own specific
mode of action. Hydroxyurea (HU) is a specific inhibitor of the enzyme ribonucleotide
reductase (RNR) that is essential for production of deoxyribonucleotides (dNTPs) (Young et
al, 1967). Thus, treatment of cells with HU inhibits DNA synthesis by depleting dNTPs.
Aphidicolin is a tetracyclic diterpene tetraol, obtained from C. aphidicola and certain other
fungi (Bucknall et al, 1973). It is a specific and direct inhibitor of DNA polymerase α and
also δ, two of the three DNA polymerases (i.e. DNA Pol α, δ, and ε) that are essential for
chromosomal DNA replication (Goscin & Byrnes, 1982; Ikegami et al, 1978). Thus, treatment
of cells with either HU or aphidicolin inhibits the progression of replication forks. Chemical
adducts on DNA have the potential to impede the fork progression. Methyl
methanesulfonate (MMS) is one such well-characterized DNA alkylating agent. The
predominant adduct in dsDNA resulting from MMS exposure is 7-methylguanine (N7-meG)
followed by 3-methyladenine (N3-meA) (Lawley & Brookes, 1963). The methylation of DNA
physically impedes the progression of replication forks, leading to the formation of DNA
double-strand breaks (DSBs) during S phase (Groth et al, 2010). Camptothecin (CPT) is a
specific inhibitor of DNA topoisomerase I (Top1) capable of removing DNA supercoils
during replication as well as transcription. CPT blocks both the DNA cleavage and religation reactions of Top1 (Kjeldsen et al, 1992). Inhibition of the initial cleavage step leads to
the accumulation of supercoils ahead of the replication fork that induces potentially lethal
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DNA lesions (Koster et al, 2007). Blocking the rejoining step accumulates the reaction
intermediates in which Top1 is covalently attached to the end of DNA (Hsiang et al, 1985).
When replication forks reach these DNA nicks, they will be converted to one-ended DSBs.
CPT analogues have significant activity against solid tumours, and have gained US Food
and Drug Administration approval for the treatment of ovarian and lung cancer (Stewart,
2004). DNA interstrand cross-links (ICLs) also block the fork progression, by preventing the
two DNA strands from separating. Antitumor drugs such as cisplatin, psoralen, nitrogen
mustard or mitomycin C as well as endogenous agents formed by lipid peroxidation induce
ICLs (Niedernhofer et al, 2003). There are different types of chemicals that block the
progression of replication forks, and they do so by distinct mechanisms.
3.2 Replication fork pausing sites on chromosomes
Progression of replication forks is affected either by protein-DNA complexes or the torsional
stress around the fork. It has been estimated that there are >1,000 discrete sites in the
budding yeast genome that impede normal fork progression, including tRNA and rDNA
genes, dormant origins, silent mating-type loci, centromeres and telomeres (Ivessa et al,
2003). Non-nucleosomal and nucleosomal protein-DNA complexes impede the fork
progression (Deshpande & Newlon, 1996; Ivessa et al, 2003). Replication fork barrier (RFB)
present in the rDNA gene is one of the well-characterized pausing sites in the genome. The
RFBs block fork progression in an orientation dependent manner. The 3’ end of the 35S
rRNA transcription unit in rDNA acts as a barrier to replication forks moving in the
direction opposite to RNA polymerase I (Brewer & Fangman, 1988). The arrest of replication
forks at the RFB site occurs independently of transcription but is mediated by the Fob1
protein that binds to the specific sequence of ~100 bp in the RFB site (Brewer et al, 1992;
Kobayashi et al, 1992; Kobayashi & Horiuchi, 1996). However, the Fob1 binding to the RFB
site is not sufficient for the transcription-independent fork arrest (Calzada et al, 2005). Tof1,
Csm3, and Mrc1 are the luxury members of the replication machinery that are associated
with the CMG complex (Katou et al, 2003). Among them Tof1 and Csm3 are required for the
pausing at the RFB in rDNA of budding yeast (Calzada et al, 2005). The fission yeast
homologs, Swi1 and Swi3, are also required for the fork arrest at the RFB site in rDNA and
at another orientation-dependent fork barrier site present in the mating-type switch locus,
RTS1 (Dalgaard & Klar, 2000). Thus, it is possible that the proteins that bind to the barrier
sites are not simple obstacles to the fork movement rather they negatively regulate the CMG
activity via a specific interaction with the fork components.
In the absence of RFB in the rDNA locus, DNA and RNA syntheses simultaneously advance
on the same template DNA, the 35S rRNA gene, making a collision between oppositely
traveling replication and transcription machineries. When transcription occurs frequently,
this collision slows down the progression of replication forks (Takeuchi et al, 2003). The fork
pausing by the collision between transcription and replication machineries is also observed
in other regions of chromosomes. Some of the highly transcribed tRNA genes and RNA
polymerase II genes also impede the progression of replication forks. Genome-wide
analyses of DNA Pol2–binding sites, which are indicative of the position of replication forks,
showed that the fork arrest takes place regardless of whether replication and transcription
move in the same or opposite directions (Azvolinsky et al, 2009). Direction-independent
collision was confirmed by similar experiments that mapped the position of the Psf2 subunit
of the GINS complex (Sekedat et al, 2010), suggesting that replication forks arrest at highly
transcribed genes because the transcription and replication machineries are not allowed to
occupy the same DNA at the same time.
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DNA supercoils produced ahead of advancing replication forks are resolved by a
coordinated action of Top1 and Top2. In the absence of functional topoisomerases, the
replication fork-related topological constrains are accumulated, leading to fork collapse and
DNA damage checkpoint activation (Bermejo et al, 2007; Brill et al, 1987; Kim & Wang,
1989). Behind the replication fork, intertwining of sister chromatid DNA takes place. Top2
activity is essential for the separation of intertwined chromosomal DNA molecules before
the onset of anaphase (Holm et al, 1985). Expression of catalytically inactive Top2 prevents
completion of DNA replication and induces DNA damage checkpoint response (Baxter &
Diffley, 2008), suggesting that the processing of catenation of sister chromatids behind the
fork may also affect the fork progression.
The replication pausing sites are chromosome fragile sites. γ-H2A or γ-H2AX is one of the
well-characterized histone modifications that occur around DNA damage sites in the
checkpoint kinase dependent manner (Downs et al, 2000). By using DNA microarray, recent
studies mapped the localization of γ-H2A on budding or fission yeast genomes in
unperturbed S phase (Rozenzhak et al, 2010; Szilard et al, 2010). In budding yeast, they
found the accumulation of γ-H2A to occur in repressed genes and that is dependent on the
activity of a histone deacetylase (HDAC). In fission yeast, γ-H2A and the Brc1 protein that
recognizes γ-H2A through a pair of BRCT domains were localized at heterochromatin
regions of chromosomes such as silent-mating type loci, centromeres and telomeres. They
also showed that the S-phase specific localization of γ-H2A and Brc1 is dependent on Clr4,
which is responsible for the methylation of histone H3 9th Lys. Thus, HDAC- and/or
H3K9me-mediated heterochromatin seems to impair the stability of replication forks when
they pass through, although how the chromatin status affects the fork progression remains
to be elucidated.

4. Checkpoint response to replication problems
Replication problems such as replication fork stalling or collapse are detected by the
surveillance system called checkpoint. The replication checkpoint pathway is activated in
response to replication stalling, while the DNA damage checkpoint will be activated when
DSBs are formed. These checkpoint pathways temporarily halt the cell cycle progression,
giving time for cells to solve the replication problems before entering into mitosis.
4.1 Checkpoint activation in response to replication problems
Extended lengths of ssDNA formed at stalled forks is the key DNA structure that induces
the replication checkpoint response. The ssDNA never exists naked in vivo and is
immediately coated by ssDNA-binding proteins: replication protein A (RPA). The ssDNA–
RPA complex recruits the most upstream checkpoint kinase the ATR-ATRIP complex in
mammals (Choi et al, 2010; Zou & Elledge, 2003). Primer-template junctions present right
next to the ssDNA–RPA complex in the context of stalled forks are also important for the
ATR activation (MacDougall et al, 2007). The proliferating cell nuclear antigen (PCNA)–
related checkpoint clamp, the Rad9–Rad1–Hus1 (9–1–1) complex is recruited to stalled forks
with the aid of the checkpoint-specific clamp loader (Bermudez et al, 2003; Ellison &
Stillman, 2003; Zou et al, 2002). Intriguingly, the essential replication initiation protein
Dpb11/Cut5/TopBP1 is again recruited to the stalled fork depending on the protein
phosphorylation induced by the ATR kinase, and is required for the activation of replication
checkpoint (Delacroix et al, 2007; Furuya et al, 2004; Kumagai et al, 2006; Lee et al, 2007),
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suggesting a mechanistic similarity between the replication initiation and the checkpoint
activation. Tof1/Swi1, Csm3/Swi3, and Mrc1 form the protein complex associated with the
CMG complex (Bando et al, 2009; Katou et al, 2003; Noguchi et al, 2004; Shimmoto et al,
2009). Tof1/Swi1 and Csm3/Swi3 form a relatively stable complex and are required for the
association of Mrc1 with the replication fork. Although this fork protection complex is
dispensable for DNA replication, it is required for the activation of the replication
checkpoint effector kinase such as fission yeast Cds1 (Alcasabas et al, 2001; Murakami &
Okayama, 1995; Noguchi et al, 2003; Tanaka & Russell, 2001; Unsal-Kacmaz et al, 2007),
indicating that the substrate specificity of the most upstream checkpoint kinase is
modulated by the proteins associated with the CMG complex.
As mentioned above, the extension of single-stranded region at times of replication stress
is crucial to induce a cascade of checkpoint responses. Even after DNA polymerases come to
a halt, the CMG complex continues to execute its job as a helicase to a considerable length
to produce the single-strand region sufficient to activate the checkpoint. Inhibition of
Cdc45 or Mcm7 after the replication initiation blocks accumulation of RPA on chromatin
and the checkpoint activation (Byun et al, 2005). Thus, DNA unwinding activity of the
CMG complex is required not only for DNA synthesis under unperturbed condition, but
also for the activation of the replication checkpoint at times of replication stress.
The interactions between the CMG complex and the checkpoint proteins may also
contribute to the activation of replication checkpoint (Tsao et al, 2004). There is an
intimate link between the CMG complex and the replication checkpoint. However, when
stalled forks are collapsed to create DSBs, the damage checkpoint will be activated. The
Mre11-Rad50-Nbs1/Xrs2 (MRN/MRX) complex recognizes DSBs and leads to the
activation of the damage checkpoint kinase ATM/Tel1 (Lee & Paull, 2004; Lee & Paull,
2005; Usui et al, 2001).
4.2 Checkpoint response to replication stress
In addition to the cell cycle regulation, the activated checkpoint pathways regulate gene
expression through modification of transcription factors (Huang et al, 1998), and inhibit the
replication initiation from late origins (Santocanale & Diffley, 1998; Shirahige et al, 1998).
The inhibition of late origins is mediated by the checkpoint kinase-dependent
phosphorylation of two of the essential replication initiators, DDK and Sld3 (LopezMosqueda et al, 2010; Zegerman & Diffley, 2010). This output of the checkpoint response
may contribute to the genome integrity by preventing the formation of additional number of
stalled forks (Lopez-Mosqueda et al, 2010). The replication checkpoint kinases prevent
stalled replication forks from breaking down (Desany et al, 1998; Lopes et al, 2001; Tercero &
Diffley, 2001). In fission yeast, the Rad3 kinase is activated in response to replication stress,
and it phosphorylates the downstream Cds1 kinase, which in turn phosphorylates various
downstream target proteins including the structure-specific nuclease Mus81 (Boddy et al,
2001; Kai et al, 2005). The phosphorylation of Mus81 by the Cds1 kinase results in
dissociation of Mus81 from chromatin, preventing it from cleaving the stalled fork. Another
example of the checkpoint target is Rad60, which is required for recombinational repair
probably through the regulation of the Smc5/6 complex (Miyabe et al, 2006; Morishita et al,
2002). The checkpoint kinase phosphorylates Rad60, leading to its delocalization from the
nucleus after replication stress (Boddy et al, 2003; Miyabe et al, 2009). These observations are
consistent to the idea that the replication checkpoint prevents recombinational repair to
occur as long as the stalled forks are able to keep the checkpoint activated. Intriguingly, the
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MCM proteins are phosphorylated in response to replication stress through the checkpoint
kinases (Bailis et al, 2008; Cortez et al, 2004b; Ishimi et al, 2003; Randell et al, 2010; Yoo et al,
2004b). The phosphorylation of the MCM proteins may increase the stability of the complex
in the stalled condition (Randell et al, 2010).

5. Regulation of the replication initiation to maintain the genome integrity
Many pre-RCs are assembled on each chromosome in late M to G1 phases, but replication
initiates recurrently from only a subset of them leaving the rest of them dormant. However,
when replication forks are collapsed, replication initiates from the nearby dormant origins
(Doksani et al, 2009), indicating the importance of the dormant origins under the stressed
condition. Even under the normal growth condition, the damage checkpoint operates to
stabilize a chromosome when all or almost all of the efficient replication origins on the
chromosome are deleted (Theis et al, 2010). It is likely that during the long travel on DNA,
replication forks spontaneously collapse to create DSBs. Consistent to this idea, decreasing
the replication initiation by partial inhibition of the assembly of pre-RCs causes gross
chromosomal rearrangements (GCRs) (Tanaka & Diffley, 2002). The most common fragile
site in human lymphocytes FRA3B is caused by a paucity of replication initiation events in
that region (Letessier et al, 2011). A hypomorphic mutation of Mcm4Chaos3, that decreases the
Mcm2-7 protein levels, in mice causes various types of chromosome instability and shows
predisposition to cancer (Chuang et al, 2010; Kawabata et al, 2011; Shima et al, 2007). These
findings demonstrate that the number and the distribution of replication initiation along a
chromosome are important for maintaining the genome stability.
Polo-like kinase (PLK) is involved in various important cellular events such as regulation
of mitotic entry, chromosome segregation, centrosome maturation, and mitotic exit. PLK
contains two tandem Polo boxes, termed as the Polo-box domain that interacts with
phosphoproteins (Elia et al, 2003). The Xenopus PLK homolog Plx1 binds to Claspin in a
manner dependent on the phosphorylation of Claspin by the checkpoint kinase (Yoo et al,
2004a). The Plx1 phosphorylates Claspin and causes its dissociation from chromatin,
resulting in the inactivation of the replication checkpoint kinase Chk1 after a prolonged
checkpoint arrest. The PLK homolog in budding yeast Cdc5 is also required for the down
regulation of the replication checkpoint: the adaptation, that is the resumption of the cell
cycle in the presence of a single unrepaired DSB after a prolonged arrest (Donnianni et al,
2010; Toczyski et al, 1997; Vidanes et al, 2010). These findings indicate that PLK has an
inhibitory effect on the checkpoint response. Members of the MCM helicase are
phosphorylated by the checkpoint kinases, suggesting a regulation of the MCM helicase
by the ATR/ATM checkpoint (Cortez et al, 2004a; Yoo et al, 2004b). Mammalian PLK
binds to the Mcm proteins in the phosphorylation dependent manner (Lowery et al, 2007;
Tsvetkov & Stern, 2005). In Xenopus, the phosphorylation of Mcm2 by ATR stimulates the
interaction with Plx1, probably recruiting Plx1 to the damage sites (Trenz et al, 2008).
Although Plx1 is dispensable for DNA replication under the normal condition, it is
essential to complete DNA replication when there are only a limited number of pre-RCs
assembled on chromatin or in the presence of a low dose of replication inhibitors such as
aphidicolin. Thus, it seems that, even though the overall level of the initiation of DNA
replication is prohibited in the presence of replication problem, the inhibitory effect
caused by the checkpoint is relieved by the Polo-like kinaseso that replication initiation
occurs from the dormant origins nearby the stalled or collapsed fork.
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6. Coupling DNA unwinding with DNA synthesis under the stressed condition
In bacteria, the replication fork DNA helicase (DnaB) and the replicative DNA polymerase
(Pol III holoenzyme) are associated with each other, and the interaction is essential for a
high rate of replication fork movement of about 1,000 nt/s (Kim et al, 1996). In eukaryotes,
the CMG complex unwinds template DNA strands and specific DNA polymerases (Pol α, δ
and ε) synthesize their respective leading and lagging strands. When the polymerase
function is interfered by replication stress, the CMG complex continues to unwind dsDNA
to some extent, and induce the activation of the replication checkpoint. However,
unregulated continuous translocation of the CMG helicase exposes longer stretch of ssDNA
(Figure 2). The uncoupling of the helicase from the polymerase may cause re-annealing of
the two complementary single-strands behind the helicase, which is a serious obstacle at the
time of resumption of DNA synthesis. In addition, the long ssDNA is likely to be fragile
compared with the short one.

Fig. 2. Unregulated translocation of CMG helicase disrupts the replication fork.
No direct functional interaction between DNA polymerases and the CMG complexes has
been reported, so far. However, in budding yeast, elimination of Tof1, Csm3 or Mrc1 causes
uncoupling of the CMG helicase from DNA synthesis (Katou et al, 2003). Mrc1 may bridge
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the gap between the leading strand polymerase and the CMG helicase, as Mrc1 interacts
with both DNA pol ε (Lou et al, 2008) and the MCM protein (Bando et al, 2009; Komata et al,
2009). On the other hand, Ctf4 may bridge the gap between the lagging strand polymerase
and the CMG helicase as Ctf4 interacts with DNA Pol α (Miles & Formosa, 1992) and with
MCM and GINS (Gambus et al, 2009). The connection between the polymerase and helicase
mediated by Mrc1 and Ctf4 may be important to couple the two important reactions of
replication (Figure 3A). When DNA synthesis is inhibited, higher-order conformation
around DNA polymerases would change. The conformational change emanates a signal that
may be transmitted via the bridge molecules to the CMG helicase, to prevent uncoupling of
the unwinding from the synthesis. Consistent to this model, mutations in the CMG complex
suppress the hypersensitivity of fission yeast mrc1 cells to HU (Nitani et al, 2006).
Another model is also proposed, in which the checkpoint kinase controls the activity of the
CMG helicase (Figure 3B). The MCM proteins are phosphorylated dependent on the
replication checkpoint kinases (Bailis et al, 2008; Cortez et al, 2004b; Ishimi et al, 2003;
Randell et al, 2010; Yoo et al, 2004b). As phosphorylation of MCM down regulates the DNA
unwinding activity of Mcm4-6-7 (Ishimi et al, 2003), it is possible that once the replication
checkpoint kinase becomes activated with the aid of the CMG helicase, it turns off the
activity of CMG.

Fig. 3. Down regulation of the CMG helicase in response to replication stress.
The evolutionally conserved C-terminal domain (CTD) of Mcm4 plays an important role in
the regulation of DNA unwinding carried out by the MCM helicase, as the deletion of the Cterminal in fission yeast accumulates RPA on the stalled replication forks while binding of
MCM and GINS remains unaffected (Nitani et al, 2008). A recent study has shown that
among Mcm2-7 subunits Mcm4 has the strongest affinity to both GINS and Cdc45 (Ilves et
al, 2010). Thus, it is possible that the C-terminal region of Mmc4 affects the configuration of
the CMG complex thereby regulating its helicase activity when DNA synthesis is inhibited.
It is important to understand the interaction between the components of CMG, as is
modulated in response to replication stress.
There is increasing body of evidence that regulation of the CMG helicase is important not
only for DNA replication but also for maintaining the genome integrity. Recent findings that
hypomorphic mutations in the replication proteins such as MCM in mammals cause growth
abnormality and or predisposition to cancer, underscore the importance of the tight
regulation of DNA replication. Genome-wide analysis of replication origins in different
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types of tissues or cells would reveal the specificity of cancer to certain types of tissues.
Detailed studies of spatiotemporal regulation of the integral component of the replication
fork, the CMG helicase, would provide great insights into the mechanism by which
chromosomal DNA is faithfully replicated in the S phase, which is one of the essential
events during cell proliferation.
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1. Introduction

Eukaryotic DNA replication initiates in a two-step fashion (Diffley, 2004), and both steps are
tightly regulated by phosphorylation and dephosphorylation of replication-initiation
proteins. First, a multi-protein complex known as pre-RC (pre-replicative complex) is
assembled on replication origins from late M to early G1 phase; this process is referred to as
replication licensing. Subsequently, origin activation (firing) occurs in accordance to the rise
of S-CDK (cyclin dependent kinase) and DDK (Dbf4p dependent kinase) activities during
which replication forks are established and DNA synthesis begins.
1.1 Components of replication licensing
Pre-RC is assembled onto replication origins in a stepwise manner, and it includes the
following components:
1.1.1 Replicators and replication origins
Replicators and replication origins in budding yeast were together identified as some
conserved DNA sequences, autonomously replicating sequences (ARSs). There are about 400
ARSs distributed throughout the yeast genome to promote the association of initiation
proteins and the unwinding of DNA double helixes (Raghuraman et al., 2001). Despite the
conservation of the initiation proteins in eukaryotes, the origin sequences are highly divergent,
and poorly characterized in many organisms (Machida et al., 2005; Sclafani & Holzen, 2007)
1.1.2 ORC (Origin recognition complex)
Origin recognition complex (ORC) can specifically recognize and associate with ARSs directly
in an ATP dependent manner throughout the cell cycle, serving as a landing pad for other
factors to be assembled. ORC utilizes the energy from ATP hydrolysis to drive pre-RC
assembly (Bowers et al., 2004; Randell et al., 2006). Although the six subunits of ORC (Orc1-6p)
form a tight complex in vivo, only Orc1-5p are required for origin recognition and DNA
binding (Stillman, 2005). Nevertheless, Orc6p plays an essential role in pre-RC assembly
*
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through interacting with Cdt1p (Cdc10p-dependent transcript) to promote multiple rounds of
MCM (Minichromosome maintenance) loading onto replication origins (Chen et al., 2007).
ORC is functionally related to DnaA, the initiator protein in bacteria. Structural analysis
showed that DnaA displays a helical conformation that, when bound to the replication
origin, induces superhelical tension which causes localized DNA melting to facilitate
helicase loading (Erzberger et al., 2006). Despite detailed biochemical analysis, the exact
mechanism of ORC as the initiator awaits further investigations. However, some studies
highlighted its role in manipulating local chromatin environment (Lipford & Bell, 2001; Kan
et al., 2008; Espinosa et al., 2010).
1.1.3 Cdc6p (Cell division cycle)
The budding yeast Cdc6p was identified as a multicopy suppressor of the orc5-1 ts mutant
(Liang et al., 1995). It interacts with ORC, and is required for loading the hexameric helicase
MCM (Minichromsome maintenance) proteins onto chromatin (Cocker et al., 1996; Donovan
et al., 1997; Tanaka et al., 1997). Analysis with EM micrograph reconstruction showed that
the ORC-Cdc6p complex displayed a ring-shaped structure, which possesses six AAA+
ATPase domains (five from ORC and one from Cdc6p) (Speck et al., 2005). In vitro studies
suggested that the ATPase activities from both initiation proteins are needed for robust
MCM loading (Seki & Diffley, 2000). Importantly, ATP hydrolysis by Cdc6p destabilizes the
ORC-Cdc6p complex, and because ARS-specific DNA binding to the complex inhibits the
Cdc6p ATPase activity (Speck & Stillman, 2007), it is thus proposed that the ATPase domain
of Cdc6p confers specificity on the site of pre-RC assembly.
1.1.4 Cdt1p (Cdc10p-dependent transcript)
In contrast to other initiation proteins which were first identified in budding yeast, the
helicase loader component Cdt1p was first isolated from fission yeast (Nishitani et al., 2000),
Xenopus (Maiorano et al., 2000) and Drosophila (Whittaker et al., 2000) as a protein involved
in DNA replication. Based on homology search, and despite low level of sequence
homology, the budding yeast Cdt1p was identified as the gene TAH11 (Topo-A
hypersensitive) (Tanaka & Diffley, 2002), previously isolated by virtue of its genetic
interaction with a topoisomerase I mutant. Cdt1p in budding yeast, like the homologs in
higher eukaryotes, is essential for loading MCM onto replication origins, acting as a bridge
between Mcm2-7p and ORC. On the one hand, Cdt1p interacts with the MCM complex
specifically through the Mcm6p subunit (Wei et al., 2010); on the other hand, Cdt1p
associates with ORC via transient contact with Orc6p, resulting in the incorporation of
Mcm2-7p complex into pre-RC (Chen et al., 2007). Unlike higher eukaryotes and fission
yeast where Cdt1p is regulated by degradation, ScCdt1p is stable throughout the cell cycle
but is regulated by nuclear import and export (Tanaka & Diffley, 2002).
1.1.5 MCM (Minichromosome maintenance) proteins
MCM genes were first isolated in a genetic screen from mutants defective in maintaining the
stability of ARS-based plasmids (Maine et al., 1984). The six subunits are highly related to
one another in sequence, but each MCM protein is essential for cell growth. MCM proteins
migrate with the replication fork (Aparicio et al., 1997) and function as the putative
replicative helicase. In vitro studies strongly suggest that Mcm2-7 proteins act as DNA
helicase (Bochman & Schwacha, 2009). The Mcm 4/6/7 complex purified from Hela cells
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displayed weak DNA helicase activity. Similar studies in mouse and fission yeast also
identified a DNA helicase activity dependent on the Mcm4/6/7 complex. Surprisingly,
although all six Mcm proteins function at the replication fork in budding yeast, the intact
Mcm2-7p complex showed no helicase activity in vitro (Takahashi et al., 2005). A recent
study with biochemical reconstitution of Drosophila CMG (Cdc45p, MCM and GINS)
complex suggested that the MCM complex is loaded in an inactive form as a pre-RC
component (Ilves et al., 2010), and it displays robust ATPase and helicase activity only when
it is associated with Cdc45p and GINS. Apart from the association with Cdc45p and GINS,
modifications on MCM also play an important role in the helicase activation.
In order to perform its helicase activity, the Mcm2-7p complex needs the action of both DDK
and CDKs to phosphorylate some MCM subunits as well as other initiation proteins (Labib,
2010). The N-terminal tails of Mcm2/Mcm4/Mcm6 appears to be the major substrates of
DDK for DNA replication, among which Mcm4p phosphorylation by DDK is particularly
important. N-terminal serine/threonine-rich domain (NSD) of Mcm4p contains multiple
motifs that are targets for DDK, and phosphorylations of these motifs by DDK relieve the
inhibitory effect of Mcm4-NSD on DNA replication (Sheu & Stillman, 2006; 2010).
At the heart of the regulation of replication initiation is the loading of the MCM helicase onto
origins and its subsequent activation to unwind the double helix. The loading process is well
organized spatially and temporally. Oscillation of CDK activity during cell cycle restricts this
process only within late anaphase and G1 phase at low CDK activity (Diffley, 2004). At the Mto-G1 transition, the MCM complex is allowed to be imported into the nucleus. Only after the
helicase loaders Cdc6p and Cdt1p associate with ORC can the MCM complex be loaded onto
chromatin to form pre-RC (Cocker et al., 1996; Donovan et al., 1997; Tanaka & Diffley, 2002).
Recent studies using reconstituted yeast pre-RC and EM microscopy demonstrated that MCM
is loaded onto replication origins as a double-hexamer, connected in a head-to-head
configuration via their N-terminal tails (Evrin et al., 2009; Remus et al., 2009).
1.1.6 Noc3p (Nucleolar-associated complex)
Noc3p was isolated as a multicopy suppressor of the mcm5-1 ts mutant (Zhang et al., 2002).
Noc3p mutants display classical ARS-number suppressible plasmid loss phenotype. Noc3p
binds to ARS DNA and interacts with ORC and MCM proteins. And inactivation of Noc3p
results in failure of pre-RC assembly and G1/S transition (Zhang et al., 2002). Because both
ORC and Noc3p bind to the chromatin throughout the cell cycle and depletion of Noc3p
only affect the binding of initiation proteins downstream of ORC onto the chromatin, ORC
and Noc3p represent ARS-bound scaffold proteins that mark the early step of pre-RC
assembly. Besides, since both ORC and Noc3p have been implicated in ribosome biogenesis
(Milkereit et al., 2001; Du and Stillman, 2002), they might be important regulator
coordinating both cell growth and division (Jorgensen & Tyers, 2004). A study in budding
yeast also shows that overexpression of Noc3p caused severe growth defects in orc and cdc6
mutants, just as overexpression of some MCM subunits and some other replicationinitiation proteins did (Honey and Futcher, 2007), supporting the role of Noc3p in
replication initiation together with ORC and MCM proteins. Noc3p interacts with Cdt1p,
Mcm6p and four of the six subunits of ORC that are closely connected with one another
(Wu, R., J. Yeung and CL, unpublished data), apparently making a snug fit into the main
body of the ORC architecture. We have also isolated separation-of-function mutants in
NOC3 (Wu, R. and CL, unpublished data), indicating that the Noc3p’s functions in DNA
replication and ribosome biogenesis are separable.
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Consistent with the role of Noc3p as an initiation protein, fad24 (Factor for adipocyte
differentiation, the human homolog of Noc3p), is found to regulate differentiation
(Tominaga et al., 2004) and is essential for DNA replication in human (Johmura et al., 2008a)
and mouse cells (Johmura et al., 2008b). Importantly, fad24 interacts with HBO1 (Histone
acetyltransferase-binding to ORC), which is an Orc1p interacting protein in human cells
required for acetylating origin-proximal histone H4 to promote replication licensing (Iizuka
& Stillman, 1999). If these interactions are conserved in yeast, it is tempting to speculate that
Noc3p might also recruit histone acetyltransferase (HAT) to ARSs. Gcn5p, a recently
identified HAT with important role in replication licensing (Espinosa et al., 2010), would be
an attractive candidate.
Data from a fission yeast study are also consistent with Noc3p being required for replication
initiation, as Noc3p inactivation (probably incompletely) caused delay in S phase entry,
slow progression through S phase, and cell cycle arrest in late S and/or G2/M phases,
although the authors interpreted the data in favor of Noc3p’s role in cell division instead of
replication (Houchens et al., 2008). These phenotypes are typical of the majority of the
published ORC and MCM ts mutants in both budding and fission yeasts, as partial initiation
of DNA replication by the residual mutant proteins even under the restrictive conditions for
cell growth allows the cells to replicate most, but not all of the DNA, resulting in late S
and/or G2/M arrest. Consistent with this interpretation, these mutants would not arrest in
the first G2/M phase if the cells were released into the cell cycle after the mutant proteins
were inactivated in early S phase or G2/M phase instead of G1 phase (Zhang et al., 2002;
Gibson et al., 2006). Therefore, the apparent cell cycle arrest in G2/M phases is the result of
incomplete DNA replication, not because of a cell division defect per se.
1.2 A model of replication licensing
Summing up the current data, a model of pre-RC assembly is proposed as shown in Fig. 1.
ORC and Noc3p bind to ARS elements throughout the cell cycle, and they act as a scaffold
to recruit other initiators. During mitotic exit, de novo synthesized and stabilized Cdc6p
binds with ORC/Noc3p and together they form a ring complex on ARS. At the same time
MCM and Cdt1p are imported into the nucleus in an inter-dependent manner. And
through the concerted action of Cdc6p and Cdt1p, the MCM helicase is loaded as a double
hexamer onto the chromatin to license the replication origin. This complex composed of
ORC, Noc3p, Cdc6p, Cdt1p, MCM and possibly other unidentified proteins, is referred to
as the pre-RC, which is assembled only at low CDK activity upon mitotic exit to early G1
of the next cell cycle. Worth mentioning, all of the known pre-RC components are
conserved from yeasts to humans despite that some of them are regulated differently in
different organisms.
1.3 Origin activation (Origin firing)
Origin firing refers to the activation of licensed replication origins by the concerted activities
of CDK and DDK during which helicase activation is coupled to the recruitment of DNA
polymerases.
1.3.1 GINS (Go, Ichi, Nii, and San; five, one, two, and three in Japanese)
The GINS complex is composed of Sld5p, Psf1p, -2p and -3p discovered by several groups
(Kanemaki et al., 2003; Kubota et al., 2003; Takayama et al., 2003). A functional proteomic
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Fig. 1. The pre-replication complex in budding yeast.
The pre-RC is assembled step-wise on ARS during late M to early G1 phase of the cell cycle.
It is composed of several groups of proteins including the origin recognition scaffold (ORC
and Noc3p), the helicase loaders (Cdc6p and Cdt1p) and the helicase (the MCM complex).
See text for details.
screen in budding yeast identified the GINS components that, upon depletion, would affect
DNA replication (Kanemaki et al., 2003). PSF1 and PSF2 (Partner of Sld Five) were
identified as multicopy suppressors of the sdl5-12 ts mutant, and PSF3 was identified as a
multicopy suppressor of the psf1-1 ts mutant (Takayama et al., 2003). These proteins interact
with one another and are essential for DNA replication in budding yeast. By sequence
homology search, they were identified and purified as a ring-like complex from Xenopus egg
extracts (Kubota et al., 2003). Crystallography analysis reveals that the human GINS
complex adopts a trapezium-like structure (Boskovic et al., 2007), rather than the ring-like
shape counterpart in Xenopus as observed on EM micrograph (Kubota et al., 2003). GINS is
only recruited to origins upon S-phase onset, and it travels along with the replication fork as
replication proceeds (Kanemaki et al., 2003).
1.3.2 Cdc45p
CDC45 was initially characterized as one of a group of genes, together with MCM4, 5, and 7
that display extensive genetic interactions with one another (Hennessy et al., 1991). Cdc45p
forms a complex with Sld3p, and together they are recruited in an inter-dependent manner
to licensed origins throughout S-phase (Kamimura et al., 2001). Notably, early-firing origins
are marked with Sld3p-Cdc45p even in G1 phase (Kamimura et al., 2001). And because
Cdc45p origin binding profile coincides with the activation timing of origins, Cdc45p is
considered as a marker for active origins (Aparicio et al., 1997; Zou & Stillman, 1998;
Kamimura et al., 2001). In addition, stable recruitment of Cdc45p to pre-RC requires DDK
phosphorylation of the Mcm4p N-terminal tail (Sheu & Stillman, 2006).
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1.3.3 Sld2p, Sld3p and Dpb11p
DPB11 (DNA polymerase B) was first identified as a multicopy suppressor of the ts alleles
dpb2-1 and pol12-1 (Araki et al., 1995), which encode two different subunits of the DNA
polymerase ε in budding yeast. Identified by the same genetic screen strategy, SLD2, SLD3
and other SLD genes (including SLD5 in the GINS complex) were found to suppress the
dpb11-1 ts allele when they are carried on high copy plasmids (Kamimura et al., 1998).
Dpb11p contains two pairs of tandem BRCT (BRCA1 C-terminal) domains, which are sites
known as phosphopeptide binding modules. Dpb11p is proposed to be a bridging factor to
promote DNA replication. Both Sld2p and -3p are substrates of S-CDK, showing an S-phase
specific phosphorylation profile, and they only bind Dpb11p in the phosphorylated forms
(Tanaka et al., 2007; Zegerman & Diffley, 2007). Such interactions are elegantly partitioned
over Dpb11p. Notably, the N-terminal proximal BRCT repeats of Dbp11p are required for
Sld3p binding while those located in the C-terminal region interact with Sld2p. Mutagenesis
study and synthetic phospho-peptide mapping revealed that phosphorylation at T84 on
Sld2p, and that T600 and S622 in Sld3p are responsible for mediating Dpb11p binding
(Zegerman & Diffley, 2007). By a series of rescue experiments and genetic screens, it was
found that the lethality of cells carrying non-phosphorylatable Sld3p (i.e. Sld3p-600A, 609A,
622A) could be rescued when the mutant Sld3p was fused with the N-terminal BRCT
repeats-truncated Dpb11p (referred to as SD-fusion) (Zegerman & Diffley, 2007); while
cells with non-phosphorylatable Sld2p could be rescued by a Sld2p phospho-mimic
mutant (either Sld2-T84D or Sld2-11D) (Tanaka et al., 2007; Zegerman & Diffley, 2007).
Moreover, ectopic expression of Sld2-T84D in an SD-fusion genetic background led to
DNA replication independent of S-CDK. Remarkably, when these CDK-bypass mutants
were combined with the bob1 allele (an MCM5 allele that suppresses cdc7∆ lethality and
bypasses the requirement of DDK in replication) (Tanaka et al., 2007; Zegerman & Diffley,
2007) or the mcm4∆74-174 allele (a DDK-bypass allele of MCM4 lacking a self-inhibitory
domain) (Sheu & Stillman, 2010), DNA replication still occurred even when the yeast cells
were arrested in G1 phase lacking both CDK and DDK activities. Taking together, Sld2p,
Sld3p and Mcm4p represent the minimal targets of the S-phase kinases in promoting
DNA replication.
1.3.4 Mcm10p, Ctf4p and DNA polymerase α
Budding yeast Mcm10p is a recruitment factor that targets polymerase α to the licensed
origins in G1 phase and the replication forks during S-phase (Ricke & Bielinsky, 2004; Lee
et al., 2010). It binds to origins in G1 cells in an MCM-dependent manner and co-migrates
with the fork as part of the replisome progression complex (RPC) (Gambus et al., 2006).
Study in Xenopus suggested that Mcm10p channels its function in part through interacting
with a protein known as And1 (Ctf4p in budding yeast), which is important for efficient
DNA synthesis and acts as a bridging factor between Mcm10p and Pol α (Zhu et al., 2007).
The budding yeast Ctf4p was initially isolated as a mutant defective in chromosome
segregation (Spencer et al., 1990). It travels with the replication fork and is known to
participate in sister chromatids cohesion (Hanna et al., 2001; Gambus et al., 2006).
Consistent with the Xenopus ortholog, Ctf4p was also identified as a RPC component, and
it interacts with Mcm10p for stable chromatin association during S-phase (Tanaka et al.,
2009). Besides, it helps to stabilize both Mcm10p and Pol α (Gambus et al., 2009; Wang et
al., 2010). And cells without Ctf4p display a delay onset and slow progression of S-phase
(Wang et al., 2010).

Cell Cycle Control of DNA Replication by Phosphorylation and
Dephosphorylation of Replication-Initiation Proteins in Budding Yeast

93

1.4 Current model of origin activation
Both CDK and DDK activities are required for origin firing, and genetic evidence suggested
that CDKs work in advanced of DDK to promote DNA replication. As illustrated in Fig. 2,
binding of Sld3p and Cdc45p to pre-RC in G1 cells marks early-firing origins (Kamimura et
al., 2001). Upon S-phase onset, rising S-CDK activity phosphorylates both Sld2p and Sld3p,
creating binding sites for the BRCT repeats in Dpb11p (Tanaka et al., 2007; Zegerman &
Diffley, 2007). The Sld2p-Dpb11p interaction nucleates the formation of an unstable complex
known as pre-LC (pre-loading complex), which contains the Pol ε subunit Dpb2p, Mcm10p
and GINS, in addition to Sld2p and Dpb11p (Muramatsu et al., 2010). Since phospho-Sld3p
binds directly to Dpb11p and both Mcm10p and Sld3p interact with pre-RC components,
this transient complex might be formed at the vicinity of licensed origins during S-phase. At
the same time, DDK phosphorylates the N-terminal tail of Mcm4p at pre-RC to alleviate its
auto-inhibitory activity (Sheu & Stillman, 2010) and to help stabilize Cdc45p binding to preRC (Sheu & Stillman, 2006). Stable association of Cdc45p is also facilitated by origin-bound
Mcm10p (Sawyer et al., 2004). Since Mcm10p is a pre-LC component, origin-targeting of Pol
α is coupled to the rise of S-CDK activity.
In summary, GINS and Cdc45p are recruited for CMG complex assembly and helicase
activation, and both Pol α and Pol ε are targeted to licensed origins by the joint actions of the
S-phase kinases upon origin activation.

Fig. 2. The current model of origin activation in budding yeast.
At the beginning of S-phase, the concerted actions of CDK and DDK trigger originrecruitment of both Cdc45p and GINS which bind MCM to form the active helicase. At the
same time, polymerase ε and α are recruited for DNA synthesis. See text for details. Yellow
and red circles represent DDK and CDK phosphorylation respectively.
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2. CDK-dependent anti-rereplication mechanisms
Uncontrolled overreplication of the genome within the same cell cycle is detrimental to cell
survival. Hence organisms possess multiple redundant mechanisms to prevent overreplication (Diffley, 2004). As shown in Fig. 3, central to this regulation lies at inhibitory
CDK phosphorylations on Orc2p, Orc6p, Cdc6p and Mcm3p, which render these pre-RC
components fail to relicense replication origins within the same cell cycle.

Fig. 3. Anti-rereplication mechanisms in budding yeast.
Anti-rereplication mechanisms in budding yeast targets multiple pre-RC components to
render them unable to relicense replication origins within the same cell cycle. All of these
mechanisms require CDK-phosphorylations. HP, hydrophobic patch. See text for details
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2.1 Orc2p
Orc2p is a subunit of the hexameric ORC complex that binds replication origins throughout
the cell cycle. Orc2p has six full CDK phosphorylation sites, and it is phosphorylated by ClbCDK from S-phase until mitotic exit. In vitro studies suggest that phosphorylated Orc2p
inhibits the ATP binding activity of Orc5p (Makise et al., 2009), and this might affect the
overall activity of ORC to promote pre-RC assembly.
2.2 Orc6p
Orc6p shares the same phosphorylation profile as Orc2p during the cell cycle. In addition to
the four full CDK consensus sites, Orc6p is found to be phosphorylated by CDK at a suboptimal TP site at amino acid residue 114. Orc6p phosphorylation by CDK blocks the
interaction between Cdt1p and Orc6p, thus largely suppressing the loading of Mcm2-7p
complex onto replication origins. Furthermore, S-CDKs also bind to the RXL motif of Orc6p
to produce a steric hindrance for MCM loading (Chen & Bell, 2011).
2.3 Cdc6p
Cdc6p is part of the MCM loader required for pre-RC assembly. From late M to early G1
pahse, de novo synthesized Cdc6p binds to ORC and activates the ATPase activity of ORC to
recruit the Mcm2-7p helicase onto replication origins (Randell et al., 2006; Chen et al., 2007).
Cdc6p is a very unstable protein whose protein level is regulated by CDK phosphorylation
and ubiquitin mediated proteolysis (Perkins et al., 2001). There are eight CDK consensus
sites on Cdc6p; those at the N-terminal region are phosphorylated by Cln-CDK and targeted
for robust SCFCdc4p–mediated degradation during the G1/S transition (Drury et al., 1997). In
G2/M cells, Cdc6p is phosphorylated by Clb-CDK and degraded through the SCFCdc4p
pathway in a much slower rate. And a moderate rate of Cdc6p proteolysis was also
observed in alpha-factor blocked cells independent of CDK phosphorylation and the SCF
complex (Drury et al., 2000). Although phosphorylation of the N-terminal CDK sites of
Cdc6p does not form an SCF phospho-degron in G2/M phase, it creates a strong affinity site
for Clb2p-binding that would dislodge Cdc6p from chromatin (Mimura et al., 2004). As
such, Cdc6p is incompetent for pre-RC assembly whenever CDK activity persists.
2.4 Mcm3p
Mcm3p is a component of the hexameric MCM helicase that is loaded onto chromatin in the
last step of pre-RC assembly. Subcellular localization of the MCM complex is cell cycle
regulated (Labib et al., 1999). MCM is targeted to the nucleus from late M phase to G1 phase
and largely exported to the cytoplasm from S-phase onwards until mitotic exit. Central to
this regulation is the phosphorylation status of Mcm3p, which possesses five conserved
CDK sites spanning over a NLS-NES (nuclear localization signal-nuclear exit signal) module
near the N-terminus. The entire MCM complex contains a single bipartite NLS, which is
distributed on two distinct MCM proteins Mcm2p and Mcm3p. Therefore, it is necessary for
all six MCM subunits to be assembled into a whole complex in order to generate a
functional NLS for nuclear import (Liku et al., 2005). On the other hand, there is an NES in
Mcm3p adjacent to the NLS sequence. CDK phosphorylation of Mcm3p is required for
nuclear export of the MCM complex, which probably downregulates the NLS activity and
upregulates the NES activity (Liku et al., 2005). Therefore, nuclear export of the Mcm2-7p
complex also provides a significant contribution to replication control (Nguyen et al., 2001;
Liku et al., 2005).
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Persistence of high CDK activity from late G1 to M phase ensures that activation of
each origin occurs no more than once per cell cycle. The mechanisms that CDKs target
multiple pre-RC components for inhibitory phosphorylations contribute to multiple
overlaying strategies in cells to antagonize inappropriate DNA rereplication (Blow & Dutta,
2005). In a mutant strain (Nguyen et al., 2001) where all CDK sites of Orc2p and Orc6p were
mutated to non-phosphorylatable alanine residues and the MCM complex was
constitutively targeted into the nucleus, genome rereplication occurred upon overexpression
of stabilized Cdc6p. This indicates that CDK inhibitions on ORC, Cdc6p and Mcm3p act in a
redundant manner and each of these mechanisms is mostly sufficient to block the reassembly of pre-RC during S-phase.
Although the strategies against rereplication vary in metazoans (Arias & Walter, 2005), most of
them target pre-RC components. In mammalian cells, Orc1p is degraded by the ubiquitinproteasome pathway during S-phase via the SCFSkp2p E3 ligase (Méndez et al., 2002). Besides,
CDK phosphorylation on Orc1p inhibits its chromatin association during mitosis (Li &
DePamphilis, 2002). Another initiation protein, the mammalian Cdt1p is targeted by multiple
pathways and kept inactive during S and G2-phase. Cdt1p is targeted for degradation by the
Cullin-based E3 ligase, Cul4p–Ddb1pCdt2p. Because the degradation depends on the Cdt1pPCNA interaction (Arias & Walter, 2006), this limits the timing of proteolysis only upon origin
firing. Besides, Cdt1p is phosphorylated by CDK in S and G2 phases, which creates a
phospho-degron recognized by the SCFSkp2p complex and is targeted for degradation (Takeda
et al., 2005). Finally a protein known as Geminin was discovered as a binding inhibitor of
Cdt1p. Geminin forms a complex with Cdt1p and renders it unable to load the MCM complex
onto chromatin, thereby inhibiting pre-RC assembly (Wohlschlegel et al., 2000). Furthermore, a
study suggested that Geminin also targets HBO1, which is a histone modifier required to
acetylate origin-proximal H4 to promote MCM loading (Iizuka & Stillman, 1999). Geminin,
when complexed with Cdt1p, acts as a potent inhibitor against the HBO1 acetyltransferase
activity and hence prevents replication licensing (Miotto & Struhl, 2010).

3. The quest for a phosphatase to counteract anti-rereplication mechanisms
and reset licensing competence during mitotic exit – studies on Cdc14p
As discussed above, eukaryotic cells utilize elaborate intrinsic mechanisms to prevent DNA
rereplication and ensure faithful inheritance of the genetic material. It is of equal importance
to remove the blocks by dephosphorylating pre-RC proteins before cells undergo another
cell cycle. Otherwise, existence of obstacles to DNA replication from the previous cell cycle
may cause genome under-replication and chromosome instability. Cdc14p, a master
phosphatase that promotes mitotic exit, fulfills the requirements of such a key regulator of
DNA replication.
3.1 Linkage between Cdc14p and DNA replication initiation
Linkage between Cdc14p and DNA replication initiation has been implicated in a series of
genetic data. Similar to all known initiation mutants reported, the plasmid loss of cdc14-1
cells could be suppressed by adding multiple copies of an ARS to the plasmid (Hogan &
Koshland, 1992; Ma et al., 2010). Overexpression of the initiation protein Orc6p caused
synthetic dosage lethality in cdc14-1 cells (Kroll et al., 1996), and synthetic lethality was
observed when cdc14-1 was combined with cdc6-1, orc2-1 or orc5-1 (Loo et al., 1995; Kroll et
al., 1996; Yuste-Rojas & Cross, 2000). Orc6p was found to be dephosphorylated by

Cell Cycle Control of DNA Replication by Phosphorylation and
Dephosphorylation of Replication-Initiation Proteins in Budding Yeast

97

recombinant Cdc14p in vitro (Bloom & Cross, 2007). A recent study reported that genomewide under-replication was observed in cdc14-1 cells (Dulev et al., 2009). Recently, we show
that Cdc14p, a dual-specificity phosphatase essential for mitotic exit, is responsible for
resetting the competency of replication licensing by dephosphorylating multiple pre-RC
proteins (Zhai et al., 2010).
3.2 Regulation of Cdc14p activation
Cdc14p is sequestered in the nucleolus for most part of the cell cycle, and it is only released
and activated upon anaphase onset sequentially through the FEAR (Cdc fourteen early
release) and MEN (mitotic exit network) pathways to counteract several CDK-dependent
phosphorylations of mitotic substrates (Stegmeier & Amon, 2004; Sullivan & Morgan, 2007).
As such, the functional window of Cdc14p coincides with the temporal profile of pre-RC
assembly in the cell cycle.
During mitotic exit, a series of coordinated cellular events occur from anaphase onset to
early G1 of the next cell cycle during which CDK activity is inhibited in a graded manner
(Sullivan & Morgan, 2007). Cdc14p is the phosphatase responsible for driving these cell
cycle events. Cdc14p released by FEAR at early anaphase mainly contributes to promoting
onset of sister chromatids segregation, stabilization of anaphase spindle, establishment of
spindle midzone, nucleolar segregation and MEN activation (Amon, 2008). The release of
Cdc14p by the FEAR pathway is transient and restricted within the nucleus, and Cdc14p
will be resequestered to the nucleolus if MEN pathway is defective (Rock & Amon, 2009).
The MEN pathway, a Ras-like GTPase signaling cascade, results in complete activation of
Cdc14p with the phosphatase located throughout the cell (Stegmeier & Amon, 2004). The
main role of Cdc14p activated by the MEN pathway is to trigger CDK inactivation and drive
mitotic exit (Amon, 2008). The FEAR and MEN pathways help to ensure a complete
segregation of all chromosomes before the onset of mitotic exit and cytokinesis.
The important substrates of the MEN-activated Cdc14p include Cdh1p and Swi5p
(Switching deficient) (Visintin et al., 1998). Cdh1p is the late mitotic co-activator of the APC
E3 ligase, and it is inactive when phosphorylated by CDK. Dephosphorylation of Cdh1p by
Cdc14p activates the APCCdh1p activity which in turn targets mitotic cyclins for destruction.
Parallel to this pathway, dephosphorylation of the transcription factor Swi5p triggers its
nuclear import to activate CDC6 and SIC1 transcription. As a result, high level of APC
activity and Sic1p accumulation lead to CDK inhibition.
3.3 The role of Cdc14p in resetting replication licensing
In a recent study, our group provided genetic and biochemical evidence to demonstrate the
essential role of Cdc14p in dephosphorylating the initiation proteins Orc2p, Orc6p, Cdc6p
and Mcm3p and resetting the competency of replication licensing during mitotic exit in
budding yeast (Zhai et al., 2010).
In an effort to identify novel factors that are involved in or regulate DNA replication
initiation, our lab has carried out a yeast phenotypic screen with randomly mutagenized
yeast cells and have obtained several new hypomorphic alleles of cdc14 mutants as well as
mutants in other genes (Ma et al., 2010). These new cdc14 mutants, like the previous cdc14-1
(Hogan & Koshland, 1992) and all known replication-initiation mutants reported, have high
rates of plasmid loss that can be suppressed by the presence of multiple copies of an ARS on
the plasmid (Zou et al., 1997; Tye, 1999; Zhang et al., 2002; Ma et al., 2010). These results and
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the previous genetic data described above prompted us to further examine the role of
Cdc14p in DNA replication licensing.
Because of the parallel temporal profiles of pre-RC assembly and mitotic exit, it is difficult to
perform loss-of-function experiments to examine the function of Cdc14p in replication
licensing during the M/G1 transition. To circumvent the requirement of Cdc14p for mitotic
exit, a mitotic rereplication system based on pulsed expression of an N-terminally truncated,
relatively stable form of Sic1p (Sic1∆NT) was employed (Noton & Diffley, 2000). Sic1∆NT
can inhibit mitotic CDK activity and hence drive pre-RC assembly when overexpressed
from a galactose-inducible promoter (Dahmann et al., 1995). Resumption of CDK activity
through subsequent repression of the GAL promoter and turnover of Sic1∆NT activates
replication origins and causes rereplication when cells are still blocked in mitosis. By using
this mitotic replication system, we showed that Cdc14p is essential for DNA replication by
promoting pre-RC assembly.
Orc2p, Orc6p, Cdc6p and Mcm3p are known targets of CDKs (Ubersax et al., 2003). We
showed that Cdc14p physically interacts with and dephosphorylates Orc2p, Orc6p, Cdc6p
and Mcm3p in vivo and in vitro. Consistent with this, overexpression of Orc2p, Orc6p, Cdc6p
or Mcm3p, but not the corresponding non-phosphorylatable (S/T to A) forms, resulted in
severe growth defects in cdc14-1 cells, probably by overloading the weakened Cdc14-1
phosphatase with one of its substrates. Inactivation of the Cdc14-3 protein also largely
inhibited ORC dephoshorylation, nuclear localization of Mcm4-EGFP, and chromatin
association of Cdc6p and MCM proteins.
To demonstrate that Orc2p, Orc6p, Cdc6p and Mcm3p are the major set of Cdc14p
substrates whose dephosphorylations during mitotic exit promote replication licensing, we
tested if combined non-phosphorylatable and/or phosphorylation-insensitive mutant alleles
of these initiation proteins could bypass the function of Cdc14p in pre-RC assembly. A
previous study showed that pre-RC assembly, origin firing and partial mitotic genome
reduplication occurred upon ectopic expression of Cdc6∆NT in a quadruple mutant strain
(orc2-6A orc6-4A MCM7-NLS GAL-cdc6∆NT) where the CDK consensus motifs in Orc2p and
Orc6p were mutated to non-phosphorylatable forms, the MCM complex was constitutively
nuclear-targeted and Cdc6p was expressed in a stabilized form (Nguyen et al., 2001). We
compared DNA rereplication in CDC14 wild-type and cdc14-3 mutant cells in the quadruple
(orc2-6A orc6-4A MCM7-NLS GAL-cdc6∆NT) mutant background upon Cdc6∆NT ectopic
expression after Cdc14-3 inactivation in cells blocked in mitosis. Efficient DNA rereplication
occurred in both CDC14 and cdc14-3 cells even when the Cdc14-3 protein was inactivated.
These results strongly suggest that, of all initiation proteins, Orc2p, Orc6p, Cdc6p and
Mcm3p represent the major set of Cdc14p substrates whose dephosphorylation is necessary
for pre-RC assembly and DNA replication.

4. Summary and discussion
In eukaryotes, replication licensing is achieved through sequential loading of several
replication-initiation proteins onto replication origins to form pre-replicative complexes
(pre-RCs). On the other hand, unscheduled replication licensing is prevented by cyclindependent kinases (CDKs) through inhibitory phosphorylations of multiple initiation
proteins. It is known that CDK inactivation during mitotic exit promotes pre-RC formation
for the next cell cycle. We have recently shown in budding yeast that Cdc14p
dephosphorylates Orc2p, Orc6p, Cdc6p and Mcm3p to restore their competence for pre-RC
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assembly (Zhai et al., 2010). Cells without functional Cdc14p failed to dephosphorylate the
initiation proteins and to form pre-RCs even when CDK activities are inhibited, and they
could not replicate DNA in the mitotic rereplication systems. On the other hand, pulsed
ectopic expression of Cdc14p in mitotic cells resulted in efficient pre-RC assembly and DNA
rereplication. Furthermore, Cdc14p becomes dispensable for DNA rereplication in mitotic
cells with combined non-phosphorylatable / phosphorylation-insensitive alleles of the
initiation proteins. These results unravel the essential role of Cdc14p in replication licensing
besides its established functions for mitotic exit, providing new insight into the intricate
regulation of DNA replication by the interplay between CDKs and the Cdc14p phosphatase.
4.1 Proposed model of Cdc14p-driven origin licensing
Identification of multiple pre-RC components as a new set of Cdc14p substrates extends the
physiological roles of this phosphatase outside the scope of mitotic exit. Based on the
available data, we propose that Cdc14p provides a favorable environment for resetting the
competency of replication licensing during mitotic exit by dephosphorylating multiple
initiation proteins as well as other factors that promote the expression and/or stabilization
of the initiation proteins (see diagrams in Fig. 4). During mitotic exit, Cdc14p
dephosphorylates Swi5p, triggering nuclear localization of Swi5p which in turn induces the
expression of Sic1p and Cdc6p (Piatti et al., 1995; Visintin et al., 1998). Cdc14p also stabilizes
Sic1p and Cdc6p by keeping them in the dephosphorylated forms which are recognized by
the SCF ubiquitination system (Verma et al., 1997; Perkins et al., 2001). Dephosphorylation
of Cdh1p by Cdc14p activates APCCdh1p which in turn mediates Clb2p degradation to free
Cdc6p for pre-RC assembly (Visintin et al., 1998; Jaspersen et al., 1999; Mimura et al., 2004).
Clb2p degradation and Sic1p accumulation also contribute to CDK inactivation (Stegmeier
& Amon, 2004). Dephosphorylation of ORC by Cdc14p restores the ability of ORC to bind
ATP (Makise et al., 2009) and other initiation proteins, and nuclear import of MCM complex
is permitted when Mcm3p is dephosphorylated by Cdc14p. Altogether, these events
promote pre-RC assembly in a step-wise manner onto replication origins for replication
initiation.

Fig. 4. Model depicting the essential role of Cdc14p in pre-RC assembly during mitotic exit.
(A) Schematic diagram illustrating the change of CDK activity and the Cdc14p phosphatase
activity in the cell cycle. (B) Diagram of Cdc14p substrates related to pre-RC assembly.
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Phosphorylated, inactive Cdc14p substrates are shaded gray, while their dephosphorylated,
active forms are highlighted in red (substrates identified by us in Zhai et al., 2010) or orange
(previously identified substrates). Modified from Zhai et al., 2010. See text for details.
4.2 Coordinating replication licensing with other mitotic events by Cdc14p
Given the broad spectrum of Cdc14p targets and the sophisticated biphasic control of
Cdc14p activation, Cdc14p may help to constitute a framework of a spatiotemporal program
to coordinate different phosphorylation-regulated mitotic events. For example, it has been
recently demonstrated that the histone acetyltransferase Gcn5p may facilitate replication
licensing by inducing local decondensation at ARS-proximal regions (Espinosa et al., 2010).
It might be worth testing whether the histone modifier Gcn5p and/or its origin-targeting
factor are subject directly or indirectly to Cdc14p control. Genome-wide screening of
Cdc14p substrates will likely shed light on this and other issues related to the coordination
between replication licensing and mitotic exit.
4.3 Conserved origin-resetting mechanism in other higher eukaryotes?
Although CDK-dependent mechanisms against genome reduplication are diverse in
eukaryotes (Arias & Walter, 2007), our findings in budding yeast underscore the importance
of looking for phosphatases or other CDK-antagonizing activities that extinguish the
inhibitory phosphorylations on initiation proteins for replication licensing in other
organisms. There are two homologs of Cdc14p in humans known as Cdc14A and Cdc14B
(Amon, 2008). However, their roles in mitotic exit remain controversial. Besides, it was
suggested that the protein phosphatase-1 (PP1) might be the responsible phosphatase for
driving mitotic exit (Wu et al., 2009). Hence it remains unknown whether or not Cdc14p
homologs in higher eukaryotes also control replication licensing.
If the function of Cdc14p is conserved in human cells, the dual roles of Cdc14p in mitosis
and DNA replication, and the intimate association of cancer with replication licensing
(Shima et al., 2007) and the cell cycle (Hook et al., 2007), Cdc14p may promise to be an
important protein to study in both normal and cancer cells.
4.4 Implications in DNA amplification
DNA amplification represents the most extreme case of re-replication in which only specific
genomic loci undergo repeated origin firing while replication of the rest of the genome is
inhibited by anti-rereplication mechanisms (Claycomb & Orr-Weaver, 2005). DNA
amplification provides extra DNA templates to boost gene expression in response to
developmental needs and in tumorigenesis. If Cdc14p or a functional analog exists in higher
eukaryotes, targeting such phosphatase to amplification loci would contribute to
establishing a restricted zone of dephosphorylating activity for pre-RC assembly. If this is
true, one could imagine that such phosphatase should only selectively act against inhibitory
phosphorylations of pre-RC proteins, but not affect origin activation by CDK.
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1. Introduction
DNA replication is initiated by assembling pre-replicative complex (pre-RC), and DNA
replicative protein Cdc6 plays a central role in the initiation of DNA replication. As cells enter
G1 from mitosis, Cdc6, together with Cdt1 are recruited to the replicating origins bound with
six components of origin recognition complex (ORC) (Dutta and Bell, 1997; Méndez and
Stillman, 2000). The pre-RC is formed by loading minichromosome maintenance proteins
(MCMs) along with other replicating proteins onto origins, and Cdc6 controls the loading. The
stability of Cdc6 during G1 is a key step to regulate pre-RC assembly. Cdc6 is targeted to
ubiquitin-mediated proteolysis by the anaphase promoting complex (APC) in G1. The cyclindependent kinase (CDK), specifically, cyclin E-Cdk2 kinase is responsible for phosphorylation
of human Cdc6, and Cdc6 is stabilized with its amino-terminal end phosphorylated (Mailand
and Diffley, 2005). The Cdc6 phosphorylation by CDKs ensures that origin is fired at S phase,
and DNA is replicated only once per S phase. Human Cdc6 is also involved in G2/M phase
checkpoint as overexpression of Cdc6 in G2 blocks HeLa cell into mitosis (Clay-Farrace et al.,
2003). More recently, human Cdc6 shows to play a role in late S phase and S-G2/M transition
in controlling cell cycle progression (Lau et al., 2006). These studies suggest that human Cdc6
functions beyond its essential role in the initiation of DNA replication.
Senescence is an irreversible cell event with permanent G1 arrest. Senescent normal somatic
cells show features such as the permanent arrest of proliferation, repression of telomerase
reverse transcriptase (TERT) expression, and expression of senescence associated-βgalactosidase (SA-β-Gal). The lack of TERT activities has been observed in most human
somatic cells and is linking to replicative senescence (Campisi, 2001). Replicative senescence
occurs with functional p53 and p16INK4a–Rb pathway (Campisi, 2001; Beauséjour et al., 2003).
Accumulated evidence shows that tumor cells experience p53 mutation, p16INK4a or Rb
inactivation or deletion, accompanied with the re-expression of TERT. Evidence shows that
senescence normal fibroblasts undergo the formation of senescence-associated
heterochromatic foci (SAHF), and tri- or di-methylation of lysine 9 on histone H3
(H3K9me3/me2) has been found in the SAHF (Narita et al., 2003, 2006).
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High level of Cdc6 has been associated with the oncogenic activities in human cancers, and
there is a reciprocal association in protein levels between Cdc6 and p16INK4a (Gonzalez et al.,
2006). Genetically, human Cdc6 suppresses p16INK4a functions. Cdc6 shows dual effects on
the INK4/ARF locus: it associates with the replication origin on chromatin together with
ORCs for loading MCM proteins, and it binds a region called regulatory domain (RDINK4/ARF)
in the putative replication origin. This association results in transcriptional repression of the
three genes encoding for p15INK4b, p16INK4a, and p14ARF, leading to heterochromatinization of
the INK4/ARF locus (Gonzalez et al., 2006). The gene products from the INK4/ARF locus are
thought as barries to immortalization and oncogenesis. p16INK4a inhibits D-type cyclinsCdk4/Cdk6 kinases, which activates p16INK4a-Rb pathway in controlling cell cycle
progression.

2. Cdc6 is a decisive factor in promoting cell proliferation
Cdc6 is essential in the initiation of DNA replication. Human Cdc6 function is of importance
in cell cycle progression and cell proliferation. In human cells, the levels of Cdc6 change
markedly in response to various stresses. DNA re-replication has been found in those Cdc6
and Cdt1 overexpressing normal or tumor cells. Cdc6 could be more stable in tumor cells,
due to p53 deficiency, and due to strong Cdc6 phosphorylation by activated cyclin E-Cdk2
kinase (Bartkova et al., 2005; Duursma and Agami, 2005; Gorgoulis et al., 2005; Mailand and
Diffley, 2005).
2.1 Oncogenic Cdc6 is involved in replicative stress response
Recently, a report that p53 downregulates Cdc6 in response to DNA damage links Cdc6
directly to p53 mediated replication stress response (Duursma and Agami, 2005). The p53mediated Cdc6 downregulation takes place without causing detectable cell cycle redistribution. The inhibition of endogenous Cdc6 via Cdc6 knockdown, however, results in
an increased G1 content with decreased S fraction in cells with p53 deficiency (Duursma and
Agami, 2005).
Human Cdc6 has been involved in cancer cell growth, while the depletion of Cdc6 induces
apoptosis in several cancer cell lines, but not in normal cells. The siRNA or gene
transduction vectors producing short hairpin RNA (shRNA) mediated Cdc6 depletion
occurs specifically without disturbing other replicative proteins, such as Orc2, Cdt1, and
MCM7 (Lau et al., 2006 ).
Here, we report the reactivation of p16INK4a-Rb pathway and senescence human breast
carcinoma MCF7 cells with Cdc6 knockdown.
2.1.1 Overexpression of Cdc6 in human cancer cell lines
We have extended our research to explore human Cdc6 functions. We first examined Cdc6
overexpression in several human cancer cell lines including neuroblastoma LA-N-2 and
CHLA255 cells, MCF7 cells, and HeLa cells. Cells were transfected with tetracyclineinducible Cdc6 expressing vector, or infected with a retrovirus for expressing Cdc6. Our
results showed that Cdc6 overexpression in some cancer cell lines could not induce
significant Chk1 or Chk2 phosphorylation. Cdc6 overexpression resulted in, however, p53
upregulation. At the present moment, we haven’t observed senescence these cancer cells by
overexpressing Cdc6. Instead, DNA re-replication and DNA damages caused by Cdc6
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overexpression makes DNA replication checkpoints compromised, which might be related
to unlimited cancer cell proliferation.
2.1.2 Generating a human Immunodeficiency virus type 1 (HIV-1) derived lentivirus
expressing CDC6 short hairpin RNA (shRNA)
We have constructed an HIV-1 derivative vector (THTD) for producing CDC6 shRNA. The
details of the lentivirus vector are published. A control lentivirus for producing a scramble
sequence (THTP) is also generated. Infection of THTD in various kinds of human cell lines
causes the depletion of Cdc6. The inhibition of endogenous Cdc6 expression is over 98%
(Figure 1., lane 3, 6, and 8). However, infection of THTP shows no change of Cdc6
expression (Figure 1., lane 2, 5, and 7). The recombinant lentivirus, therefore, becomes a
powerful vector for us to study Cdc6 function.

Fig. 1. Inhibition of Cdc6 expression via recombinant lentivirus producing CDC6 shRNA .
LA-N-2 cells, CHLA-255 cells, and MCF7 cells were infected with THTD for Cdc6
knockdown (lane 3, 6 and 8), or infected with THTP (lane 2, 5 and 7), or mock infected (lane
1 and 4) at m.o.i. of 1.0. Two days postinfection, the cell extracts were prepared. About 20
μg proteins in extracts from each sample were assayed in Western blots probed with
indicated antibodies.
2.1.3 Cdc6 knockdown induces apoptosis of human neuroblastoma cells
Elevated levels of Cdc6 were found in the LA-N-2, CHLA255, and other human
neuroblastoma cell lines that grew fast. Cdc6 knockdown via THTD infection caused the
accumulation of sub G1 populations with declined S contents in the LA-N-2 and CHLA255
cells. The cells were stained positive with Annex V and 7-AAD by 31% (Figure 2.).
Expression profile from the selected genes showed the reduction of cell cycle progression
proteins such as cyclin E, cyclin A, and Cdc25C with a boosted increase of CDK inhibitor
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p27Kip1, indicating the suppression of tumor cell proliferation. Further, Cdc6 knockdown
caused the increase of pro-apoptotic Bax accompanied with the decrease of anti-apoptotic
Bcl-2, resulting in massive cell death. Our study indicates that human Cdc6 functions in
several pathways to control cell proliferation and the cell death.

Fig. 2. Cdc6 knockdown induces apoptosis of human neuroblastoma cells.
LA-N-2 cells were infected with the CDC6 shRNA lentivirus (THTD), or the control virus
with scramble sequence (THTP), or mock infected. Left panel: About 0.5x106 cells were
harvested 48 hours post infection, and stained with propidium iodide (PI) for flow
cytometry analysis. The data presented were the average values from 4 separated
experiments with the standard deviation between 5-15%. Right panel: The cells were
harvested 48 hours post infection, and about 0.2x106 cells were used for Annexin V-PE and
7-ADD double staining. The flow cytometry analysis was performed for the stained cells.
Fluorescence emission was detected at 575±13 for Annexin V-PE, and 660±10for 7-AAD.
2.1.4 Depletion of Cdc6 renders senescence MCF7 cancer cells
We have found apoptosis of human neuroblastoma LA-N-2 and CHLA255 cells with Cdc6
knockdown. However, Cdc6 knockdown could not confer the programmed cell death in
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MCF7 cells. Instead, Cdc6 knockdown induced the cancer cell senescence. Cell cycle profile
showed that Cdc6 knockdown caused G1 contents increased by 30% along with declined S
populations. At the same condition analyzed, MCF7 cells infected with the control virus
showed no decline of S populations, neither the increase of the G1 contents. Brd (U)
incorporation was performed to determine the cell proliferation status. Fluorescent signals
from incorporated Brd (U) in DNA in the nucleus could be observed in both mock and
THTP infected MCF7 cells, but not in the Cdc6 knockdown cells infected with THTD,
indicating no DNA replication in the Cdc6 depleted cells.
The Cdc6 depleted MCF7 cells were subjected to SA-β-Gal staining 48 hours postinfection.
While the mock and the control virus infected MCF7 showed a background staining, the
Cdc6 depleted cancer cells displayed positive staining for SA-β-Gal, a hall marker for
senescence (Figure 3A.). Because senescence cells undergo heterochromatin formation, a

(A)

(B)
Fig. 3. Knockdown Cdc6 renders senescence human breast carcinoma MCF7 cells. (A).
Senescence-associated β-galactosidae (SA-β-Gal) staining: MCF7 cells (2.0x104/well) were
grown in a six-well plate, infected with THTD, THTP, and mock infected at an m.o.i. of 1.0.
Two days postinfection, the cell was washed in 2 ml 1x PBS, fixed in 2 ml of 3%
formaldehyde, washed, and incubated for 24 h at 37°C with a solution containing 1 mg/ml
of 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal), 40 mM citric acid/sodium phosphate
at pH 6.0, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM NaCl, and 2
mM MgCl2. After washing, the cell staining was viewed with a fluorescent microscope, and
photographed. (B). Anti-H3K9me2 indirect immunofluorescent staining. MCF7 cells were
infected with THTD at m.o.i. of 1.0. Two days postinfection, the cell was fixed and stained
with the anti-H3K9me2 antibody. The slides were then stained with a goat anti rabbit Ig G
conjugated with rhodamine red, and then with DAPI. The fluorescent-stained cells were
visualized with a fluorescent microscope and its image processing system. The RGB color
model of the cell images was applied by using Adobe Photoshop program.
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distinct chromatin structure known as SAHF with the accumulation of H3K9me3/me2
would be observed in the nuclei of senescent cells (Narita et al., 2003, 2006). To
demonstrate this cellular event, the Cdc6 knockdown cells along with the mock infected
MCF7 cells were stained with an antibody against methylated lysine 9 on histone H3
(H3K9me2). Indirect-immunofluorescent staining revealed an overall elevated positive
staining for H3K9me2 in the nuclei of the Cdc6 knockdown MCF7 cells in comparison of
those mock infected cells. By conducting confocal fluorescent microscope, a grainystructured nucleus with the accumulated H3K9me2 was evident, a characteristic change
for the complete proliferation arrest. This change was in contrasting to the mock infected
cells in which a uniformly distributed H3K9me2 staining was observed in the nucleus of
mock-infected cell (Figure 3B.).
ink4a

Cdk
2.2 Human Cdc6 stimulates D-type cyclins-Cdk4 kinases by suppressing p16
inhibitory activity
In MCF7 cells, Cdk4 kinase activity is high as hyper Rb-C phosphorylation is observed, even
if elevated levels of p16INK4a is presented. One reason is that p16INK4a CDK inhibitory activity
has been repressed. We have found that this repression is relieved when Cdc6 is
knockdown.
2.2.1 Cdc6 is involved in Rb-C phosphorylation
The cell cycle progression in MCF7 cells was not inhibited even in the presence of p16INK4a.
We reasoned that Cdc6 might play a role in inactivating p16INK4a. To test this speculation, a
nonradioactive immunoprecipitation (IP)-kinase assay was carried out. Because p16INK4a
associates with D-type cyclins-Cdk4/Cdk6 complexes, and because phosphorylation of Rb
C-terminal domain is catalyzed by D-type cyclins-Cdk4/Cdk6 kinases (Harbour et al., 1999),
the Rb phosphorylation was determined using anti-Phospho Rb S780 and anti-Phospho Rb
S807/811 specific antibodies. p16INK4a IP from MCF7 cells phosphorylated the Rb-C in vitro
(Figure. 4., lane 2), while IP with mouse IgG could not (Figure. 4., lane 1). When Cdc6 was
depleted via CDC6 shRNA lentivirus (THTD) infection, the Rb-C phosphorylation was
inhibited (Figure. 4., lane 3), and no kinase activity was detected with transgene p53
expression in the THTD-infected cells (lane 4). We determined the Cdc6 inhibitory effect on
p16INK4a activity using p16INK4a IP dilutions in the kinase reactions. We found that p16INK4a
CDK inhibitory activities were at least suppressed 25 times in the presence of Cdc6. In other
words, at least 25 times suppression of Rb phosphorylation was archived upon Cdc6
knockdown.
2.2.2 Cdc6 is found in Cdk4 complex and is required for Rb-C phosphorylation
The result that p16INK4a IP from the Cdc6 depleted MCF7 cells showed very low levels of RbC phosphorylation (Figure 4.) indicates that Cdc6 might be required for Rb phosphorylation.
To test this prediction, Cdc6 was first depleted from whole cell extracts prepared from
MCF7 cells in vitro by using anti-Cdc6 antibody (Immunodepletion).
The Cdc6
immunodepleted extracts were then subjected to kinase reactions.
Crude extracts turned Rb-C phosphorylated at very low level, while Cdc6 IP could not
confer the phosphorylation, nor did the Cdc6 immunodepletion (Figure 5., lanes 4 and 5). In
contrast to the direct p16INK4a immunoprecipitation, the Cdc6 depletion followed by p16INK4a
IP showed no Rb-C phosphorylation (Figure 5., lane 6). Cdc6, therefore, was required for the
Rb-C phosphorylation.
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MCF7 cells were infected with THTD for Cdc6 knockdown, or mock infected at m.o.i. of 1.0. Two days
postinfection, the cell extracts were prepared. The whole cell extracts (~1000 μg of protein) were mixed
with the anti-p16INK4a monoclonal antibody. Immunoprecipitation (IP) proceeded at 4°C overnight. In
vitro kinase reactions were set up with one quarter of IP beads mixed with Rb-C substrate and ATP,
and incubated at 37°C for 30 minutes according to the manufactory’s instruction. The specific Rb-C
phosphorylations were determined in Western blot with the anti-Phospho Ser780 antibody (top panel),
or anti-Phospho Ser807/811 antibody (middle panel). The mouse IgG signals were presented as IP
controls (bottom panel).

Fig. 4. Knockdown Cdc6 causes sharp decline of Rb-C phosphorylation.

MCF7 cell extracts were mixed with the anti-Cdc6 monoclonal antibody, and the IP proceeded at 4°C
overnight. In Lane 1 are cell extracts only. Top panel: samples for Rb-C phosphorylation were assayed
(S: the supernatants of Cdc6 IP). Middle panel: immunoblotting (IB) of p16INK4a with different IPs, or
immunodepletion (S). Bottom panel: p16INK4a immunoblotting with extracts from each sample.

Fig. 5. Cdc6 is required for Rb-C phosphorylation.
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It was interesting to note the presence of large amounts of Cdk4, but no p16INK4a in Cdc6 IP.
Cdc6, therefore, forms complex with Cdk4. In the Cdc6 knockdown MCF7 cells, however,
immunoblotting showed a sharp decline of Cdk4 contents in the Cdc6 IP in which 16INK4a
could be detected.
2.2.3 Cdc6 actively represses p16INK4a CDK inhibitory functions
In our experimental system, Cdk-4 IP could not confer the Rb-C phosphorylation (Figure 6.,
lane 7) due to Cdk-4 antibody used had neutralization effect on Cdk-4 kinase activity. In
order to study the effect of Cdc6 on stimulating D-type-cyclins-Cdk4 kinase activity, a
hemagglutinin (HA)-tagged human Cdk4 (Cdk4-HA) was expressed in MCF7 cells. Ectopic
Cdk4 expression induced high levels of p16INK4a whether Cdc6 was presented or depleted.
The Cdk4-HA was immunoprecipitated with anti-HA-agarose. The presence of Cdk4-HA
was confirmed in Western blot. In contrast to the Cdk4 IP prepared from the parental MCF7
cells, the anti-HA-agarose IP contained p16INK4a, indicating that Cdk4-HA was bound with
the CDK inhibitor p16INK4a even in the presence of endogenous Cdc6. With p16INK4a
associated, the Cdk4-HA IP, however, rendered phosphorylation of Rb-C, though the kinase
activity was lower in comparison of that from the p16INK4a IP (Figure. 6., lane 2, 3 and 4).

Fig. 6. Cdc6 suppresses p16INK4a CDK inhibitory activities even p16INK4a is bound with Cdk4.
MCF7 cells were infected with THTD or THTP. Two days postinfection, the cells were then
transfected with pSK-J3 (for Cdk4-HA) or pSK-HA (HA-tag control). Cell extracts were
prepared, and were subjected to IP with different antibodies. Top panel: each IP sample was
added into the kinase reactions, and the in vitro Rb-C phosphorylation was performed. The
phosphorylated Rb-C was examined in Western blot with the anti-Phospho Ser807/811
antibody. Bottom panel: mouse IgG was presented as the loading control.
The ectopic Cdk4-HA could contribute to the Rb-C phosphorylation without Cdc6
stimulation given the p16INK4a CDK inhibitory activity is bypassed upon Cdk4
overexpression. To test this possibility, Cdc6 was first knockdown with THTD lentivirus
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producing CDC6 shRNA in MCF7 cells. The cell was then transfected with the Cdk4-HA
expressing plasmid pSK-J3. As Cdc6 was knockdown, Rb-C phosphorylation by Cdk4-HA
kinases precipitated with anti-HA-agarose, if any, was to a basal level (Figure. 6., lane 5),
indicating Cdc6 is required for stimulating the D-type cyclins-Cdk4 kinases. These results
indicated that the effect of Cdc6 was dominated over p16INK4a even if Cdk4 was associated
with p16INK4a, and the CDK inhibitory activity had been suppressed, rendering the Rb
hyperphosphorylation by D-type cyclins-Cdk4 kinases.
2.3 The significance of inhibiting p16INK4a-Rb pathway by Cdc6
Our studies address the mechanisms of cell proliferation and senescence. The approach that
we have adopted and the results we have accomplished are novel in that we don’t try to
artificially restore the function of p16INK4a-Rb pathway by overexpressing either p16INK4a,
or pRb protein. Rather, we biologically remove a specific blocker, Cdc6, from the cancer cell.
We have found that Cdc6 forms complex with Cdk4, and this association activates D-type
cyclins-Cdk4 kinases in Rb-C phosphorylation. Moreover, Cdc6 stimulates Rb-C
phsophorylation by D-type cyclins-Cdk4 kinases even in the presence of high levels of
p16INK4a. Further, Cdc6 is required for Cdk4 kinase activity because ectopic Cdk4
expression can not augment phosphorylation of Rb-C when Cdc6 is depleted (Figure 6.).
The effect of Cdc6 and Cdk4 interaction is overwhelm that a dramatic decline of
association between p16INK4a and Cdk4 takes place, indicating that Cdc6 could block or
interfere p16INK4a associating with Cdk4. Cdc6 has been shown in the interaction with
cyclin B, which is involved in S phase entry (Dutta and Bell, 1997; Méndez and Stillman,
2000), or with cyclin E-Cdk2 complex (Mailand and Diffley, 2005), which controls the
initiation of DNA replication. In all of these cases Cdc6 is the target of CDK kinase
reactions. Different from these interactions, the association with Cdk4 enables Cdc6
actively suppressing p16INK4a CDK inhibitory activity, which is necessary for cell
proliferation.
The most striking feature of oncogene-induced senescence is through p53 pathway
(Hemann and Narita, 2007; Yaswen and Campisi, 2007). However, there is always exception,
and p16INK4a-Rb network exists as secondary senescence pathway (Sedivy, 2007). p16INK4a is
responsible for telomerase-independent senescence induced in various cellular stresses.
p16INK4a inhibits D-type cyclins-Cdk4/Cdk6, which activates Rb pathway, and functional
p16INK4a-Rb pathway is involved in cellular senescence (Beauséjour et al., 2003; Narita et al.,
2003, 2006). The key issue is that the p16INK4a-Rb pathway has been inactivated in most
human cancers. Cdc6 has been shown to suppress p16INK4a expression via chromatin
epigenetic modifications (Gonzalez et al., 2006). Our study demonstrates that human Cdc6
suppresses p16INK4a CDK inhibitory activity, and p16INK4a-Rb pathway is inactivated in
MCF7 cells and perhaps in many different kinds of human cancers. Elevated levels of Cdc6
expression have been evident in many human cancers. Cdc6 overexpression induces
senescence of several human cancer cell lines with double-stranded DNA breaks (Bartcova
et al., 2006). The Cdc6-induced senescence human cancer cells are associated with the ATMChk2 DNA damage checkpoint control, and the depletion of ATM kinase, or its substrate
p53, suppresses the senescence (Bartcova et al., 2006). Unlike ATM-Chk2/p53 pathway,
which can be spontaneously activated in response to replicative stresses (Bartkova et al.,
2005, 2006), and which is potential for the emergence of p53-resistant tumors, the
reactivation of p16INK4a-Rb pathway needs Cdc6 depletion accompanied with the formation
of SAHF inside the cancer cells.
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Functional p16INK4a-Rb pathway is essential for the SAHF formation (Narita et al., 2003). The
production of H3K9me3/me2 catalyzed by histone methyltransferase SUV39H1 is an
important step of heterochromatinization, and is regulated by p16INK4a-Rb pathway.
Recently, a non-histone protein, high mobility group A (HMGA), has been identified as an
essential component of SAHF. Moreover, HMGA proteins promote complete proliferation
arrest, and p16INK4a has been shown to coordinate with HMGA to induce senescence normal
fibroblasts (Narita et al., 2006). HMGA protein functions by interacting with the minor
groove of AT-rich DNA sequences. The association of HMGA protein with chromatin can be
displaced by DNA-binding drug distamycin A, which binds the minor groove of AT-rich
DNA (Narita et al., 2006).
In late M phase, accumulated human Cdc6 associates with chromatin for pre-RC assembly
(Dutta and Bell, 1997; Méndez and Stillman, 2000). Cdc6 could block Rb in preventing
heterochromatinization since Cdc6 knockdown induces hypophosphorylated Rb, which is
the activated form of tumor suppressor, and which promotes the formation of SAHF
(Narita et al., 2006) ( Figure 3.). We have shown that budding yeast Cdc6 interats with DNA
non-specifically with preference to A/T-rich tracks. It is likely that human Cdc6 interacts
DNA directly since this protein shares identical amino acid residuals with the budding yeast
Sccharomyces cerevisiae Cdc6 within highly conserved domains. The positive results could
support one of this protein’s important biological functions in promoting cell proliferation.
Future work will focus on demonstrating the competition of chromatin association between
Cdc6 and HMGA proteins. By interacting with the minor groove of the AT-rich DNA
sequences, Cdc6 would compete with HMGA proteins in associating with chromatin. It is
essential that the association of HMGA proteins with DNA for the complete proliferation
arrest, that is the formation of SAHF (Narita et al., 2006). In the parental MCF7 cells, Cdc6 is
expected to prevent the heterochromatin formation by blocking and displacing HMGA
proteins in binding to DNA. In contrast, in the Cdc6 depleted cells, no chromatin-bound
Cdc6 will be expected. Moreover, the Cdc6 depletion reactivates p16INK4a-Rb pathway, this
will stimulate the HMGA proteins binding to DNA constitutively and promotes SAHF
formation.

3. Conclusion
We would draw some conclusions from these studies: Human Cdc6 is required for
phosphorylation of cell-cycle controller and tumor suppressor Rb protein, which is of
important for cell proliferation. Cdc6 functions to associate with D-type cyclins-Cdk4 and
suppresses p16INK4a-Rb pathway, which otherwise controls cell cycle progression and
prevents cell from unlimited proliferation. In many human cancers, p16INK4a-Rb pathway
has been inactivated. Cdc6 plays a role in inactivating biological functions of p16INK4a-Rb
pathway to promote cancer cell proliferation. Cdc6 depletion via gene transduction vector
producing shRNA renders reactivation of p16INK4a-Rb pathway and leads the cancer cells to
replicative senescence.
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1. Introduction
The genetic information of living organisms is carried and stored in a gene, which is a huge
complex molecule involving DNA and proteins. In eukaryote cell, gene is usually higher
hierarchical ordered packaged in a large complex structure called “chromosome”. The
genetic information must be strictly conserved throughout life cycle, otherwise lost or false
DNA information may cause malfunction of cell, cell death, impaired development or
cancer prone. The genetic information must also be principally correctly transmitted to the
next generations for stabilize the species. Three major cellular functions ensure maintain the
complete gene information and transmit to daughter cells or next generations: (1) DNA
replication; duplicates complete DNA sequence information to transmit for next cell
generation, (2) DNA repair; recover structural damages of DNA and corrects false
information anything else introduced in DNA molecule by intra- or extra-cellular factors
and (3) Chromosome condensation; compaction of DNA molecule to architect a higherorganized packaged and compacted architecture known as “chromosomes” to assure
protect and stabilize the integrity of labile DNA molecules and segregate the identical
chromosome sets to daughter cells during mitosis. In addition, DNA recombination/
rearrangement mechanism also plays very crucial role for various cellular function. For
example, exchange genetic information between paternal and maternal homologous
chromosome gene during recombination process in fertilization will promote evolution of
species and prevent the gene homogeneity. Recombination of Immuno-globulin gene during
lymphocyte maturation process promises the antibody diversity against vast numbers of
foreign antigens. Recently accumulated evidences have strongly suggested that these
mechanisms are mutually tight-coupled functions rather than they independently work.
Molecular genetic studies have also provided supporting evidence for the idea that
mutation in genes (HIRA/Tuple1, XCDT1, cdt1, Orc2, Orc3, Orc5, MCM2, MCM4, MCM10,
RECQL4)(Maiorano et al. 2000; Nishitani et al. 2000; Pflumm and Botchan 2001; Christensen
and Tye 2003; D'Antoni et al. 2004; Prasanth et al. 2004; Tatsumi et al. 2006) required for
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DNA replication or DNA repair (SCC2, SMC1, SMC3, ESCO2) (Gillespie and Hirano 2004;
Bekker-Jensen et al. 2006; Gandhi et al. 2006; Yoshizawa-Sugata and Masai 2009) showed
abnormal phenotype in chromosome structure, inherited diseases, genomic instability or
prone to cancer, or aberrant replication timing causes abnormal chromosome condensation.
Cytogenetical observation of chromosome is certainly a most direct approach for elucidates
how dynamics of chromosome structure formation and chromosome recombination are
coupled with DNA replication. Numbers of supporting evidences have reported the
relationship of DNA replication, chromosome conformation/recombination and DNA
repair mechanisms. However, the results shown in these reports were mainly yielded from
the observation in interphase nuclei, thus the resolution and the resulting information were
still limited because chromosomes are only visible in the mitotic stage of the cell-cycle and
are invisible as de-condensed in interphase. Premature chromosome condensation (PCC)
technique is a unique and useful technique that allows the interphase nuclei to be visualized
like as condensed form of mitotic chromosome. Conventional PCC has been carried out by
cell fusion using either fusogenic viruses or polyethylene glycol (cell fusion-mediated PCC,
(Johnson and Rao 1970; Pantelias and Maillie 1983). But cell fusion mediated PCC protocols
are usually technically demanding and keenly depend on activity of the virus or PEG. More
recently, a much easier and more rapid PCC technique using calyculin A or okadaic acid,
specific inhibitors of protein phosphatases (drug-induced PCC, Gotoh et al. 1995; Gotoh and
Asakawa 1996). Drug-induced PCC is now becoming much more popular and has been
used in a wide range of cytogenetic studies (Durante et al. 1998; Gotoh et al. 1999; Ito et al.
2002; El Achkar et al. 2005; Gotoh and Tanno 2005; Srebniak et al. 2005; Deckbar et al. 2007;
Gotoh 2007).
In this chapter, we first show the visualizing of the dynamics of chromosome structure
formation and chromosome repair/recombination coupled with DNA replication in
interphase nuclei, in particular by use of drug-induced PCC. We next show the spatial and
temporal rearrangement of chromosome fragment after γ-ray irradiation, and this movement
is tightly coupled with DNA replication. Possible hypothetical model for chromosome
condensation/compaction involving the role of DNA replication and model for chromosome
recombination coupled with DNA-replication will be suggested and discussed.

2. Visualizing of the dynamics of chromosome structure formation coupled
with DNA replication
2.1 Background
Chromosomes condense during mitosis under a higher ordered stringent mechanism in
mitotic phase, which is further divided into several sub-phases; (preprophase), prophase,
prometaphase, metaphase, anaphase, telophase (these phases are called as mitosis) and
followed by cytokinesis (Alberts et al. 1989). In the course of mitotic phase, number of
drastic sequential transactions proceed; (1) chromatins condense to visible structure under a
microscope “chromosomes” and mitotic spindle begins form (2) nuclear envelope
breakdown into membrane vesicles, centriole and mitotic spindle formation followed by
spindle attaches to centromere (3) kinetocore microtubules align the chromosomes at
metaphase plate (4) chromosome separas and segregates to spindle poles (5) separated
daughter chromatids reached at the poles, nuclear envelope re-forms (6) formation of
contractile ring and cleavage furrows which constrict the cell center, cytokinesis and cell
divides two daughter cells and chromosome de-condensation in divided cells and re-enter
the cells in G1 phase (Alberts et al. 1989). The detailed whole mechanism is still almost
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unclear, however number of molecules which involved in the mitotic events have been
identified such as SMC proteins include condensin (chromosome condensation) and cohesin
(chromosome cohesion of replicated chromosomes) (Swedlow and Hirano 2003), NuMA
protein for spindle pole formation (Chang et al. 2009; Haren et al. 2009; Silk et al. 2009;
Torres et al. 2010), nuclear lamins (Moir et al. 2000), aurora kinases in centromere function
(Tanno et al. 2006; Meyer et al. 2010; Tanno et al. 2010), shugoshin and protein phosphatase 2A
in chromosome cohesion (Kitajima et al. 2006; Tanno et al. 2010), cdk1 in chromosome
condensation, chromosome bi-orientation (Tsukahara et al. 2010), cyclin B, cdc2, cdc25 in
chromosome condensation (Masui 1974; Draetta and Beach 1988; Dunphy et al. 1988; Kumagai
and Dunphy 1992), Polo and Rho in cytokinesis (Burkard et al. 2009; Wolfe et al. 2009; Li et al.
2010), and many other molecules. Dynamics in mitotic phase involves such as various
elements, and numerous studies for visualize these dynamics have been reported, because
these events are relatively easy observable in mitosis under microscopes. However, visualizing
approaches in chromosome dynamics coupled with DNA replication is still limited, because it
should be required to observe chromosomes in S-phase but chromosomes are usually invisible
in S-phase as they de-condense (Gotoh et al. 1995; Gotoh and Durante 2006).
In this section, we just focus on visualize the chromosome dynamics coupled with DNA
replication during S-phase progression use with drug-induced premature chromosome
condensation method and we show how replicating DNA is folded to higher order
chromosomes.
2.2 Materials and methods
2.2.1 Cell, chemicals and antibodies
Human normal karyotype fibroblast cell line GM05389 was from Coriell Cell Repositories (NJ,
USA). Calyculin A was from Wako Chemicals (Osaka, Japan), dissolved in 100% DMSO, 100
μM of stock solution was stored at –20oC. Cy3-dUTP was from Amersham (Upsala, Sweden).
Sizes of 425-600 μm diameter acid-washed glass beads were from SIGMA (MO, USA).
2.2.2 Cy3-dUTP labeling by bead-loading method
Cy3-dUTP was loaded in the cells using beads loading procedure as described previously
(McNeil and Warder 1987; Manders et al. 1999; Ito et al. 2002; Gotoh 2007). The procedure
facilitate the Cy3-dUTP to be incorporated in the cell nucleus in very short time whereby
transiently permeabilizes the cell membranes (McNeil and Warder 1987; Manders et al.
1999). GM05389 cells, seeded on a 35 mm glass-base culture dish (Iwaki, Japan) which is
designed for observation under inverted microscopes, were grown exponentially and
asynchronous in MEM supplemented with 15% foetal calf serum at 37oC in 5% CO2
atmosphere with 95% humidification. For replication DNA labeling, culture medium was
replaced with 37oC prewarmed 50 μl of 10 μM Cy3-dUTP dissolved in MEM medium, 425600 μm diameter glass beads were sprinkled onto the cells, tapping and rocking the dish
several times, then the beads were rinsed off with PBS. It usually took a couple of minutes
for complete the loading procedure. Pre-warmed (37oC) MEM was added to the culture and
incubated until 10 minutes after starting of Cy3-dUTP loading. Then cells were subjected to
be condensed prematurely using calyculin A, or to be immunostained.
2.2.3 Premature chromosome condensation
Immediately after Cy3-dUTP loading procedure, chromosomes were condensed
prematurely using 50 nM of calyculin A. Premature chromosome condensation (PCC) using
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calyculin A was done as described elsewhere (Gotoh et al. 1995; Asakawa and Gotoh 1997;
Johnson et al. 1999; Ito et al. 2002; Gotoh 2007; Gotoh 2009) except that the incubation time
was shortened as possible to 10 minutes to obtain a high spatial and temporal resolution,
otherwise replication foci can be merged together rustling in a less spatial/temporal
resolution. After incubation with calyculin A, cells were harvested, swollen in 0.075M KCl
for 10 minutes at 37oC, fixed 3 times with carnoy’s fixative (methanol: acetic acid = 3 vol.: 1
vol.), dropped on a glass slide and air-dried. Finally, DNA was counterstained with 200
ng/ml of DAPI, mounted with PBS and covered with a cover slip.
2.2.4 Laser scanning microscopy
Blue, green, or red confocal images were collected using a Confocal Laser Scanning
microscopy system Zeiss LSM510 (Jena, Germany) equipped on an inverted epifluorescence
microscope Zeiss Axiovert100M (Jena, Germany). A water immersion objective lens Zeiss CApochromat 63x/1.2 w corr. (Jena, Germany) was used. UV-, Ar- or He-Ne-laser was tuned
at 366, 488, 568 nm to excite DAPI, FITC, Cy-3, respectively. The fluorescence signals from
each fluorochrome were recorded separately in multiple scan to minimize optical cross talk.
Digital images were manipulated using Zeiss LSM510 software (Jena, Germany).
2.3 Dynamics of chromosome structure formation coupled with DNA replication
Much study has achieved to visualize the dynamics of chromosome condensation during in
interphase nuclei, particularly in S-phase . However, the visualizing study on the relationship
between chromosome condensation and DNA replication has still limited. Several studies
tried and defined fairly well the replication foci distribution in interphase nuclei (Nakamura et
al. 1986), however little is still known about how replicating DNA is folded to higher order
chromosomes, because chromosomes are invisible in interphase as they de-condense.
To visualize the chromosome compaction dynamics coupled with DNA replication more
precisely in S-phase nucleus, we took the advantage of the drug-induced PCC method (Gotoh
et al. 1995; Asakawa and Gotoh 1997; Johnson et al. 1999; Ito et al. 2002). Individual substage of
S-phase can be easily identified by typical diagnostic appearances seen in different phases of SPCCs (Mullinger and Johnson 1983; Gollin et al. 1984; Hameister and Sperling 1984; Savage et
al. 1984; Gotoh et al. 1995; Gotoh and Durante 2006). A drastic conformational change of
chromosome structure formation along with the proceed of DNA replication, as shown in
Figure 1 (reproduced from Chromosoma. 2007; 116(5): 453-462, Gotoh 2007), clearly revealed
in PCCs following Cy3-dUTP labeling (Gotoh 2007; Gotoh 2011). Cy3-dUTP loading procedure
was finished within 10 minutes followed by 10 minutes of PCC induction and fixation (for the
detail of the experiment procedures, see the Materials and Methods section in Chromosoma.
2007; 116(5): 453-462, Gotoh 2007). Accordingly, only DNA replicated in this short lapse
fluoresces. Thus, the observed S-PCCs in the present study reflected the replication stages at
most 20 minutes (see Materials and Methods described in Gotoh 2007) before the cell fixation.
(i) In early S-phase, PCCs showed a cloudy spreading mass of thin fibers like a “nebula”.
Numerous fine granular foci distributed homogeneously on overall the fibers (Figure 1i),
which shows “beads on a string” appearance that are similar to the same named structures
observed under an electron microscope (Olins and Olins 1974; Thoma et al. 1979). (ii) In
middle S-phase, typical “pulverized” PCCs structure was recognized, and the size of foci
increased with the number of foci decreased and distributed unevenly on chromosomes. The
foci became much brighter (Figure 1j). (iii) In late S-phase, chromosomes showed mostly
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Fig. 1. (1) DNA replication regions on prematurely condensed chromosomes (PCCs) of
different substages of S-phase. Ten minutes after Cy3-dUTP loading, cells were condensed
prematurely using 50 nM of calyculin A (Gotoh et al. 1995). From left to right column, (a,b,c)
early S-phase PCCs, (d,e,f) middle S-PCCs, (g,h,i) late S-PCCs and (j,k,l) very late S-PCCs.
(a,d,g,j) DAPI counterstained DNA, (b,e,h,k) Cy3-dUTP labelled DNA replication region
and (c,f,i,l) Merged image of DAPI and Cy3. Centromeric region (arrow) or telomeric region
(arrowhead) replicates in very-late S-phase are indicated. (i,l) Late S- and very late S-PCCs
already condensed like as mitotic chromosomes, but these PCCs were actually S-phase
chromosomes because they incorporated Cy3-dUTP. G2/M chromosomes are easily
distinguished from late or very late S chromosomes as G2/M chromosomes do not
incorporate Cy3-dUTP (data not shown). Inset in (c) is higher magnification of the boxed
portion. Scale bar, 10 μm. (2) DNA replication regions seen on prominent fibre of PCCs. (m)
early-S-phase (918 foci scored) and (n) middle S-phase (707 foci scored). Replication foci are
clearly seen as ‘beads on a string’ structure, some of these are indicated by arrowhead. Scale
bar, 10 μm. (reproduced from Chromosoma. 2007; 116(5): 453-462, Gotoh 2007)
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condensed like mitotic chromosomes. Cy3-dUTP incorporated regions were recognized as
band arrays inserted in the condensed chromosome (Figure 1k, indicated by arrows). The
similar appearance of replication foci aligned longitudinally on chromosomes were previously
reported on metaphase of kangaroo-rat kidney PtK1 cells (Ma et al. 1998). The size of foci
increased and the number decreased. (iv) In very late S-phase, the number of foci further
reduced and predominantly localized at centromeric or telomeric regions (Figure 1l, indicated
by arrows). These regions are actually known as satellite heterochromatic DNA regions where
DNA replicates at very late S (O'Keefe et al. 1992).
2.4 The number, size and spacing of replication foci in different subphase of S
Figure 2 shows the typical “beads on a string” structure of replication foci seen in Cy3-dUTP
fluoresced early S-phase PCC. The “beads on a string” structure is more evidently seen on
the prominent fiber as shown in Figure 1m,n. The distance between foci was easily
measured than those seen in interphase nuclei. Table 1 (reproduced from Chromosoma.
2007; 116(5): 453-462, Gotoh 2007) summarizes the number, size and the spacing of the foci
of different S-phase stages. The number of foci scored maximum ~1400 in early S-phase that
was much precisely than ever reported (Manders et al. 1996; Jackson and Pombo 1998; Ma et
al. 1999), then decreased to ~100 in very late S-phase (Gotoh 2007). The size changing of foci
during S-phase was also shown clearly (Gotoh 2007). The spacing between replication foci
clusters was ranged from 85.3 kbp (0.64 μm) to 536 kbp (4.02 μm) (average, 208 kbp, 1.56 μm,
Gotoh 2007) based on the assumption that 0.75 μm length of 30 nm chromatin fiber is

Fig. 2. Cy3 fluoresced DNA replication regions (replication foci) of early S-phase
prematurely condensed chromosomes (PCCs). DNA replication regions were directly
labeled with Cy3-dUTP by a bead-loading method followed by calyculin-A induced
premature chromosome condensation. DNA was counterstained with DAPI. Chromosome
spread shows a “cloudy nebula” appearance and, active replication regions (red) along with
DNA fiber (faint blue) were seen as ‘‘beads on a string‘’ structure. Condensed chromosome
regions after finishing of DNA replication were seen as thick blue.
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equivalent to 100 kbp (linear packing ratio of ~ 40:1) (Berezney et al. 2000). Fiber
autoradiography of DNA labeled with [3H]thymidine revealed the synchronized
synthesizing replicon of spacing distance ranging from 50-300kbp (Fakan and Hancock
1974; Edenberg and Huberman 1975; Hand 1978). Therefore the spacing of replication foci
seems to vary more than previously reported values. The measure of the spacing of foci
were also reported on stretched DNA fiber with detergent and calculated the average
distance of foci as 144 kbp (Jackson and Pombo 1998) that is fairly good agreement with the
present and the previous studies, although the intact structure of foci was no more retained
in stretched fiber after lysis treatment.
Subphase of S

early

middle

late

very late

Number of foci (max~min)a

1046 + 187
(1396~758)

678 + 83 (887~601)

450 + 132
(607~237)

153 + 42 (245~98)

Size of foci (max~min)
(μm radius)b,c

0.35 + 0.01
(0.08d~0.62)

0.52 + 0.06
(0.1d~0.62)

0.98 + 0.23
(0.24~1.44)

1.1 + 0.44
(0.32~4.1)

Spacing between foci
(max~min) (μm)b,c

1.56 + 0.68
(0.64~4.02)

1.01 + 0.11
(0.33~1.86)

N.D.e

N.D.e

a: For each subphase, at least 12 spreads were scored., except for very late S (10 spreads to be scored
were available)
b: Measured using the Zeiss LSM510 software
c: Randomly selected 20 points were measured, and the average and the error were calculated.
d: These data were beyond the resolution of optical microscope, and measured on digitized images.
e: Not done the measure because PCCs at these stages mostly condense as mitotic chromosomes thus
measure the spacing seems less meaningful.

Table 1. The number, size and spacing of replication foci of different subphase of S
(reproduced from Chromosoma. 2007; 116(5):453-462, Gotoh 2007)
2.5 A hypothetical chromosome compaction model coupled with DNA replication
Numbers of model for eukaryote chromosome architecture have been proposed (Marsden
and Laemmli 1979; Woodcock et al. 1984; Woodcock and Dimitrov 2001; Swedlow and
Hirano 2003; Kireeva et al. 2004), but they are controversial and many of things remain
unclear. In addition, these models do not take account the involvement of DNA
replication/transcription in chromosome packaging. DNA/RNA polymerase are known to
be tightly immobilized to the replication/transcription factories (Cook 1999; Frouin et al.
2003). In the proposed model, DNA polymerase is thought to “reel in template DNA and
extrude replicated DNA” (Hozak et al. 1996; Cook 1999), rather than the enzyme track along
DNA template proposed in many conventional model. In Cook’s model, some kinds of
mechanical tension force should be generated in the template DNA along with DNA
replication goes on because the factory does not freely suspended in the nucleus but
attached to nucleoskelton, consequently this force may pull and aggregate the replication
foci of both side as to release the tension in DNA strand, which may resulting in formation
of chromosomes as seen in mitosis. Based on the above mechanism and the observed
findings obtained from chromosome structure dynamics coupled with DNA replication,
Figure 3 shows a hypothetical model for the relationship of DNA replication and
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Fig. 3. A hypothetical two-dimensional model for chromosome conformational change
involving DNA replication based on the models proposed by Cook (Cook 1995) or Pflumm
(Pflumm 2002). (a) Early S-phase. DNA replication starts at multiple origins and proceeds bidirectionally. Early S-PCCs are seen as ‘beads on a string’ appearance. (b) Middle S-phase. As
DNA replication proceeds, replicated DNA pass through replication factory and some tension
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are generated. The generated tension may pull back the replication factories close together so
as to release the tension. Replication factories may in turn fuse together and chromosomes
compact. Middle S-PCCs are seen as well known ‘pulverized chromosomes’ appearance. (c)
Late S-phase. Most of DNA finished replication and conformation was changed. Late S-PCCs
are seen as ‘tandem band arrayed structured chromosomes’ like as mitotic chromosomes. (d)
G2 to prophase. After finishing of DNA replication, chromosome conformation changed like
as mitotic chromosomes, but still so elastic that packed in nucleus. Before fixation, each
chromosome occupies individual chromosome territory (CT) in interphase nucleus, thus
observed as compartment regions (colorized). (e) Mitosis. After prophase, chromosomes
further shortening in longitudinal axis of chromosomes, consequently a straight rod shaped
recognizable chromosome formed as usually seen by cytologists. For simplicity, the model is
shown as two-dimensional and the scaling is arbitrary. The model intends not to depict actual
events of chromosome conformation change but to help imagine how DNA replication is
involved in chromosomal conformation. As the real chromosomes condense as threedimensionally, other elements such as coiling and helical winding should be considered
together to construct a stereoscopic hierarchical structure of eukaryote chromosomes
(Woodcock and Dimitrov 2001; Swedlow and Hirano 2003). (reproduced from Chromosoma.
2007; 116(5): 453-462, Gotoh 2007)
chromosome conformational changes, that shows how interphase chromatin is constructed
to chromosomes observed in mitosis (Figure reproduced from Chromosoma 2007; 116(5):
453-462, Gotoh 2007). During S-phase, chromosomal conformation changes as DNA
replicates, and the chromosome formation would be mostly completed at the finish of DNA
replication (Figure 3a,b,c). From G2 to prophase, chromosomes are still more elastic, less
condensed, folded only several times and pre-aligned in interphase nuclei (Manders et al.
1999). Chromosomes, at these phases, would be observed as chromosome territories
(Cremer et al. 1993; Berezney et al. 2000) (Fig. 3d). Entering in mitosis, chromosomes would
condense even more as shortening the longitudinal axis to form solid and rod shape
appearance of recognizable mitotic chromosomes (Manders et al. 1999) (Fig. 3e).

3. Visualizing the DNA replication coupled spatial and temporal
rearrangement of γ-ray cleaved chromosome fragment
3.1 Background
Chromosomes are easily damaged by many kinds of clastogenenic agents such as ionizing
irradiation (IR), ultra violet light (UV), chemicals (i.e. alkylating agents) or biological
resources (i.e. some kinds of viruses) (Therman 1980). Mostly damaged chromosomes can be
repaired before the cell division, some damages might be mis-repaired or remain unrepaired, resulting in chromosome aberrations (Savage 1991). These aberrations may cause
cell death or cancer prone. Although the numbers of knowledge in molecular level
approaches have been accumulated, little is still known about how, when and where the
ends of individual chromosome fragments close and associate to form rearranged
chromosomes (Savage 2000; Aten et al. 2004). It is clearly required that the cleaved
fragments must contact physically to form rearranged chromosomes at some stages of the
repair process (Savage 2000). Two major hypotheses are still controversial: Whether these
fragments move to contact after damage (the “breakage first” hypothesis), or whether
association of fragments happen only where close contact already exists at time of
irradiation (the “contact first” hypothesis) (Savage 2000). As DNA is fragmented in
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interphase and subsequent repair and rejoining finish until cell division, it should be
required to elucidate the process occurs in interphase nuclei. Number of studies has
challenged to analyze the dynamics of repair and recombination in interphase.
In this section, to elucidate how and when chromosome fragments close and association to
form rearranged chromosomes in interphase, we visualized the dynamics of spatial and
temporal occupation of chromosome 4 domains in γ-irradiated human peripheral blood
lymphocytes in interphase nuclei and in drug-induced PCCs by means of chromosome
painting method.
3.2 Materials and methods
3.2.1 Cell culture, γ-irradiation and chromosome preparation
Human peripheral blood lymphocytes (PBLs) were separated from 10 ml of whole blood
from healthy donor using LymphoPrep (Becton and Dickinson, Franklin Lakes, NJ) as per
supplier’s protocol. PBLs were then suspended in RPMI 1640 medium (GIBCO, Grand
Island, NY) supplemented with 20% foetal calf serum (Biocell Laboratory, RaminchoDomingues, CA). To induce chromosomal breaks, aliquot of PBLs were irradiated with 10
Gy of γ-rays (137Cs, 0.662 MeV, 0.9 Gy/min) using a GammaCell 40 (Atomic Energy of
Canada LTD, Canada). Irradiated PBLs were then stimulated immediately with PHA-P
and rIL-2 as described previously (Gotoh and Asakawa 1996), cultured at 37 °C in 5% CO2
atmosphere with 95% humidification for different incubation time (from 24 hours to 120
hours). One hour before the each harvesting time, cellular DNA were labeled with 10 μM
of BrdU (10 mM of stock solution). The same irradiation experiment of PBLs except for
without PHA-P stimulation or DNA-synthesis inhibition with 2 μM aphidicholine were
performed simultaneously. After harvesting, cells were swollen in 0.075M KCl hypotonic
buffer and incubated for 20 minutes at 37°C. Then the swollen cells were fixed with cold
Carnoy’s fixative (methanol: acetic acid = 3 parts: 1part), fixed three times with the
fixative and dropped on microscopic glass slides and air dried. For obtaining chromosome
spreads, 50 nM calyculin A was added to the duplicated PBLs culture to induce PCC 30
minutes before harvesting the cells at each incubation time (Gotoh and Tanno 2005; Gotoh
2009). For control studies, aliquot of non-irradiated PBLs cells were harvested at either 48
hours or 72 hours after stimulation. After harvesting, cells were swollen in 0.075 M KCl
for 20 minutes at 37 °C, fixed with methanol: glacial acetic acid (3: 1 vol./vol.), washed
and fixed three times in the same fixative, dropped on a glass slide. Usually, the slides
were stored in a desiccated box for one or two weeks for sufficient drying until
chromosome painting was performed.
3.2.2 Chromosome painting
Chromosome painting was done use with human chromosome 4 painting probe (GIBCO,
Grand Island, NY) per se the supplier's protocol, except for additional washing with 0.lx
SSC at 60oC for 5 minutes as described previously (Gotoh and Asakawa 1996). Briefly
chromosomes were denatured in 70% formamide in 2xSSC at 70°C for 3 minutes followed
by dehydration in ethanol series (70, 90 and 99.5%). A 5 μl aliquot of hybridization mixture
(50% formamide, 10% dextran sulphate and 100 μg/ml carrier DNA in 2xSSC) containing
probes (2 ng/ml) was denatured at 70°C for 2 minutes and loaded on a sample, covered
with a cover slip (φ 15 mm) and sealed with a silicon rubber (Exabite normal type; GC Corp.,
Japan) to prevent dry up the hybridization buffer during hybridization. Hybridization was
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carried out at 37°C overnight, then non-specific hybridized probes were washed out in
2xSSC at 37°C 5 minutes three times and in 0.1xSSC at 60°C 5 minutes. Cell nuclei were then
counterstained with 200 ng/ml of propidium iodide (PI; Sigma, St Louis, MO) for
SpectrumGreenTM labeled probe or with 200 ng/ml of diamidino-2-phenylindole (DAPI;
Sigma, St Louis, MO) for SpectrumOrangeTM labeled probe. The slides were mounted with
50% glycerol in PBS supplemented with 0.1% antifade (1,4-phenylene-diamine, Sigma, St
Louise, MO) and observed under an epifluorescence microscope (Nikon, Japan), using B-2A
or G-2 excitation-emission filter (Nikon, Japan) to visualize SpectrumGreenTM or
SpectrumOrangeTM fluorochrome, respectively.
3.2.3 BrdU detection for cell cycle analysis
Detection of incorporated BrdU in replicating DNA was performed as described
previously (Gotoh et al. 1995; Asakawa and Gotoh 1997). After chromosome painting
study, slides were immersed in 2N HCl at room temperature for 30 minutes to denature
DNA and then immersed in 0.1M Na2B4H (pH 8.5) to neutralize the acid for a few minutes
at room temperature. Slides were briefly washed twice with 0.5% Tween 20/PBS twice.
Twenty μl of FITC conjugated anti-BrdU monoclonal antibody (Becton Dickinson) was
diluted with 50 μl of 0.5% Tween 20/PBS and added on a glass slide, covered with a cut
Parafilm sheet and incubated at room temperature for 30 minutes in a humidified
chamber. Slides were washed twice with PBS and counterstained with 40 ng/ml of Pl.
Slides were observed under an epifluorescence microscope using a B-2A filter and images
were taken using a CCD camera.
3.3 Spatial and temporal rearrangement of chromosome fragment coupled with DNA
replication following γ-irradiation
3.3.1 Determination of irradiation dose for effective detection of the chromosome
fragments in interphase nuclei
Human peripheral blood lymphocytes (PBLs) is an excellent system for study the
irradiation induced chromosome aberrations, because in vivo PBLs arrest in G0 phase
(quiescent stage) and start cell cycle well synchronized until first cell division after
stimulation by foreign antigens or non-specific mitogens such as LPS
(lipopolysaccharides) or PHA (phytomemaggulutinine). It is well known that the
frequency of chromosome breakage increasing as the increase of irradiation dose (Gotoh
and Asakawa 1996; Gotoh et al. 2005). Accordingly it is expected that increasing the
irradiation dose will make easier to observe the fragmented chromosome domain because
the number of fragmented domains will increase seen in interphase nuclei. It is, however,
difficult or even impossible to obtain sufficient number of chromosomes from cells
exposed high dose of ionizing irradiation, because these cells arrest in S or G2 and do not
enter in mitosis. As drug-induced PCC allows us to obtain chromosomes in cells even
irradiated 40 Gy dose of γ-rays (Gotoh and Asakawa 1996; Gotoh and Tanno 2005; Gotoh
et al. 2005; Wang et al. 2009; Balakrishnan et al. 2010; Lindholm et al. 2010), we used to
calyculin A induced PCC method to visualize the chromosome aberration in G2 cells after
γ-irradiation, but we irradiated the cells with more milder dose of 10 Gy of γ-rays as not
give severe damages to the cells. Figure 4 (reproduced from Molecular Biology
International, Special Issue on “DNA in 3R: Repair, Replication, and Recombination”,
Gotoh and Asakawa 2011, in press) shows the chromosome painting of human #4
chromosomes against calyculin A induced prematurely condensed chromosomes (PCCs)
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of PBLs at 48 hours after 10 Gy of γ-rays irradiation. At this time point, number of mitotic
chromosomes was quite very low (lower than 0.01% as shown in Table 2), which indicates
that the observed chromosomes is G2-PCC of cells arrested in G2 rather than mitosis. G2chromosomes (G2-PCC) were moderately damaged by 10 Gy of γ-irradiation, and more
than 10 substantially recognizable fragments of chromosome 4 were inserted in
rearranged chromosomes (indicated by arrowheads), as previously reported (Gotoh and
Asakawa 1996; Gotoh and Tanno 2005; Gotoh et al. 2005). This is also suggests that the
cells retain repair ability of double strand breaks (DSBs) by γ-irradiation. We expected that
more than 10 fragmented pieces of chromosome 4 domains can be observe in an
interphase nucleus after 10 Gy of γ-rays irradiation.

Fig. 4. Chromosome painting on a calyculin A induced PCCs at 48 hours after irradiation of
10 Gy of γ-rays. SpectrumGreenTM labeled specific probe for human chromosome 4 was
used for detection of chromosomal fragments derived from chromosome 4. Chromosomes
were counterstained with propidium iodide (PI). Moderate damaged chromosomes
including long and short size of ones are clearly seen. Arrows indicate many fragmented
pieces of chromosomes 4 which inserted in rearranged chromosomes. Scale bar : 10 μm.
(reproduced from Molecular Biology International, Special Issue on “DNA in 3R: Repair,
Replication, and Recombination”, Gotoh and Asakawa 2011, in press)
3.3.2 Cell cycle analysis of control peripheral blood lymphocytes (PBLs) after mitogen
stimulation
As a control study to identify the cell cycle stage of PBLs after PHA-P stimulation, we
performed chromosome painting and BrdU incorporation analysis on interphase nuclei of
peripheral blood lymphocytes (PBLs) without irradiation, which are shown in Figure 5 (left
column, chromosome painting; right column, BrdU incorporation, reproduced from
Molecular Biology International, Special Issue on “DNA in 3R: Repair, Replication, and
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*

Sampling Time (hours) Dose (Gy) Treatment S PCC (% cell) G2/M phase (% cell) Interphase (% cell)
0
0 (control) Calyculin A
0.0
0.0
100.0
**
Colcemid
0.0
100.0
10
Calyculin A
0.0
0.0
100.0
**
Colcemid
0.0
100.0
24
0 (control) Calyculin A
17.6
0.0
82.4
**
Colcemid
0.0
100.0
10
Calyculin A
14.8
0.0
85.2
**
Colcemid
0.0
100.0
48
0 (control) Calyculin A
16.3
11.5
72.2
**
Colcemid
1.4
98.6
10
Calyculin A
12.1
17.4
70.5
**
Colcemid
0.01
99.99
72
0 (control) Calyculin A
11.5
9.7
78.8
**
Colcemid
2.4
97.6
10
Calyculin A
9.3
16.1
74.6
**
Colcemid
0.2
99.8

Table 2. Percentage population of PCC or metaphase obtained with calyculin A treatment
(PCC) or colcemid treatment (metaphase) at different sampling time point after 10Gy of γirradiation. N=200 G2/M-PCC or Mitotic cells are observed in calyculin A or colemid
treatmented cells, respectively. ** In case of colcemid treatment, S-PCC is not observable.
(reproduced from Molecular Biology International, Special Issue on „DNA in 3R: Repair,
Replication, and Recombination“, Gotoh and Asakawa 2011, in press)
Recombination”, Gotoh and Asakawa 2011, in press). Figure 5a and 5c show two chromosome
4 domains in interphase nuclei and Figure 5b and 5d are incorporation of BrdU in the cells
of the same fields at 48 hours after PHA-P stimulation. At 48 hours after PHA-P stimulation,
many PBL cells entered in S-phase, which was clearly shown by much amount of BrdU
incorporation as shown by the previous study using Cy3-dUTP labeling cell (Gotoh 2007).
The BrdU positive cells (proliferating cells) increased nuclear size compared with the BrdU
negative cells (non-proliferating cells), which suggested the increase of DNA amount as
DNA replication progressed. Two intact chromosome 4 domains were clearly recognized
either in BrdU positive larger sized nuclei (enter in S-phase) or BrdU negative small nuclei
(still in G0/G1-phase). At 72 hours after PHA-P stimulation, further enlarged BrdU positive
nuclei were seen (Figure 5e-5h), which suggested that DNA replication progressed much
more. Some nuclei enlarged much more and BrdU was less incorporated, which suggests
that these cells were already in very late S phase as almost completion of DNA replication.
One pair of chromosomes 4 stained with painting probe is indicated by arrows (Figure 5i).
BrdU was not incorporated in the mitotic chromosomes (Figure 5j). The incorporation
patterns of BrdU in replicating DNA at each cell cycle stage was the similar as described
previously either using BrdU labeling (Nakamura et al. 1986; O'Keefe et al. 1992) or Cy3dUTP labeling (Manders et al. 1999; Gotoh 2007). Two chromosomes 4 domains in a nucleus
were not fully diffused over the nucleus but they occupy separated spaces each other in an
interphase nucleus throughout cell cycling (Lengauer et al. 1991; Cremer et al. 1993; Savage
2000; Aten and Kanaar 2006).
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Fig. 5. Chromosome painting and incorporation of BrdU incorporation in various cell cycle
stages of human peripheral blood lymphocytes stimulated with PHA-P.
Left column (a, c, e, g and i): Chromosome painting using SpectrumOrange TM labeled
specific probe for human chromosome 4. Arrows indicate two chromosomes 4 (i) or two
chromosome 4 domains in interphase nuclei (a, c, e and g). Right column (b, d, f, h and j):
Incorporation of BrdU in cells in the same field. Incorporated BrdU was detected by FITC
conjugated anti-BrdU antibody. Cell cycle stage of individual cell is indicated in figures.
Scale bar: 10 μm. (reproduced from Molecular Biology International, Special Issue on “DNA
in 3R: Repair, Replication, and Recombination”, Gotoh and Asakawa 2011, in press)
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3.3.3 Visualizing spatial and temporal dynamics of γ-ray cleaved chromosome
fragments in interphase nuclei
We next studied the spatial and temporal distribution of chromosomes 4 domains after γ-rays
irradiation. Immediately after 10 Gy of γ-irradiation, PBLs were stimulated with T-cell specific
mitogen PHA-P and cells were harvested at different culture time as control study (every 24
hour up to 72 hours; usually 48 hours incubation time is enough to obtain sufficient number of
G2-PCCs even in cells γ-irradiated of 10 Gy). Table 2 (reproduced from Molecular Biology
International, Special Issue on “DNA in 3R: Repair, Replication, and Recombination”, Gotoh
and Asakawa 2011, in press) shows the percentage population of PCC or mitotic cell observed
in calyculin A or colcemid treated cell samples. At 48 or 72 hours after γ-ray irradiation, more
than 10 % of G2/M PCCs were obtained and chromosomes were highly damaged as shown in
Figure 4, but number of mitotic cells was very low. As shown in Table 2, control un-irradiated
human PBLs started cell cycle from G0 and at 48 hours after stimulation, 1.4% of cells reached
in mitosis but others still in G2 or earlier stages even the case of un-irradiated cells. Therefore,
the observed chromosome aberration seen in G2-PCCs is before first mitosis after irradiation.
Figure 6 (reproduced from Molecular Biology International, Special Issue on “DNA in 3R:
Repair, Replication, and Recombination”, Gotoh and Asakawa 2011, in press) shows the
dynamics of chromosomal domain transition through the cell cycling. At 24 hours after
irradiation, mostly cells did not enlarge their size and seemed to be still in G1 stage
(population of stimulated or un-stimulated cell is shown in Table 2). At this stage, the cells
showed two intact (un-fragmented) chromosome domains (Table 3, Figure 5a), that is quite the
same as observed in G0/G1 nuclei of control un-irradiated PBLs cells. At 48 hours after
irradiation, some cells slight enlarged their size, which suggests that these cells entered in Sphase. As cell enlarged, two chromosomal domains began slightly enlarged (Figure 5b), but
still kept in intact form as a control S-phase PBLs nuclei as shown in Figure 4. However, in a
small population (6.3%) of cells, chromosomal domains seemed somehow coarse appearance
or rather seemed fragmented (Figure 5c), which suggested that chromosome domains
fragments started separation and dispersion. Such phenomenon was not totally observed in
control PBLs. At 72 hours after γ-irradiation (Figure 6d-6f), the number of enlarged cell became
much more as 60.3%. The degree of separation and dispersion of chromosomal fragments was
much more clearly in 58.5% of cells as the increase of the cell nuclear size.
Sampling Time(hours

Non-ploliferating cells
ploliferating (blastcytes) cells
(small sized cell)
(enlarged sized cell)
fragmentation (-)fragmentation (+) fragmentation (-) fragmentation (+)

0

100

0

0

0

24

95.4

0

4.6

0

48

42.6

0

51.1

6.3

72

39.7

0

1.8

58.5

Table 3. Population of non-proliferating or proliferating (blastcytes) pheripheral blood
lymphocyte stimulated by PHA-P, with or without fragmentation of chromosome domain at
different sampling time after irradiation of 10 Gy of γ-rays were scored. N=200. (reproduced
from Molecular Biology International, Special Issue on “DNA in 3R: Repair, Replication, and
Recombination” , Gotoh and Asakawa 2011, in press)
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Fig. 6. Chromosome 4 painting on nuclei of peripheral blood lymphocytes irradiated with 10
Gy of γ-rays. Chromosome painting with SpectrumOrangeTM labeled probe for chromosome
4. (a and b) Arrows indicate chromosome 4 domains. (c) Arrows indicate some of the
fragments of chromosome 4. Note that the cells not enlarge their size (i.e. G0 arrested cells)
have two un-fragmented chromosome domains (indicated by arrowheads). (Inset in c)
Magnifying the white line boxed region, arrows indicate gaps between fragmented
domains. (d-f) Arrowheads indicate some of the chromosome 4 fragments. Arrowheads in
Figure 3f indicate two un-fragmented chromosome domains in the cells which not enlarge
their size (i.e. G0 arrested cells). Scale bar: 10 μm. (reproduced from Molecular Biology
International, Special Issue on “DNA in 3R: Repair, Replication, and Recombination”, Gotoh
and Asakawa 2011, in press)
According to the nuclear size, the degree of condensation of chromosome domain (also
described by Mukherjee et al. 1992) and the degree of dispersion of the fragments, we could
order the temporal dynamic series of chromosome domain diffusion as from Figure 6d to 6f.
Figure 6d shows the further progress moving, dispersion and separation of the fragmented
chromosome. Furthermore, as shown in Figure 6e, individual small fragmented
chromosome domain completely separated over the nucleus. At 48 hours after irradiation,
some cells already reached in G2 stage (Gotoh and Tanno 2005). Figure 6f shows an example
of calyculin induced G2-PCCs, which clearly shows severely damaged chromosomes. Many
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pieces of fragmented chromosome 4 were inserted (shown by arrowheads) in highly
aberrant chromosomes.
3.3.4 Spatial and temporal transition of chromosome fragment is coupled with DNA
replication
We noticed that about 40% of cells did not enlarge their size, which suggested that these
cells were not proliferated and arrested in G0-stage. These cells might be B-cells, monocytes
or natural killer cells, which are consist of mononuclear cells in peripheral blood. Because
we stimulated the MNCs with T-cell specific mitogen PHA-P, the cells except for T-cells
were not stimulated and thought to arrest in G0 stage. Stimulation failed T-cells also
involved in this small sized cell population. Surprisingly and unexpectedly, two
chromosome domains were kept as two un-fragmented (see like as two intact domains) in
these non-proliferated cells and did not diffuse over the nucleus (indicated by arrowheads
in Figure 6c and 6f), although these cells must be received the same 10 Gy dose of γ-rays as
proliferating cells. We did not see any un-stimulated cells having fragmented chromosome
domain. We therefore hypothesized that spatial and temporal redistribution of γ-irradiated
chromosome fragments might be coupled with cell proliferation.
To confirm this hypothesis, we γ-irradiated PBLs as same as the above experiment (i.e. 10 Gy
of irradiation dose) but stimulation with PHA-P was omitted. At 48 or 72 hours after
irradiation, more than half of cells were lost presumably because of interphase death caused
by lack of mitogen stimulation, however some cells were still alive. Figure 7a (reproduced
from Molecular Biology International, Special Issue on “DNA in 3R: Repair, Replication, and
Recombination”, Gotoh and Asakawa 2011, in press) shows chromosome painting against
these un-stimulated cells. The size of cell and nucleus did not increase and the chromosome
4 domains retained as intact. This finding also seems to support that spatial redistribution of
fragmented chromosomes in interphase nuclei is tightly coupled with cell cycle.
We next questioned whether the spatial redistribution of fragmented chromosomes in Sphase is coupled with DNA replication. We irradiated PBLs with 10 Gy of γ-rays, stimulated
with PHA, but cellular DNA replication was inhibited by 2 μM of aphidicholin. As the same
as observed in the irradiation experiment of PBLs without PHA-P stimulation, chromosomal
domains were kept as un-fragmented, in spite of received 10 Gy dose of γ-ray exposure as
PHA stimulated cells (Figure 7b). According to these results, we concluded that nuclear
movement that causes spatial redistribution of the fragments was tightly coupled with cell
cycling and in particular with DNA replication.
3.4 Hypothetical model of chromosome repair/recombination coupled with DNA
replication
Two possible models have been proposed for explain how chromosome fragments close and
associate to form radiation-induced rearranged chromosomes. Obviously, radiation-induced
chromosome fragments must “touch” at some stage of the repair process (Savage 2000). One
model is that fragmented chromosomes move to contact with another apart from fragment
after breakage by irradiation (“breakage first” hypothesis or post-dispersal rejoining, Figure
8 (1) a and Figure 8 (2) a, figures reproduced from Molecular Biology International, Special
Issue on “DNA in 3R: Repair, Replication, and Recombination”, Gotoh and Asakawa 2011,
in press). Another model is that fragment association occurs only where close contact
already exists. Fragments adjacent to another fragment have rejoined each other and moved
away (“contact first” hypothesis or pre-dispersal rejoining, Figure 8 (1) b and Figure 8 (2) b,
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Fig. 7. (a) Chromosome painting against 10 Gy dose of γ-irradiated nuclei without
stimulation by PHA-P, therefore cells yet arrested in G0 at 48 hours after irradiation. Two
un-fragmented chromosome 4 domains are clearly visible (indicated by arrows). (b)
Chromosome painting against 10 Gy dose of γ-irradiated cell nuclei, but DNA synthesis was
inhibited by 2 μM of aphidicholin. Arrows indicate one pair of un-fragmented chromosome
4 domain. Arrowheads indicate apoptic fragmented nuclei, which is possible caused by
DNA synthesis inhibition by aphidicholin. Scale bar: 10 μm. (reproduced from Molecular
Biology International, Special Issue on “DNA in 3R: Repair, Replication, and
Recombination”, Gotoh and Asakawa 2011, in press)
figures reproduced from Molecular Biology International, Special Issue on “DNA in 3R:
Repair, Replication, and Recombination”, Gotoh and Asakawa 2011, in press). In the case of
the latter model, rejoining might occur limited to among those fragments adjacent to each
other at G0/Gl phase. Recently accumulated evidences indicate that the radiation-induced
exchanges cannot be possible between very far apart DNA strand breaks in chromosomes
(Savage 2000). In the present report, quiescent G0 lymphocytes were γ-irradiated with 10 Gy
of γ-rays, and chromosome type aberrations (i.e. acentric fragments, di-centric chromosome
or translocations) are exclusively observed in G2-PCC at either 48 hours or 72 hours after
irradiation. The reason for formation of chromosome type aberrations in irradiated
quiescent lymphocytes is that damages were introduced in G0/G1 cell, repair or misrejoining of univalent chromosomes finishes before duplication, then DNA duplicates and
result in bivalent chromosome type aberrations (Savage 1975). In this context, contact and
association of cleaved chromosome ends should be finished before the cells enter in S-phase
for the case of chromosome type aberrations formation. As the chromosome domain
occupies the fixed space apart away in nucleus until S-phase starts as shown in Figure 5 and
Figure 6, “breakage-first” hypothesis seems less likely to responsible in chromosome type
aberration formation. Because chromosome fragment must move before begin of S-phase,
but chromosome fragment move actually after S-phase starts. Thus the results reported here
seems strongly support the “contact first” hypothesis in chromosome type aberration
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Fig. 8. Two models for chromosome cleavage and re-union involving nuclear movement
progress in interphase nuclei
(1) Chromosome type aberration. Chromosome type aberration in introduced by DSBs in
un-replicated univalent chromatid (Savage 1975). Therefore, chromosome domain is
fragmented by DSBs. (a) Chromosome-end rejoining occurs after dispersion of chromosome
fragments (post-dispersal rejoining or dynamic “breakage-first” model). In this case,
chromosomes were cleaved by γ-irradiation and the fragments moved away. Then the
fragments moved to touch and rejoin with fragmented chromosomes. However, breakagefirst model do not seem likely to happen, because association should be finished before
chromosome duplication. However, chromosome fragments may not move before DNA
replication starts. (b) Rejoining occurs before chromosomal fragments dispersed (predispersal rejoining or static “contact-first” model). In this case, chromosome rejoining occurs
among the fragments that contact physically at the irradiated time (i.e. G0/Gl phase). Then
recombined chromosomes moved away.
formation in γ-irradiated lymphocytes. Nikiforova et al. reported the inversion aberration of
radiation-induced thyroid cancer (Nikiforova et al. 2000). They concluded that radiationinduced interchange between RET and H4 gene is presumably due to positional dependent
and thus supports “contact first” hypothesis. Recently, Durante et al. showed that the
exchange process was highly depends on chromosome localization in nucleus or
chromosome aberration was highly dependent on cell position and irradiation geometry
(Durante et al. 2010). Therefore, their result also seems support the “contact first”
hypothesis. Contrary, clustering of fragmented domains after irradiation exposure was
visualized using γH2-AX, which suggesting the “breakage-first” hypothesis is dominant in
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Fig. 8. Two models for chromosome cleavage and re-union involving nuclear movement
progress in interphase nuclei
(2) Chromatid type aberration. Chromatid type aberration is introduced in the cells after Sphase by the DSBs only one of the sister chromatid of bivalent chromosome (Savage 1975).
Chromatid does not apart away, because the cleaved chromatid coheres with opposite sister
chromatid. “Breakage-first” model (a) and “contact-first” (b) model may both responsible in
chromatid type aberration formation, because the nuclear movement already exists in the
cells after DNA replication starts. Asterisks (*) indicate the chromosome ends, which will
later contact and rejoin. Following points are for the simplicity: only one DSBs per
chromosome are illustrated and indicated by dotted line. Many types of chromosome or
chromatid type aberrations are known to be produced after ionizing irradiation exposure,
but only typical type of aberrations are illustrated. Illustration is shown as a 2-D image for
simplification, however dispersal and rejoining of chromosome proceed in 3-D, of course.
(reproduced from Molecular Biology International, Special Issue on “DNA in 3R: Repair,
Replication, and Recombination”, Gotoh and Asakawa 2011, in press)
exchange process (Aten et al. 2004). Which mechanism works principle in chromosome ends
association may be depend on the existence of DNA replication coupled nuclear movement.
If replication coupled nuclear movement exists (i.e. S-phase or later), both ‘’breakage first’’
and “contact first’’ hypothesis may responsible. Aten et al.’s report seems to support this
idea because they observed exchange formation in α-particle irradiated cycling HeLa cells
(Aten et al. 2004). On contrast, “contact first’’ hypothesis only may contribute for
chromosome ends joining if not nuclear movement occurred (i.e. before S-phase). It is,
however still controversy, which mechanism is dominantly work or both are simultaneously
occur, and should be elucidated in the future.
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The finding also implies other aspects as follows: l) Generally it is believed that cycling cells
are more sensitive to ionizing radiation or other agents that causes DNA strand break.
Existence of S-phase coupled kinetics that drives fragmented chromosomes diffuse over
nuclei may be one explanation for such phenomenon. After receiving damages, cell must
repair the damages. If nuclear movement begin before the damage repaired completely, unrepaired fragments may be separated away from each other, which gives the cells
irreversible chromosome aberrations which in turn resulting in cell death or prone cancer. 2)
By analysis of unstable type chromosomal aberration (such as di-centric chromosome or
acentric fragment) induced by irradiation, it is known that quiescent PBLs survive more
than 10 years in vivo (Buckton et al. 1967). PBLs that are not stimulated by foreign antigens
are thought to be in resting state in vivo for long time. Cleaved DNA fragments are not
separated and dispersion did not occur until cells enter in S-phase. So the PBL cells at
resting state are stable and may survive for a long period in vivo.

4. Summary and conclusion
To visualize the dynamics of chromosome structure formation coupled with DNA
replication, Cy3-dUTP direct-labeled active replicating DNA was observed in prematurely
condensed chromosomes (PCCs) utilized with drug-induced premature chromosome
condensation (PCC) technique that facilitates the visualization of interphase chromatin as
well as condensed chromosome form. S-phase PCCs revealed clearly the drastic dynamic
transition of chromosome formation during S-phase along with the progress of DNA
replication; from a “cloudy nebula” structure in early S-phase to numerous number of
“beads on a string” in middle S-phase and finally to “striped arrays of banding structured
chromosome” in late S-phase like as usual observed mitotic chromosomes. Drug-induced
PCC clearly provided the new insight that eukaryote DNA replication tightly coupled with
the dynamics of chromosome condensation/compaction for construction of eukaryote
higher ordered chromosome structure.
To elucidate how and when individual chromosome fragments close and association to form
rearranged chromosomes in interphase, we next visualized the dynamics of spatial and
temporal occupation of chromosome 4 domains in γ-irradiated human peripheral blood
lymphocytes in interphase nuclei and in drug-induced PCCs by means of chromosome
painting method. After γ-irradiation exposure, breakage and dispersion of chromosome 4
domains starts when the cells entered in S-phase. This S-phase dependent dynamics was
however not seen in un-stimulated cells or in the cells of which DNA replication was
inhibited by aphidicholin. Thus the results seem to support “contact first” hypothesis for
association of chromosome ends in chromosome type aberration formation. Spatial and
temporal dynamics of chromosome fragments may tightly coupled with DNA replication,
and this dynamic might be drive chromosome rearrangement.
Therefore, these findings presented in this chapter strongly suggested that DNA replication,
rejoining/recombination and chromosome structure formation are tightly coupled
mechanism in eukaryote cells.

5. Condolences
During preparation of this chapter, an enormously big Earthquake and Tsunami disaster
attacked Japan 11th March 2011, by which a lot of people have been killed or lost. I
lamentably dedicate this article to all of the victims.
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1. Introduction
DNA replication is an essential cellular process for the propagation of life. Prokaryotic cells
are examples of organisms that display a fast and precise replication process (Robinson &
Bell, 2005; Wang & Sugden, 2005). Although the consensus nucleotide sequence in the
bacterial replication origin exhibits variation in number and size between different bacterial
species (DoriC, a database of the oriC region in bacterial genomes; Gimenes et al., 2008a), it
is capable of directing the association of specific proteins in the initiator chromosomal site
and thereby the success of the replicative process in eubacteria (reviewed in Mott & Berger,
2007). However, the identification of hundreds to thousands of replication initiation sites in
eukaryotes is more complex than locating clearly defined sites with stretches of consensus
sequences, as observed in prokaryotes. While complexity exists, some parallels can be
drawn between prokaryotic and eukaryotic systems. Less derived eukaryotes, such as the
unicellular yeast Saccharomyces cerevisiae, exhibit similar replicative processes to prokaryotes.
Replication initiation sites have approximately 120-200 base pairs (bp), termed ARS
(Autonomously Replicating Sequences). Although there is sequence diversity among the
ARS sites, these sites present a short consensus sequence of 10-11 bp that is rich in A/T
residues and called the ACS (ARS Consensus Sequence) and a more divergent motif known
as domain B (review in Bell & Dutta, 2002). Although not all of ARS sites are efficiently
used, it has been shown that they can be initiate replication if necessary (Sharma et al., 2001).
However, S. cerevisiae and closely related species appear to be the only eukaryotic organisms
that present consensus elements in their replication initiation sites. Schizosaccharomyces
pombe has initiation replication sequences from 600 to 800 bp, which display numerous A/Trich regions, but these replication initiation sites in S. pombe have a low level of similarity to
the ARS of S. cerevisiae, and we have not been able to identify a consensus sequence within
this region (Dubey et al., 1996; Zhu et al., 1994).
The presence of conserved sequences in S. cerevisiae was important for the isolation of the
origin recognition complex (ORC; Bell & Stillman, 1992). The existence of this complex
revealed that eukaryotes depend on the binding of specific proteins to identify and activate
specific genomic regions to initiate replication. The ORC complex, which is composed of six
closely related proteins, Orc1-6, is conserved through evolution and has been identified in all
analyzed eukaryotic cells (reviewed in Bell, 2002). Before replication begins, numerous other
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proteins form the pre-replicative complex (pre-RC), which signals permission for the initiation
of replication (reviewed in Stillman, 2005). Recently, it was reported that the pre-RC complex
is detected in initiation zones with low nucleosome occupancy (Lubelsky et al., 2010).
Although the ORC composition is similar in eukaryotes, replication initiation in metazoans is a
complex process, and the structure and mechanism of determining the selection of these
initiation sites are not fully understood. The nature of the information required for activation
of replication origins in multicellular organisms, where multiple initiation sites of replication
occur in cells with differential gene expression, has made it difficult to associate function to a
specific replication origin sequence. Analyses of replication intermediates using alternative
methods indicated that the replication origin lacked a nucleotide consensus sequence
(Biamonti et al., 2003; DePamphilis, 1999; Toledo et al., 1998; Tower, 2004). The activity of the
initiation site for replication in metazoans, which lacks a consensus sequence, can be
influenced by chromatin structure and/or selected by epigenetic factors (Anglana et al., 2003;
Balani et al., 2010; Courbet et al., 2008; Debatisse et al., 2004; Fiorini et al., 2006a; Gimenes et al.,
2009; Stehle et al., 2003). The presence of foci of replication (replication factories) that bring
together numerous sites of replication initiation and the association of the nuclear matrix
(S/MAR) demonstrates the importance of chromosome structure in DNA replication process
(Anachkova et al., 2005; Courbet et al., 2008; Jackson, 2003; Newport & Yan, 1996). The analysis
of DNA replication using microarrays of the complete genome has increased our
understanding of this process and has led to the formulation of new questions about selection
and activation of replication origins events in metazoans (MacAlpine & Bell, 2005). Thus,
although a large amount of experimental data have been obtained in recent years, the question
of whether there are sequences and/or structures conserved in the metazoan replication
initiation regions has not been answered yet. The existence of important topological features in
the replication initiation sites and/or in the segments that flank these sites could be essential
for the selection and activation of accurate DNA replication in both prokaryotic and eukaryotic
systems. The bacterial DnaA protein interacts with the sequences called DnaA boxes, and
although this interaction is highly conserved among different species, the numbers and
sequences of these sites are not conserved (Gimenes et al., 2008a; Mackiewicz et al., 2004). How
then is DnaA capable of interacting with these sites, even within different regions of the DnaA
box? The same question can be formulated for the initiation sites in yeast; although ARS
regions are conserved, the elements A, B1 and B2 exhibit alterations in their sequences. Thus,
how then is the specificity of the protein components of the ORC complex maintained in the
ARS sites? The analysis of the molecular structure of DnaA and the ORC complex in
Saccharomyces cerevisiae and Drosophila melanogaster revealed that these proteins belong to the
superfamily of ATPases with AAA+ domains and exhibit increased affinity when exposed to
negatively supercoiled DNA (Clarey et al., 2006; Erzberger et al., 2006; Remus et al., 2004;
Speck et al., 2005). The structure of negatively supercoiled DNA in replication initiation
regions implies that repression of replication activity at these sites could be due to the loss of
this supercoiling. For bacteria, the protein SEQA, which has repressor activity in DNA
replication, has been reported to promote changes in the helical structure of DNA, causing
positive supercoiling of the segment (Kjellesvik & Skarstad, 2004). In eukaryotes, the
implication of the supercoiling changes in DNA replication seems to be more complex.
The protein geminin, which regulates DNA replication by interacting with the Cdt1 protein,
inhibits replication re-initiation in the same cell cycle (Pitulescu et al., 2005), but these proteins
do not show DNA binding domains. The DEK protein, derived from a proto-oncogene,
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was reported to modify the topology of replication initiation sites, but has not shown an
affinity for DNA without the presence of histones (Alexiadis et al., 2000). Recently, studies
have used genome-wide approaches to analyze the features associated with the choice of the
replication origins and the nucleosome occupancy within these regions (review in Meisch
& Prioleau, 2011).
The correlation between specific chromosomal regions and the topological features of DNA
is an exciting area of research. Our laboratory has been devoted to mapping the presence of
intrinsically bent DNA sites in regions of replication initiation in prokaryotes (Gimenes et
al., 2008a), replication origins and promoter regions in gene amplified domains of
eukaryotes (Balani et al., 2010; Fiorini et al., 2001, 2006a; Gimenes et al., 2009; Gouveia et al.,
2008) and in recombination regions from the eukaryotes genome (Barbosa et al., 2008). Here
we discuss the sequence and topological features of intrinsically bent DNA sites as well the
methodology used to explore these sites in replication origin segments.

2. Determinants of DNA bending
The DNA molecule is composed of two nucleic acid polymer chains that are wound around
one another to form a regular right-handed helix, which is similar to the canonical DNA
conformation, called B-DNA (Marko & Cocco, 2003). There are two other well-known forms
of DNA, A-DNA and Z-DNA, which are a right-handed helix and a left-handed helix,
respectively. It has been found alternative genomic DNA conformations that are different
from the canonical B-DNA helix (Potaman & Sinden, 2005; Ohyama, 2005). These alternative
DNA structures are very important for certain biological functions, such as the DNA-protein
binding involved in replication, gene expression and recombination. Alternative
conformations may also participate in the formation of nucleosomes and other
supramolecular structures involving DNA (Lu et al., 2003; Meisch & Prioleau, 2011;
Richmond & Davey, 2003).
The DNA double helix is a highly dynamic structure; consequently, the curvature of DNA
cannot be construed as a static and rigid alteration (Hagerman, 1990). The flexibility of DNA
can be described by the alterations in the twist angles between adjacent base pairs, called
torsional flexibility, and by deviations along the axis of the double helix from a straight
trajectory, characterizing the bending flexibility (Travers, 2004). This bending flexibility
depends primarily on the physico-chemical properties of individual base steps and
secondarily on the DNA sequence context. The number of hydrogen bonds in a base pair,
the stacking energy of a given base step and the occupation of both the major and minor
grooves by nitrogenous bases are the major determinants of DNA (Calladine et al., 2004;
Travers, 2004).
The bending of DNA is one of the most important deformations of the DNA structure,
which is universal in biology, for both storage and retrieval of information encoded in the
base-pair sequence (Gimenes et al., 2008b). Many base sequences can conform to a
systematic curvature in DNA; however, a series of A5-6 (A-tracts) repeats spaced in phase
with the DNA helical repeat (10-11 bp intervals) are the most important causative sequences
for the presence of intrinsically bent DNA sites. This discovery was made by Trifonov &
Sussman (1980), who demonstrated the periodicity of A-tracts in genomic DNA and
suggested that this observation was due to the DNA packing in chromatin. Particularly,
they suggested that the AA/TT dimer has as intrinsic wedge-like shape, which would
introduce intrinsic bending in DNA when repeated periodically. The model was called a
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wedge model and highlighted that a series of small alterations in the roll or tilt angles
between adjacent base-pair planes could be generating the bending of DNA (Figure 1).
Alternatively, Wu & Crothers (1984) introduced their junction model, which assumed that
A-tracts adopt an alternative non-B-DNA structure, where the cause of curvature is the
deflection of the global axis of the A-tract structure from that of the adjoining B-DNA region
(Figure 1). The main difference between the wedge and junction models is that the former is
a nearest-neighbor dimeric model, assuming that the curvature of any dimeric step is
independent of the other adjacent A-tracts, whereas the latter suggests cooperative
interactions along the DNA chain. However, other DNA sequences can display an
anomalous gel mobility that is characteristic of curved DNA, even in absence of A-tracts. It
has been observed that the GGGCCC segment may cause curvature toward the major
groove of the DNA helix, with the presence of a positive roll angle (Brukner et al., 1993).
Thus, we have observed that DNA bending follows a simple rule: the purine-pyrimidine
(RY) and AA/TT dimers bend predominantly into the minor groove, whereas the
pyrimidine-purine and GG/CC dimers bend more frequently toward the major groove
(Ohyama, 2005). From gel electrophoresis experiments, it was possible to establish three
important features of curved DNA (Diekmann, 1986; Hagerman, 1985; Koo & Crothers,
1987): periodically phased A-tracts are very important for “strong” DNA curvature; the
orientation of the A-tract is important because the A4T4-induced bending differs from that of
T4A4; and the magnitude of DNA curvature is influenced little by the flanking sequences.

Fig. 1. Junction and Wedge models of an intrinsic DNA curvature.

3. Methods of analyzing intrinsically bent DNA
Many methods can be applied to localize intrinsically bent DNA sites, for example, circular
permutation (Gimenes et al., 2008b; Wu & Crothers, 1984), computational analysis (Marilley
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& Pasero, 1996; Pasero et al., 1993), and atomic force microscopy (Marilley et al., 2007). Here
we present methods for analyzing bending DNA regions by computational simulation using
algorithms for curvature and gel electrophoresis mobility assays, including the circular
permutation strategy.
3.1 Curvature parameters calculations
The helical parameters reflect the structural characteristics of the DNA double helix, which
was described initially as an ideal isotropic rod, with elastic properties independent of
sequence. However, once it became clear that the conformation of DNA is dynamic, the
initial isotropic representation was questioned, and the concept of anisotropic DNA was
introduced. Therefore, there was a need to standardize the definitions and nomenclature of
nucleic acid structure parameters. From the EMBO Workshop on DNA Curvature and
Bending, the definitions of parameters used to describe the geometry of nucleic acid
chains and helices and a common nomenclature for these parameters were introduced
(Dickerson, 1989).
The values of helical parameters such as the ENDS ratio parameter and roll, tilt and twist
rotational angles can be obtained using the computational program Map15a (Marilley &
Pasero, 1996; Pasero et al., 1993), which was performed employing the algorithm of Eckdahl
& Anderson (1987) and the helical parameters described by Bolshoy et al. (1991). The ENDS
ratio parameter (the ratio of the axis outline of the helix to the smallest distance between the
extremities of the fragment) reflects the probability of finding a bend at a determined site.
Figure 2A shows an example of this application for a hypothetical segment of 800 bp, using
a 120-bp window width and a 10-bp step. Values greater than or equal to 1.10 is indicative of
the presence of intrinsically bent DNA sites (Milot et al., 1992).
The twist angle corresponds to a rotation around the local twist axis that runs vertically
through, or near, the centers of any two neighboring base pairs. In the canonical B-DNA
conformation, this angle is estimated to be approximately 32° and is shown in Figure 2B
(Calladine et al., 2004; Dickerson, 1989). The roll angle (Figure 2B), described the rolling
open of base pairs along their long axes. This movement compresses the major (positive roll)
or minor (negative roll) grooves of the DNA helix (Calladine et al., 2004; Crothers et al.,
1990). The tilt angle (Figure 2B) which is in the direction of hydrogen bonding (opening or
closing towards the phosphate backbone) is the bending across the grooves, in which the
rotational displacement causes a deviation of the DNA double helix (Hagerman, 1990;
Ohyama, 2005; Travers, 2004).
3.2 2D Modeling
The 2D projections of the 3D trajectories from specific fragments can be obtained from
computational programs such as 3D15m1 (Marilley & Pasero, 1996; Pasero et al., 1993). As
described for the Map15a program, the algorithm for calculating a 3D trajectory from a
nucleotide sequence was also developed by Eckdahl & Anderson (1987), and the threedimensional coordinates of the helical axis are obtained using the parameters of the wedge
model from Bolshoy et al. (1991). While using the program 3D15m1, it is possible to rotate
the molecule in space in real time, and the user can obtain a 2D projection of the analyzed
fragment. We can also use the server model.it, which creates 3D models of canonical or bent
DNA starting from sequence data and presents the results in the form of a standard PDB file
that can be viewed directly using programs such as Swiss-PDBviewer or RasMol
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(Vlahovicek et al., 2003). Example 3D models of hypothetical sequences created by the
model.it server are shown in Figure 3.

Fig. 2. Helical curvature parameters. A. ENDS ratio calculation graphic using the Map15a
software. B. Rotational angles of DNA double helix, adapted from Dickerson (1989).

3.3 Experimental approaches
3.3.1 Isolation and cloning of intrinsically bent fragments
After mapping intrinsically bent DNA sites by computational analysis, regions containing
bent DNA can be isolated using polymerase chain reaction (PCR). Nucleotide sequences
of approximately 100 bp containing DNA bent sites are amplified from a DNA sample
(approximately 50 ng/µl), and the primers used to amplify the DNA bent sites are
designed with the restriction sites of XbaI and SalI at the ends for posterior cloning into a
circular permutation vector such as pBendBlue (Sperbeck & Wistow, 1998). The PCR
amplified fragments can be cloned into any PCR cloning vector such as the pGEM-T Easy
Vector System (Promega), pMOSBLUE (GE Healthcare), pTZ57R/T (Balani et al., 2010;
Gimenes et al., 2009; Hägg et al., 2004; Rodríguez-Lecompte et al., 2001) or the TOPO®
PCR Cloning vector (Invitrogen). The recombinant plasmids may be sent for sequencing
to confirm the identity of the insert. Helpful aids for primer design include commercially
available primer design software such as OligoR (National Biosciences, Plymouth, NC)
and FastPCR© (4.0.27 versus) and online search web tools such as BLAST (NCBI,
www.ncbi.nlm.nih.gov/BLAST/), IDT SciTools software OligoAnalyzer 3.0 and
PrimerQuest.
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SEQUENCE
A
B
C
D
E
F

NUCLEOTIDE SEQUENCE
AGGGCCCTAGAGGGGCCCTAG
CGGAGGGGCCCTAGAGGGCCCTAGAGGGC
CCCCCAAAAACCCCCAAAAACCCCCC
TCTCTAAAAAATATATAAAAA
AAAAAAAAAAAAAAAAAAAA
CATGTCACCGACGCATCACCG
ATACACAGAAAATAGAAATGTCTTAAAT
TTTTATATTTTTCACACTTTAAAGT

SOURCE
Brukner et al.; 1993
Brukner et al.; 1993
Bolshoy et al.; 1991
Bolshoy et al.; 1991
Bolshoy, et al.; 1991
Balani et al.; 2010

Fig. 3. A- F, 2D projection of the 3D trajectories of the DNA nucleotides sequences showed
in the upper table.
3.3.2 Analysis of bending DNA fragments by gel electrophoresis
DNA fragments containing an intrinsic bent sequence can be analyzed by electrophoresis
using a non-denaturing polyacrylamide gel run at a low temperature. This method
contributes to the detection of alterations in the mobility of bent fragments.
Fragments isolated for restriction digestion of cloning plasmids or amplified by PCR are
subjected to electrophoresis in a polyacrylamide gel. The gel concentration and the
electrophoresis conditions vary depending on the fragment size. In general, for fragments of
approximately 100 bp, a 12% polyacrylamide gel with 1X TBE running buffer (45 mM Trisborate and 1 mM EDTA, pH 8.0) and a constant voltage of 5-10 V/cm at 4°C can be used.
After running, the gel is stained with 1 µg/ml of ethidium bromide or another DNA
intercalating agent and photographed under UV light. After running, the mobility pattern of
each fragment can be obtained through the calculation of the R-value (ratio of apparent/real
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fragment size) (de Souza & Ornstein, 1998; Fiorini et al., 2006b). The R-values indicate the
degree of curvature for a given fragment. An R-value between 0.90 and 1.09 indicates no
alterations in mobility, whereas those higher than or equal to 1.10 indicate reduced mobility,
and those lower than 0.90 indicate fast mobility (Fiorini et al., 2006b; Milot et al., 1992).
Fragments presenting significant R-values are then analyzed by circular permutation to
determine the region responsible for the curvature.

EcoRI
MluI
BglII
NheI
ClaI
Styl
SpeI
XhoI
DraI
EcoRV
PvuII
SmaI
StuI
NruI
SspI
KpnI
NcoI
BamHI
XbaI
SaII
MluI
BglII
NheI
ClaI
Styl
SpeI
XhoI
DraI
EcoRV
PvuII
SmaI
StuI
NruI
SspI
KpnI
NcoI
BamHI
HindIII

3.3.3 Circular permutation assay
The circular permutation assay is used to determine whether bent DNA sites promote
curvature in a distinct sequence context and to determine the bending-center sites on
permutated fragments (Wu & Crothers, 1984).
To perform this assay, fragments containing curvature were chosen, isolated and cloned into
the PCR cloning plasmids and were subcloned into the center of the duplicated polylinker of
the pBendBlue vector (Sperbeck & Wistow, 1998) or other pBend plasmid such as pBend2
and pBend3 (Kim et al., 1989; Zwieb & Adhya, 1994). The pBendBlue vector contains two
identical but inverted DNA segments with 17 repeated restriction sites spanning a central
region containing SalI and XbaI cloning sites (Figure 4). Briefly, the insert is removed from
the PCR cloning plasmid by digestion with SalI and XbaI restriction enzymes and
subsequently subcloned between the SalI and XbaI sites of the pBendBlue plasmid. The
generated recombinant pBendBlue plasmids are then introduced into host bacteria by means
of DNA transformation and selected by a direct assay. The plasmid DNA is isolated by
minipreparation and digested in independent reactions with suitable restriction enzymes,
which recognize the duplicated pBendBlue polylinker, yielding a set of circularly
permutated DNA fragments of identical size, but with a permutated bent position (Fiorini et
al., 2006a; Gimenes et al., 2008b; Gimenes et al., 2009; Sperbeck & Wistow, 1998).

Fig. 4. pBendBlue polylinker.
3.3.4 Permutated fragment analysis by electrophoresis
Wu & Crothers (1984) have designed an elegant mobility gel electrophoresis assay to
localize the bending locus of an intrinsically curved DNA fragment. De Santis et al. (1988;
1990) and Zuccheri et al. (2001) have proposed a theoretical model for DNA curvature and
have shown that curvature dispersion is linearly correlated with gel electrophoretic
retardation. The model has been experimentally verified and has been applied in analyzing
several systems (Nair, 1998; Nair et al., 1994).
The permutated fragments have conformations that differ in the position of the bend
relative to the molecular ends. Because the mobility of the fragments is a function of their
intrinsic curvature, a bend near the middle of the molecule should encounter more difficulty
traversing through the pores of a polyacrylamide gel than a more linear fragment.
Curvature causes a slower migration compared with non-curved sequences of the same
length. However, fragments containing intrinsic DNA structures near the ends migrate
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faster in polyacrylamide gels (Drak & Crothers, 1991; Fiorini et al., 2001; Schroth et al., 1992)
(Figure 5A).
In an experimental approach, the resulting circular permutated fragments are analyzed by
electrophoresis mobility shift assay and resolved in a non-denaturing polyacrylamide gel
following the electrophoresis conditions above described. After running, the relative
mobility of each fragment is calculated by the ratio of the expected mobility according to the
molecular weight of the fragment and the apparent mobility observed on the gel. The
relative mobility of each permutated fragment is plotted against the distance (in base pairs)
from the 5’ end of the used restriction sites to the middle of the cloned fragment.
Quantitative measurement of the relative gel mobility of a set of circularly permutated
fragments allows extrapolating the position that would yield the maximum gel mobility and
was therefore located at the center of the molecular bend (Wu & Crothers, 1984). The
position at which maximal gel retardation should have occurred is extrapolated from the
graph and is indicated by broken lines (Figure 5B).
The permutated fragments can be further analyzed theoretically to further understand their
mobility behavior with the 2D path projection software, as described previously.
Transient interactions between intrinsically bent DNA sites and nucleic acids are
widespread in nature. Almost all functions performed by DNA and RNA in the cellular
context depend on the involvement of several associated proteins. Generally, interactions
are divided into three main categories: structural, regulatory and enzymatic. Trials of DNAprotein interactions can be used to study specific regions of nucleic acids, such as curved
regions (bent DNA) and linear, potentially flexible regions.

4. Possible roles of intrinsically bent DNA in replication
Statically curved DNA elements are known to be present at many replication origins, and it
has been proposed that these sequence elements are important in initiating DNA replication.
An analysis of the secondary structure of the replication origins of the prokaryotic organism
Xylella fastidiosa 9a5c was previously described by our group and indicated that these
replication origins display intrinsically bent DNA sites that induce a curvature in this segment
(Gimenes et al., 2008a). In the same work, the in silico analysis of the replication origin
segments from X. fastidiosa Temecula, Bacillus subtilis and Escherichia coli showed that all of the
replication sites, with some variability in their helical parameters, displayed curved segments.
In eukaryotes cells, our work was associated with gene amplified domains in developmental
systems (Fiorini et al., 2001; 2006a; Gimenes et al., 2009) and induced gene amplified segments
in mammalian culture cells (Balani et al., 2010). Using the developmental amplified models,
we analyzed amplicons from the gene BhC4-1 from Bradysia hygida (Fiorini et al., 2001), an
amplified segment of the C3-22 gene from Rhynchosciara americana and in the segment DAFC66D from chromosome 3 of Drosophila melanogaster, which contains the amplification control
element ACE3 and the replication origin ori-β (Gimenes et al., 2009). In the dihydrofolate
reductase (DHFR) amplicon, Altman & Fanning (2004) reported four elements that are
required to initiate DNA replication at ori-β. One of them is an intrinsically bent DNA site,
which provides the capacity to replicate the DNA locus ectopically. Taken together, these
results indicate a relationship between secondary DNA structure and replication origins.
Functional experiments and the relationship between proteins in the curved structure could be
enabling us to establish a strong relationship between the DNA structure and the initiation of
DNA replication in eukaryotes cells.
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Fig. 5. A. Permuted fragments cloned into the duplicated polylinker of a pBend plasmid (on
the left) and a schematic analysis of the electrophoresis mobility shift assay of the permuted
fragments (on the right). B. Relative mobility versus nucleotide position for bent position
determination.

5. Conclusion
Here we discussed reports in the literature concerning the presence of intrinsically bent
DNA sites in regions of replication origins and the possible involvement of these sites in
replication function in both prokaryotic and eukaryotic organisms. We presented in silico
and in vitro structural analysis by specific software and electrophoresis mobility assays to
detect and analyze intrinsically bent DNA sites in regions of replication initiation. Recent
technologies for analyzing the relationship between and the binding of DNA and proteins
and nucleosome occupancy in the replication domains could be used in the future in
establishing the relationship among DNA secondary structure and sites of replication
initiation in specialized cells.
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1. Introduction

The replication of SV40 DNA and that of related viruses (polyoma, papilloma) have been
studied for several decades and we know a great deal about the molecules involved in this
process. However, there are two major gaps in our understanding of viral DNA replication.
First, in spite of a significant amount of structural information on the viral initiator proteins,
it’s not known exactly how the double stranded DNA is unwound at the origin. Second,
although we have known for many years which cellular proteins participate in this
reaction and what they do biochemically, we know next to nothing about how they work
together as a machine to initiate the replication of the DNA, elongate initiated chains and
terminate the process by making two covalently closed daughter circles. The intent of this
review is to consolidate the available information into working models of DNA
unwinding and replication.

2. The viruses and virus DNAs
The viruses in the polyoma and papilloma groups are unique in their mode of DNA
replication. However, these viruses serve as important models of how a circular DS DNA is
unwound and copied. The usefulness of these models is brought out by the fact that only
one or two viral proteins are involved in the DNA replication process; all other replication
factors come from the cell. It is therefore recognized that whatever function these cell factors
have in replicating viral DNA, it is likely that the same function is utilized by the host to
replicate its own DNA. These cellular proteins associate with each other and with the viral
initiator protein to make functional complexes, nanomachines in fact, that most likely also
form during the replication of cellular DNA. Importantly, these virus replication systems
have the advantages of being relatively simple, are easy to set up in vitro with purified
components and can work from a well characterized and easily recognized origin of
replication. These features are lacking in cellular replication systems. The viral assays have
allowed us to generate complex models of the interactions of a number of proteins with one
another and with the DNA to gain insights into mechanisms of replication. Since the
structures of many of these cellular proteins have been solved by X-ray crystallography, the
models are approaching an atomic understanding of events prior to and during initiation of
replication. A historical review of the SV40 DNA replication field and the many advantages
of this system are described by Fanning and Zhao (Fanning and Zhao 2009).
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Fig. 1. Genome of SV40. The early genes are shown on the left and the late genes on the
right. The origin of DNA replication is at the top.
The organization of genes in a typical polyomavirus (SV40) is shown in Fig. 1. The genome
is divided into two parts: an early region and a late region (Simmons 2000). These regions
are separated by the regulatory elements that include the origin of replication. Other
sequences in the regulatory region are the early and late promoters, an enhancer, and a site
(site I) used for repression of the early genes. The minimal origin is 64 bp long and is, by
itself, sufficient for T antigen-driven DNA replication in vitro. The early genes are expressed
shortly after infection. The early mRNAs are spliced differently to generate two main forms
of T antigen, large and small, although numerous other forms can also be made. At about 8
hr PI, sufficient quantities of T antigen accumulate to allow DNA replication to begin. At
about the same time, late transcription starts and gives rise to the agnoprotein, probably
necessary for virus spread, and the three structural proteins VP1, VP2 and VP3. Early
transcription continues late in infection but is down regulated when large T antigen binds
site I near the origin.

3. The origin of replication
The origin of replication is tripartite. In the center, also called site II (Fig. 2), are four GAGGC
pentanucleotides oriented as shown in Fig. 2 (Deb, DeLucia et al. 1986). Each pentanucleotide
is a binding site for one T antigen monomer. Binding to one pentanucleotide is inefficient but
the presence of multiple pentanucleotides permits cooperative interactions between T antigen
monomers and together, site II constitutes a very sequence-specific strong binding site
(Fanning 1992; Fanning and Knippers 1992; Bullock 1997; Simmons 2000; Fradet-Turcotte,
Vincent et al. 2007). On the “early” side of site II is a region known as the early palindrome
(EP) or inverted palindrome (IP). In fact, this region is not much of a palindrome, but it is
the region where melting of the DNA takes place early on (Borowiec and Hurwitz 1988). On
the “late” side of site II, there is a 17 bp AT rich stretch called the AT track. Structural
changes take place there as well (Dean and Hurwitz 1991). When a monomer T antigen
binds the origin, its origin binding domain (OBD) sits on a pentanucleotide and its helicase
domain sits on the EP region or on the AT track depending on which pentanucleotide is
bound (see Fig. 6) (Kim, Barbaro et al. 1999; Sreekumar, Prack et al. 2000; Reese, Sreekumar
et al. 2004) .
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Fig. 2. The SV40 origin of replication. The minimal (core) origin is 64 bp long (Deb, DeLucia
et al. 1986) and consists of three regions as shown. Auxiliary sequences that enhance
replication, especially in vivo, are on the left and right of the core origin.

4. Initiator proteins
T antigen encoded by the polyomaviruses or the E1/E2 proteins encoded by the
papillomaviruses are the only proteins needed from the virus for DNA replication. These
proteins are multifunctional and have activities dealing with virus replication and cell
transformation/immortalization. In this review, I will concentrate only on the SV40 T
antigen system. A domain map of this protein is shown in Fig. 3. Three regions of the
protein are important for virus and DNA replication: the J domain and associated linker
region (residues 1-131), the origin binding domain (residues 131-246) and the helicase
domain (residues 247-627). The C-terminal region (residues 628-708) has host type specific
functions but is not directly needed for DNA replication (Simmons 2000).
The structure of the J domain in association with a fragment of the retinoblastoma protein
(Rb) has been determined (Kim, Ahn et al. 2001). This region of the protein associates with
DNA K-like proteins such as HSP70 and this association is used to functionally alter
proteins such as Rb (Srinivasan, McClellan et al. 1997; Stubdal, Zalvide et al. 1997; Zalvide,
Stubdal et al. 1998; Sullivan and Pipas 2002). The function of this domain in virus DNA
replication is not clearly understood. In SV40, the J domain appears to be needed to support
DNA replication in vivo but not in vitro (Sawai, Rasmussen et al. 1994; Weisshart, Bradley et
al. 1996; Campbell, Mullane et al. 1997). Fragments of T antigen (such as 110-708) missing
the J domain support replication in vitro just fine (Weisshart, Bradley et al. 1996; Simmons,
Roy et al. 1998). However, mutants with changes in the J domain are replication defective in
monkey cells (Rutila, Imperiale et al. 1986). Binding of this region to cellular proteins,
including RPA and topo I (see below), may be more important in vivo.
The origin binding domain of T antigen has a critical role in initiating the replication
process. That domain interacts with the GAGGC pentanucleotides within site II in a
sequence specific way. The structure of the domain has been determined by NMR and X-ray
crystallography (Luo, Sanford et al. 1996; Bochkareva, Martynowski et al. 2006; Meinke,
Bullock et al. 2006; Meinke, Phelan et al. 2007). It has a spheroidal structure with two loops
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on one side (called A1 and B2) that make sequence specific contacts with at least 4 of the
base pairs at each pentanucleotide site. This domain can bind single-stranded DNA in
addition to double-stranded origin DNA (Reese, Meinke et al. 2006; Fradet-Turcotte, Vincent
et al. 2007; Foster and Simmons 2010; Meinke, Phelan et al. 2010). It also has the ability to
hexamerize into a lock-washer structure where there is a gap between the two terminal
domains (Fig. 4A) (Meinke, Bullock et al. 2006). It is reasonable to propose that the protein
engages the origin as a monomer or dimer attached to each of the four pentanucleotide sites
since all four pentanucleotides are needed for DNA replication (Deb, Tsui et al. 1987).
Subsequent events (see below) then occur to convert this domain into the lock washer
hexamer where it functions during DNA unwinding.

Fig. 3. Structural and functional domains of T antigen. The numbers correspond to the
amino acid sequences responsible for each activity.
The helicase domain is made up of three subdomains called D1, D2 and D3 (Li, Zhao et al.
2003). D1:D1 and D2:D2 interactions are critical for the helicase to hexamerize into a
functional helicase. When assembled as such, a center channel is created which is charged
and accommodates DNA (Fig. 4B). The helicase domain also contains an ATPase domain.
Various forms of the T antigen helicase domain have been crystallized including a
nucleotide free form, one containing ADP and one with ATP (Gai, Zhao et al. 2004). These
three forms are somewhat different from each other in overall dimensions, size of the inner
channel and relationship between monomers. In the nucleotide free form, the channel is
barely large enough to accommodate double stranded DNA but the other two forms are too
small and only single stranded DNA can fit. The latter two are similar in this respect to a
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structure of the BPV E1 helicase crystallized in association with single stranded DNA
(Enemark and Joshua-Tor 2006). The E1 structure shows that the central channel interacts
with single-stranded DNA through 6 β-hairpin loops making contacts with 6 successive
nucleotides in the DNA (Fig. 5). The proposed mechanism of helicase action from this
structure is that the terminal β-hairpin releases its nucleotide and through an allosteric
change associated with ATP hydrolysis, the hairpin extends and grabs a nucleotide 6
residues away. All the other β-hairpins move slightly but remain associated with their
nucleotide. In this way, the DNA is pulled into the hexameric channel.

Fig. 4. The origin binding domain and helicase domain assemble into functional hexamers.
(A) The crystal structures of hexameric SV40 OBD (Meinke, Bullock et al. 2006). (B) Front
and side views of the hexameric helicase domain (Li, Zhao et al. 2003).

Fig. 5. Structure of the central channel of BPV E1 associated with single-stranded DNA. 12 βhairpin residues highlighted in yellow (K506 and H507 on each monomer) are attached to
the backbone of 6 successive nucleotides of ssDNA (orange) lying within the E1 helicase
central channel. [Complete structure is from Enemark and Joshua-Tor (Enemark and JoshuaTor 2006)]. Most of the other residues have been cut away for clarity. Image generated by
VMD program (Humphrey, Dalke et al. 1996).
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The mechanism of helicase action is likely to be essentially the same for T antigen. In this
case, interactions with the phosphates as well as hydrophobic packing interactions appear to
be utilized to attach each nucleotide (Shen, Gai et al. 2005).
The structure of the complete T antigen is not known, but models can be generated from the
crystal structures of the three solved domains. These models should be consistent with the
imaging and biochemical data. In particular, it’s known that in the presence of a nucleotide,
T antigen assembles into a double hexamer that covers about 65 to 70 bp of DNA
(Mastrangelo, Hough et al. 1989; Gomez-Lorenzo, Valle et al. 2003; Reese, Sreekumar et al.
2004; Cuesta, Nunez-Ramirez et al. 2010). DNAse protection data show that the core origin
and flanking sequences are protected by the protein (Tjian 1978; Han and Hurley 1996). EM
imaging shows a similar relationship (Gomez-Lorenzo, Valle et al. 2003; Valle, Chen et al.
2006; Cuesta, Nunez-Ramirez et al. 2010). The other consideration is that the helicase
domain should be able to access the EP and AT regions, and at least initially, the OBDs
should be in contact with the recognition GAGGC sequences within site II (Kim, Barbaro et
al. 1999; Sreekumar, Prack et al. 2000; Reese, Sreekumar et al. 2004). Nevertheless, several
models can be drawn up and remain in agreement with most of the evidence. The
positioning of the J domain has been determined by cryo EM by comparing images with or
without this region (Cuesta, Nunez-Ramirez et al. 2010). It seems to lie on the surface of the
OBDs where it might be able to interact with cellular proteins. In fact, both RPA and topo I
make contacts there or in the neighboring linker region (see below).

5. Basic replication mechanism
Replication is divided into three phases: initiation, elongation and termination. Each one of
those steps depends on a particular set of cellular proteins in addition to T antigen. Initiation
requires replication protein A (RPA), DNA polymerase alpha/primase (pol/prim) and
topoisomerase I (topo I). Elongation requires, in addition, replication factor C (RFC), PCNA
and a processive polymerase (most likely pol delta). Termination needs topoisomerase II.
Other factors (RNase H and ligase) are needed to remove the RNA primers and seal the
resulting nicks.

6. Recognition and unwinding of the origin
In order to replicate the DNA, it must first be unwound. The resulting single strands then
act as templates for DNA synthesis. One of the major obstacles in the field is to understand
how sequence specific unwinding takes place from circular double stranded DNA. To
appreciate the nature of the problem, we first need to consider how T antigen engages the
origin. Since there are four pentanucleotide sequences in site II, it makes sense to postulate
that all four sites become occupied. Extensive mutagenesis of this region has shown that all
four pentanucleotides are not necessary for the formation of a double hexamer over the
origin. Two of them (pentas 1 and 3 or 2 and 4) will suffice (Joo, Kim et al. 1998; Sreekumar,
Prack et al. 2000), although pentas 1 and 3, which constitute one assembly site, are more
effective than pentas 2 and 4 in permitting double hexamers to form. However, unwinding
of the DNA (Dean, Borowiec et al. 1987) and its subsequent replication (Deb, Tsui et al. 1987)
are both completely dependent on all four pentanucleotides. Therefore, all four
pentanucleotides must be engaged with T antigen in order for unwinding and replication to
occur. It is unclear if only two pentanucleotides are used initially to allow the double

Initiation of DNA Replication from Closed Circular DNA

167

hexamer to form and the other two (2 and 4) get involved at a later stage in preparation for
unwinding. It might be difficult for two T antigen monomers to make sequence specific
contacts with the DNA when they are present within a double hexamer since the origin
binding domain is known to change orientation when it hexamerizes (Meinke, Bullock et al.
2006). It is somewhat more appealing to assume that all four sites are occupied at the outset
(Fig. 6). These four monomers then quickly and effectively recruit additional monomers
which become rearranged to form two hexamers. There is some evidence that the hexamer
over the EP region (early side of origin) forms first (Parsons, Stenger et al. 1991), followed
by the second hexamer on the late side. However, kinetic studies (Junfang Jiao,
unpublished results) have demonstrated that the double hexamer forms very quickly
(within one minute).

Fig. 6. Proposed model of DNA unwinding from the origin. The model is based on multiple
data. Monomers attach first to the pentanucleotides at the origin, additional monomers are
recruited to make an intermediate and then two hexamers form. The OBDs in the center
undergo displacement to the surface of the helicase domains permitting the helicases to
move in closer to the center (collapse reaction). After the center of the origin is unwound,
the OBD hexamers form again and the DNA becomes threaded as shown in the top right.
The hexamers then become attached to one another as shown in Fig. 8.
What is the actual structure of the double hexamers? In the presence of ATP, there is no
question that single stranded DNA occupies the entire molecule (Borowiec, Dean et al. 1990;
Valle, Gruss et al. 2000; VanLoock, Alexandrov et al. 2002; Gomez-Lorenzo, Valle et al. 2003;
Valle, Chen et al. 2006; Cuesta, Nunez-Ramirez et al. 2010). However, in the presence of
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ADP or a non-hydrolyzable ATP analogue, double hexamers still form (Borowiec and
Hurwitz 1988) and these structures have the ability to melt about 8 bp of DNA at the “early”
side of the EP region (Borowiec and Hurwitz 1988). The AT track is either unchanged or
perhaps becomes partially untwisted (Borowiec and Hurwitz 1988; Borowiec, Dean et al.
1991) and straightened (Han and Hurley 1996). However, complete untwisting of the AT
track depends on ATP (Borowiec and Hurwitz 1988). Therefore, in the absence of a usable
energy source, most of the origin DNA remains double stranded within the double
hexamer. It is therefore most likely that the double hexamer can accommodate double
stranded DNA through most if not all of its length (Cuesta, Nunez-Ramirez et al. 2010). If
this is the case, then there are at least two ways in which one strand could be moved to the
surface of the helicase. The first possibility is that there is a major reorganization of the
hexamer structure such that a DNA strand slips through between adjacent monomers in
each hexamer and positions itself on the outside. The other mechanism involves breakage of
a DNA strand, rethreading to the outside and religation of the strand. There is no
experimental evidence whatsoever for the second case but there is some evidence for the
first. Within the large tier of the helicase (Li, Zhao et al. 2003), there are six “hydrophilic
channels” that separate individual monomers from one another and the displaced strand
would have to go through one of them. Mutagenesis of each hydrophilic residue in this
channel, not including the ones involved in monomer to monomer contacts, shows that
nearly all of them are needed for origin unwinding (Wang, Manna et al. 2007). Importantly,
a number of these mutants are not compromised in helicase activity indicating that these
channels are needed specifically for unwinding of the origin.
Mutagenesis of certain residues of the OBD (Foster and Simmons 2010) shows that four
amino acids placed close to the gap on one monomer form a trough that can allow singlestranded DNA to go through. One interpretation of the data is that the four residues in
question participate in the threading of the single stranded DNA to the outside of the
complex. Because single stranded DNA binding proteins relieve the mutants’ defect, it’s
appealing to think that these residues are normally used to prevent back sliding of the single
strand during unwinding. This model is shown in Fig. 7.The active form of the helicase is
the double hexamer (Alexandrov, Botchan et al. 2002). Threading of single-stranded DNA
through the double hexamer complex is of special interest because it allows us to consider
how the strand on the surface of the hexamer becomes positioned so that it can be captured
by the DNA polymerase for copying. Although we are still some distance from an actual
structure, we can make several educated guesses based on the available evidence. First, the
two strands of DNA may be separated just before one strand is pulled into the hexamer by
the actions of the helicase. The other strand then surrounds the helicase and modeling
shows that the OBD hexamer can be placed fairly closely to the small tier of the helicase so
that it seems unlikely that the strand reenters the double hexamer between the helicase and
OBD. On the other hand, both modeling and EM images of double hexamers of T antigen
associated with origin DNA (Gomez-Lorenzo, Valle et al. 2003; Valle, Chen et al. 2006;
Cuesta, Nunez-Ramirez et al. 2010) demonstrate that there are two significant holes between
the two hexamers. These holes are made when two lock washer OBD hexamers are attached
head to head. The placement of monomer OBDs in each hexamer prevents the two hexamers
from coming too close to one another and two holes are generated. These holes are certainly
large enough to accommodate single-stranded DNA and it makes sense to propose that the
DNA reenters the structure there. One of several possible threading models, consistent with
most of the data, is shown in Fig. 8.
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Fig. 7. Model of DNA threading through a hexamer. One strand of DNA (white) is shown to
pass within the central channel of the helicase domain and partially through the channel of
the OBD lock washer. There, it bends, passes very close to four residues (green) in one OBD
monomer and exits the hexamer.

Fig. 8. 2 dimensional projection of an actual 3D model of the threading of single-stranded
DNA through a double hexamer of T antigen. The DNA strands are shown in green. Each
strand goes through the channel of one hexamer, emerges at the junction between hexamers
and surrounds the other hexamer.
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A slightly different model of DNA threading was originally proposed by Li et al (Li, Zhao et
al. 2003) and Shen et al (Shen, Gai et al. 2005) and more recently by Cuesta (Cuesta, NunezRamirez et al. 2010). They suggest that the β-hairpin structure is the point at which the two
strands separate. At that point, one strand would continue to go through the central channel
of the hexamer, the other would bend and become threaded through a side channel that
exists between the two subdomains of the helicase. This is shown in Fig. 9. There is no direct
evidence for either possibility, however. This latter mode of DNA threading appears to be at
odds with footprinting data that shows that the DNA in the flanking regions (outside of site
II) is accessible to the SSDNA reacting probe phenanthroline copper (Joo, Kim et al. 1998). In
either case, a major reorganization of the hexamer structure would be required to transition
one strand from the center of the channel to the side channel or to the outside of the helicase.
This might be quite tricky for the model shown in Fig. 9. In the absence of strand breaks, one
strand would have to move out through a space opened up by two neighboring helicases
and then slide into the side channel, which would involve some impressive molecular
gymnastics. In the model shown in Fig. 8, each strand would move towards the surface of
the helicase altogether. This is the model that is used in the rest of this discussion.

Fig. 9. Model of double stranded DNA (left) entering back end of helicase hexamer (ADP
bound form) and separating at β-hairpins with one strand continuing into central channel
(right) and the other threading through a side channel (bottom). The DNA is in pink, and
four of the 6 His 513 residues in β-hairpin are highlighted in yellow. Some of the surface
residues have been cut away for clarity.
Although there is still a large gap in our understanding of how T antigen becomes a double
hexamer with single-stranded DNA going through it, the general features of this structure
are fairly well accepted in the field. As shown in Fig. 8, all DNA is single-stranded.
Therefore, if this were origin DNA, the center of the origin would also be completely
denatured. The difficulty is that there is no obvious way for T antigen to unwind the center
of the origin. When the double hexamer first forms, the helicase domains are most likely
positioned over the EP and AT regions (Kim, Barbaro et al. 1999; Reese, Sreekumar et al.
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2004) where they induce structural distortion. Since T antigen is a 3’ to 5’ helicase, the 3’ end
of the strand that lies within the channel faces the center of the origin. Helicase activity
would have to take place from the EP and AT regions OUTWARDS. The helicase has no
apparent way to access the center of the origin in order to unwind it.
Evidence that the helicase does in fact structurally distort and unwind the center of the
origin (mostly site II) exists. While WT T antigen can specifically unwind short substrate
DNAs containing primarily site II, mutants with single substitutions in the helicase
domain cannot (Wang and Simmons 2009). These mutants are structurally normal, have
normal helicase activity, form double hexamers with origin DNA and bind to a variety of
DNA substrates normally. Their defect appears to be primarily an inability to unwind
origin DNA and, as a consequence, they are totally defective at DNA replication. It makes
complete sense to presume, therefore, that helicase domain actively unwinds these short
origin DNAs. However, modeling shows that in the context of a double hexamer, the ends
of the DNA are far removed from the β-hairpins of the helicase domains. As shown in Fig.
10A, there is no way for the helicase domain to gain access to the ends of the DNA. Other
data support the idea that a major structural change takes place in T antigen to unwind
the center of the origin. First, Borowiec (Borowiec and Hurwitz 1988) showed that in the
presence of ATP, the center of the origin becomes structurally distorted. Second, analysis
of the unwinding of various mutant DNA substrates (Wang and Simmons 2009)
demonstrated that pentanucleotides 1 and 4 are the most important for the unwinding of
small origin DNAs. One way to solve this problem is to assume that the helicase domains
are permitted to move into the center of the origin. The only way in which this could
be done is by displacing the OBDs and relocating them to the surface of the helicase. The
link between the OBD and helicase domain is a long flexible region that could easily be
used to move the OBD some distance. Modeling shows that once the OBDs are displaced,
the helicase domains could move close enough together so that the ends of these small
DNAs can overlap with the β-hairpins (Fig. 10B). This proposed reaction is called
“collapse”. During collapse, the helicase would have to move 5’ to 3’ relative to the single
stranded DNA within the channel. Although T antigen is primarily a 3’ to 5’ helicase,
it does have a small amount of 5’ to 3’ activity (Goetz, Dean et al. 1988; Wiekowski,
Schwarz et al. 1988).
The idea is also supported by what happens during unwinding of papilloma virus DNA.
There, two initiator proteins are used: E1 the helicase and E2 which serves as the origin
recognition protein. It has been pretty well documented that E2 binds the origin first,
recruits E1 and when E1 assembles into a double hexamer, E2 is displaced and is no
longer used (Sedman and Stenlund 1995; Sanders and Stenlund 2000). The situation is
analogous to the collapse reaction for T antigen, but because the OBD and helicase are
part of the same protein, the OBD can’t leave altogether. Our model (Fig. 6) is that the
collapse reaction occurs after the EP and AT regions are structurally distorted and this
permits the helicase domains to move into the center of the origin where they melt all but
about 15 bp. After collapse, the DNA would start moving the other (normal) direction
relative to the helicases and the OBDs might very well reform their hexameric structures.
The very center of the origin could become melted as the OBDs rehexamerize allowing
only one strand to become threaded through the center of the hexamer (last image in Fig.
6). Simultaneously, the two hexamers would orient towards each other head to head,
perhaps as illustrated in Fig. 8.
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Fig. 10. (A) Modeling of a 29 bp length of DNA in the center of a double hexamer with the
OBD lock washers facing each other head to head. In this model, the ends of the DNA are
some distance away from the β-hairpins of the helicase domains (close up on right). (B) The
OBD lock washers have been removed and the helicase domains have been relocated closer
to one another. A pair of OBDs (Bochkareva, Martynowski et al. 2006; Meinke, Phelan et al.
2007) is shown on the surface of the helicases. In this structure, the β-hairpins are close to the
ends of the DNA (right).
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7. Initiation of DNA synthesis
Three cellular proteins are needed for efficient initiation of new chains. Although RPA
and pol/prim are absolutely essential for DNA synthesis (Simmons 2000), some DNA
synthesis can take place in vitro in the absence of topo I (Simmons, Trowbridge et al.
1998). However, topo I stimulates replication by up to 10-folds (Trowbridge, Roy et al.
1999). This observation holds for assays performed with crude cell extracts depleted of
topo I as well as for in vitro assays with purified proteins. Topo I is needed for the
efficient formation of completed form I DNA molecules as well as for the formation of
replicative intermediates (Trowbridge, Roy et al. 1999). The cellular enzyme is needed
from the beginning of DNA synthesis and is most likely a component of the replication
initiation machine (Halmer, Vestner et al. 1998; Trowbridge, Roy et al. 1999). This was
demonstrated in a number of ways, but the most convincing was that reactions started
with catalytically inactive mutants of topo I could not be rescued by the later addition of
WT topo I suggesting that once topo I becomes incorporated into the initiation complex, it
cannot be substituted by soluble enzyme. The enzyme is therefore not merely one that is
needed for the relaxation of torsionally strained DNA, but is an integral component of the
replication complex, and this applies to the physiologically relevant chromatin state as
well (Halmer, Vestner et al. 1998).
The order in which the three cellular proteins are recruited to the initiation complex has
been studied (Simmons, Gai et al. 2004). In the presence of pol/prim, topo I binds first
followed by RPA. Pol/prim was not detected in the complex probably because it has a
fleeting association. Of the three cellular proteins, we know the most about how topo I is
recruited to the replication machine.

8. Association of topo I with the initiation complex
There are two independent binding sites on T antigen for topo I (Simmons, Melendy et al.
1996; Roy, Trowbridge et al. 2003), one located near the C-terminal end between residues
550 and 627 and another near the N-terminal end between residues 99 to 161. The way in
which topo I is recruited to T antigen at the C-terminal binding site is reasonably well
understood. The binding site consists of a patch of 6 residues on the “back” side of the
helicase (Khopde and Simmons 2008) (Fig. 11). Only double hexamers associated with DNA
can recruit topo I (Gai, Roy et al. 2000). Single hexamers and intermediate structures are
inactive. The stoichiometry of topo I to T antigen in the double hexamer is very close to 1:6
(Gai, Roy et al. 2000; Simmons, Gai et al. 2004), that is, one molecule of topo I per hexamer. It
has been demonstrated that DNA flanking the core origin on both sides is necessary for
efficient recruitment of topo I (Gai, Roy et al. 2000). The most obvious mechanism of topo I
recruitment is therefore that one molecule first binds to the DNA on each side of the origin.
Each enzyme then slides over and when it encounters a binding site on one of the helicase
subunits, it “snaps” into place. This model (Fig. 12) explains all of the binding data as well
as the known stoichiometry. Interestingly, given the predicted structure of the helicase-topo
I complex (Khopde and Simmons 2008), DNA going through the center of topo I would
have to bend around by about 165°. The idea then is that double-stranded DNA would
thread through the topo I molecule, severely bend, and then separate just before entering
the “back” of the helicase with one strand funneled through the central channel and the
other delivered to the outside of the helicase (Fig. 12).
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Fig. 11. (A) Structure of the “back” end of the hexameric helicase (Khopde and Simmons
2008) showing a patch of 6 residues that most likely contact topo I. (B) A close up of one of
the monomers.

Fig. 12. Model of a T antigen hexamer with DNA threaded as shown in Fig. 8. Topo I (cyan)
is shown associated with one of the T antigen helicase monomers through the six residues
shown in Fig. 11. The predicted structure shows that double stranded DNA (in green and
blue) going through topo I would have to bend before entering the back of the helicase with
one strand going through the center channel and one strand going around the helicase
domains.
Associated in this way, topo I would be in a perfect position to relax the DNA just before the
DNA strands are separated by the helicase. Surprisingly, this is not its function. If this were
the case, topo I binding defective mutants would be expected to be compromised in their
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ability to unwind a circular DNA molecule in the presence of topo I. Khopde et al (Khopde,
Roy et al. 2008) showed that all of these mutants are perfectly normal in DNA unwinding.
What could the function of the bound topo I be? Since topo I stimulates DNA replication
and is needed from the point of initiation, it makes sense to hypothesize that it is needed for
activating or recruiting the polymerase. This was confirmed when it was shown that topo I
stimulates pol/prim to synthesize about 6 to 7 times as much RNA-DNA primer (Khopde,
Roy et al. 2008). These primers are made by the primase and polymerase activities of
pol/prim and are about 36 nucleotides long (Bullock, Seo et al. 1991; Bullock, Tevosian et al.
1994). The most obvious way topo I could stimulate pol/prim is by directly communicating
with the polymerase during initiation. At this time, however, there is no evidence that these
two proteins can interact with one another.
The function of the topo I binding site near the N-terminal end of T antigen is not well
understood. Mutagenesis of this region (unpublished results) has shown that it shares many
of the same features as the C-terminal binding site. Mutants that are topo I binding defective
cannot support DNA replication normally, although the effects are not quite as dramatic as
they are for mutants with substitutions at the C-terminal region. Nevertheless, the data are
convincing that both sites are needed for efficient DNA replication. If true, the stoichiometry
of topo I to T antigen in the initiation complex should be 2 per hexamer, which is double the
observed ratio (Gai, Roy et al. 2000; Simmons, Gai et al. 2004). There are several possible
solutions to this dilemma. One is that the same topo I flips back and forth between its two
binding sites (the same molecule cannot bind to both sites at once). In principle, this may be
possible but it seems unlikely. Two, it’s possible that binding to one site or the other is only
transiently needed and no stable complex forms. For example, it’s possible that the binding
to the N-terminal site is only needed in the “collapsed” state described above. Since this
structure is most likely very fleeting, a stable association of topo I at this site in the context of
a preinitiation complex would not occur. Three, it’s possible that the stoichiometry
measured previously reflects that of a preinitiation complex, that is one that hasn’t actually
fired the origin and that initiation depends on another molecule of topo I binding each
hexamer. At this time, it’s not possible to clearly differentiate between these latter two
choices.

9. Association of RPA with the initiation complex
RPA is a single-stranded DNA binding protein that is essential for SV40 DNA replication
(Simmons 2000). The binding site for RPA on T antigen has been mapped to part of the
origin binding domain, including residues 170-190, (Weisshart, Taneja et al. 1998;
Arunkumar, Klimovich et al. 2005) and to the J domain (residues 79 to 97) (unpublished
results). An NMR structure of the RPA 32 subunit bound to the OBD has been obtained and
the contact sites on T antigen for this RPA subunit are near the C-terminal end of the
domain (residues 240 to 260) (Arunkumar, Klimovich et al. 2005). The structure of part of
RPA70 associated with single-stranded DNA has been determined (Bochkarev, Pfuetzner et
al. 1997) but it is not known where exactly it binds to T antigen. There are probably a
number of sites of interactions between the two proteins. RPA stimulates the DNA
unwinding activity of T antigen (Iftode and Borowiec 1997) and an interaction with T
antigen appears to be necessary for DNA replication (Weisshart, Taneja et al. 1998);
(Melendy and Stillman 1993). The binding of RPA70 to the T antigen DNA binding domain
stimulates the association of RPA with the emerging single stranded DNA during DNA
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replication (Jiang, Klimovich et al. 2006). Given the known sites of interaction between T
antigen and RPA, it is possible to construct several models that fit the data. Fig. 13 shows
one such model. Only RPA70 associated with single-stranded DNA is included in the model
and this protein is shown to interact with the OBD as well as with the J domain. How RPA32
and RPA 13 would fit in this structure is nearly impossible to predict based on available
structures.

Fig. 13. One possible way in which RPA could associate with a double hexamer. RPA is
shown to make contacts with the origin binding domain and with the J domain (mauve).
Importantly, the single-strand shown to be emerging from the right hexamer becomes
threaded through RPA (yellow). Another RPA molecule (not shown) would be associated
with the light blue DNA strand at the bottom.
RPA is known to interact with pol/prim as well (Dornreiter, Erdile et al. 1992; Nasheuer,
von Winkler et al. 1992; Braun, Lao et al. 1997). Its interaction with the polymerase complex
most likely explains its ability to activate the polymerase during DNA synthesis (Wold
1997). The site on RPA 70K responsible for activating polymerase activity corresponds to the
region involved in binding (Braun, Lao et al. 1997; Jacobs, Lipton et al. 1999). Given the
critical nature of RPA in DNA synthesis, it makes perfect sense to assume that, in the
initiation complex, the polymerase associates with the bound RPA and with T antigen at the
same time (see below). The polymerase complex is a huge enzyme, more than two thirds
the size of a T antigen hexamer. Its structure is not known, although the structure of the
heterodimeric yeast pol alpha has been determined (Klinge, Nunez-Ramirez et al. 2009). The
human enzyme has been shown to bind T antigen (Dornreiter, Hoss et al. 1990; Collins and
Kelly 1991; Collins, Russo et al. 1993; Dornreiter, Copeland et al. 1993) and this interaction is
needed for DNA replication (Taneja, Boche et al. 2007); (Huang, Zhao et al. 2010). Given its
size, it might very well cover a substantial part of a hexamer. Nevertheless, these results, in
summation, indicate that the “business” end of the T antigen hexamer is near the N-terminal
end. This idea actually fits in quite nicely with where the single-stranded DNA is likely to
emerge from the double hexamer (Fig.7). We could postulate that this same strand might be
captured by an RPA molecule [stoichiometry in double hexamer preinitiation complex is the
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same as topo I (Simmons, Gai et al. 2004)] and therefore thread into RPA as it emerges from
the holes in the middle of the double hexamer. The polymerase might sit “behind” RPA and
the DNA could thread into it as well. The threaded single stranded DNA would then be
copied to make the RNA-DNA primer. This primer consists of about 7 nucleotides of RNA
and 25-30 nucleotides of DNA (Bullock, Seo et al. 1991; Bullock, Tevosian et al. 1994).
An association between RPA and topo I has also been detected (Khopde, Roy et al. 2008).
Since RPA binds to the N-terminal end of T antigen and topo I does as well, it is possible
that all three proteins interact with one another there. A possible model incorporating these
data is shown in Fig. 14.

Fig. 14. Model of double hexamer with bound RPA and topo I associated with the Nterminal binding site on T antigen. Topo I binds primarily to the hinge region between the J
domain and origin binding domain. In this orientation, topo I is likely to make contacts with
RPA as well as with T antigen.

10. Overall mechanism of initiation
Taking all the data into accounting, we have come up with a model (Fig. 15) for how the
replication machine forms and works to replicate the DNA. First, a double hexamer of
T antigen forms over the origin as described above and shown in Fig. 6. The DNA is initially
embedded in the channels of the OBD and helicase hexamers, mostly in double stranded
form (structure 1). The only exception is probably at the EP region where about
8 nucleotides are single-stranded. How the two DNA strands of that region are threaded
through the helicase is of immense interest because this information should tell us
the detailed mechanism of unwinding from the origin. One possibility is that one strand
is associated with the 6 β-hairpins in the center of the hexameric helicase and the other
strand is threaded in a different place of the helicase. This place could be one of the side
channels, but modeling suggests instead that the second strand is in one of the hydrophilic
channels opened up after two monomers become separated from each other. The AT track is
probably initially double stranded but untwisted (Borowiec, Dean et al. 1991; Dean and
Hurwitz 1991), so all of that region may fit into the channel of the other hexamer. After
collapse and strand separation, one strand gets displaced to the surface of the helicase
(structure 2). Topo I then binds, first to the DNA on both sides of the origin then snaps into
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Fig. 15. Model of initiation of DNA synthesis from SV40 DNA. (see text)
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place when it meets one of the six binding sites on the “back” end of each hexameric helicase
(structure 3). The DNA bends severely before it enters the helicase. RPA is recruited next
although it’s not known at what point pol/prim becomes associated with the complex. In
this model, we show RPA and pol/prim binding together (structure 4). The RPA molecule is
shown to bind to its site near the N-terminal end of T antigen. In order for topo I to
stimulate the polymerase to synthesize the RNA/DNA primer as described above, we can
assume that pol/prim will attach to the complex via interactions with topo I as well as with
T antigen and with RPA. All of these interactions appear to be essential for efficient
synthesis of DNA. In this way, pol/prim is now activated and can begin the synthesis of the
RNA primer (red, structure 5) followed by DNA (yellow, structure 6). During this whole
time, from the time structure 2 is formed, DNA is being pulled into the complex from both
sides, and consequently, the single-stranded DNA loops get larger and larger. However, the
polymerase probably quickly copies each strand at a particular site leaving single-stranded
DNA only on the “back” side of the reaction (Fig. 16, structure 7).

11. Elongation reaction and synthesis of Okazaki fragments
Pol/prim is replaced with the processive polymerase after it has finished making the initial
primer. This elongation reaction has been well characterized (Simmons 2000). Presumably,
pol/prim is displaced when RFC, the clamp loader, or an RFC-PCNA (clamp) complex
attaches to the DNA at the primer/template boundary (Ellison and Stillman 1998). Pol delta
(Melendy and Stillman 1991; Tsurimoto and Stillman 1991) binds and processively copies
the template to make the leading strands on both sides (structures 7-9) (Fig. 16). Behind the
first primers, single-stranded DNA accumulates as the helicase separates the parental
strands. This DNA is copied discontinuously into 200 nucleotide Okazaki sized segments.
Each one is made when another complex of topo I, RPA and pol/prim associate with the
template (structure 9). Pol/prim synthesizes only a short RNA/DNA primer as it did at
first, and the elongation machinery takes over to make the remainder of the Okazaki
fragment. In this way, about half of each strand is copied continuously from the point of
initiation and the other half of each strand is copied discontinuously behind the point of
initiation as described above (Fig. 17). Termination of DNA synthesis and separation of the
two daughter strands require the action of topoisomerase II. Completion of each strand
requires, in addition, repair enzymes such as RNase H and DNA ligase.

12. Remaining questions
The model described above does not consider the participation of topo I at the N-terminal
side of T antigen. This is still a remaining question. The various possible explanations for
this were described above. It’s not understood how topo I stimulates pol/prim to make an
RNA/DNA primer. Does it just recruit the enzyme? The other major question is the exact
way in which the double-stranded DNA becomes denatured and threaded through the
double hexamer complex. Insights into this process probably will require the determination
of additional T antigen-DNA structures. Another major gap in our knowledge is the
interaction between the initiation and elongation machinery. Does the elongation machinery
attach to T antigen? If so, where? It is thought that RPA is required for elongation as well as
initiation. What is the connection between the RPA molecule that is used in initiation, those
involved in coating the single-stranded DNA molecules and the molecules needed for
elongation? Finally, how do these protein complexes dissociate from the DNA at
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Fig. 16. Model of elongation reaction. After pol/prim has finished making an RNA-DNA
primer from each strand, the enzyme is displaced and replaced by a complex of RFC-PCNApol δ. This complex extends the primer (DNA is shown in yellow). As single-stranded DNA
accumulates “behind” the first primer, it becomes associated with a new initiation complex
which synthesizes another primer. This machinery is again replaced by an elongation
complex to complete the synthesis of each Okazaki fragment.
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Fig. 17. Duplication of circular SV40 DNA. A double hexamer complex assembles over the
origin, unwinds it and cellular proteins copy each strand as described in the text. Each
strand is copied continuously and discontinuously.
termination? If either of the threading models in Fig. 9 and 10 is correct, the hexamers would
have be disrupted in order for the DNA to be unraveled. A related question is how the last
bit of DNA gets replicated. Is it through a repair process?
Although we have made significant progress in our understanding of the mechanism of
virus DNA replication, we are still a long way from understanding these steps at the atomic
level. This must be our eventual goal. Additional structural and biochemical information
will have to be used to complete this difficult task.
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1. Introduction
DNA replication takes place during S phase (Kornberg & Baker, 1992). In eukaryotic cells,
DNA replication is performed through the concerned action of plural DNA polymerases
with their accessory proteins (Wang, 1991; Hübscher et al., 2002; Burgers, 2009). Eukaryotic
cells contain three replicative DNA polymerases, named DNA polymerases α, δ, and ε,
mitochondrial DNA polymerase γ, and at least 12 non-replicative DNA polymerases, named
DNA polymerases β, ζ, η, θ, ι, κ, λ, μ, and ν, terminal deoxynucleotidyl transferase (TdT),
and Rev1 (Hübscher et al., 2002; Livneh et al., 2010). DNA replication progresses according
to the catalytic activity of three replicative DNA polymerases (pol-) α, δ, and ε,
cooperatively (Burgers, 2009). Pol-α is necessary for the onset of DNA synthesis, which
synthesizes RNA-DNA primer in both leading and lagging strands (Wang, 1991; Hübscher
et al., 2002; Burgers, 2009). Pol-δ is probably involved in the synthesis of Okazaki fragment
in the lagging strand, and pol-ε is thought to synthesize long DNA strand in the leading
strand (Pavlov et al., 2006a; Pavlov et al., 2006b; Pursell et al., 2007) (Fig. 1).
Pol-α is the first eukaryotic DNA polymerase ever discovered (Bollum, 1960). Its complex
type with DNA primase (pol-α-primase complex) is the only DNA polymerase that can
initiate DNA synthesis de novo. Therefore, pol-α is an important enzyme for cell survival
(Murakami et al., 1985; Budd & Campbell, 1987; Takada-Takayama et al., 1991). Pol-αprimase complex comprises four subunits, each of which is highly conserved in eukaryotes
from yeast to human (Wang, 1991). The function of this ‘classical’ DNA polymerase at DNA
replication reaction has been well established. Primase is an RNA polymerase. It is able to
synthesize RNA primer, following DNA synthesis by the catalytic subunit of pol-α. Almost
all DNA replication researchers consider its role in DNA replication reaction as a mere
‘initiator’ of DNA chain elongation. Nevertheless, several recent examinations of this
‘classical’ DNA polymerase have revealed its heretofore unknown but important roles in
DNA replication. They have revealed a link between DNA replication and other cellular
dynamism, in addition to advancing the evolution of eukarya. According to this recent
progress, I describe several topics related to eukaryotic pol-α in this chapter, not only as an
‘initiator’, but also as a ‘key regulator’.
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Fig. 1. Typical model of eukaryotic DNA replication fork.

2. Structure of pol-α-primase complex
In 1960, pol-α became the first discovered eukaryotic DNA polymerase from calf thymus
(Bollum, 1960). Eukaryotic pol-α was found to be tightly associated with DNA primase
(Yagura et al., 1982; Yagura et al., 1983; Frick & Richardson, 2001). Now pol-α has been
purified as a multisubunit complex that is tightly associated with DNA primase activity
from various eukaryotic cells and tissues, the so-called pol-α-primase complex (Wang, 1991;
Frick & Richardson, 2001; Hübscher et al., 2002).
Pol-α-primase complex comprises four subunits: p180 (in mouse and human), the largest
subunit associated with catalytic polymerase activity; p68 (in mouse and human) and p54
(in mouse, p58 in human), the second-largest and third-largest subunits whose function has
been investigated to date; and p46 (in mouse, p48 in human), a primase subunit (Miyazawa
et al., 1993). Subunit compositions of pol-α-primase complex in each typical organism are
presented in Table 1.
In calf, pol-α-primase complex can be immunopurified from calf thymus using anti-pol-α
monoclonal antibody SJK287-38 or MT-17 (Nasheuer & Grosse, 1987; Tamai et al., 1988;
Takemura et al., 1997). Purified calf pol-α comprises at least 3 or 4 subunits (Nasheuer &
Grosse, 1987; Tamai et al., 1988; Takemura et al., 1997). Reportedly, the immunopurified calf
thymus pol-α-primase complex using monoclonal antibody SJK287-38 has 148-180, 73, 59,
and 48 kDa subunits (Nasheuer & Grosse, 1987). However, Tamai et al. reported that the
immunopurified calf pol-α-primase complex using MT-17 consists of at least three subunits,
which have 140, 50, and 47 kDa, respectively (Tamai et al., 1988). It was also reported that
the immunopurified pol-α-primase complex using MT-17 from calf thymus had 4 subunits
with 140, 73, 50, and 47 kDa (Takemura et al., 1997), corresponding with the subunit
composition in human and mouse (Mizuno et al., 1999; see also Mizuno’s chapter).
The subunits of pol-α-primase complex in the yeast Saccharomyces cerevisiae are 167, 79,
62, and 48 kDa polypeptides (Hübscher et al., 2002; Biswas et al., 2003). The pol-α-primase
complex from Drosophila melanogaster consists of 182, 73, 60, and 50 kDa subunits (Kaguni
et al., 1983; Cotterill et al., 1987). The estimated roles of each subunit of pol-α is summarized
in Fig. 2.
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Catalytic
subunit
2nd-largest
subunit
3rd-largest
subunit
Primase
subunit
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Human

Mouse

Calf

Fly

Budding yeast

Fission yeast

180

180

140

182

167

170

68

68

73

73

79

66

58

54

50

60

62

55

48

46

47

50

48

45

Table 1. Subunit compositions (kDa) of pol-α-primase complex in six organisms.

Fig. 2. The estimated roles of each subunit.
Catalytic subunit of pol-α is thought to bind several carbohydrate chains. Reportedly,
several lectins such as Concanavalin A bound human catalytic subunit of pol-α (p180), and
that ricin from castor beans bound and inhibited pol-α, suggesting that the p180 subunit has
carbohydrate chains recognized by these lectins (Bhattacharya et al., 1979; Hsi et al., 1990).
Because tunicamycin, which inhibits the glycosylation of protein, has been reported to
decrease the activity of pol-α (Bhattacharya & Basu, 1982), it is suggested that the
carbohydrate chain on pol-α is important for its activity. However, the detailed roles of
carbohydrate chains on p180 subunit have not been elucidated to date.
In the p180 catalytic subunit, three separate domains were identified: an N-terminal domain
(amino acids 1–329), a central domain (amino acids 330–1279), and a C-terminal domain
(amino acids 1235–1465) (Hübscher et al., 2002). Immunohistochemical analysis using
several mutant subunits whose abilities of interaction with other subunits were absent has
revealed the mechanism of the subunit assembly, domain structure, and stepwise formation
of pol-α-primase complex at the cellular level (Mizuno et al. 1999). The N-terminal domain
is thought to be involved in the catalytic activity and the assembly of tetrameric complex,
but the detailed roles have not been elucidated. The central domain contains conserved
regions among B-family DNA polymerases, which are responsible for dNTP binding,
template DNA binding, and the catalytic activity forming a phosphodiester bond (Hübscher
et al., 2002). The C-terminal domain was thought to be necessary for its interaction with both
p68 subunit and p54/p46 primase subunits (Mizuno et al., 1998; Mizuno et al., 1999) (see
also Mizuno’s chapter). Recently, the 3D architecture of Saccharomyces cerevisiae pol-α was
constructed (Klinge et al., 2009). According to this architecture, the combination between
X-ray crystallography and electron microscopy revealed the structural properties of the
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subunit interaction, especially between p180 and p68 subunit. It was revealed that the Cterminal domain of the catalytic subunit of yeast pol-α contains two C4 zinc-binding motifs
and interacts with the second-largest subunit through the α2 helix (Klinge et al., 2009;
Johansson & MacNeil, 2010).
Although the tetrameric complex of pol-α-primase is apparently tightly formed, it has some
flexibility. As described above, calf thymus pol-α-primase complex is sometimes purified in
the trimeric complex, which lacks the second-largest subunit (Tamai et al., 1988). In the case
of the tetrameric complex purified, the amounts of the second-largest subunit are sometimes
lower than those of other subunits (Nasheuer & Grosse, 1987; Takemura et al., 1997). It is
particularly interesting that Mizuno et al. found that there are many ‘free’ second-largest
(p68) subunit in COS-1 cells, in addition to that in tetrameric pol-α-primase complex
(Mizuno et al., 1999). In Coprinus cinereus, one basidiomycete, pol-α-primase complex has
been reported to dissociate, and the catalytic subunit (p135 in Coprinus cinereus) has been
reported to be purified detached from other subunits during meiosis (Sawado & Sakaguchi,
1997; Namekawa et al., 2003). These findings suggest that pol-α-primase complex tightly
forms in the DNA replication initiation step at the replication fork, and dissociates in other
phases or function, before or after DNA replication reaction.

3. Function of pol-α in DNA replication initiation
According to the current models, the pol-α-primase complex initiates RNA/DNA primer
synthesis on both leading and lagging strands (Waga & Stillman, 1998; Burgers 2009). The
primase subunit of the complex synthesizes RNA primer with subsequent short DNA
primer synthesis by the catalytic subunit of the complex. In one putative model, pol-α is
switched to another processive pol-ε on the leading strand, and to pol-δ for complete
Okazaki fragment synthesis on the lagging strand.
Pol-δ and pol-ε catalytic subunits are known to both contain a 3’-5’ proofreading
exonuclease domain. Therefore, they have 3’-5’ exonuclease activity, otherwise pol-α
catalytic subunit has no intrinsic exonuclease activity (Shevelev & Hübscher, 2002), except
for the study of Drosophila melanogaster and recombinant Saccharomyces cerevisiae pol-α
(Cotterill et al., 1987; Brooke et al., 1991). Because of the lack of proofreading activity, the
initial deoxyribonucleotides in each Okazaki fragment and the leading strand are expected
to contain misincorporated bases, which are able to cause mutation. Instead of the lack of 3’5’ exonuclease activity, previous reports describe nuclear factors that are thought to be
responsible for proofreading, thereby covering a deficit of intrinsic exonuclease of pol-α, or
which have been co-purified with pol-α-primase complex (Bialek & Grosse, 1993; Brown et
al., 2002). It was shown that the p53, a tumour suppressor protein, contains an intrinsic 3’-5’
exonuclease activity, and physically binds to pol-α (Mummenbrauer et al., 1996; Huang,
1998; Melle & Nasheuer, 2002). It remains unclear whether these nuclear factors work as 3’5’ exonuclease substituted to the lost exonuclease activity of pol-α or not. A recent model
suggests that the errors that occurred on short DNA primer by pol-α are removed by other
proofreading (or editing) mechanisms. A possible model is that the errors made by pol-α are
edited out by FEN1, flap endonuclease 1, during a process that removes RNA primer (Bae et
al., 2001). This model is supported by a finding that the yeast cells carrying FEN1
endonuclease-defective mutation had a 25-fold increase in rates of base substitution, and
mice carrying the FEN1 mutation caused in cancer (Zheng et al., 2007; Zheng & Shen, 2011).
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Another model is that the intrinsic 3’-5’ exonuclease activity of pol-δ proofreads errors made
by pol-α (Pavlov et al., 2006b).
To date, various studies have examined the link mechanism between the cell cycle and the
DNA replication progression. Phosphorylation of proteins by cdk-cyclin families as cell
cycle regulators is the most important mechanism to regulate the cell cycle. The activities of
cdk2/cyclin E and cdk2/cyclin A complexes respectively peak in G1 and S/G2 phases of the
cell cycle (Dulić et al., 1992; Koff et al., 1992; Rosenblatt et al., 1992). The cell cycle-dependent
phosphorylation on pol-α is also found by several research groups. Catalytic p180 subunit of
pol-α is reported to be phosphorylated throughout the cell cycle and is hyperphosphorylated in the G2/M phase (Nasheuer et al., 1991). The hyper-phosphorylated type
of pol-α has lower affinity for single-stranded DNA (Nasheuer et al., 1991), suggesting that
the phosphorylation of pol-α suppresses the activity of pol-α in its DNA synthesis via
change in its conformation from active to inactive. The second-largest subunit is also shown
to be phosphorylated in a cell cycle-dependent manner (Nasheuer et al., 1991). These
subunits are phosphorylated by both cdk2/cyclin E and cdk2/cyclin A (Voitenleitner et al.,
1999). Reportedly, the pol-α activity was decreased as a result of the phosphorylation of the
second-largest subunit (Voitenleitner et al., 1999). It is particularly interesting that
cdk2/cyclin A executes both stimulatory and inhibitory effects on pol-α activity in initiating
in vitro DNA replication, which is putatively caused by distinct phosphorylation events on
pol-α by cdk2/cyclin A (Schub et al., 2001). In yeast, dephosphorylation of the secondlargest subunit occurs while cells exit mitosis (Foiani et al., 1995). The second-largest subunit
is thought to have a regulatory role in an early stage of S phase. It is reportedly associated
with the origin recognition complex (ORC) for initiation of DNA replication (Uchiyama &
Wang). Huang et al. also reported that the interaction of the second-largest subunit with
both catalytic p180 subunit and helicase is necessary for the SV40 primosome activity
(Huang et al., 2010). The author and colleagues reported that the interaction of the catalytic
p180 subunit of pol-α with hyper-phosphorylated retinoblastoma protein is regulated by the
phosphorylation of the second-largest subunit (Takemura et al., 2006). These results
cumulatively suggest that the second-largest subunit of pol-α regulates various stages of the
activity of pol-α, depending upon its phosphorylation status (Fig. 2).

4. Various proteins bound to pol-α
Although the mechanisms that regulate DNA polymerases and DNA replication are not yet
fully understood, in vitro DNA replication systems using tumour viruses such as simian
virus 40 (SV40) have provided a useful tool for study in this area (Kelly, 1988; Hurwitz et al.,
1990). SV40 DNA replication is accomplished by DNA replication machinery of the host
cultured cells with the assistance of a single viral protein, large T antigen, which unwinds
the double DNA strand at replication origin, thereby forming a preinitiation complex (Dean
et al., 1987; Dodson et al., 1987; Stillman, 1989; Tsurimoto et al., 1990; Collins & Kelly, 1991;
Murakami et al., 1992). With these in vitro DNA replication studies as a start, many studies
of accessory factors associated with pol-α have been conducted to date (Fig. 3).
SV40 large T antigen can form a complex with pol-α, and stimulate its activity (Smale &
Tjian, 1986; Dornreiter et al., 1990; Collins & Kelly, 1991; Dornreiter et al., 1992). Although
DNA polymerase α has been shown to exist in the cell nucleus throughout the cell cycle
(Nakamura et al., 1984), it might act only in the S phase. Therefore, pol-α might be regulated
post-translationally by some nuclear factors. A number of stimulatory / accessory proteins
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have been reported in addition to SV40 large T antigen. C-factor (C1C2 factor), microtubuleassociated protein (MAP)-2, and factor T were, respectively, found to interact with and
activate pol-α (Lamothe et al., 1981; Pritchard & DePamphilis, 1983; Pritchard et al., 1983;
Yoshida et al., 1989; Shioda et al., 1991). CDC45 were bound to pol-α, by which DNA
polymerase α is loaded onto the chromatin (Mimura & Takisawa, 1998). Chk1, an intra-S
and DNA damage checkpoint protein, is also reported to bind physically with pol-α,
suggesting that pol-α is also an important component of the signal transduction cascade
activating the checkpoint (Toricani et al., 2009).
Simbulan et al. have reported that the poly (ADP-ribose) polymerase (PARP) is able to
stimulate the activity of pol-α, and that auto-poly(ADP-ribosyl)ation of PARP itself
decreases its stimulatory activity (Simbulan et al., 1993). Actually, PARP is known to posttranslationally modulate target proteins by transfer and polymerization of ADP-ribose,
using NAD as substrates (Miwa & Masutani, 2007). PARP (especially PARP-1) was found in
the nuclei and was shown to be activated by DNA strand breaks (Miwa & Masutani, 2007).
Although the role of PARP in DNA replication progression remains unclear, it was
suggested that PARP constitutes a signal that switches off DNA synthesis temporarily via
the interaction to pol-α, to ensure that lesions are not replicated before DNA repair (Fig. 3).

Fig. 3. Pol-α-binding proteins reported.
The author and colleagues found that the nucleophosmin/B23, a major nucleolar protein, is
capable of binding to pol-α directly and stimulate its activity (Takemura et al., 1994;
Takemura et al., 1999). Nucleophosmin/B23 exists in two isoforms, which are produced
through alternative splicing, designed as B23.1 and B23.2. Among them, results
demonstrated that purified B23.1 stimulates pol-α activity, and B23.2 does so more weakly
than B23.1 (Takemura et al., 1994; Umekawa et al., 2001). Feuerstein et al. have reported
that nucleophosmin/B23 is copurified with pol-α on conventional purification (Feuerstein
et al., 1990). These results suggest that B23.1 might be involved in DNA replication, aside
from the ribosome assembly process in the nucleolus (Orrick et al., 1973; Olson et al., 1974;
Schmidt-Zachmann et al., 1987; Chan et al., 1989). Hyper-phosphorylated retinoblastoma
protein was reported to bind with pol-α and to raise its processivity (Takemura et al.,
1997; Takemura, 2002).
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Replication protein-A (RPA) is a single-strand DNA binding protein that is necessary for SV40
DNA replication in vitro, stabilizing single-strand DNA after unwinding. RPA comprises three
subunits. It reportedly interacts with pol-α. It is known that pol-α pauses at some sites on the
natural DNA template. These pause sites are known to be hot spots for nucleotide
misincorporation (Fry & Loeb, 1992). RPA reportedly leads pol-α to overcome these error-pone
pause sites, suggesting that RPA might reduce misincorporation at some pause sites by pol-α
(Suzuki et al., 1994). Maga et al. found that RPA, as an auxiliary factor for pol-α, stabilizes polα-primase complex and reduces the misincorporation efficiency of pol-α (Maga et al., 2001).

5. How does pol-α contribute to genomic stability?
Recent studies have revealed various functions of pol-α, not only in RNA/DNA synthesis,
but also in the mechanism linking DNA replication to the other cellular regulatory
mechanisms. One is the relation between pol-α and mutation, which sometimes causes
cancer. Another is the role of pol-α on genomic stability including telomere maintenance.
As described above, pol-α lacks proofreading activity, an intrinsic 3’-5’ exonuclease activity,
so it performs DNA synthesis with a fidelity that is lower than the other DNA polymerases
pol-δ and pol-ε by ten-fold or more (Pavlov et al., 2006b). Limsirichaikul et al. found that
pol-α would leave more mismatched primers without additional extension without
proofreading (Limsirichaikul et al., 2003). In one estimation, pol-α is thought to generate
30,000 mutations in one mammalian cell division (Albertson & Preston, 2006). In
Saccharomyces cerevisiae pol-α, Gly952 residue which is conserved amino acid residue, is
necessary for catalytic activity of pol-α, and is therefore important for correct
deoxyribonucleotide incorporation (Ogawa et al., 2003; Limsirichaikul et al., 2003). Amino
acid substitution (Gly to Ala) of this Gly952 caused the decrease of replication fidelity
(Limsirichaikul et al., 2003). On the other hand, amino acid substitution of another amino
acid residue, Leu868, of the catalytic subunit of pol-α decreased the replication fidelity of
pol-α and increased mutation rates in Saccharomyces cerevisiae (Niimi et al., 2004). This
mutant, L868F, had a spontaneous error frequency of 3 in 100 nucleotides, and performed
570-fold lower replication fidelity than wild type. Another research group reported that the
several mutants including temperature sensitive (ts) mutants of pol-α increases mutation
rates (Liu et al., 1999). Recently, Tanaka et al. reported that the base selection step functions
to prevent replication errors also in human pol-α and to maintain genomic stability (Tanaka
et al., 2010). These results suggest that the replication fidelity of pol-α is important for
avoiding mutagenesis and for maintaining genomic integrity.
Various replication stresses engender genomic instabilities. Various mutational analyses of
pol-α have shown that the functional aberration affects transcriptional gene silencing,
homologous recombination, and chromosomal instability. In Arabidopsis, mutation of the
catalytic subunit of pol-α reduced histone demethylation in some promoter domains and
delayed G2/M phase with high expression of a G2/M marker gene, suggesting that pol-α plays
a role in some epigenetic states (Liu et al., 2010). Liu et al. also reported that the mutation of
pol-α increased the frequency of homologous recombination (Liu et al., 2010). The author and
colleagues reported that the inhibition of DNA replication by selective inhibitor of pol-α
caused chromosomal instability of cultured opossum (Didelphis marsupialis virginiana) cells
(Takemura et al., 2011). In Saccharomyces cerevisiae, low levels of pol-α gene expression in cells
reportedly induced chromosomal translocation (Lemoine et al., 2005) and mitotic and meiotic
instability in rRNA gene cluster (Casper et al., 2008), suggesting that pol-α contributes to
chromosomal stability throughout the cell cycle directly in some mechanism.
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Telomere maintenance is an important task that must be done to ensure chromosome
stability, especially in germ line and cancer cells. Using pol-α-ts mutant, tsFT20 (Murakami
et al., 1985), results showed that the telomere G-tail was induced to increase markedly in the
overall telomere length when pol-α was inactivated (Nakamura et al., 2005). It is particularly
interesting that the inhibition of pol-α also caused a considerable increase of Robertsonian
chromosome fusions (Nakamura et al., 2005). These observations correspond to our in vitro
data indicating that pol-α itself performs replication slippage on a telomeric repeat (Nozawa
et al., 2000), and that hyper-phosphorylated retinoblastoma protein suppresses replication
slippage by pol-α in normal cells (Takemura et al., 2008). These results suggest that the
steady state expression of pol-α and its normal regulation by other accessory factors
suppresses chromosome abnormality, including the expansion of telomeric repeat.
In telomeric DNA replication, Cdc13 protein is known to be a key factor for replication and
telomere capping in yeast (Evans & Lundblad, 2000). Cdc13 is also known to interact with
the catalytic subunit of pol-α (Qi & Zakian, 2000), suggesting that pol-α has an important
role in telomere DNA replication. Grossi et al. described that the second-largest subunit of
pol-α physically interacts with Stn1 protein, which is known to be the regulator of telomere
end (Grossi et al., 2004). In pol-α (cdc17/pol1), a mutant of yeast revealed defects in telomeric
lagging strand synthesis (Martin et al., 2000). These results suggest that pol-α acts as a
regulator of telomeric lagging strand synthesis completion linking to the action of
telomerase, via the interaction with Cdc13 and Stn1.

6. Remaining mysteries of pol-α
To date, much research about one eukaryotic key DNA polymerase, pol-α, has been
performed by numerous research groups. The initiation mechanism of pol-α has been well
studied, and the interaction of pol-α with other DNA polymerases and other replication
factors has been clarified. In addition to these previous efforts by previous researchers,
several studies have revealed unknown profiles of pol-α.
6.1 Detailed structure, attached molecules, and intracellular amounts of pol-α
It was reported that purified pol-α from calf thymus showed microheterogeneity in its
catalytic subunit, especially in their molecular weights: 150 kDa, 145 kDa, and 140 kDa
(Masaki et al., 1982). Pol-α, pol-δ, and pol-ε of rat ascites hepatoma cells, Novikoff hepatoma
cells, were shown to differ from those of normal rat liver cells in their Km values of DNAbinding (Popanda et al., 1995). It has not been clarified how these fluctuations about molecular
‘species’ of pol-α have been revealed, in spite of the suggestion that the ‘programmed
proteolysis’ of the catalytic subunit of pol-α might be performed (Masaki et al., 1982).
Simbulan et al. reported that sialic acid-containing glycolipids inhibit the activity of pol-α
(Simbulan et al., 1994). Although sialic acid is an extremely important carbohydrate
attached to the carbohydrate chain, such as that on cell membrane, it is not known
whether it functions in the cell nucleus. Reportedly, pol-α itself is one such glycoprotein
(Bhattacharya et al., 1979; Hsi et al., 1990). Detailed roles of the carbohydrate chain on polα have not yet been clarified.
One more mystery of pol-α is why it is abundantly present in mammalian cells. Pol-α has
been known to have large quantities in the cell nucleus compared with other pol-δ and polε. Among them, only pol-α molecules required for DNA replication initiation are thought to
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participate in DNA replication machinery. The reasons for the large number of pol-α
molecules apparently standing by in the cell nucleus remain unknown.
6.2 How has pol-α evolved?
It has been proposed that three DNA polymerases–– pol-α, pol-δ, and pol-ε––have
evolved from ancestral ε-like DNA polymerase (Edgell et al., 1998). Molecular
evolutionary studies suggest that pol-ε is an ancestral type of these replicative DNA
polymerases in eukaryotes (Edgell et al., 1998). Actually, pol-α and pol-δ were thought to
have arisen from two gene duplications, emerging from ancestral pol-ε (Edgell et al. 1998).
Filée et al. suggested that the evolutionary history of DNA replication proteins such as
DNA polymerases involve significant exchanges among viruses, plasmids, and their host
cells (Filée et al., 2002). According to the molecular evolutionary analysis, the author
advanced the hypothesis that ancestors of pol-α gene were derived from a DNA virus-like
organism, which had some eukaryote-like characteristics, such as poxviruses (Takemura,
2001). Villarreal & DeFilippis proposed that the origin of the eukaryotic pol-δ should be
some algal viral DNA polymerases (Villarreal & DeFilippis, 2000). In spite of these
attractive studies, the mystery of the evolution of the eukaryotic DNA polymerases
remains to be elucidated.
6.3 How has pol-α contributed to eukaryotic evolution?
In mammals, a gene of catalytic subunit of pol-α is established in the X-added region of an X
chromosome in eutherians, although it is on the autosome in metatherians (marsupials).
This locational property is thought to have arisen from chromosomal translocation that
occurred in the eutherian lineage 105 million years ago (Fig. 4). One large segment of one
autosome was thought to translocate to X chromosomes: the so-called ‘X-added’ region
(Graves, 1995). Although the effects of this large-scale translocation on the evolution of
eutheria are entirely unknown, according to the simulation of spontaneous mutation rates in
these two mammalian groups, the author has proposed that the X-linked pol-α gene
contributes to greater diversity of eutherian mammals (Takemura, 2008). The solution of this
problem, however, will require much more time and study.

Fig. 4. Remaining mystery of pol-α.
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1. Introduction
In the human genome, at least 14 DNA polymerases were identified. The highly conserved
DNA polymerase α-primase complex is the only eukaryotic polymerase that can initiate
DNA synthesis de novo. Thus, its recruitment is a crucial step in the tightly regulated
stepwise assembly of the replication machinery in eukaryotic cells. This complex is required
for the synthesis of RNA primers, an essential prerequisite for the initiation of replication,
and for the discontinuous synthesis of Okazaki fragments on the lagging strand (Bell and
Dutta 2002, Hubscher et al. 2002, Waga and Stillman 1998, Wang 1991). Moreover, DNA
polymerase α plays a fundamental role in coordinating DNA replication, DNA repair and
cell cycle progression (Hubscher et al. 2002), in telomere capping and length regulation
(Adams Martin et al. 2000, Dahlen et al. 2003, Grossi et al. 2004, Qi and Zakian 2000), and in
the epigenetic control of transcriptional silencing and nucleosome reorganization
(Nakayama et al. 2001, Zhou and Wang 2004).
The DNA polymerase α-primase complex consists of four subunits, each of which is
conserved in eukaryotes; in yeast, all four subunits are essential for viability (Wang 1991).
The largest subunit, 180 kDa (p180), harbors the catalytic polymerase activity. The two
smallest subunits, 54 kDa (p54) and 46 kDa (p46), provide primase activity. The p46 protein,
which is coupled to p180 by p54, synthesizes RNA primers and is involved in regulating
their length; it also functions in cell cycle checkpoints (Arezi and Kuchta 2000). The 68 kDa
subunit (p68) plays a crucial regulatory role in the early stage of chromosomal replication in
yeast and has been shown to be essential for the nuclear import of p180 in mouse cells
(Foiani et al. 1994, Mizuno et al. 1998).
In this review, we discuss several layers of control that exist to ensure proper functioning of
DNA polymerase α in the cell: regulation of transcription via cis- and trans-acting elements
(part 2), ordered assembly of its four subunits into a functional complex (part 3.1),
regulation of nuclear import (part 3.2), co-translational regulation (part 3.3), and quality
control mechanisms to exclude aberrant proteins from acting in the nucleus (part 4).

2. Transcriptional regulation of DNA polymerase α
In eukaryotes, the expression of the genes encoding DNA replication proteins is tightly
coupled with cell cycle control. In budding yeast, more than 20 genes involved in DNA
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replication and nucleotide metabolism (DNA polymerases, thymidylate synthase,
ribonucleotide reductase, DNA topoisomerase II, etc.) show periodic fluctuations in mRNA
levels during the cell cycle (McIntosh 1993). These genes have a common cis-acting element
called the MluI-cell cycle box (MCB) in their 5’ non-transcribed regions (Fig.1A). In late G1
shortly after the execution point, the transcription factor SWI6, which is activated by
p34CDC28, binds to MCB with MBP1 (MluI-binding protein 1) to transactivate a set of genes.
Also in higher eukaryotes, MCB-like elements control DNA replication-related genes. For
instance in Drosophila, DNA replication–related elements (DREs) and E2F-binding sites are
identified in the promoter regions of DNA replication factors including polymerase α,
PCNA, and Orc2 and involved in proliferation-dependent expression (Matsukage et al.
2008). Although the human homolog of DRE-binding factor (DREF) is reported as a
putative positive transcriptional factor, it is unknown whether human DREF is involved in
the transcriptional regulation of DNA replication factors. On the other hand, E2F-binding
sites are generally found in the upstream regions of DNA replication-related genes as well
as proliferation-related genes such as c-myc, N-myc, and c-myb protooncogenes in
mammalian cells (Muller and Helin 2000). E2F transcription factors are activated by release
from retinoblastoma protein (Rb), which is hyperphosphorylated by cyclin-dependent
kinase (CDK) at the G1 to S transition.

A. Swi6 interacts with MBP1 at MluI-cell cycle box sequence and regulates proliferation-dependent
transcription in budding yeast, while DREF homodimer as well as E2Fs are involved in Drosophila. B.
The promoter regions of the four subunits of mouse DNA polymerase α are presented. The E2Fbinding sites are localized adjacent to the transcription initiation sites and involved in proliferationdependent transcription, whereas constitutive transcription is controlled by different factors.

Fig. 1. Transcriptional regulation of DNA replication-related genes.
As for DNA polymerase α, the mRNA and protein levels of all four subunits are
coordinately regulated in mammalian cell (Miyazawa et al. 1993). The mRNA levels of
quiescent cells (i.e. prior to DNA replication) become 10-fold upregulated when stimulated
to proliferate and to enter S phase. We isolated the promoter region of the four subunits of
mouse DNA polymerase α and identified cis-acting elements and trans-activating factors
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(Izumi et al. 2000, Nishikawa N. et al. 2001, Nishikawa N. S. et al. 2000). The mechanism of
transcriptional regulation of the four subunits have common features as summarized in Fig.
1B. The upstream sequences of all four DNA polymerase α subunits exhibit a high G/C
content which is similar to many other housekeeping genes and lack TATA or CAAT boxes.
In addition, basal transcription and the proliferation-dependent transcription can be
distinguished as a common theme for the regulation of each subunit and are controlled by a
different set of transcription factors and cis-regulatory elements. A unique factor that
stimulates proliferation-dependent transcription of all four DNA polymerase α subunits is
E2F. E2F binding sites are located near the transcription initiation sites and 20-90 bp
downstream of the cis-elements for basal transcription. Other than the common feature of
proliferation-dependent transcription of each subunit by E2F, the regulation of basal
transcription of each subunit seems to be subunit-specific. Namely, GA-binding protein
(GABP), a member of Ets-binding transcription factors, and Sp1 are involved in the
transcription of p180 and p54, whereas USF (upstream transcription factor) is involved in
the transcription of p68. Interestingly, GABP is shown to be involved in the transcriptional
control of Skp2, which is required for degradation of CDK inhibitors including p21 and p27
(Yang et al. 2007). Therefore, GABP may regulate the cell cycle-dependent expression of
DNA polymerase α by a pathway that is distinct from E2F.

3. Functional analysis of individual DNA polymerase α subunits
3.1 Complex assembly and domain organization of DNA polymerase α
In order to functionally analyse subunit assembly, cDNAs of each DNA polymerase
α subunit were subcloned into mammalian expression plasmids and expressed in cultured
mammalian cells. To examine interactions among the four subunits, we transfected four
subunits in various combinations, and tested interactions of co-expressed subunits by coimmunoprecipitation analysis (summarized as a cartoon in Fig. 2; Mizuno et al. 1998, 1999).
A crucial tool to express different combinations of subunits from a single plasmid was the
introduction of IRES (Interal Ribosomal Entry Site) elements, which allowed analysis of
subunit interdependency concerning protein expression and subcellular localisation (Fig. 4).
Moreover, a set of deletion constructs of p180 revealed that p180 can be divided into three
domains (Fig. 2). 1) The amino-terminal (N-terminal) region is not only dispensable for
interaction to other subunits but also nonessential for DNA polymerase activity. In
addition, it has been reported that the N-terminal domain serves as a binding site for other
replication factors (large T antigen, RPA, CDC13, Pol32, Mcm10). 2) The central coredomain is solely responsible for DNA polymerase activity, namely, single-stranded DNA
binding activity, and deoxynucleotide tripohosphate binding activity as well as phosphoryltransfer catalytic reaction. 3) The carboxyl terminal (C-terminal) domain is a binding site for
other DNA polymerase α subunits. It contains a conserved cystein rich region, which
resembles most closely the iron-binding motif found in rubredoxin (Klinge et al. 2009).
These cluster of cysteins are essential for binding to the second-largest subunit. Primase
activity is located in the smallest subunit, p46. This subunit does not directly bind to p180 or
p68, but is tethered to p180 via a fourth subunit, p54.
DNA polymerase α belongs to the B-type (α-type) DNA polymerase family, and we
speculate, that domain arrangement of the largest, catalytical subunit as well as general
complex architecture of DNA polymerase α might well be conserved among members of
this family like polymerases α, δ, ε and ζ (Fig. 3). All B-type polymerases have a cystein rich
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C-terminal region and an accompanying small non-catalytic subunit. In the catalytic
subunit, the sequence and order of six short amino acid motifs (I-VI) is also highly
conserved (Fig. 3). Molecular insights gained from the analysis of DNA polymerase α might
indeed hold true for each member of the B-type polymerase family. In addition, the secondlargest subunit p68 and p50 for polymerase δ, and p59 for polymerase ε share significant
homology (Mäkiniemi et al. 1999) suggesting that accompanying subunit may as well have
common conserved function.

Fig. 2. Organization of four subunits of mouse DNA polymerase α-primase complex.
Functional domains of the catalytic subunit p180 are divided into three domains. Other
accompanied subunits assemble through the C-terminal domain of p180. The primase
catalytic subunit p46 associates with the C-terminal part of p180 through p54. The Nterminus serves as a docking site for various interactors (e.g. Pol32, Cdc13 or RPA), while
the core region possesses catalytic polymerase activity. Nuclear localization signal (NLS)s
are localized in C-terminus of p180 (Mizuno et al, 1998) and N-terminus of p54 (Mizuno et
al. 1996), and depicted as red lines.
3.2 Nuclear translocation of DNA polymerase α depends on its subunit interactions
Multi-protein complex organization seems to be similar among B-type DNA polymerases.
We chose DNA polymerase α to carefully analyse subunit organisation, protein expression
and sub-cellular organisation of single subunits and all possible combinations to gain
insights into common features of complex assembly and function. For this, we co-expressed
combinations of subunits and examined sub-cellular distributions by immunofluorescence
techniques (Fig. 4). Interestingly, nuclear entry and accumulation of p180 is strictly
dependent on co-expression of p68. In the absence of p68, p180 does not translocate into the
nucleus (Fig. 4; Mizuno et al. 1999). One hypothetical explanation is the notion that an NLS
at the C-terminal part of p180 is only exposed when p68 is bound. A basic amino acid
cluster, which might be responsible for nuclear entry, is well conserved among metazoan.
However, a potential NLS of p180 in S. pombe has been identified at its N-terminal region
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Fig. 3. B-type DNA polymerase family in mammalian cells. Proposed domain organization
of catalytic subunits is depicted. Functional domains of catalytic subunit p180 are divided
into three domains. Number of amino acids for catalytic subunit and highly conserved
polymerase catalytic motifs I-VI (black bars) and cysteine rich motif (yellow bars) are
shown.
(Bouvier D and Baldacci, 1995). Also recently, the crystal structure of the C-terminal part of
p180 in S. cerevisiae suggested that at least in yeast, the C–terminus of yeast p180 is not
responsible for nuclear entry (Klinge et al. 2008).
During the course of our studies, we also found a dependency p54 and p46 to enter into the
nucleus (Fig. 4; Mizuno et al. 1997). The general idea emerging from these experiments is a
necessity of regulated subunit pre-assembly to expose functional NLS and trigger
subsequent nuclear translocation. This mechanism might potentially ensure the right
protein stoichiometry of nuclear multi-subunit complexes such as DNA polymerase α.
3.3 Co-translational interaction of p68 with p180 enhances p180 protein expression
Our extensive analysis of co-expressing several subunits of polymerase α also revealed that
p180 expression is strictly dependent on co-expressed p68. To clarify the effect of p68 on
p180 protein expression, we analyzed transcriptional levels as well as the protein turn-over
rate in the presence or absence of p68, and found that p68 affects protein expression rate or
protein stability at a post-transcriptional level (as mRNA levels are not affected; Mizuno et
al. 1998). This finding suggests an important role of p180-p68 interaction at a cotranslational step to ensure full expression of each protein (Fig. 5).
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Fig. 4. Nuclear translocation of polymerase α subunits. Various combination of coexpression of four subunits revealed, that nuclear import of the catalytic subunit of
polymerase α is dependent on accompanying subunits. In summary, p68 or p54 are
essential for p180 or p46 nuclear translocation, respectively.

Fig. 5. The second-largest subunit p68 associated with p180 at a post-transcriptional step to
enhance translation of p180 and stabilize p180 protein level. In the cytoplasm, free p68
immediately associates with p180 C-terminal region at a co-translational step and it seems
association of p68 with p180 may directly stabilize and enhance translation of p180.
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4. Quality control of polymerase α in the nucleus
When we found that p68 is important for both p180 protein expression and nuclear
translocation, we first could not understand the entire physiological meaning of this
observation. Unexpectedly, our investigation using an aberrant mutant version of p180
(p180tsFT20) and live cell imaging techniques allowed us to recognize novel protein quality
control mechanisms acting on DNA polymerase α which ensure exclusion of aberrant forms
of p180 from the nucleus (Eichinger et al. 2009). In general, misfolded and non-functional
proteins must be degraded to assure the correct functioning of cellular processes. Several
mechanisms that ensure the removal of defective proteins have been described, such as the
unfolded protein response and ER-associated degradation (ERAD); the latter process
governs the degradation of unfolded ER proteins in the cytoplasm (Richly et al. 2005, Ye et
al. 2001). Degradation systems that function in quality control have been identified in the
secretory pathway and in mitochondria (Goldberg 2003). These processes are carried out by
proteasomes, organelles consisting of several proteases that are located in the cytoplasm as
well as in the nucleus (Bennett et al. 2005, Hershko and Ciechanover 1998). Proteasomes
function in regulatory processes, allowing cells to balance protein expression and to
eliminate misfolded proteins that are useless or even harmful (Hershko and Ciechanover
1998). In contrast, the degradation-dependent protein quality control mechanisms that act
in the nucleus are still poorly understood. Although several proteins such as the
transcription factors p53 and Myc as well as the replication-associated factors Orc1 and Cdt1
are degraded in the nucleus by a proteasome-dependent pathway over the course of the cell
cycle (Nishitani and Lygerous. 2002), the principles underlying the degradation of damaged
nuclear proteins have not been uncovered to date. Recently, Gardner et al. reported that
San1-mediated degradation acts as a protein quality control system in Saccharomyces
cerevisiae nuclei (Gardner et al. 2005, Rosenbaum JC, et al. 2011). However, it is still unclear
how aberrant nuclear proteins are recognized by E3 proteins and whether analogous
systems exist in higher eukaryotes.
4.1 tsFT20 is a model system of aberrant p180 in the cell
The tsFT20 cell line, a temperature-sensitive mutant clone identified in a screen of N-methylN’-nitro-N-nitroguanidine-treated mouse mammary carcinoma FM3A cells, has been the
subject of many studies during the last 30 years (Fig.6; Eki et al. 1986, Eki et al. 1987a, 1988,
Eki et al. 1987b, Eki et al. 1990, Ikehata 1994, Ikehata et al. 1997, Izumi et al. 1994, Miyazawa
et al. 1986, Murakami et al. 1985, Murakami et al. 1986, Pendergrass et al. 1994, TakadaTakayama et al. 1991, Yamaguchi et al. 1995). Compared to parental FM3A cells, this cell
line grows normally at 33C. However at the restrictive temperature of 39.5C, they exhibit a
phenotype closely resembling that conferred by arrest at the G1/S boundary. At restrictive
temperature, tsFT20 cells were further characterized as defective in DNA replication, with a
highly decreased DNA synthesis rate and a reduced frequency of replicon initiation.
Purified DNA polymerase α from tsFT20 cells was found to be temperature-sensitive
although composed of the same hetero-tetrameric complex as that of FM3A cells, and this
defect was ascribed to a single point mutation that changes amino acid 1180 of the p180
subunit from serine to phenylalanine (Izumi et al. 1994). Compared to the wild-type form,
the heat-labile DNA polymerase activity of the mutant protein exhibits altered properties
with respect to optimal pH and KCl concentration, as well as changes in the dCTP-binding
site (Izumi et al. 1994, Takada-Takayama et al. 1991). Furthermore, tsFT20 cells exhibit
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extensive chromosomal aberrations after incubation from two hours to 4 hours at restrictive
temperature, due to the point mutation. The abnormal cessation of DNA replication in
tsFT20 cells at restrictive temperature results in cell death via the induction of DNA doublestrand breaks, suggesting that aberrant DNA polymerase α is cytotoxic and that a specific
quality control mechanism for DNA polymerase α may be crucial to ensure genomic
stability and accurate DNA replication under normal as well as stress conditions in a cell.

Fig. 6. tsFT20 is a temperature-sensitive mutant cell line derived from mouse FM3A cells. In
tsFT20 cells, the DNA polymerase α subunit p180 contains a point mutation altering serine
at amino acid position 1180 to phenylalanine. Due to this mutation, tsFT20 cells arrest at the
G1/S transition at the restricted temperature (39.5ºC) as shown in FACS analysis with total
protein levels and chromatin bound p180 gradually decreasing as shown by Western blot
analysis.
4.2 Exclusion of aberrant p180 from the nucleus due to defective complex assembly
To test localization of aberrant nuclear proteins and monitor their sub-cellular distribution
directly, we constructed p180 or p180tsFT20 with GFP. At permissive temperature (33°C),
both wild-type p180GFP and mutant p180tsFT20GFP clearly localized in the nucleus of mouse
NIH3T3 cells in the presence of ectopically over-expressed p68 protein (Fig. 7A). However,
at restrictive temperature (39,5°C) in the presence of p68, the wild-type protein remained in
the nucleus, whereas the mutant form was found exclusively in the cytoplasm (Fig. 7B). By
using co-immunoprecipitation analysis, we found that at restricted temperature, p180tsFT20
cannot fully associate with p68, presumably due to a conformational change. Thus, we
concluded that cytoplasmic expression of p180tsFT20 at restricted temperature is caused by its
deficiency to bind p68. Moreover, knock down p68 by siRNA results in expression of
endogenous p180 exclusively in the cytoplasm. Taken together, both unbalanced subunit
composition and defective interaction of cognate subunits cause nuclear protein
sequestration in the cytoplasm.
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This finding provides a novel principle of a quality control mechanism to ensure exclusion
of misfolded proteins from nucleus. Very recently, Boulon et al. reported that RNA
polymerase II subunits Rpb1 and Rpb3 accumulate in the cytoplasm when assembly is
prevented (Boulon S, et al. 2011). This illustrates a similar example of cytoplasmic
sequestration of subunits (of a complex normally acting in the nucleus) that are not properly
incorporated into a functional complex or sub-complex. We speculate that subunit-subunit
interactions within a complex or pre-assembled sub-complex play a pivotal role to confirm
their correct folding state, ability to interact and stoichiometry. Inability of subunits to form
pre-assemblies in the right ratio, will mark them as damaged or misfolded proteins and
potentially exclude them from the cellular environment (e.g. the nucleus) where they
usually act.

Fig. 7. Subcellular distribution of p180tsFT20GFP . p180tsFT20GFP is expressed in NIH3T3 cells
at permissive temperature for 2 days. Afterwards, cells were incubated for further 5 hours
either at permissive temperature (A) or at restrictive temperature (B). In the presence
MG132, cells transfected with p180tsFT20GFP were incubated at restrictive temperature for
the indicated hours in a live cell time-course (C).
4.3 Degradation of aberrant proteins in the nucleus by ubiquitin-mediated
proteasome system
In addition to cytoplasmic sequestration, we found that nuclear degradation of misfolded
proteins is another way to exclude aberrant proteins from the nucleus. Upon temperature
shift to restrictive temperature, nuclear localized p180tsFT20GFP is rapidly removed from the
nucleus, a process that can be blocked by addition of MG132, a specific proteasome inhibitor
(Fig. 7C; Eichinger, et al. 2009). Thus, we concluded that aberrant p180 is degraded in the
nucleus in a proteasome-dependent manner. Taken together, we suggest that the turnover
of p180tsFT20GFP after a temperature shift to 39.5C may be separated into distinct processes:
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first, at restrictive temperature, the mutant protein is rapidly synthesized de novo in the
cytoplasm but is unable to enter the nucleus due to a mutation-specific, temperaturesensitive effect that affects binding to the second largest subunit p68. Second, nuclearlocalized protein is degraded in a proteasome-dependent manner in the nucleus and to a
minor extent in the cytoplasm after export from the nucleus (Fig. 8; Eichinger, et al. 2009).
Very recently it has been reported that misfolded nuclear proteins are degraded by a unique
E3 ubiquitin ligase in S. cerevisiae, San1 (Gardner et al. 2005; Rosenbaum JC, et al. 2011).
However, the exact mechanism for such a pathway to control the quality of nuclear proteins
is not known in yeast and conserved mechanisms are yet to be identified in higher
eukaryotes. Given, the importance of ensuring that only properly folded and assembled
multi-subunit complexes can enter and act in the nucleus; this field of biology provides
many exciting open questions.

Fig. 8. Two independent quality control mechanisms to exclude aberrant proteins from the
nucleus: First, sequestration of aberrant proteins in the cytoplasm, and second, degradation
of aberrant proteins through ubiquitin-mediated degradation pathway in the nucleus.

5. Conclusion
DNA polymerase α, a member of the very conserved B-type polymerase family, is a crucial
factor to initiate DNA replication and therefore its activity has to be tightly regulated at
several stages of its life cycle. Important steps of regulation include basal- and proliferationdependent control of transcription by cis-acting elements and trans-activating factors,
coordinated complex assembly, regulation of nuclear import, co-translational control of
subunit expression as well as quality control mechanisms that ensure exclusion of aberrant
proteins acting in the nucleus. These principles to keep a check on such central cellular
regulators like DNA polymerase α, might be a common feature shared with other B-type
polymerases like DNA polymerases δ, ε and ζ.
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1. Introduction
DNA is the polymeric molecule that contains all the genetic information in a cell. This
genetic information encodes the instructions to make a copy of itself, for the cellular
structure, for the operative cellular machinery and also contains the regulatory signals,
which determine when parts of this machinery should be on or off. The operative machinery
in turn, is responsible for the cells functions either metabolically or in interactions with the
environment. Part of this cellular machinery devoted to DNA metabolism is responsible for
DNA replication, DNA-repair and for the regulation of gene expression. In this chapter we
will focus our discussion on the mechanisms and controls that conduct DNA replication in
bacteria, including the components, functions and regulation of replication machinery. Most
of our discourse will consider this biological process in Escherichia coli but when possible we
will compare it to other bacterial models, mainly Bacillus subtilis and Caulobacter crescentus as
examples of organisms with asymmetrical cell division.
In order to maintain a bacterial population it is necessary that cells divide, but before the
physical division of a daughter cell from its mother, it is necessary among other check
points, that the DNA has been replicated accurately. This is done by the universal semiconservative replication process of DNA-strands, which generates two identical strand
copies from their parent templates. To better understand this process it has been divided
into three phases: initiation, elongation and termination of DNA replication. In each of these
steps, multiple stable and transient interactions are involved and we have summarized them
below.

2. Components and mechanisms of the general process of DNA replication
Bacteria are subject to sudden changes in their surroundings, so they have adapted diverse
strategies to allow them to persist through time. One of the adaptive changes consists in
modifying growth rates, which is accompanied by adjusting mechanisms that control the
timing of the cell-cycle. This adjustment ensures that the process of cell division is
coordinated with the doubling of cell-mass and with the proper replication and segregation
of the chromosome. The study of the cell-cycle in bacteria is usually divided into three
stages: the period between cell-division (cell birth) and the initiation of chromosome
replication, the period required to complete DNA replication (elongation of DNA) and, the
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final phase, which goes from the end of DNA replication until the completion of celldivision (Wang & Levine, 2009).
Under the best growing-conditions, DNA replication starts immediately after cell division in
most cells (Wang et al., 2005). Since replication of the chromosome takes more time than that
the necessary for cell division under optimal culture conditions, such as E. coli growing in
rich media, at 37ºC with good aeration, it can happen that more than one event of DNA
replication can occur per cell cycle (Zakrzewska-Czerwinska et al., 2007). For the purposes
of this work we shall divide the DNA replication process in bacteria into three steps:
initiation, elongation and termination as follows.
2.1 Initiation of DNA replication
In bacteria, the process of DNA replication initiates in a specific DNA region called “origin
of replication” (ori) where multi-protein complexes are positioned and recruits additional
initiator proteins to form the Pre-Replicative complex (pre-RC) whose main function is
to facilitate the aperture of duplex DNA to permit the loading of the replicative DNA
helicase. The activity of this DNA helicase assists the entrance and assembly of a large
multi-subunit molecular machine, the replisome (Zakrzewska-Czerwinska et al., 2007; Ozaki
& Katayama, 2009).
2.1.1 oriC and its cis regulatory regions
The origin of replication in E. coli (oriC) is a small DNA sequence of about 245 bp (Figure 1),
which contains three AT-rich repeats named L, M, and R for left, middle and right positions
respectively, each 13 bp long (Hwang & Kornberg, 1992). The oriC region also contains
multiple boxes of 9 bp each where DnaA (replication initiation factor) proteins bind. These
DnaA boxes recruit DnaA in two forms; DnaA-ATP and DnaA-ADP, although they show
more affinity for the first form, which is the active replication initiation complex of DnaA.
There are three DnaA-boxes of high affinity named R1, R2 and R4 and seven of low affinity
(I1, I2, I3, τ1, τ2, R5M and R3), (Katayama et al., 2010; Ozaki & Katayama, 2009). The oriC
region also contains GATC DNA motifs dispersed throughout, the GATC motif is
recognized as a target for DNA-methylation by the Dam enzyme (DNA adenine
methyltransferase). Finally, the oriC region also has DNA-binding sites for the union of
several regulatory proteins such as Fis (Factor for inversion stimulation) and IHF
(integration host factor), which assist in bending the DNA at this region (Leonard &
Grimwade, 2009).
The comparison of the DNA sequence used as origin of replication in E. coli versus genomes
of other sequenced bacteria indicates that the nucleotide composition and size of these
regions is similar (Bramhill & Kornberg, 1988). A database of ori regions in bacterial
genomes, the DoriC database, which contains a compilation of known and predicted DNA
origins of replication in bacteria has been developed (Gao & Zhang, 2007).
2.1.2 DnaA is the key protein required to form the pre-RC
The critical step for the successful replication of DNA is the unfolding of the DNA strands at
the oriC region, action that is assisted by the orisome (proteins-oriC complex) (Leonard &
Grimwade, 2005). This complex mainly comprises of the activity of the initiator protein
DnaA. This protein belongs to the ubiquitous AAA+ superfamily of ATPases (ATPases
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Fig. 1. Description of the origin of replication in the E. coli chromosome. The origin of
chromosomal replication (oriC) contains three AT-rich repeats (L, M and R), each 13
nucleotide residues long and multiple DnaA-binding sites. There are three higher-affinity
DnaA-boxes R1, R2 an R4 (dark blue) and seven lower-affinity sites τ1, τ2, I1, I2, I3, R5M and
R3 (light blue). All the DnaA-boxes preferentially bind DnaA-ATP rather than DnaA-ADP
complexes. oriC also contains one site where IHF binds (green), one for Fis (gray) and GATC
sites (orange) which are recognized by the Dam enzyme.
associated with a variety of cellular activities). The X-ray structure of crystals of this protein
from Aquifex aeolicus shows that the protein has four distinctive domains (Erzberger et al.,
2002). Domain I serves for the interaction with other proteins, among those identified are:
the replicative DnaB helicase and the DnaA-binding assistance protein DiaA (DnaA-initiator
association). Domain II is a flexible linker, which provides free rotation for the adjacent
domains III and I. Domain III has typical motifs that are characteristic of the AAA + protein
superfamily of ATPases characterized by a conserved nucleotide phosphate-binding motif,
named Walker A (GxxxxGK[S/T]), where x is any amino acid residue). This domain serves
in protein binding to either ATP or ADP. When DnaA binds ATP it can form multimeric
structures each consisting of 5–7 protomers (DnaA-ATP) by interactions of one subunit with
the ATP of the anterior subunit through their “arginine fingers” as shown in Figure 2. It is
suggested that the DnaA-oriC complex forms a circular pentamer, which is stabilized by
interactions between each DnaA unit as mentioned before. The formation of these
complexes promotes the unwinding of DNA strands on the initiation of replication. Finally,
domain IV of DnaA has a helix-turn-helix motif that allows it to interact with the DnaA-box
of oriC (Figure 2), (Erzberger et al., 2002; Ozaki & Katayama, 2009).
2.1.3 Additional components of the orisome
There are additional components of the orisome that may increase or impede the further
unfolding of DNA at the origin of DNA replication. Some of these proteins in E. coli include
the histone-like DNA-binding proteins IHF and Fis. IHF is a protein that binds to DNA at a
poorly defined sequence. It stimulates the initiation of replication in vivo and in vitro. IHF
assists the binding of DnaA to the low-affinity DnaA-boxes during the formation of the prereplicative-complex. Contrarily, Fis seems to act as a repressor of initiation of DNA
replication by inhibiting the binding of DnaA and IHF to their targets sites on DNA. This is
achieved because Fis binds to oriC in a specific region of 13 nucleotides from position 87 to
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Fig. 2. DnaA as the main protein for the unfolding of DNA strands at oriC. A) The DnaA
protein family is part of the AAA+ ATPases. In E. coli DnaA contains four functional
domains as shown in the diagram. The ATP molecule is shown in red, and the arginine
finger in purple. B) Domain III binds preferentially ATP over ADP, in addition it has an
“arginine finger” which permits the multimerization of these protomers over the DNA.
119 (Figure 1), (Cassler et al., 1995; Ryan et al., 2004). Additional proteins such as DiaA and
HU (Heat unstable protein) bind to domain I of DnaA, contributing to the stabilization of
the joining of their protomers to oriC (Ishida et al., 2004; Chodavarapu et al., 2008). Another
protein, ArgP (arginine protein, also called IciA) binds to the AT-rich regions in L, M and R
boxes blocking the opening of DNA by DnaA (Hwang et al., 1992), this protein binds in the
order of 10-20 monomers per oriC. Mutants in this gene however have no a clear defective
phenotype of DNA replication and possibly this protein is functioning as an additional
mechanism to maintain the robustness of this process. ArgP is also a transcriptional
regulator which counts dnaA among its target genes. The activity of ArgP is regulated
by arginine as its alosteric ligand and the protein is degraded by a specific protease. Another
protein that inhibits the binding of DnaA to its target sequences is CNU (oriC-binding
nucleoid-associated). CNU is a small protein composed of 71 amino acids (8.4 kDa)
that binds to a sequence of 26 bp (named cnb), which overlaps with the binding sites
for DnaA, thereby preventing its binding to oriC (Kim et al., 2005). When DnaA-ATP binds
to oriC it twists the DNA and promotes the separation of DNA-strands in the AT-rich region
to produce a single-stranded bubble or “open complex” (Figure 3). The next step is
the recruitment of the (DnaBC)6 complex to DnaA to obtain the pre-Replicative Complex
preRC.
Four or five DnaA-ATP molecules interact with the (DnaBC)6 complex via the N-terminal of
the replicative DnaB helicase and their common binding to oriC (Seitz et al., 2000). DnaB6 is a
monohexameric helicase with a ring shape. Its function is the unwind of double-stranded
DNA employing the hydrolysis of ATP, this activity is maintained as the elongation phase
proceeds. DnaB6 in its inactive form is found associated with the small protein DnaC (also of
the AAA+ superfamily) forming a closed complex DnaB6-(DnaC-ATP)6, (Biswas & BiswasFiss, 2006).
The DnaB protein should be loaded onto each of the single-stranded DNA (ssDNA)
molecules. For this to happen, the pre-RC needs to release the DnaC from the complex
(DnaBC)6. It has been suggested that the DNA helicase translocates between parental
templates of DNA and interacts via its N-terminal domain with the DnaG primase. The
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formation of the DnaB-DnaG complex is known as the “primosome”. Since replication is
bidirectional in most bacterial chromosomes, one primosome is loaded on each single
stranded parental (Figure 3). DnaB is responsible for the unwinding of the double stranded
DNA (dsDNA) in the 5’-3’ direction and the primase synthesizes a small fragment of RNA
complementary to the parental DNA-strand, not shorter than 12 and up to 29
ribonucleotides (Figure 3), (Swart & Griep, 1995; Rowen & Kornberg, 1978). The interaction
of the primase with DnaB and the use of these primers trigger the release of DnaC. This
action defines discrete events in the transition from initiation to the elongation phase of
DNA replication (Makowska-Grzyska & Kaguni, 2010).
2.2 Elongation of DNA
Since the holoenzyme DNA polymerase III (Pol III, see below for components) cannot
initiate DNA polymerization de novo, the strands are extended from the RNAs synthesized
by the DnaG primase (Figure 4).
Pol III is positioned at the 3´ end of the first RNA primer complementary to the leading
strand of DNA and extends it continuously. In contrast on the lagging strand the new DNAstrand is synthesized discontinuously producing Okazaki fragments of about 1 kb in length.
The RNA primers are removed and substituted by DNA by DNA polymerase I (Pol I). Pol I
uses 5´-3´exonuclease activity to remove these primers and fill out the gaps with its 3’-5’
DNA polymerase activity. Then DNA-ligase joins adjacent DNA fragments by catalyzing
the formation of phosphodiester bonds between the 5’ phosphate of a hydrogen-bonded
nucleotide and an adjacent 3’ OH of the nucleotide of the following Okazaki fragment.
The Pol III holoenzyme is composed of three subassemblies: the core polymerase, the βsliding clamp and the clamp-loader complex. The core DNA polymerase is in turn,
composed of three subunits α, θ and ε. The α-subunit is that which really has the activity of
DNA polymerase whereas the small subunit ε has proofreading 3’-5’ exonuclease activity
and its function is to remove nucleotides that have been misincorporated by the corepolymerase. The ε-subunit is stabilized by the θ-subunit, which as yet has not been assigned
additional functions (Schaeffer et al., 2005).
The clamp-loader or DnaX complex consists of six different subunits (δ‘, δ, γ, τ, ψ, χ). γ and τ
subunits are encoded by the same dnaX gene. The full sequence of dnaX encodes the protein
τ. However when the mRNA is being translated the ribosome sometimes undergoes a frame
shift and a shorter product (only two-thirds) results. The frameshift occurs in a poly(A) tract
and yields a new stop codon immediately following the frameshift signal. This truncated
form of τ corresponds to the γ protein. In this way, the first three domains of γ and τ are
identical. These different protein versions bind to the δ and δ’ subunits forming a complex
composed of δ’γδτ2 subunits. The χ-ψ dimer binds either γ or τ subunits via the aminoterminus of ψ constituting the clamp-loader (Gao & McHenry, 2001; Reyes-Lamothe et al.,
2010). τ proteins have two defined interactions; on one side they attach to the α-subunit of
the core and on the other, interact with the DnaB6 helicase on the lagging strand, so that this
complex forms a bridge between the replicase and helicase proteins (Lee et al., 1996).
The single strands of DNA (ssDNA) are stabilized by a protein called single-stranded
DNA-binding protein (SSB). SSB binds to single DNA-strands as a tetramer through its Nterminal domain, which makes contact with the DNA. The clamp-loader recognizes
ssDNA coated by SSB4, interacting with the χ subunit of SSB4. χ forms a heterodimeric
complex with ψ, which in turn, interacts with the γ and τ subunits. In this way χ senses
the presence (or absence) of ssDNA, facilitating the recognition of the terminal parts of
RNA primers by τ (Schaefffer, 2005).
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Fig. 3. Formation of the pre-RC. A) Binding of DnaA-ATP to oriC to form multimeric structures
in conjunction with DiaA and (DnaBC)6 via domain I, these interactions are important in order
to form the pre-RC. B) The binding of DnaA-ATP to this region of DNA is favored when the
protein IHF also binds to oriC, about 20 molecules of DnaA-ATP bind to OriC simultaneously.
This DnaA-ATP complex is stabilized by DiaA and finally leads to the unfolding of the DNA
at the AT-rich region. At this stage the (DnaBC)6 complex is attached to domain I of the DnaAATP, forming the pre-RC. Subsequently, DnaB releases DnaC and loads to each single
stranded DNA in direction 5’-3’ with the assistance of the DnaG primase.
The sliding-clamp (β2) is a dimer of DnaN proteins, which binds to the hybrid DNA-RNA
and serves to direct Pol III to this position for the synthesis of Okasaki fragments. During
the elongation phase Pol III can hop from one clamp to another without leaving the
replication fork. So Pol III overcomes possible delays due to blockage of DNA by the activity
of transcription factors or DNA damage (Georgescu et al., 2010).
2.3 Termination of DNA replication
The end of DNA replication takes place when the replisome helicase DnaB6 on the leading
strands collides with a protein called Tus. Tus recognizes and is bound to sites for
termination of DNA replication (ter). These sites are physically arranged in positions
opposite to the oriC (Figure 5). In the collision of Tus with the helicase a trap is formed that
prevents the further advancement of the replicative machinery in the leading strand and
remains arrested until the replicative machinery on the lagging strand reaches this position
(Neylon et al., 2005).
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Fig. 4. Elongation of DNA by the replisome machinery.
The elongation of DNA in the E. coli chromosome is carried out in both directions of the fork
by a multisubunit machinery called the replisome. Each replisome is located in both directions
of the fork. The helicase DnaB6 is loaded on the (3’-5’) lagging strand to unfold the DNA
duplex in the 5’-3‘ direction, at this time the primase synthesizes RNA primers complementary
to each ssDNA. These primers are extended by Pol III, forming the Okasaki fragments on the
lagging strand. When Pol III extends a new Okasaki fragment and reaches a previously
synthesized one, it gives a hop, joining to another slider clamp (β-subunit), which recognizes
DNA-RNA hybrids. DNA polymerases working on both parent strands are coordinately
driven by the clamp-loader, which also binds to the helicase. SSB stabilizes the ssDNA. For the
recognition of ssDNA by Pol III, the clamp-loader makes contact with SSB4-DNA via its χsubunit.
The resolution of chromosomes is produced by the activity of several proteins which act
together to separate the two daughter chromosomes. In this process the FtsK protein is very
important as it acts by coordinating cell division with chromosome segregation through the
activities of its N-transmembranal domain (FtsKN) and its C-cytosolic domain (FtsKC),
respectively. FtsKN is the target for the division protein that forms the septum FtsZ, which
stabilizes the interactions of FtsK with the other components of the divisome FtsQ, FtsI and
FtsL (Aussel et al., 2002; Dubarry et al., 2010). FtsK also contains a linker, FtsKL, localized
between the FtsKN and FtsKC domains (Bigot et al., 2004). Recently two distinct regions
within FtsKL; have been identified (FtsK179–331 and FtsK332–641), which together with
FtsKN, are required for normal septation in E. coli (Dubarry et al., 2010). FtsKC can lead to the
dimerization of circular chromosomes, thereby compromising their segregation (Figure 5).
FtsKC activates events of recombination at the dif site (localized beside the replication
termination region), which are mediated by two proteins with activities of tyrosine
recombinases, XerC and XerD to resolve chromosome dimers to monomers and at the same
time promote DNA translocation (Bigot et al., 2004; Kennedy et al., 2008). FtsKC is part of the
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AAA+ superfamily and therefore can form a ring-shaped multimer that wraps the DNA and
moves along it at the expense of ATP. When a chromosome dimer is present, a site-specific
recombination event by XerCD introduces an additional cross over at dif, resolving thus the
dimer into two monomers, all this is under the control of FtsK (Aussel et al., 2002).

Fig. 5. Termination of DNA replication. A) The site of termination of replication in E. coli is
opposite to oriC, where there are specific. ter sequences which are recognized by the Tus
protein (purple boxes). B) Tus protein-terminator sequence (Tus-ter) is a barrier that pauses
the leading fork until the lagging fork arrives from the opposite direction and induces
termination, which occurs when the helicase touches Tus. The helicase dissociates from
DNA and Pol III synthesizes the complementary strand on both sides of the forks. C) Near
to the Tus-ter sites is found a sequence named dif, where site-specific recombination
mediated by the XerC and XerD recombinases assisted by the translocase FtsK takes place.
Figure taken and modified from Aussel et al. (2010).
A summary of the key enzymes involved in DNA replication known to date in Escherichia
coli, are shown in table I.

3. Regulation of DNA replication
The regulation of DNA replication is a vital cellular process. In a general view, DNA
replication is controlled by a series of mechanisms that are centered on the control of cellular
DnaA levels, its availability as a free protein and modulation of its activity by binding the
small-molecule ligand ATP (Leonard & Grimwade, 2009); the other point of control is by
modulating the accessibility of replisome components to the oriC region on the DNA. We
discuss some aspects of these regulatory mechanisms below.
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Protein Gene
Function
name name

DnaA

dnaA

DnaB

dnaB

DnaC

dnaC

DnaG

dnaG

DNA
polymerase III
holoenzyme
(Pol III)

Initiator of DNA synthesis by binding to the origin of
replication and also acts as a transcriptional
regulator. It binds to DnaA boxes, and binds ATP.
Around 20 to 30 DnaA monomers bind to the oriC
region. It is calculated that around of 1000 molecules
per cell are bound reaching up to 70% DnaA-ATP.
A hexameric DNA helicase, it progressively unwinds
DNA strands ahead of replication forks. About 100
DnaB molecules are calculated to be present per cell.
DnaC is an accessory protein that assists the loading
of DnaB onto DNA duplex to initiate replication and
onto ssDNA to assist primer formation by the
primase. Six DnaC monomers bind to the hexameric
DnaB
DNA primase, it catalyzes the synthesis of RNA
primers on ssDNA. These primers are necessary for
DNA synthesis by DNA polymerase III. A DnaB–
DnaG complex was observed by mixing DnaB with a
six molar excess of DnaG (hexamers of DnaB and
monomers of DnaG). Log-phase cells contain 50 to
100 molecules of primase.

Gene
length
(bp)

MWa
(kDa)

Essentialityb

1404

52.551

E

1416

52.39

E

738

27.935

E

1746

65.565

E

DNA polymerase III holoenzyme is the primary enzyme for DNA synthesis in E. coli.
It carries out 5’ to 3' DNA polymerization using ssDNA as a template; it also carries
out 3'-5' exonuclease edition of mispaired nucleotides. There are estimated to be 10
holoenzymes of DNA polymerase III per cell.
Pol III holoenzyme is made up of the following components
[(DnaE)(DnaQ)(HolE)]3[(DnaX)3(HolB)(HolA)][(DnaN)2]2[(DnaX)2][(HolC)(HolD)]4.

DNA
The DNA polymerase III core enzyme can carry out the basic polymerase and
polymerase III
exonuclease activities of polymerase III.
(core)
α

dnaE α subunit catalyzes DNA polymerization from 5' - 3'.

3483

129.9

E

ε

dnaQ ε subunit catalyzes the 3' - 5' proofreading activity

732

27.099

E

θ

holE θ subunit allows stabilization of α and ε subunits

231

8.846

NE

β

dnaN

1101

40.587

E

Clamp loader

δ

The β subunit dimerizes to form the sliding clamp
which positions the core polymerase onto the DNA.

It catalyzes ATP-driven assembly of the sliding clamp onto primer-template DNA.
Clamp loader = δδ’τ2γψχ

δ subunit acts as a wrench to open the sliding clamp
probably using ATP. Some δ units exist
holA independently of the preinitiation complex, possibly
playing a role in stripping β clamps from DNA in the
absence of replication initiation.

1032

38.704

E
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δ'

holB δ' subunit is part of the clamp loader complex.

1005

36.937

E

τ

τ subunit binds to the alpha subunit dimerizing the
dnaX core alpha-epsilon-theta polymerase subunits. This is
required for synthesis on the lagging strand.

1932

71.138

E

γ

dnaX γ subunit is part of the clamp loader complex.

1932

47.545

E

χ

χ subunit allows the binding of the clamp loader to
holC SSB. ψ-χ also acts in multiple ways improving the
binding of DNA polymerase to DNA templates.

444

16.633

E

ψ

holD

ψ subunit allows the interactions between γ and Χ
subunits

414

15.174

NE

Fis for "factor for inversion stimulation" allows the
organization and maintenance of the nucleoid
structure through direct DNA bending and by
modulating the production of gyrase and
fis topoisomerase I as well as regulating the expression
Fis
297
11.24
E
of other proteins that modulate the nucleoid
structure, such as HNS, and HU. It reaches a cell
concentration of 40,000-60,000 molecules/cell at the
beginning of the exponential phase
The DNA adenine methyltransferase is responsible
for methylation of GATC sequences in E. coli. A wilddam type, rapidly growing E. coli cell (doubling time = 30
Dam
837
32.1
NE
min) was found to contain about 130 molecules of
Dam methyltransferase.
DiaA interacts with DnaA, it is required for the
timely initiation of chromosomal replication and
diaA
DiaA
591
21.106
NE
stimulates the replication of minichromosomes in
vitro.
The ArgP transcriptional activator or inhibitor of
chromosome initiation (IciA) regulates DNA
replication by binding to three 13-mers located in the
origin of replication (OriC), blocking the DNA
ArgP/Ic
argP opening by DnaA. It is also a transcriptional
894
33.472
NE
iA
repressor of dnaA. There are about 800
molecules/cell of IciA in the exponential phase and
the level decreases to about 500 molecules per cell in
the early stationary phase.
"Integration host factor", is a global regulatory protein that helps to maintain the DNA
architecture. It binds and bends DNA. IHF plays a role in DNA supercoiling and
DNA duplex destabilization and affects processes such as DNA replication,
IHF
recombination, and the expression of many genes. Consisting of two subunits α and
β. IHF reaches 6,000-15,000 complexes in the exponential phase and up to 30,00055,000 in the stationary phase.
IHF-α

ihfA α subunit of IHF

300

11.354

NE

IHF-β

ihfB

285

10.651

NE

β subunit of IHF
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HU for heat unstable protein, is a global regulatory protein and shares properties
with histones for nucleoid organization and regulation. It is a heterodimer formed by
an α- and a β-subunit. HU reaches 30,000-55,000 dimers in the exponential phase and
10,000-17,000 in the stationary phase.

HU

HU-α

hupA α-subunit of HU

273

9.535

NE

HU-β

hup B β-subunit of HU

273

9.226

NE

2787

103.12

NE

2016

73.606

E

537

18.975

E

930

35.783

E

3990

146.66

E

702

28.37

E

2907

109.77

NE

DNA
Pol I

LigA
SSB
Tus
FtsK
Hda
RapA

In addition to polymerase activity, this DNA
polymerase exhibits 3'→5' and 5'→3' exonuclease
activities. It is able to utilize nicked circular duplex
polA
DNA as a template and can unwind the parental
DNA strand from its template. Its cellular abundance
is of around 400 molecules per cell.
LigA is one of two known NAD(+)-dependent DNA
ligA ligases, it catalyzes the formation of phosphodiester
bonds on duplex DNA.
Single-stranded DNA-binding protein acts as a
ssb tetramer when binding to DNA. Each E. coli cell has
about 800 monomers of SSB.
Tus, also known as ter-binding protein (TBP), binds
tus to ter sites, blocking the progress of DNA replication
in a polar like form.
FtsK is an essential cell division protein linking cell
ftsK
division with chromosome segregation
Regulator of DnaA that prevents premature initiation
hda of DNA replication. Around 100 molecules/cell are
found.
hepA

A RNA Polymerase-binding ATPase and RNAP
recycling factor.

Sequesters newly replicated hemimethylated oriC to
seqA prevent re-initiation; it also binds hemimethylated
546
20.315
E
GATC sequences.
Xer site-specific Two lambda integrases of the family of recombinases involved in converting
recombination chromosome dimers of into monomers so that segregation of the chromosomes can
system
occur during cell division
SeqA

a

XerC

xerC XerC is part of the Xer site-specific recombination
system

897

33.868

E

XerD

xerD XerD is part of the Xer site-specific recombination
system

897

34.246

NE

MW: Molecular weight of the polypeptide product.
Essential gene (E)/ non essential gene (NE).

b

Table 1. Description of major proteins for replication in E. coli
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3.1 Regulatory mechanisms of DNA replication in E. coli
One of the main mechanisms associated with DNA replication is the so-called RIDA system
(Regulatory Inactivation of DnaA). The elements of this system are the sliding-clamp of
DNA polymerase III and Hda (Homologous to DnaA). This mechanism takes place when
DnaA is activated by its binding to ATP. The accumulation of DnaA in this active form leads
to the initiation of chromosomal replication since it facilitates its binding to the oriC on the
DNA. DnaA reverts to its inactive form DnaA-ADP by hydrolysis of ATP (Katayama et al.,
1998). Hda-ADP is the monomeric active form for promoting the hydrolysis of DNA-ATP, a
process which is mediated by the slider-loader clamp (Su’etsugu et al., 2008). This
inactivating regulation of DnaA is key for preventing the over-initiation of replicative events
during the cell cycle (Katayama & Sekimizu, 1999). The free-living bacteria C. crescentus also
presents this regulatory mechanism, as it has HdaA, a protein similar to the E. coli Hda. In
C. crescentus HdaA also inactivates DnaA in a replication-coordinated manner, if DNA
replication is successfully initiated then HdaA and the β-sliding clamp promote the
hydrolysis of DnaA-ATP to DnaA-ADP and force DnaA to leaves the oriC (Collier &
Shapiro, 2009). A conserved bacterial protein, YabA, has been found in B. subtilis and other
Gram-positive bacteria where it acts as a repressor for initiation of DNA replication. This is
achieved by forming a complex with DnaA and the β-sliding clamp independently of the
DNA, a common activity shared between Hda and YabA (Mott & Berger, 2007). Thus the
RIDA system is present in B. subtilis and is also the primary mechanism for regulation of
DNA replication in this bacterium (Noirot-Gros et al., 2006). The formation of the oriC and
DnaA complex is assisted by the protein DiaA, which forms homo-tetramers and binds
various DnaA molecules, especially in the active form of DnaA-ATP but it can also stimulate
the formation of the DnaA-ADP-oriC complex, this is an inactive complex for initiation of
replication (Ishida et al., 2004).
Another mechanism that regulates the initiation of DNA replication is by controlling the
availability of free DnaA to bind to DnaA boxes on the oriC (Figure 1). Here the role of the
1kb datA locus, which is localized near (downstream) from the oriC is important. The datA
locus shows high affinity for DnaA, even more than the DnaA boxes on the oriC. Thus the
datA region is able to bind over 300 DnaA molecules whereas oriC binds to 45 DnaA
monomers (Kitagawa et al., 1998). The operability of this mechanism is facilitated by the fact
that the oriC had only few DnaA boxes compared to the datA locus and by the close
proximity of data in respect to oriC on the DNA molecule (Figure 6).
One related control system depends on the property of DnaA to act as a transcription factor
and to the presence of DnaA boxes in the promoter regions of several genes. In most cases
DnaA represses the expression of the associated gene but in some cases it can activates
certain genes (Messer & Weigel, 1997). DnaA regulates around 10 genes in E. coli as
documented in RegulonDB (Gama-Castro et al., 2010). The transcription of DnaA is one of
the most important regulatory mechanisms that directly affect the replication of DNA and
one of the proteins that negatively regulate the expression of dnaA is DnaA itself (Figure 6).
At high levels DnaA binds to the DnaA boxes in the promoter region and impedes
transcription. This auto-repressive process directly affects the amount of DnaA-ATP
available and controls the efficiency of initiation of DNA replication (Mott & Berger, 2007).
In C. crescentus, it was found that DnaA also auto-represses the transcription of its own gene
but additionally DnaA is highly unstable in this organism and gradually degrades after
initiating a replication event (Gorbatyuk & Marczynski, 2005).
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Fig. 6. Mechanisms that regulate DNA replication in E. coli. A) The newly replicated DNA
duplex is in a hemimethylated state. B) SeqA binds to the hemimethylated GATC sites
immediately after they are replicated. C) RpoD activates the transcription of dam and Dam
methylates GATC sites of the newly synthesized strand. D) HU represses the transcription
of SeqA. E) DnaA binds to the DnaA boxes on the oriC region. F) when there are many
DnaA molecules they repress the transcription of the dnaA gene. G) datA locus binds many
DnaA molecules.
3.2 Regulation of DNA replication by DNA methylation
A requirement for initiation of DNA replication is that both DNA strands are methylated,
principally the adenine nucleotide in the GATC motifs, this process is mediated by Dam
(DNA adenine methyltranferase), (Wion & Casadésus, 2006). Dam binds to the DNA
nonspecifically, and methylates the GATC motifs (Figure 6). On DNA strands recently
synthesized these motifs are rapidly methylated and exist in the hemimethylated state only
during a fraction of the time needed for the replication of the entire DNA (Casadésus &
Low, 2006).
The methylation process occurs asynchronously on the newly synthesized strands; i. e.
methylation on the lagging arm occurs only after the ligation of the Okazaki fragments. It is
postulated that Dam is always present in a complex bound near the replication origin, thus
the methylation of nascent DNA strands occurs as soon as polymerization begins. In
summary, the presence of hemimethylated GATC sites provides a cue to indicate that DNA
replication has just occurred (Stancheva et al., 1999).
Another way to repress the transcription of dnaA is that which occurs immediately after the
initiation of DNA replication. Here, SeqA binds to the hemimethylated GATC sequences in
the regulatory regions of the dnaA gene (Lu et al., 1994; Brendler et al., 2000). Similarly, SeqA
also represses the replication of DNA by binding to the hemimethylated GATC sequence at
the oriC, this is possible because SeqA DNA-binding sites overlap with those of low affinity
for DnaA (DnaA boxes) on the oriC. This overlap impedes the complete access of DnaA-ATP
to the oriC (Han et al., 2004).
This prevention of replication, dependant of DNA methylation, has been considered as an
epigenetic regulatory mechanism because it depends on the chemical modification of the
nucleotide residues of the DNA and not in its sequence.
3.3 Regulation of DNA replication in Bacillus subtilis
B. subtilis shares some orthologous genes to the regulators that are involved in DNA
replication in E. coli, but particular regulatory mechanisms must occur in this organism, as it
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lacks some important components of the regulatory machinery found in E. coli such as the
seqA and dam genes. In their place other players are present in B. subtilis such as Spo0A
(Figure 7) and SirA (sporulation inhibitor of replication) (Katayama et al., 2010). Spo0A is
the master regulator for sporulation and, at the same time, is an inhibitor of DNA
replication. Spo0A is activated by a multicomponent phosphorelay process, this is initiated
by a histidine kinase (KinA), that autophosphorylates, and transfers the phosphate to Spo0A
through two intermediate phosphotransferases (Spo0F and Spo0B), (Burbulys et al., 1991).
Spo0A-P (the active form) binds to specific sites on the oriC region and blocks the
unwinding of the DNA duplex. Spo0A-P activates SirA, and SirA binds to DnaA in Domain
I inhibiting the ability of DnaA to bind to the oriC (Wagner et al, 2009). Sda maintains the
cellular levels of Spo0A-P low when a new round of replication has initiated (Veening et al.,
2009), by inhibiting the accumulation of the autophosphorylated form of KinA
(Cunningham & Burkholder, 2008).
Other regulators also implicated in DNA replication in B. subtilis are Soj and Spo0J (Figure
7), both components are required for proper chromosome segregation and for the repression
of DNA replication. Soj exerts its activity in repressing replication by interacting with DnaA
at the oriC, thereby preventing DnaA from initiating DNA replication (Murray & Errington,
2008). Otherwise Spo0J produces the complex Soj-Spo0J at the parS locus (Autret et al., 2001),
promoting the release of Soj from the DNA strands, and allowing DNA replication to be
initiated (Lee et al., 2003).

Fig. 7. Mechanisms that regulate DNA replication in B. subtilis. A) Soj represses DnaA
activity. B) Spo0J stimulates Soj binding to the parS locus. C) The complex of Soj at the parS
locus promotes the separation of Soj from the DNA. D) DnaA binds the DnaA boxes in the
oriC initiating DNA replication. E) DnaA represses dnaA itself and activates the transcription
of sda. F) Sda inhibits the accumulation of KinA-P. G) KinA activates Spo0A by transferring
a phosphate group to Spo0A. H) Spo0A binds to specific sites in the oriC and represses
replication, it also represses dnaA and spo0J and activates sirA. I) SirA, in turn, binds to
DnaA and represses its binding to the oriC.
3.4 Regulation of DNA replication in Caulobacter crescentus
An interesting mechanism for control of DNA replication takes place in the cell cycle of C.
crescentus, this aquatic, free-living bacteria, divides asymmetrically and this process is

Mechanisms and Controls of DNA Replication in Bacteria

233

regulated by a complex circuit of master regulatory proteins (Figure 8) coupled to a twocomponent system.
One of these regulators is the master regulator of cell cycle CtrA (Cell cycle transcriptional
regulator), which is transcriptionally regulated by methylation of the GANTC motif on the
first of the two of ctrA promoters (P1). Transcription initiation at P1 is repressed when the
GANTC motifs are fully methylated while in the hemimethylated state transcription takes
place. This mechanism ensures that ctrA is transcribed only while replication is in progress,
producing enough protein to block and prevent the reinitiating of another round of DNA
replication during this time (Reisenauer & Shapiro, 2002). In the hemimethylated form the
production and accumulation of CtrA occurs, this protein binds to the regulatory region of
ccrM and activates the transcription of a DNA-methylase encoded by this gene. Once
synthesized, this enzyme proceeds to complete the methylation of both DNA strands. CtrA
ceases its repressing activity when it is degraded by a Lon-type protease. The transcription
of ccrM mediated by CtrA is inhibited when the two GANTC regulatory motifs are
methylated. This complex machinery determines that when DNA is fully methylated, the
transcription of ctrA and ccrM genes turns off (Stephens et al., 1995). This regulatory
mechanism ensures that the synthesis of CcrM remains off and takes place only when the
replication fork reaches the position of the ccrM gene preventing its premature transcription
(Reisenauer et al., 1999).
The phosphorylated state of CtrA (CtrA-P) is the active form of this regulatory protein and
this process is mediated by a cascade of phosphorylations which start with the activation of
Divk, mediated by CtrA. DivK transfers the phosphate group to the CckA intermediate (Cell
cycle histidine kinase) and CckA and ChpT finally transfer the phosphate group to CtrA. In
the swarmer cell type of C. crescentus, CtrA-P binds to five DNA motifs on the oriC region,
repressing the process of DNA replication (Marczynski & Shapiro, 2002). For the replication
process to take place CtrA-P must be degraded by the ClpXP protease, which releases the
origin of replication. ClpXP and CtrA are localized to each of the poles in stalked cells. This
polar targeting of ClpXP is mediated by CpdR (a two component receiver protein), which is
a dephosphorylating protein positioned at the pole where it recruits ClpXP (Jenal, 2009).
Sometime after this happens, the proteolysis of CtrA ends and a positive transcriptional
feedback loop generates the accumulation of CtrA, blocking again the access of DnaA to the
oriC (Hung & Shapiro, 2002).
Another regulatory system for DNA replication in C. crescentus, is the regulatory circuit of
DnaA, CtrA, GcrA and SciP. This genetic circuit regulates the transcription of multiple genes
(DnaA alone controls the expression of approximately 40 genes in this bacterium) and many
of these genes encode components of the replisome, in particular activating gcrA. On the
other hand, CtrA regulates about 95 genes principally those involved in flagella biogenesis,
cellular division and other regulators, and inhibits gcrA. GcrA in turn controls over 50 genes
including the activation of ctrA and the repression of dnaA (Laub et al., 2007). Finally, Scip
represses ctrA, and it is regulated in a feed forward loop manner; activated by CtrA and
repressed by DnaA (Tan et al., 2010).
Some of the regulatory mechanisms concerning DNA replication are conserved in bacteria
(as shown throughout this chapter) but specific mechanisms are also characteristic of each
organism, table 2 shows the comparison of the regulators present in the three bacterial
models described above.
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Fig. 8. Regulatory circuits that control the process of DNA-replication in C. crescentus. A)
CtrA activates and represses the transcription of its own gene, additionally it activates gcrA,
ccrM and sciP. B) CckA and ChpT transfer the phosphate group to CtrA. C) CtrA-P binds to
oriC and inhibits the initiation of DNA replication. D) SciP represses the transcription of
ctrA. E) DnaA auto-represses its own transcription in addition to the clpXP and sciP genes, it
also actives gcrA. F) ClpXP degrades both CtrA and CtrA-P forms. G) DnaA binds to oriC to
promote the initiation of DNA replication. H) CcrM methylates the GANTC sites on the
regulatory regions of dnaA, ctrA and on its own gene, and also on the oriC region. I) GrcA
activates the transcription of ctrA. Figure taken and modified from Tan et al. (2010).

4. The stringent response arrests DNA replication in bacteria
When bacteria are under metabolic stress, mainly in starvation conditions, they activate a
regulatory mechanism called the stringent response. This response usually corresponds to
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Regulatory systems of
DNA replication

Regulatory genes present in the organisms
E coli

B. subtilis

C. crescentus

RIDA

Hda

YbaA *

HdaA*

dnaA gene regulation

DnaA autoregulation,
promoter methylation

DnaA, Soj, SirA

DnaA, CcrM

DnaA regulation

DnaA-ATP/ADP,
datA sequestration

DnaAATP/ADP

DnaA-ATP/ADP

oriC blocking

SeqA

Spo0A

CtrA

DNA methylation

Dam

-

Ccrm

Phosphorylation
cascade

-

KinA, Spo0F,
Spo0B

DivK, ChpT, CckA

Proteolysis

-

-

ClpXP

* Orthologous to the E. coli components. - unidentified.

Table 2. Comparison of the controls that regulate DNA replication in E. coli, B. subtilis and
C. crescentus.
the deprivation of amino acids, carbon, and limitations of nitrogen and phosphate. Under
these conditions the cells suffer a reduction in size and restrict the content of their genetic
information to only one nucleoid per cell (Schreiber et al., 1995).
The signal which triggers the stringent response is mediated by the accumulation of smallmolecule nucleotides. These are guanosine tetra- and penta-phosphates; ppGpp and
pppGpp (Ferullo & Lovett, 2008). These alarmones are synthesized as a response to the
nutritional limitations by the proteins ReIA (synthetase I) and SpoT (synthetase II),
(Bernardo et al., 2006). During the stringent conditions the elongation phase of DNA
replication is inhibited because ppGpp and pppGppp specifically block the activity of the
primase enzyme (DnaG). This is caused by the binding of a phosphate group of ppGpp to
the primase resulting in an allosteric inhibition of the replication complex, the primase
cannot therefore bind to the helicase. High cellular levels (up to millimolar concentrations)
of these small nucleotides completely arrest DNA replication whereas lower levels only
diminish the rate of replication (Wang et al., 2007).
Another path of regulation of DNA replication under a stringent condition is produced by
the fact that the promoter of dnaA is also subject to the stringent response and the
transcription of dnaA is also repressed under these conditions (Chiaramello & Zyskind, 1990;
Levine et al., 1995).
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5. DNA replication and asymmetrical bacterial cell-division
In B. subtilis the arrest of DNA replication takes place around the oriC, from the gnt gene
on the left arm over an equal distance to the gerD gene of right arm, covering at least 190
kpb on both sides of the oriC (Levine et al., 1991). During this process the stages of
chromosomal segregation in cell division differ between prespores and vegetative cells.
First, the newly replicated chromosomes are attached at each of the cell poles (one pole
will become the spore and the other pole the mother cell). Upon the asymmetric septation,
under stress, about 30% of one of the replicated chromosomes is trapped in the prespore
(Wu & Errington, 1994). The protein SpoIIIE forms a pore in the invaginating septum
around the trapped DNA and permits the transfer of the remaining chromosome through
the septum into the prespore (Lewis, 2001). All this produces an imbalance among
regulators in the forespore and vegetative cell that results in an asymmetrical cell division
in B. subtilis.
Another example of asymmetrical cell-division happens in C. crescentus, this bacterium
differentiates into two different progeny: a flagellated swarmer cell and a stalked cell. The
swarmer cells are incapable of replicating their DNA (prevented by the mechanisms
previously mentioned in this chapter), until they differentiate into a stalked cell, this celltype immediately enters into a new period of chromosome replication and cell division, and
generates again the two cell types (Ryan & Shapiro, 2003). When C. crescentus is starved of
carbon sources, its DnaA protein is degraded in a manner that depends on the stringent
response mediated by the protein Spo, a ppGpp synthetase (Lesley & Shapiro, 2008).
Additionally starvation increases the degradation of DnaA leading to the stabilization of
CtrA resulting in the inhibition of DNA replication (Gorbatyuk & Marczynski, 2005).

6. DNA replication in bacteria with two chromosomes
Until now, in this chapter we have discussed replication focusing on bacteria with one
chromosome, but some bacteria have more than one chromosome, one example of this is
Vibrio cholerae, a human pathogen, which possesses two chromosomes, chrI and chrII
(Heidelberg et al., 2000). The components and regulation of DNA replication for chrI in V.
cholera are similar to the oriC of E. coli whereas the oriC of chrII shares some characteristics
with plasmid replicons. Both cases (chrI and chrII) also require a specific repeated sequence
for the replicative machinery (Zakrzewska-Czerwińska, et al., 2007). One of the specific
requirements is that chrI initiates replication assisted only by DnaA whereas chrII requires
the activity of the RctB protein that binds specifically to its oriC (Duigou et al., 2006), and an
untranslated trans-acting RNA (rctA) (Egan et al., 2005). However the two chromosomes
replicate synchronously although each has requirements for specific components which
reduces the competition between both origins of replication for the replicative machineries
(Duigou et al., 2006).
The proper regulation of DNA replication in bacteria with multiple chromosomes must
involve interesting strategies to control the replication of both chromosomes. Unfortunately
our knowledge about the regulation of DNA replication in these cases is poorly understood.
It has been suggested that organisms with two chromosomes have an advantage for
regulation of replication in some environmental conditions such as in free-living aquatic
conditions or in association with a host, since faster replication of all DNA content is
facilitated (Egan & Waldor, 2003).
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7. Bacteria with multiple nucleoids
Another interesting phenomenon associated with DNA replication is endoreduplication
(duplication of DNA in the absence of cell-division) as happens in the differentiation of
Rhizobium etli, when these bacteria form a nodule and enter on it, in an endosymbiotic
association with roots of leguminous plants. Irreversible cell differentiation occurs in these
bacteria, which generates a nitrogen fixing bacteroid that is metabolically and
morphologically different from the original pre-nodule cell. The differences between these
types of cells result from cellular elongation and endoreduplication, without cell division.
These bacteroid cells result from normal cells suffering repeated rounds of DNA replication
and since the cell division is blocked they have multiple nucleoids (Mergaert et al., 2006).
Interestingly this endoreplicative process is controlled by factors that are nodule-specific
cysteine-rich (NCR) peptides generated from the host plant and targeted to the bacterial
periplasm, with the ability to penetrate the bacteria membrane and function in its cytoplasm
(Van de Velde et al., 2009).

8. Future perspectives
There are many details pending even in the best studied bacterial models. Some of the
advantages of knowing in detail the replication process and its regulation are the
possibilities for controlling the replication rates in bacteria, for example, to block the DNA
replication of a pathogen or achieve cell-synchronization in bacterial cultures. Using this last
premise, Ferullo et al. (2009), developed a method for synchronizing E. coli cultures, by
treating the bacteria with DL-serine hydroxamate, a structural analogue of the amino acid
serine, this treatment induces a natural stringent response, causing the arrest of the initiation
of DNA replication, once the stringent signal is released, cells initiate a synchronized round
of DNA replication.
Another advantage of knowing the details of the replication process and its regulation is to
allow us to control and use it as a clock in some bio-engineered systems, an example of this
is the ON and OF switch, generated by the methylated or hemimethylated state of DNA in
E. coli (Low & Casadesús, 2008), specially at the GATC sites of the regulatory regions of
many genes and the possibility of timing the replication rate in this organism.
Some organisms with reduced genomes such as the obligate endosymbionts Baumannia
cicadellinicola and Carsonella ruddii, have lost most of the relevant components of the
replicative machinery, such as DnaA. It is suggested that, the lack of DnaA allows the host
to control DNA replication of the symbiont avoiding over-reproduction of the bacteria in its
cytosol (Akman et al., 2002). Another possibility is that DNA replication happens at a low
basal- rate in these stable conditions, in an unrepressed manner. It is postulated that the
association between different organisms leads to adaptation in the rate of DNA replication
of the bacteria in balance with the developmental status of their hosts (Gil et al., 2003).

9. Conclusions
The replication of DNA is a complex process in which a great number of regulators and
mechanisms are involved, one of the most important is the DnaA protein. Replication
normally begins by the formation of a complex of DnaA at the oriC region, with the
assistance of DiaA, and the incorporation of some proteins that form the replisome,
subsequently the formation of the open complex takes place, followed by a complex
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interaction of the proteins needed to execute and complete the DNA replication. The process
finalizes with the recognition of the ter site and disassembly of the replisome. Many of the
proteins are broadly conserved within the bacteria but some special factors are required in
bacteria which undergo particular processes such as asymmetrical cell division.
In general these processes are controlled by a series of circuits, which usually center on the
oriC and affect the activity of DnaA. The result is regulation of the initiation step of DNA
replication. Some of the regulatory mechanisms are time-dependent allowing only one DNA
replication event per cell cycle. The methylation state of the DNA-strands is another
important condition that not only controls the possibility of starting DNA replication but
also regulates the transcription of many genes important for the execution of this function.
All or certain of these mechanisms are adjusted under some special conditions, such as
when the stringent response is triggered by amino acid starvation. In some bacteria with
extremely reduced genomes it is still a mystery as to how DNA replication takes place and
how it is controlled. Many of these latter organisms lack several important proteins
implicated in the control and execution of DNA replication, and these bacteria can be useful
as models for generating a system with the minimal components necessary for DNA
replication.
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1. Introduction
The propagation of epigenetic states during DNA replication is critical for maintaining gene
expression patterns across cell generations. Phenotypically diverse, but genetically identical,
cells within a multicellular organism originate from a single cell, the zygote. During
development, the cells derived from this zygote will divide and differentiate along multiple
developmental pathways until reaching their final cell fates, with each cell-type expressing a
different subset of their common genetic information. Differential gene expression in
alternate cell-types in both unicellular and multi-cellular organisms is dependent, in part,
upon post-translational modifications to DNA and histones. When the DNA itself is
replicated, these post-translational modification patterns must also be replicated in order for
epigenetic states to be inherited. The replication of epigenetic states involves many proteins
acting in a concerted manner. Failure of one protein to act may have devastating effects on
the cell and organism including loss of cell identity, inviability or disease. In this review, we
will explore how multiple chromatin and gene expression states are transmitted
epigenetically from mother cell to daughter cell during DNA replication and the
contribution of replication factors to this process, taking examples from S. cerevisiae,
Drosophila and mammals.

2. Nucleosomes as a minimal unit for carrying epigenetic information
The minimal repeating unit of chromatin in eukaryotes is the nucleosome, which is
composed of approximately 147 bp of DNA wrapped 1.7 times around an octamer of
histones containing two each of H2A, H2B, H3, and H4 (Luger et al., 1997). In chromatin,
nucleosomes are separated from each other by differing lengths of linker DNA that can be
bound by linker histones, such as H1 and H5 in mammals (Kornberg, 1977). This minimal,
or “beads on a string”, order of chromatin conformation can then be folded into several
higher order structures containing numerous other chromatin-associated proteins and
RNAs. Some of the most dramatic of these structures include centromeres, highly
condensed metaphase chromosomes and Barr bodies in mammals. Information integral to
epigenetic processes and written onto these nucleosomes is found in the form of posttranslational modifications to histones and chemical modifications to DNA. These
modification patterns are critical for regulating diverse cellular processes ranging from gene
expression and DNA repair to chromatin compaction. When DNA is replicated to pass on
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genetic information to daughter cells, these nucleosomal modifications must also be
duplicated to ensure regulatory and structural information related to the accessibility of that
genetic information is also inherited.
Distinct histone modification patterns are found on newly synthesized histones relative to
parental histones, which display altered modifications reflecting their locus-specific
functions. H4 found within newly synthesized histone H3.1-H4 dimers are diacetylated at
K5 and K12 (Sobel et al., 1995, Loyola et al., 2006). This H4 modification pattern is
initiated in the cytoplasm, is highly conserved across evolution and is mediated by the
acetyltransferase HAT1 (Sobel et al., 1995, Parthun, 2007). However, once H4 is
incorporated into chromatin, these marks are removed within ~20 min and other patterns
are then created (Taddei et al., 1999). In budding yeast, acetylation of H4 K91 also occurs
prior to incorporation into chromatin (Ye et al., 2005). H4 K91 lies at the site of interaction
between H3/H4 dimers and H2A/H2B dimers (English et al., 2006). The role of this
modification in regulating nucleosome formation is not yet understood. However,
nucleosomes containing H4 K91A mutants are more easily digested by micrococcal
nuclease (Ye et al., 2005), raising the possibility that this modification regulates
nucleosome stability.
In contrast to H4, the modifications present on newly synthesized H3 vary somewhat across
organisms. In Drosophila, H3 is primarily acetylated on H3 K9 and/or K23 (Sobel et al.,
1995). In contrast, in mammals, newly synthesized H3 is monomethylated on K9 (Loyola et
al., 2006) and may also be acetylated at K56 prior to assembly (Das et al., 2009, Xie et al.,
2009). In S. cerevisiae, newly synthesized H3 is acetylated at numerous sites including K9,
K27 and K56 (Masumoto et al., 2005, Kuo et al., 1996, Adkins et al., 2007, Burgess et al.,
2010). These modifications may aid in distinguishing parental from newly synthesized
histones and facilitate nucleosome assembly by the chromatin assembly machinery (See
Sec. 3). Revision of the modification patterns on newly synthesized histones to match preexisting locus-specific patterns must occur during or shortly after DNA replication. Such
changes mediated by enzymes targeted to the replication fork or those loci ensure successful
propagation of epigenetic states from mother to daughter cell.

3. Chromatin disassembly and assembly during DNA replication
3.1 Nucleosome organization and dynamics at the replication fork
During DNA replication, 4 ± 1 nucleosomes are transiently destabilized at the replication
fork by the DNA replication machinery. These nucleosomes must be disassembled in front
of the fork for DNA polymerase to gain access to its template and then, after replication, be
reassembled behind the fork to repackage the newly synthesized DNA into chromatin.
During SV40 replication in vitro, this process destabilizes a region of ~650-1100 bp of DNA
involving approximately two nucleosomes in front of the replication fork and a short region
behind the fork on the daughter strands (Gasser et al., 1996). In SV40 minichromosomes, 0 ~380 bp of unpackaged DNA lies ahead of the branchpoint signifying the replication fork
and ~260 - ~440 bp of unpackaged DNA is present in the daughter strands behind the fork.
The region comprising the nucleosomes adjacent to either side of the fork likely lacks linker
histones. The nucleosome immediately upstream of the fork is partially disassembled, and
may exist as a H3/H4 tetramer. After replication, nucleosome assembly occurs on the
daughter strands once the length of DNA needed to wrap around the histone octamer has
passed through the replication machinery (Sogo et al., 1986, Gasser et al., 1996).
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This chromatin disassembly and reassembly process during DNA replication requires the
removal of nucleosomes containing parental histones and the assembly of both parental and
newly synthesized histones into nucleosomes. Parental (pre-replicative) H3/H4 have been
shown to be removed from in front of the replication fork as H3/H4 dimers and then
reassembled together with other parental H3/H4 dimers to reform parental (H3/H4)2
tetramers on both daughter strands through the use of density labeling of parental H3/H4
and sedimentation analysis (Jackson, 1990, Yamasu & Senshu, 1990, Gruss et al., 1993) or
stable isotope labeling of “old” H3.1 variants and mass spectrometry (Xu et al., 2010). In
contrast, H2A/H2B dimers appear to be removed from in front of the fork prior to H3/H4,
and then, along with newly synthesized H2A/H2B dimers, to be randomly incorporated
onto nucleosomes containing either parental or newly synthesized (H3/H4)2 tetramers
behind the fork. The assembly of the basic structure of chromatin is then completed by the
loading of a linker histone, e.g. H1 (Jackson, 1990). This pattern of nucleosome disassembly
and assembly during DNA replication implicates parental H3/H4, and the modifications on
these histones, as being the direct and critical instructions for the reformation of preexisting
epigenetic states after passage of a replication fork through a chromosomal locus. These
patterns on the parental nucleosomes may act as a guide for generating similar patterns on
adjacent nucleosomes that contain newly synthesized histones, but direct demonstration of
how this occurs has yet to be accomplished. Other key instructions will be found on the
parental DNA strands themselves in the form of methylated and hydroxymethylated
cytosines (See Sec. 4.2).
3.2 Chromatin disassembly at the replication fork
Several proteins have been implicated in nucleosome disassembly in front of the replication
fork, including FACT and Asf1p (Fig. 1). FACT, or Facilitator of Chromatin Transcription,
consists of Spt16p and Pob3p in yeast and SPT6 and SSRP1 in mammals. FACT is best
understood for its role in transcription elongation where FACT replaces H2A/H2B dimers
upon passage of the transcription machinery. FACT can also bind H3/H4 through Spt16p to
promote nucleosome disassembly and reassembly during both transcription elongation and
DNA replication (Stuwe et al., 2008, Belotserkovskaya et al., 2003). FACT localizes to
replication foci in mammals (Hertel et al., 1999) and is required for DNA replication in
Xenopus egg extracts (Okuhara et al., 1999). FACT is thought to remove H2A/H2B from in
front of the replication fork, thereby facilitating DNA replication. Consistent with this
function, Spt16p of FACT interacts with the Mcm4p subunit of the replicative MCM helicase
(Tan et al., 2006). FACT also co-purifies with DNA polα (Wittmeyer & Formosa, 1997) and
promotes replication fork progression (Gambus et al., 2006). Also, Pob3p interacts with
Rfa1p, a subunit of RPA that binds ssDNA during DNA replication (VanDemark et al.,
2006). These interactions implicate FACT in promoting nucleosome disassembly and
deposition, respectively, on either side of the replication fork.
Anti-Silencing Factor 1, Asf1p (mammalian Asf1a & Asf1b), is an evolutionarily conserved
chromatin assembly factor that was discovered in a screen for genes, which when
overexpressed, led to silencing defects in S. cerevisiae (Le et al., 1997). Asf1 binds H3/H4
dimers through a surface on H3/H4 that associates with a second H3/H4 dimer in the
context of a nucleosome. This Asf1-H3/H4 interaction may prevent premature (H3/H4)2
tetramer formation prior to nucleosome assembly (English et al., 2006, Tagami et al., 2004).
Asf1p participates in chromatin assembly during both transcription and replication (Green
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Fig. 1. Replication-coupled chromatin assembly in S. cerevisiae. Parental histones (beige) are
removed from in front of the fork by assembly factors FACT (orange) and Asf1p (blue),
which both interact directly or indirectly with the MCM helicase (blue-grey). FACT also
binds to single stranded DNA binding protein Rpa1p of the RPA complex (coral). Whether
FACT binds H2A/H2B dimers or tetramers is unclear. Newly synthesized H3/H4 dimers
(yellow) are acetylated at H4 K5 and 12 by Hat1p in complex with Hat2p (dull green) and
assembly factor Hif1p (peach). Rtt109p (light purple) binds to Asf1p bound to newly
synthesized H3/H4 dimers (yellow) and acetylates H3 K56. If, where, and how newly
synthesized H3/H4 are transferred from Hat1p/Hat2p/Hif1p to Asf1p or other assembly
factors is unknown. CAF-1 (magenta) binds H3/H4 containing H3 K56ac, and possibly H3
K9ac and H4 K16ac, and interacts with Asf1p through the Cac2p subunit (dotted line).
Assembly factor, Rtt106p (light red), binds newly synthesized H3/H4 containing H3 K56ac,
and possibly H3 K9ac and H4 K16ac, and also interacts with CAF-1 through the Cac1p
subunit. SAS-I (grey) associates with CAF-1 or Asf1p bound to H3/H4. Sas2p of SAS-I
acetylates H4 K16. PCNA (bright green) tethers Polδ (light pink) and Polε (light pink) to the
replication fork. PCNA is loaded onto DNA by RFC (dark pink). CAF-1 and Asf1p associate
with the replication fork through interactions between Cac1p and PCNA and Asf1p and the
Rfc2-4p subunits of RFC. Gcn5p (turquoise) and Rtt109p acetylate residues including H3 K9
and K27 and influence chromatin assembly during replication. Assembly of new and
parental histones behind the fork is facilitated by FACT, and likely Nap1p (brown), which
bind H2A/H2B, as well as CAF-1, Rtt106p, Asf1p, and possibly Hif1p, which bind H3/H4.
Current models predict that Asf1p transfers H3/H4 dimers to CAF-1 for assembly.
However, Asf1p may also directly assemble H3/H4 dimers. Question marks indicate where
mechanisms are unclear.

Propagating Epigenetic States During DNA Replication

249

et al., 2005, Sanematsu et al., 2006). Asf1p also functions in chromatin disassembly; Asf1p
increases the rate of histone eviction at the yeast PHO5 and PHO8 promoters during
transcription (Korber et al., 2006) and globally removes H3/H4 from chromatin (Adkins &
Tyler, 2004). In Drosophila, Asf1 localizes to replication foci during S phase and depletion of
Asf1 from Drosophila or mammalian cells results in delayed progression through S phase
and inefficient DNA replication (Tyler et al., 1999, Groth et al., 2005, Sanematsu et al., 2006,
Schulz & Tyler, 2006). These defects are related, in part, to a proposed role of Asf1p in
facilitating nucleosome disassembly in front of the replication fork in conjunction with the
FACT complex. Consistent with this model, Asf1 associates with the MCM helicase via
H3/H4, and depletion of Asf1p slows DNA duplex unwinding by MCMs (Groth et al.,
2007a, Groth et al., 2007b). Moreover, when fork progression is inhibited by treating cells
with hydroxyurea, MCMs continue to unwind DNA and complexes of Asf1-H3/H4-MCMs
accumulate. Consistent with disassembly, H3/H4 in these complexes carry marks associated
with parental histones, H4 K16ac and H3 K9me3, rather than newly synthesized H3/H4
(Groth et al., 2007a). Other factors must also participate in disassembly of H3/H4 during
replication as ASF1 is not essential in S. cerevisiae.
3.3 Chromatin assembly at the replication fork
Several chromatin assembly factors have been linked to replication-coupled assembly
behind the fork including Asf1p, CAF-1, Rtt106p and FACT (Fig. 1). In Drosophila and other
organisms, the histone variant H3.1 is assembled into nucleosomes during replication–
coupled chromatin assembly in S phase whereas the variant H3.3 is incorporated into
chromatin throughout the cell cycle (Ahmad & Henikoff, 2002). The human Asf1 homologs,
Asf1a and Asf1b, associate with both H3.1 and H3.3 (Tagami et al., 2004), consistent with
their dual roles in transcription and replication-coupled chromatin assembly. In contrast,
Chromatin Assembly Factor 1, CAF-1, comprised of p150, p60, and p48 in mammals and
Cac1p, Cac2p, and Cac3p in S. cerevisiae, associates with newly synthesized H3/H4
(Kaufman et al., 1995) and mediates their incorporation into chromatin during DNA
replication (Smith & Stillman, 1989, Verreault et al., 1996). In mammals, CAF-1 associates
with H3.1, but not H3.3 (Tagami et al., 2004), and is required for progression through S
phase (Hoek & Stillman, 2003, Ye et al., 2003), consistent with CAF-1 playing a critical role in
assembly during DNA replication and repair (Smith & Stillman, 1989, Moggs et al., 2000,
Kamakaka et al., 1996, Gaillard et al., 1996). CAF-1 is recruited to replication forks through
binding of the Cac1p subunit of CAF-1 to PCNA (Zhang et al., 2000, Shibahara & Stillman,
1999). Cac1p contains a PCNA-binding motif and mutations in this region disrupt CAF-1PCNA interactions in pull down experiments as well as result in silencing defects in
budding yeast (Krawitz et al., 2002).
In S. cerevisiae, Drosphila, and human cells, Asf1p functions with CAF-1 to promote rapid
nucleosome assembly during DNA replication and repair (Sharp et al., 2001, Tyler et al.,
1999, Mello et al., 2002). However, CAF-1 does not enhance replication-independent histone
deposition, implying CAF-1 may be exclusively involved in replication-coupled chromatin
assembly (Sharp et al., 2001). Asf1p is proposed to transport H3/H4 dimers to CAF-1 for
deposition onto DNA. Consistent with this model, CAF-1-dependent nucleosome assembly
is stimulated by Asf1p. In the absence of Asf1p, H3/H4 are not readily transferred to CAF-1
(Tyler et al., 1999, Sharp et al., 2001, Mello et al., 2002, Groth et al., 2005). Asf1 interacts with
CAF-1 via the Cac2p subunit (Krawitz et al., 2002, Mello et al., 2002, Tyler et al., 2001), and H3
mutants that do not bind to human Asf1 can associate with CAF-1 (Galvani et al., 2008). In
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addition, Asf1p binds to Replication Factor-C, RFC, which loads PCNA onto DNA and this
interaction may localize Asf1p behind the fork. RFC loaded onto nicked templates is
sufficient to target Asf1p to DNA, and the Rfc2-5p subunits of RFC co-precipitate with
Asf1p (Franco et al., 2005). In vivo, asf1Δ rfc1-1 mutants exhibit synthetic growth defects and
accumulate between S phase and the metaphase-to-anaphase transition. Similar slow
growth phenotypes are not observed in cac1Δ rfc1-1 mutants (Kaufman et al., 1998, Kaufman
et al., 1997, Franco et al., 2005).
In S. cerevisiae, CAF-1 also interacts with the assembly factor Rtt106p through Cac1p (Huang
et al., 2005), and Rtt106p and Asf1p co-purify from in vivo extracts (Lambert et al., 2010).
Rtt106p binds H3/H4 dimers through PH domains, similar to Pob3p, and exhibits
chromatin assembly activity in vitro (Huang et al., 2005, Li et al., 2008). Chromatin assembly
by CAF-1 and Rtt106p is stimulated by H3 K56ac (Li et al., 2008), a modification catalyzed
by the acetyltransferase Rtt109p while H3/H4 dimers are bound by Asf1p (Tsubota et al.,
2007, Driscoll et al., 2007). Cells lacking CAF-1, Asf1p or Rtt106p exhibit defects in Sirmediated silencing in S. cerevisiae (Huang et al., 2005, Huang et al., 2007, Kaufman et al.,
1997, Tyler et al., 1999). Silencing defects are more severe in cac1 rtt106, and asf1 cac1
mutants relative to single mutants, indicating that multiple assembly pathways impact
epigenetically silenced chromatin (Huang et al., 2005, Tyler et al., 1999).
Several additional factors participate in nucleosome assembly during DNA replication,
including FACT (and potentially Nap1p), the INO80 complex, and ACF1-SNF2H. As
outlined above, FACT-RPA interactions via binding of Pob3p to Rfa1p may promote
H2A/H2B deposition behind the replication fork (VanDemark et al., 2006), but the
understanding of H2A/H2B disassembly and assembly during DNA replication lags behind
that of H3/H4. Also, the ATP-dependent chromatin remodeler Ino80p localizes to origins of
replication and replication forks during entry into S phase, is required continuously for fork
progression under replication stress (Papamichos-Chronakis & Peterson, 2008) and
functions in DNA repair (Morrison et al., 2004, van Attikum et al., 2004). How these proteins
interact with other chromatin assembly factors during DNA replication remains to be
explored. Currently, it is unclear whether certain factors are targeted to replication forks as
they pass through some regions of the genome but not others, or the extent to which
specialized factors to promote certain epigenetic processes. In support of some factors being
critical for replication through epigenetically silenced loci, ACF1-SNF2H facilitates
replication through heterochromatin in mammals (Collins et al., 2002). And, CAF-1 and
Rtt106p contribute to the recruitment and spreading of Sirs in silent chromatin in budding
yeast (Huang et al., 2007).

4. Propagation of chromatin modifications and epigenetic states
4.1 Histone modifications and replication factors in heterochromatin formation
The integrity of silent chromatin is influenced by the composition of nucleosomes at silenced
loci as well as elsewhere throughout the genome. In budding yeast, transcriptionally active
loci are enriched in acetylated histones and certain methylated forms of histones (e.g.
methylated H3 K4 and H3 K36), whereas histones in silenced loci (rDNA locus, telomeres
and silent mating-type loci HML and HMR) are hypoacetylated and hypomethylated
(Bernstein et al., 2002, Braunstein et al., 1996, Katan-Khaykovich & Struhl, 2005, Rusche et
al., 2002, Suka et al., 2001). Overexpression or loss of histone modifying enzymes often
results in silencing defects. During silent chromatin formation, the Sirs, Sir1-4p, are
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recruited to silencers flanking the HM loci. Sir2-4p then spread across HMR as the
deacetylase Sir2p removes acetyl groups from H3 and H4 to facilitate nucleosomal binding
by the Sirs. Once formed, silent chromatin is inherited efficiently as the genome is
duplicated each S phase (Rusche et al., 2002, Hoppe et al., 2002) (see also Luo et al., 2002).
Inappropriately modified histones can prevent Sirs from interacting stably with silent loci.
This can occur either through disrupting Sir binding to nucleosomes or, upon global loss of
histone modifications, through redistribution of Sirs to other genomic regions containing
hypoacetylated and/or hypomethylated nucleosomes. Re-localization can deplete the pool
of Sirs available for forming silent chromatin at appropriate loci as well as result in silent
chromatin formation at inappropriate sites in the genome (Singer et al., 1998, van Leeuwen
et al., 2002). Once formed, this “off target” silent chromatin can be propagated epigenetically
during DNA replication.
Defects several factors involved in DNA replication and replication-coupled nucleosome
assembly affect silencing, including Pol30p (PCNA), Rfc1p, Dna2p, Orc1p, Orc2p, Orc5p,
Cdc7p, Cdc45p, Polε, Hif1p, CAF-1, Asf1p and Rtt106p (Axelrod & Rine, 1991, Foss et al.,
1993, Kaufman et al., 1997, Loo et al., 1995, Smith et al., 1999, Zhang et al., 2000, Singer et
al., 1998, Ehrenhofer-Murray et al., 1999, Huang et al., 2005, Poveda et al., 2004, Triolo &
Sternglanz, 1996). These factors impact silent chromatin in multiple ways. For example,
Orc1p binds Sir1p and facilitates Sir recruitment to silencers containing ARS elements
adjacent to the HM loci (Gardner et al., 1999, Zhang et al., 2002, Rusche et al., 2002). Other
ORC subunits also affect silencer function, but the role of ORC in silencing and replication
initiation can be genetically separated (Dillin & Rine, 1997). The mechanisms by which
some factors, including Cdc7p, Cdc45p and Polε, contribute to silencing have yet to be
elucidated.
Silencing defects associated with CAF-1, Asf1p, PCNA, Rfc1p, Hif1p and Rtt106p, are
linked to replication-coupled chromatin assembly and the misregulation of replicationcoupled histone modifications (Fig. 1). Yeast pol30 mutants with silencing defects have
defects in CAF-1 and ASF1-dependent pathways (Zhang et al., 2000, Sharp et al., 2001).
The silencing defects in pol30, cac1, asf1 and rfc1-1 mutants reflect, in part, misregulation
of histone acetylation by SAS-I, Rtt109p and/or Gcn5p leading to hypoacetylation of at
least H3 K9, H3 K56 and H4 K16 throughout the genome (Miller et al., 2010, Miller et
al., 2008).
CAF-1 and Asf1p both bind to the H4 K16 acetyltransferase complex SAS-I (Meijsing &
Ehrenhofer-Murray, 2001, Osada et al., 2001) and loss of the catalytic subunit of SAS-I,
Sas2p, alters the chromosomal distribution of Sirs and results in silencing defects (Kimura et
al., 2002, Meijsing and Ehrenhofer-Murray, 2001, Osada et al., 2001, Reifsnyder et al., 1996,
Suka et al., 2002). Asf1p also binds the H3 K56 acetyltransferase Rtt109p, stimulates H3
K56ac in vitro and is required, along with RTT109, for H3 K56ac in S phase in vivo (Driscoll
et al., 2007, Recht et al., 2006, Schneider et al., 2006, Tsubota et al., 2007, Han et al., 2007).
Misregulation of H3 K56ac leads to silencing defects (Hyland et al., 2005, Miller et al., 2008,
Xu et al., 2007, Sharp et al., 2001) and SAS-I and rtt109 mutants have silencing phenotypes
similar to those of cac1, asf1 and pol30 mutants (Ehrenhofer-Murray et al., 1999, Meijsing &
Ehrenhofer-Murray, 2001, Miller et al., 2010, Miller et al., 2008, Osada et al., 2001). PCNA
interacts with Rtt109p and SAS-I in vivo, but this interaction is lost in pol30 mutants with
defects in CAF-1- and Asf1p-dependent pathways (Miller et al., 2010), implying that
acetylation of H3 K56 and H4 K16 are coupled to DNA replication. In addition, Asf1p binds
the histone chaperone complex Hif1p/Hat1p/Hat2p in a Hat2p-dependent manner
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(Fillingham et al., 2008). Cells lacking the chromatin assembly factor Hif1p or the
acetyltransferase Hat1p have telomeric silencing defects, implicating this complex and
Hat1p-dependent modifications in regulating silencing (Kelly et al., 2000, Poveda et al.,
2004). Whether SAS-I, Rtt109p and/or Hat1p associate with Asf1p independently,
simultaneously or sequentially, and how these complexes interact with Rtt106p and CAF-1
remains to be clarified.
The acetyltransferase Gcn5p has been proposed to facilitate replication-coupled chromatin
assembly through modifying the N-terminal tail of H3. Consistent with this model, coprecipitation of H3 with the Cac2p subunit of CAF-1 is dramatically reduced in gcn5 or H3
K5R mutants (Burgess et al., 2010). And, in gcn5 or H3 K5R mutants, reduced levels of H3
containing modifications of newly synthesized histones, K9ac, K27ac and K56ac, are
incorporated into chromatin adjacent to an early firing replication origin in cells arrested in
early S phase (Burgess et al., 2010). RTT109 and GCN5-dependent H3 K9ac (Fillingham et al.,
2008, Adkins et al., 2007, Berndsen et al., 2008, Kuo et al., 1996) is also defective in po30
mutants (Miller et al., 2010). This loss of H3 K9ac is consistent with loss of interactions
between pol30p mutants and Rtt109p (Miller et al., 2010), but could also indicate the activity
of Gcn5p during chromatin assembly was compromised in pol30 mutants.
PCNA localizes numerous factors to the replication fork to propagate epigenetic states in
mammals as well (Fig. 2). PCNA binds the maintenance DNA methyltransferase Dnmt1
(Chuang et al., 1997, Iida et al., 2002) (See Sec. 4.2). PCNA also recruits CAF-1 to DNA and
promotes CAF-dependent chromatin assembly in vitro (Moggs et al., 2000, Shibahara &
Stillman, 1999). MBD1, a methyl CpG binding protein and SETDB1, a H3 K9
methyltransferase, are, in turn, targeted to replication foci by CAF-1 and together with 5mC DNA, MBD1 and SETDB1 promote stable heterochromatin formation (Sarraf &
Stancheva, 2004, Moldovan et al., 2007). In addition, a mammalian H4 K20
methyltransferase, SET8, binds PCNA and co-localizes with PCNA at replication foci in
vivo (Huen et al., 2008). Monomethylation of H4 K20 by SET8 is important for progression
through S phase (Huen et al., 2008) and methylated H4 K20 is enriched in heterochromatic
regions in multiple species (e.g. Schotta et al., 2004). In Drosophila, mutants of mus209, a
PCNA ortholog, also suppress position-effect variegation (Henderson et al., 1994), but
why this occurs is unclear.
Another illustrative example of silent chromatin formation can be found during
development in Drosophila. Polycomb group (PcG) proteins maintain transcriptional
repression patterns of the homeotic (Hox) genes, which control segmental identities and
body patterning. PcG proteins are recruited to cis-acting PcG response elements, PRE, at
target loci. There, Polycomb Repressive Complexes 1 and 2, PRC1 and PRC2, establish silent
chromatin, which is then propagated over multiple cell generations to maintain Hox genes in
a silenced state during development. Variants of PRC2 complexes contain a H3 K27
methyltransferase Ezh2, ESC, Suz12 and the histone binding protein Nurf55 (p55 of dCAF1). The Polycomb, Pc, subunit of PRC1 can bind H3 K27me3, implying the catalytic function
of PRC2 reinforces the association of PRC1 with chromatin (Min et al., 2003, Fischle et al.,
2003b, Francis, 2009). Consistent with chromatin structure containing PcG proteins being
inherited during DNA replication as opposed to re-established de novo after replication,
recent studies using an in vitro SV40 replication system have demonstrated PRC1 remains
associated with both naked DNA and chromatin templates upon DNA replication (Francis
et al., 2009), implying PRC1 was passed from in front of to behind the fork along with
parental H3/H4.
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Fig. 2. Propagation of DNA methylation. Hemimethylated cytosines on newly synthesized
DNA are recognized by UHRF1 (pink). The unmethylated daughter strand is methylated by
the maintenance methyltransferase, Dnmt1, (yellow) which is localized to the replication fork
through interactions with PCNA (bright green) and UHRF1. Dnmt3a/3b (brown) are are de
novo methyltransferases that localize to nucleosome-bound DNA and also interact with
UHRF1 (not shown). Factors interacting with Dnmt3a/3b, include heterochromatin protein
HP1, chromatin remodeler Brg1, histone deacetylase HDAC1, H3 K9 methyltransferases
SUV39H1 and G9a, H3 K27 methyltransferase EZH2 and methyl DNA binding protein MBD3.
The H3 K9 methyltransferase SETDB1 (grey) also interacts with Dnmt3a/3b and is localized to
the replication fork through the chromatin assembly factor CAF-1 (magenta). CAF-1, which
binds PCNA, also recruits the methyl DNA binding protein MBD1 (teal) that directly interacts
with SETDB1. The mechanism for interaction between SETDB1 and CAF-1 is unclear and
denoted by the question mark. The H4 K20 methyltransferase SET8 (dark green) is also
targeted to the replication fork through interactions with PCNA.
4.2 Insights into mechanisms of epigenetic inheritance: DNA methylation
DNA methylation plays an important role in epigenetic processes during development by
impacting a range of biological functions including gene expression, genome integrity,
imprinting, and aging, as well as by contributing to diseases ranging from neuronal defects
to cancer when misregulated. 5-methylcytosine, 5-mC, constitutes ~2-8% of the cytosines in
human genomic DNA and occurs primarily within CpG dinucleotides, although non-CpG
methylation can also occur (Gowher and Jeltsch, 2001, Ramsahoye et al., 2000). Maintaining
the average methylation state of a locus during DNA replication, rather than the individual
sites of DNA methylation is generally more important for maintaining the proper function,
or expression state, of that locus. Consistent with this model, different regions of the
genome tend to be either hypo- or hypermethylated. And, in methylated regions, slight
variations in methylation patterns are commonly found at individual loci in both cell lines
and tissues (Meissner et al., 2008, Zhang et al., 2009). Methylation events contributing to
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these varied patterns have been quantified for the CpG island at the FRM1 locus. At FRM1,
the fidelity of maintenance methylation is ~0.96 and the probability of de novo methylation
events having occurred per site per round of replication is ~0.17 (Laird et al., 2004). Thus,
DNA methylation occurs stochastically (Riggs & Xiong, 2004) and can vary slightly from cell
to cell without altering an epigenetic state.
DNA methylation is mediated by a family of DNA methyltransferases, Dnmts, which are
classified as de novo (Dnmt3a/3b) or maintenance (Dnmt1) methyltransferases, according
their primary role in establishing new methylation patterns or copying existing patterns
onto newly synthesized DNA upon DNA replication. While methylating cytosines, Dnmts
flip the target base out of the DNA helix and into a hydrophobic pocket to catalyze the
transfer of the methyl group from S-adenosyl-L-methionine to the C5 position of cytosine to
create 5-mC plus S-adenosyl-L-homocysteine, but their specificity for unmethylated versus
hemimethylated DNA varies. The de novo methyltransferases Dnmt3a/3b readily methylate
both unmethylated and hemimethylated DNA (Okano et al., 1998, Gowher & Jeltsch, 2001)
and are critical for establishing proper DNA methylation patterns in early development in
mammals (Okano et al., 1999). Dnmt3a/3b also help maintain DNA methylation within
heterochromatin (Chen et al., 2003, Jeong et al., 2009, Liang et al., 2002). Dnmt3a/3b can
interact with an additional Dnmt family member, Dnmt3L, which stimulates their catalytic
activity in vitro and in vivo, despite Dnmt3L itself being catalytically inactive (Chedin et al.,
2002, Chen et al., 2005, Gowher et al., 2005). In this role, Dnmt3L acts as a regulatory factor
and is critical for proper methylation of imprinted genes and male germ cell development
(Bourc'his et al., 2001, Hata et al., 2002, Webster et al., 2005).
Dnmt3a/3b also interact with several proteins to promote silenced epigenetic states (Fig. 2).
Dnmt3a/3b binding partners include the histone deacetylase HDAC1 (Fuks et al., 2001), the
histone methyltransferases SUV39H1 (Fuks et al., 2003), SETDB1 (Li et al., 2006), G9a
(Epsztejn-Litman et al., 2008, Feldman et al., 2006) and EZH2 (Vire et al., 2006), the
heterochromatin protein HP1 (Fuks et al., 2003, Smallwood et al., 2007), the 5-mC binding
protein MBD3 and the chromatin remodeling factor Brg1 (Datta et al., 2005). These interactions
all contribute to silent chromatin formation. For example, the H3 K9 methyltransferase G9a
facilitates de novo DNA methylation and gene inactivation through recruiting Dnmt3a/3b and
HP1 to multiple early embryonic genes to drive heterochromatin formation (Epsztejn-Litman
et al., 2008, Feldman et al., 2006). Similarly, the H3 K27 methyltransferase Ezh2 recruits
Dnmt3a/3b to chromosomal loci to promote DNA methylation and heterochromatin
formation (Vire et al., 2006). Once formed, this heterochromatin and the associated
modification patterns will be propagated epigenetically during DNA replication.
In addition to interacting with chromatin-modifying enzymes and structural components of
heterochromatin, Dnmt3a/3b binds histones to promote DNA methylation. Dnmt3a/3b
bind to the N-terminal tail of H3 lacking methylated K4 (Otani et al., 2009, Zhang et al.,
2010, Ooi et al., 2007) and DNA methylation tends to be low at active promoters, which are
enriched for H3 K4me3 (Hodges et al., 2009, Zhang et al., 2009). Dnmt3a/3b also
preferentially bind H3 K36me3 and enhances DNA methylation of a nucleosomal substrate
by Dnmt3a (Zhang et al., 2010). Like H3 K36me3, DNA methylation is enriched in bodies of
active genes, especially in exons (Weber et al., 2007, Hodges et al., 2009, Kolasinska-Zwierz
et al., 2009). Thus, Dnmt3a/3b-H3 interactions contribute to genome-wide chromatin
modification patterns in transcriptionally active regions as well.
DNA methylation patterns established during development must be faithfully propagated
throughout the lifespan of an organism via maintenance methylation during DNA
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replication. The maintenance methyltransferase Dnmt1 localizes to replication foci in S
phase (Leonhardt et al., 1992) and associates with the replication fork (Easwaran et al., 2004).
Dnmt is loaded onto DNA through transient interactions with PCNA and binding to PCNA
promotes the activity of Dnmt1 (Chuang et al., 1997, Iida et al., 2002, Schermelleh et al.,
2007). By preferentially methylating hemimethylated DNA over unmethylated DNA
(Fatemi et al., 2001, Goyal et al., 2006), Dnmt1 copies parental DNA methylation patterns
onto newly synthesized daughter strands (Fig. 2). In vitro, Dnmt1 and PCNA form a
complex with HDAC1, and Dnmt1/PCNA/HDAC1 co-localize in vivo (Chuang et al., 1997,
Fuks et al., 2000, Milutinovic et al., 2002).
Dnmt1 also associates with newly synthesized DNA through binding UHRF1. UHRF1 is a
multifunctional protein that reads hemimethylated DNA and histone modifications to
facilitate inheritance of epigenetic states. UHRF1 targets Dnmt1 to newly synthesized
DNA by specifically binding hemimethylated DNA (Arita et al., 2008, Avvakumov et al.,
2008, Bostick et al., 2007, Hashimoto et al., 2008). UHRF1 co-localizes with PCNA and
Dnmt1 at replicating heterochromatin and is required for maintaining DNA methylation
in mammals (Bostick et al., 2007, Sharif et al., 2007). Disruption of Dnmt1/PCNA/UHRF1
interactions leads to global DNA hypomethylation and promotes tumor formation
(Hervouet et al., 2010).
UHRF1 also binds H3 K9me2 and H3 K9me3, through a PHD domain. A second domain in
UHRF1, SRA, also contributes to binding affinity (Karagianni et al., 2008). In addition, this
SRA domain facilitates binding 5-mC DNA (Arita et al., 2008, Avvakumov et al., 2008,
Hashimoto et al., 2008) and both domains are required to localize UHRF1 to pericentric
heterochromatin. Consistent with H3 K9 methylation reinforcing DNA methylation during
replication, localization of UHRF1 is reduced in cells overexpressing the H3 K9 demethylase
JMJD2A (Karagianni et al., 2008). UHRF1 plays a second role in epigenetic processes by
influencing histone modification states. UHRF1 contains a C3HC4 RING finger motif and
acts as an E3 ubiquitin ligase targeting H3 in vitro and in vivo. This ubiquitination activity is
important for maintaining higher order chromatin structure in vivo (Citterio et al., 2004,
Karagianni et al., 2008). UHRF1/Dnmt1 also form a complex with the deacetylase HDAC1
and the H2A K5 acetyltransferase Tip60. Depletion of UHRF1 results in hypoacetylation of
H2A K5 (Achour et al., 2009). Analyses how Dnmt1/PCNA/UHRF1 and UHRF1hemimethylated DNA interactions regulate these histone modifications should clarify the
extent to which deacetylation by HDAC1, ubiquitination by UHRF1 and acetylation of H2A
K5 by TIP60 are coupled to DNA replication.
Although Dnmt1 and Dnmt3a/3b display preferences for different substrates, maintenance
methyltransferases also participate in de novo methylation and de novo methyltransferases
function in maintaining methylation patterns. Dnmt1 plays a secondary role in de novo DNA
methylation at unmethylated loci through the conversion of hemimethylated DNA created
by Dnmt3a/3b to fully methylated DNA (Fatemi et al., 2002, Feltus et al., 2003). Likewise,
Dnmt3a/3b facilitate maintaining DNA methylation states upon DNA replication,
particularly in chromosomal regions that are highly methylated or repetitive (Jones & Liang,
2009). Consistent with this, proliferating mouse embryonic stem cells lacking Dnmt3a/3b
lose DNA methylation over time, despite the continued presence of Dnmt1 (Chen et al.,
2003, Liang et al., 2002). Thus, although necessary, Dnmt1 alone is insufficient to maintain
normal methylation levels on newly replicated DNA. Dnmt3a/3b likely aid in maintenance
methylation through interacting directly with UHFR1 (Meilinger et al., 2009) as well as
through catalyzing de novo methylation events within highly methylated regions, especially
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in heterochromatic regions (Jeong et al., 2009). Thus, crosstalk between replication factors
and chromatin modifying machinery reinforces propagation of DNA methylation, histone
modifications and structural components of silent chromatin to maintain epigenetic states.

5. Switching of epigenetic states
5.1 Establishment, maintenance and inheritance of epigenetic states
Extensive reprogramming of epigenetic states occurs during primordial germ cell
development, in mammalian early embryonic development and upon cell-type
differentiation throughout an individual’s lifespan (Sasaki & Matsui, 2008). Concepts for
understanding the formation and stability of silent chromatin have been developed from the
analysis of repression in the bacteriophage lambda (Ptashne, 1992). Studies in lambda
showed a protein could facilitate the initial inactivation of a target gene, but once repressed,
the maintenance of that the gene in its inactive state no longer required that protein. During
silent chromatin formation, such proteins are said to be important for establishing, but not
maintaining, the silenced state. In contrast, proteins that are required constantly to keep a
repressed gene inactive are considered to be necessary for maintaining the silenced state.
Proteins that are involved in the inheritance of silenced states facilitate the propagation of
that state to subsequent cell generations.
An example of a protein important for establishing, but not maintaining, epigenetic states is
Sir1p from budding yeast. Sir1p facilitates establishment by increasing the probability of Sir
proteins being recruited to the HM loci (Rusche et al., 2002). Cells lacking SIR1 can exist in
two populations; transcriptionally active or silenced. Each population is stable over multiple
generations, indicating that Sir1p is not required for maintaining or inheriting the different
expression states (Pillus & Rine, 1989, Xu et al., 2006). These silenced and transcriptionally
active cells will occasionally switch states, and often these switching events demonstrate a
“grandmother effect”. In these instances, all progeny (“granddaughters”) derived from a
single derepressed “grandmother” cell from two generations earlier will switch to a silenced
state simultaneously, raising the possibility that an event linked to DNA replication in the
grandmother was propagated to subsequent generations (Pillus & Rine, 1989). When mother
and daughter cells switch epigenetic states simultaneously upon cell division, the daughter
cell usually silences more rapidly than the mother. In instances where the switching event
does not occur in both cells of a mother/daughter pair, the daughter cell is more likely to
switch to a silenced state than the mother (Osborne et al., 2011). The mechanism behind this
difference is unknown but could be linked to asymmetric inheritance of soluble proteins
(e.g. Sirs) or the sister chromatids during cell division. Alternatively, asymmetric expression
of proteins that inhibit (in the mother cell) or promote (in the daughter cell) silent chromatin
formation could also contribute to this process (Osborne et al., 2011).
5.2 Switching histone modification patterns
Switching of histone modification patterns to promote different epigenetic states can occur
several ways. Histone modifications can be actively removed by enzymes such as
deacetylases or demethylases, exchange of histones via chromatin remodeling (Lu et al.,
2009), or proteolytic cleavage of histone tails (Jenuwein & Allis, 2001, Bannister et al., 2002).
Histone modifications at chromosomal loci can also be passively removed by dilution upon
DNA replication. Alternatively, certain histone modifications can remain present at loci in
cells with different epigenetic states, but the function of those modifications may be altered
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through adding or removing modifications at neighboring residues (Bannister et al., 2002,
Fischle et al., 2003a). Together, these changes can affect chromatin structure by altering
interactions between histones and DNA or chromatin-associated proteins that bind
nucleosomes, ultimately leading to switching of epigenetic states.
Several examples of histone modifications influencing the probability of establishing
silencing have been observed in studies of yeast mating-type silencing. In the absence of the
H4 K16 acetyltransferase Sas2p, the probability of establishing silencing in a given cell cycle
decreases, whereas loss of the H3 K4 and H3 K79 methyltransferases encoded by SET1 and
DOT1 increases the probability of establishment (Osborne et al., 2009). In the case of DOT1,
H3 K79 methylation status has been demonstrated to influence this switching event
(Osborne et al., 2011). The rate and mechanism of removal of different histone modifications
can also vary during establishment. At HMR and telomeres, acetyl groups from lysine
residues on the N terminal tail of H3 are rapidly removed by Sir2p, a structural component
of silent chromatin. The rapid rate of loss of H3 K4me2 during silent chromatin formation
also implicates an active process mediating removal of this mark. In contrast, H3 K79me2
appears to be removed passively via dilution during DNA replication over 3 to 5 cell
generations (Katan-Khaykovich & Struhl, 2005).
5.3 Switching DNA methylation patterns
In mammals, high 5-mC levels are commonly found in transcriptionally silent loci and
promote the formation and maintenance of heterochromatin. In contrast, loss of 5-mC can
disrupt binding sites for methyl binding proteins, destabilize heterochromatin, and lead
to gene reactivation. Like histone modifications, DNA methylation can be removed by
both passive and active processes. Passive demethylation of the maternal genome during
pre-implantation development is thought to reflect loss of 5-mC via dilution upon DNA
replication (Howell et al., 2001, Rougier et al., 1998). 5-mC can also be actively removed
by DNA glycosylases in plants and base excision repair and nucleotide excision repair
have been implicated in DNA demethylation in multiple organisms (Chen & Riggs, 2011,
Zhu, 2009).
Passive and active removal of DNA methylation and gene reactivation may also involve 5hydroxymethylcytosine, 5-hmC, a modification recently identified in mammalian DNA
(Tahiliani et al., 2009, Kriaucionis & Heintz, 2009, Munzel et al., 2010). 5-hmC is created
through the conversion of 5-mC to 5-hmC by the oxygenase TET1 (Tahiliani et al., 2009).
TET1 is a homolog of the trypanosome proteins JBP1 and JBP2 that oxidize 5-methyl
thymine (Tahiliani et al., 2009). Two other mammalian TET family members, TET2 and
TET3, are also predicted to convert 5-mC to 5-hmC. Passive demethylation via dilution
during DNA replication may occur upon conversion of 5-mC to 5-hmC if Dnmt1 cannot use
5-hmC-containing DNA as a substrate, although evidence for this remains to be established.
Alternatively, 5-hmC may function in replication-independent, or “active”, demethylation
through spontaneous conversion to cytosine or processing via base-excision repair,
analogous to that catalyzed by DEMETER in plants during the removal of 5-mC (Gehring &
Henikoff, 2007). Rapid demethylation of the paternal genome following fertilization
involves conversion of 5-mC to 5-hmC, but how 5-hmC is later processed is unclear (Iqbal et
al., 2011, Santos et al., 2002).
Currently, the genomic locations of 5-hmC are largely unknown, although 5-hmC is likely
less prevalent than 5-mC in most cell types. 5-hmC is indistinguishable from 5-mC in
bisulfite sequencing studies used to map genomic methylated CpGs sites as bisulfite
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treatment converts 5-hmC into cytosine 5-methylenesulfonate, which is resistant to
deamination and conversion to uracil (Huang et al., 2010). Thus, many chromosomal sites
previously thought to contain 5-mC may actually contain 5-hmC. Identification of genomic
regions enriched for 5-hmC will require alternative approaches such as chromatin
immunoprecipitation coupled to next generation sequencing.
The impact of 5-hmC on gene expression and chromatin structure is also poorly understood.
However, TET1 has been mapped to CpG rich sequences within hypomethylated promoters
(Wu et al., 2011). TET1 association at these loci correlates with histone modification patterns
signifying either repressed (e.g. H3 K27me3) or active (e.g. H3 K4me3 and H3 K36me3)
chromatin, implying a role for TET1 in regulating multiple epigenetic states (Wu et al.,
2011). Conversion of 5-mC to 5-hmC by TET oxygenases disrupts interactions between
methyl binding domain (MBD) proteins and DNA, and thus, likely epigenetic states. MBD1,
MBD2b, MBD2b/MBD3L and MBD4 bind to 5-mC DNA but not 5-hmC DNA in vitro (Jin et
al., 2010). The Rett’s syndrome protein MeCP2 is also predicted not to bind to 5-hmC DNA
(Valinluck et al., 2004). Together, these observations imply TET oxygenases may function in
maintaining hypomethylated chromosomal regions, but whether TET proteins can be
directly coupled to DNA replication is not yet known.

6. Summary
Propagating epigenetic states of gene expression involves the concerted effort of a complex
network of histone and DNA-modifying enzymes, histone chaperones and replication
proteins to ensure efficient duplication and inheritance of chromatin modification patterns
and chromatin associated proteins. In recent years, numerous chromatin modifications and
corresponding enzymes have been identified and their links to epigenetic processes have
been demonstrated. However, understanding their roles in regulating epigenetic processes
upon DNA replication remains to be developed. Many questions still must be addressed to
clarify how chromatin assembly is regulated by chromatin modifying enzymes, how
histones and structural components of heterochromatin are removed from in front of the
replication fork, and then rebuilt behind the fork during replication. Future progress will
reveal how histone and DNA modification patterns contribute to locus-specific epigenetic
states across the genome.
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1. Introduction
Genomic DNA is faithfully replicated and divided between two daughter cells in the course
of each cell cycle. In order to maintain the inheritance of gene expression patterns, the cell
must not only replicate the DNA, but also duplicate its chromatin structure (McNairn &
Gilbert, 2003). Following replication, DNA is methylated and packaged into nucleosomes by
the binding of histone octamers to form chromatin. DNA methyltransferases (DNMTs), the
enzymes that transfer methyl (CH3) residue to CpG dinulcleotides, are coordinated with
DNA replication to maintain the DNA methylation pattern (Fig. 1). DNMTs recognize
methylated CpG dinucleotides on the parent strand and methylate correlating CpG
dinucleotides on the daughter strand (Bestor et al., 1996). This heritability of the DNA
methylation pattern, as well as histone modification patterns, is mediated by epigenetic
machinery.
Epigenetics was first used by Conrad Waddington in 1939 to describe “the causal
interactions between genes and their products, which bring the phenotype into being”
(Waddington, 1942). The current definition is “the study of heritable changes in gene
expression that occur independent of changes in the primary DNA sequence” (Sharma et al.,
2010). Waddington’s definition initially referred to the role of the epigenetics in embryonic
development, in which cells develop distinct identities despite having the same genetic
information; however, the definition of epigenetics has evolved over time as it is implicated
in a wide variety of biological processes, including maintenance of the normal gene
expression, carcinogenesis and genomic response to environmental stresses.
In this chapter, we take a look at the courent understanding of epigenetic status in human
cells, describe human diseases associated with congentital epigenetic errors, and also
discuss how human diseases may be caused by acquired epigenetic errors as a result of
environmental factors. We also discuss epigenetic therapies that take advantage of the fact
that epigenetic changes are resversible.

2. Epigenetic status in human cells
The DNA methylation pattern is established during tissue development (Sakashita et al.,
2001). Once the pattern is established in a cell, it is stably maintained through DNA
replications at each cycle of cell division. Therefore, cells keep distinct identities while
containing the same genetic information.
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Fig. 1. Maintenance of the DNA methylation pattern during DNA replication and cell
division
2.1 DNA methylation
During evolution, the CpG dinucleotide, the principal site of DNA methylation, has been
selectively depleted through conversion of methylated cytosines to thymidines via a
deamination process. Therefore, the human genome has only 10% of the expected frequency
of CpGs, and 70 to 80% of these are heavily methylated. Small regions of DNA (1 to 2%),
termed CpG islands, are not CpG-depleted. CpG islands are strongly protected from
methylation and are associated with the transcription start sites in almost half of human
genes. The genome organization facilitated by an epigenetic pattern is only present in higher
order eukaryotes including mammals and humans. It is absent in Drosophila, Caenorhabditis
elegans, and yeast (Baylin, 1997).
DNA methylation patterns closely correlate with patterns of gene expression (Fig. 2).
Heavily methylated genomic regions are generally associated with chromatin organization
that is inhibitory to transcription. In humans, such methylated genomic regions often
contain highly repeated sequences; methylation may help guard against transcriptional

Fig. 2. Epigenetic gene regulation via DNA methylation and histone modifications
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expression of parasitic sequences, which were introduced into the genome over evolution by
transposable elements and DNA viruses (Bester et al., 1996). In contrast, the unmethylated
CpG islands of genes are associated with chromatin containing highly transcribed DNA.
2.2 Histone modification
Histone proteins, which comprise the nucleosomes core, contain a globular C-terminal
domain and an unstructured N-terminal tail (Lugar et al., 1997). The N-terminal tails of
histones can undergo a variety of posttranslational covalent modifications including
acetylation, methylation, phosphorylation, ubiquitylation, and sumoylation (Kouzarides,
2007). The complement of modifications is proposed to store the epigenetic memory inside a
cell in the form of a “histone code” that determines the structure and activity of different
chromatin regions (Jeniwein et al., 2001) (Fig. 2).
Unlike DNA methylation, histone modifications can lead to either activation or repression
depending upon which residues are modified and the type of modifications present. For
example, lysine acetylation correlates with transcriptional activation (Kouzarides, 2007;
Hebbes et al., 1988), whereas lysine methylation leads to transcriptional activation or
repression depending upon which residue is modified and the degree of methylation. For
examples, trimethylation of lysine 4 on histone H3 (H3K4me3) is enriched at
transcriptionally active gene promoters (Liang et al., 2004), and trimethylation of lysine 9 on
histone H3 (H3K9me3) and trimethylation of lysine 27 on histone H3 (H3K27me3) is present
at gene promoters that are transcriptionally repressed (Kouzarides, 2007). A vast array of
active and repressive histone modifications have been identified, which constitute a
complex gene regulatory network essential for the physiological activities of cells (Sharma et
al., 2009).
2.3 Interplay of these epigenetic modifications
DNA methylation and histone modifications, not only perform individually, but also
interact with each other at multiple levels to determine expression status, chromatin
organization and cellular identity (Cedar et al., 2009). The two histone modifications
(H3K9me3 and H3K27me3) that constitute the silencing mechanism in mammalian cells
work in concert with DNA methylation. Furthermore, a histone methyltransferase (HMT)
can direct DNA methylation to specific genomic targets by recruiting DNMTs to stably
silence genes (Tachibana et al., 2008), and a histone demethylase (HDM) stabilizes DNMT1
protein to maintain DNA methylation (Wang et al., 2009).
DNMTs can in turn recruit methyl-binding domain proteins (MBDs) and histone deacetylases
(HDACs) to achieve gene silencing and chromatin condensation (Jones et al., 1998; Nan et al.,
1998) (Fig. 2). DNA methylation can also induce histone H3K9 methylation through an MBD
(MeCP2), thereby establishing a repressive chromatin state (Fuks et al., 2003).
The interplay of these modifications creates an epigenetic landscape that regulates the way
the mammalian genome manifests itself in different cell types, developmental stages and
disease states. The distinct patterns of these modifications present in different cellular states
serve as a guardian of cellular identity (Sharma et al., 2009).
2.4 Aberrant epigenetic modifications
A normal epigenetic landscape is known to be disturbed in specific disease conditions. For
example, the cancer epigenome (the whole genomic epigenetic state) is marked by genome-
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wide hypomethylation and site-specific CpG island promoter hypermethylation (Jones &
Baylin, 2002). Global DNA hypomethylation plays a significant role in tumorigenesis and
occurs at various genomic sequences including repetitive elements, retrotransposons, CpG
poor promoters, introns and gene deserts (Rodriguez et al., 2006). Activation of the
retrotransposons due to hypomethylation lead to increased genomic instability by
promoting chromosomal rearrangements (Jones et al., 2002; Eden et al., 2003; Howard et al.,
2008). Furthermore, methylation is known to stabilize various repetitive sequences. Thus,
hypomethylation CAG trinucleotide repeats in a DMNT1-deficient mouse display increased
repeat instability (Dion et al., 2008).
In contrast to hypomethylation, which increases genomic instability and activates protooncogenes, region-specific hypermethylation contributes to tumorigenesis by silencing
tumor suppressor genes, such as Rb, p16 and BRCA1 (Sharma et al., 2009). These genes are
involved in cellular processes integral to cancer development and progression, including
DNA repair, cell cycle regulation, cell adhesion, apoptosis and angiogenesis. Silencing of
DNA repair genes enables cells to accumulate further genetic lesions leading to the rapid
progression of cancer. Hypermethylation at the binding site for CCCTC-binding factor
(CTCF), a chromatin barrier by preventing the spread of heterochromatin structures, inhibits
CTCF binding, and leads to instablity of repetitive sequiences, which is a causingmechanism for varios neurodegenerative diseaases (López Caste et al., 2010). However, how
genes are targeted for this aberrant DNA methylation is still unclear.
Both aberrant histone acetylation and histone methylation are found in cancer cells. These
changes associated with overexpression of HDACs and dysregulation of HMTs (Halkidou et
al., 2004; Song et al., 2005). Alterations in H3K9 and H3K27 methylation patterns are
associated with aberrant gene silencing in cancers. It has recently demonstrated that
aberrant nucleosome positioning is created by a co-repressor Nerd (nucleosome remodelling
and deacetylase) complex that recruits PML-Para (an oncogenenic transcription factor),
polycomb repressor complex 2, DNMT3A, and MBD2, resulting in abnormal gene silencing
in leukemia (Feng et al 2001; Morey et al., 2008).
Re-establishing normal histone acetylation patterns through treatment with HDAC
inhibitors have been shown to have anti-tumorigenic effects, via reactivation of silenced
tumor suppressor genes (Carew et al., 2008). Suberoylanilide hydroxamic acid (SAHA),
which is an HDAC inhibitor, has now been approved for use in the clinic for treatment of
lymphoma (Sharma et al., 2009).
2.5 Understanding of the global epigenetic landscape
The global epigenetic landscape that is correlated with important biological processes and
disease state has not been comprehensively investigated for most cell types. However,
recent advances in genomic technology, in particular high-throughput sequencing, have
enabled genome-wide analysis of histone modifications and DNA methylation at nucleotide
resolution (Beck, 2010). Large-scale epigenomic mapping studies have the potential to
enhance three major areas of science: basic gene regulatory processes, cellular differentiation
and reprogramming and the role of epigenetic regulation in disease (Satterlee, 2010).
Understanding how the epigenomic state of human embryonic stem (ES) cells changes
during the differentiation process is crucial for understanding normal development and
establishing epigenomic maps of induced pluriopotent stem (iPS) cells will be essential to
enable regenerative medicine to reach its full potential for treating diseases (Deng et al.,
2009; Ball et al., 2009; Doi et al., 2009). Genome-wide association studies have been
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successful in identifying genetic variants associated with many different diseases. In the case
of diseases that have a strong environmental component, epigenome-wide association
studies based on the epigenomic maps of specific cell types that statistically correlate
epigenetic variation with phenotypes, could be of great value (Kong et al., 2009).
To generate epigenomic maps for cell types, large-scale epigenomics effort have already
been
initiated.
The
NIH
Roadmap
Epigenomics
Program
(http://www.roadmapepigenomics.or) will permanently archive data in the GEO database
(Http://www.ncbi.nlm.nih.gov/epigenomics) at the US National Center for Biotechnology
Information (NCBI), and the International Human Epigenome Consortium (IHEC)
(http://ihec-epigenomes.org) aims to expand the number of cell types and generate
additional 1,000 reference epigenomes (Beck, 2010) that are not being characterized in the
NIH Roadmap Program.

3. Human diseases associated with congentital epigenetic errors
Epigenetic gene control is an intrinsic mechanism for normal tissue development and
abnormalities in the molecules associated with this mechanism are known to cause various
congenital diseases.
3.1 Genomic imprinting diseases
Genomic imprinting is the epigenetic phenomenon initially discovered in human diseases.
In an imprinted gene, out of the two parental alleles, one allele is active and the other allele
is inactive due to epigenetic mechanism such as DNA methylation (Fig. 3C). Therefore,
defect in the active allele of the imprinted gene results in the loss of expression. This has
been found in neurodevelopmental diseases, Prader-Willi syndrome and Angelman
syndrome (Kubota et al., 1997).
3.2 X-chromosome inactivation disorders
The X chromosome has a large number of genes, whereas the Y chromosome has relatively
few genes. Thus, females (XX) have more genes than males (XY). To minimize this sex
imbalance, one of the two X chromosomes in females is inactivated by epigenetic
mechanism (Kubota et al., 1998). Improper X inactivation is though to be an embryonic
lethal condition. This hypothesis is supported by the recent findings in cloned animals
produced by somatic nuclear transfer in which failure of X-chromosome inactivation was
observed in the clones with embryonic abortion (Xue et al., 2002; Nolen et al., 2005).Even if
one of the X chromosomes is extremely small due to a large terminal deletion, so that over
dosage effect of X-linked genes is minimized, the affected female show a severe congenital
neurodevelopmental delay(Kubota et al., 2002), indicating that proper gene suppression by
epigenetic mechanism is essential for normal development (Fig. 3D).
3.3 DNA methylation-associated protein diseases
DNA methylation is a fundamental step in epigenetic gene control, and it is achieved by an
addition of the methyl group (CH3) to CpG dinucleotides mediated by DMNTs. Defect in a
DNMT (e.g., DNMT3B) can causes an ICF syndrome that is characterized by
Immunodeficiency, centromere instability, facial abnormalities, and mild mental retardation
(Fig. 3A) (Okano et al, 1999; Shirohzu et al., 2002; Kubota et al., 2004).
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MBDs are also important molecules in the control of gene expression. Mutations in a MBD
(e.g., MeCP2) can cause Rett syndrome, which is characterized by seizures, ataxic gait,
language dysfunction and autistic behavior (Amir et al, 1999; Chunshu et al., 2006).
Therefore, it has been thought that MeCP2 dysfunction leads to aberrant gene expression in
the brain associated with neurological features of the disease. Recent studies have shown
that MeCP2 controls a subset of neuronal genes (Chen et al., 2003; Martinowich et al., 2003;
Horike et al., 2005; Itoh et al., 2007), suggesting that epigenetic dysregulation of the neuronal
genes may cause neurological features of the disease (Fig. 3B).

Fig. 3. Abnormal epigenetic patterns in human congenital diseases

4. Proposed human diseases associated with acquired epigenetic errors
caused by environmental factors
Health or diseases is shaped for all individuals by interactions between their genes and the
environment. How the environment changes gene expression and how this can lead to a
disease are being explored in a fruitful new approach to environmental health research. If
these causal relations become clear, they offer new avenues for risk assessment for diseases
(Edwards & Myers, 2007).
4.1 Social background
The Ministry of Health, Welfare, and Labor in Japan has recently reported that the number
of children with mild neurodevelopmental disorders, such as autism, is increasing by 10,000
cases per year (Basic report, 2005). Similar trends are found in other countries, including the
US (Yeargin-Allsopp et al., 2003; Holoden, 2009; Fombonne, 2009), in which the increase is
partly attributed to social factors, such as diagnostic substitution in which children formerly
diagnosed with mental retardation or learning disabilities are now diagnosed with autism.
However, the increase in cases cannot be fully attributed to such diagnostic substitutions,
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and it is possible that biological changes in the brains of the children are also involved in
this increase. Thanks to advances in genomic research, several genetic factors for autism
have been identified. Mutations in genes encoding synaptic molecules have been identified
in a subset of autistic children (Zoghbi, 2003; Persco & Bourgeron, 2006). However, the
increase in autism cannot be solely attributed to genetic factors, because it is unlikely that
mutation rates suddenly increased in recent years. Therefore, environmental factors are
more likely to be involved in this increase. Epingenetic modifications repreent one
mechanism by which enviromental factors can lead to health effects (Qiu, 2006).
4.2 Acquired neurodevelopmental diseases
It is known that either a mutation, deletion or a duplication of a specific-neuronal gene
causes a neurological disease. In other word, loss-of function, deficiency, or over-dosage can
result in the same disease phenotype. For examples, Pelizaeus-Merzbacher disease, a severe
child onset disorder, is caused by either a mutation, deletion or a duplication of the PLP1
gene (Inoue et al., 2001), lissencephaly syndrome, a child-onset migration disorder, is caused
by either a mutation, deletion or a duplication of LIS1 (Reiner et al., 1993; Bi et al., 2009),
Charcot-Marie-Tooth disease, an adult-onset neuromuscular disorder, is caused by either a
mutation, deletion or a duplication PMP22 (Roa & Lupski, 1993), and Perkinson disease is
caused by either a mutation, deletion or a duplication the α-synuclein gene (Obi et al., 2008).
This suggests that the brain is sensitive to the dosage of gene products that requires a strict
control system for gene expression. In fact, congenital diseases with defects in epigenetic
gene regulation usually show neurological features and mental retardation.
It has recently been reported that short-term mental stress after birth can alter the epigenetic
status in the brain, resulting in abnormal behaviour (Weaver et al., 2004). In rats, when the
offspring is separated from the mother for a couple of weeks, DNA methylation at the GR
(glucocorticoid receptor) gene is increased in the hippocampus in the brain, and this change
suppresses gene expression. This study is now considered as an animal model for cuelty in
childhoood in human, because hypermethylation of the neuron-specific glucocorticoid
receptor promoter, in combination with decreased levels of its expression, have been found
in human postmortem hippocampus obtained from suicide victims with a history of
childhood abuse (MacGowan et al., 2009), suggesting that adverse effects of early-life stress
last life-time long on the DNA methylation programs (Margatroyd et al., 2009). It raise the
question of whether neurodevelopmental problem may be the result of epigenetic
dysregulation caused by environmental factors in the early life.
4.3 Environmental factors in fetal period
Another social issue in Japan is that birth weight has decreased during the past 20 years.
This trend is thought to be caused by the popularity of dieting among young women and
obsteric physicians’ recommendations to minimize pregnacy weight gain in order to reduce
the risk of diabetes mellius (Gluckman et al., 2007). Based on current epidemiological
studies for famines in the Netherland and China (St Clair et al., 2005; Painter et al., 2006), the
generation with lower birth weight is expected to have increased risk for obesity and adult
diseases in the future in Japan. This hypothesis is referred to as “Developmental Origin of
Health and Diseases (DOHaD)“(Gillman et al., 2007; Silveira et al., 2007). Recent animal
expreriments suggest that the developmental basis of adult diseases is due to a change of
DNA methylation status of the PPARα gene, a thrifty gene, in the liver due to malnutrition
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in the fetal period(Lillycrop et al., 2005; Lillycrop et al., 2008) (Fig. 4). Such DNA
methylation alterations have been confirmed in individuals who suffered malnutrition
during a period of faminine (Tobi et al., 2009).

Fig. 4. Epigenetic mechanism proposed in the “Developmental Origin of Health and
Diseases“ hypothesis
4.4 Drugs and chemicals affecting epigenetic status
Drug addiction is an example of mental diseases acquired via epgenetic change. Cocaine
and alcohol alter the epigenetic state (chromatin structure) on a subset of neuronal genes,
inducing a drug addiction state(Kumar et al., 2005; Pacual et al., 2009). Chemical
compounds related to plastics alsopotentially affect the epigenetic status of genes in the
brain (Yaoi et al., 2007).
Imipramine, a major antidepressant, in turn has recently been found to retore a depressive
state by altering the epigenetics (histone modification) of the Bdnf gene in the hippocampus
(Tsankova et al., 2006). Valproic acid (VPA), a histone deacetylase (HDAC) inhibitor, is
another drug that alters the epigenetic state. VPA normalizes histone acetylation of genes in
the hippocampus, which leads to suppression of seizure-induced cognitive impairment by
blocking seizure-induced aberrant neurogenesis (Jessbrger et al., 2007). These observations
indicate that chemicals that alter epigenetic gene expression, such as HDAC inhibitors, may
become candidates for the treatment of neurodevelopmental diseases (Renthal et al., 2008).
The findings above are mainly obtained from animal experiments, and there is little evidene
from human studies. However, epigenetic differences increase with age in monozygotic
twins (Fraga et al., 2005), suggesting that epigenetic status may be altering during aging by
environmental factors in humans.
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5. Epigenetic therapies
Because epigenetic modifications are a reversible mechanism unlike mutations
(substitutions of nucleotides), correction of the epigenetic deffect is potentially easier than
correction of the mutations (Fig. 5).
5.1 DNA methylation donor
Folic acid is the methyl-donor for transfer to cytosine. Therefore, in order to maintain DNA
methylation, sufficient intake of folic acid is essential. Folic acid deficiency during
pregnancy is now increasing in Japan. This increases the risk of having babies with neural
tube defects (Watanabe et al., 2008). As mentioned above, inappropriate supply of nutrients
from mother to the fetus also increases the susceptibility of fetus to develop diabetes
mellitus due to epigenetic changes (Park et al., 2008). However, supplementation of folic
acid during pregnancy protects the fetus by enriching DNA methylation of the promoter
regions of PPARα and glucocorticoid receptor genes in the liver, leading to suppress gene
expression (Buedge et al., 2009). These findings indicate that proper nutrient intakes may
alter the phenotype of the offspring through epigenetic changes.
Since 1980s, folic acid has empirically been used for the treatment of autistic children and
adults with mental diseases, and several studies have shown that folic acid is effective in a
subset of patients (Rimland, 1998; James et al., 2004; Moretti et al., 2005). Although the
precise mechanism is not known, it is also possible that folic acid administration may correct
the DNA methylation status in genes.
5.2 Nutrition
A honey bee secretion known as royal jelly can cause phenotypic change in genetically
identical female honeybees to induce the development of a fertile queen. This effect may be
mediated by epigenetic changes. A recent study showed that royal jelly removes global
DNA methylation, silencing the expression of Dnmt3 during larval development (Kucharski
et al., 2008). The phenotypic change from a worker bee to a queen is reproduced by using
siRNA that inhibit Dnmt3 (Kucharski et al., 2008). More recently, many kinds of nutrition
have been shown to have epigenetic effects and epigenetic therapeutics have been approved
by the US Food and drug Administration for treating specific cancers and seizure disorders
(Mack, 2006; Sharma et al., 2010).
5.3 Gene-specific therapy
Folic acid is relatively safe, since it is a nutrient. However, its effect is global, and it is not
specific to a certain gene. It may be better if epigenetic correction is made only to a specific
gene that is associated with a disease state. This kind of therapy can be achieved using
pyrrole-imidazole (PI) polyamides, small synthetic molecules that recognize and attach to
the minor groove of DNA, thereby inhibiting gene transcription by blocking transcription
factor binding in a DNA sequence specific manner (Matsuda et al., 2011). Furthermore, PI
polyamide conjugated with SAHA, a HDAC inhibitor, can alter the histone modification in a
gene-specific manner, resulting in up-regulation of the target gene (Ohtsuki et al., 2010).
5.4 Exercise and environmental enrichment
It has recently been discovered that DNA sequence is different in each neuron (Coufal et al.,
2009), and that epigenetic change underlies the somatic change (Muotri et al., 2005).. This
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phenomenon is based on retrotransposition, in which a repetitive L1 sequence is inserted
into various genomic regions when it is hypomethylated, potentially altering expression of
adjacent genes. Retrotranposon insertion is activated by deficency of MeCP2 (Muotrri, etal.,
2010). Interestingly, the retrotransposition is also activated by voluntary exercise (running)
in mice (Muotri et al., 2009), suggesting that exercise may alter the DNA methylation status
in neurons.
Studies using a Rett syndrome mouse model that lacks MeCP2 show that environmental
enrichment (e.g., availability of stimulating toys) during early postnatal development
produces effects on neural development and ameliorates the neurological phenotypes
associated with Rett syndrome (Lonetti et al., 2010; Kerr et al., 2010). This suggests that DNA
methylation status may be corrected by an apprpriate environment, conpensating for the
insuffient MeCP2 function.

Fig. 5. Overview of epigenetic change and environmental factors in the brain

6. Conclusion
Epigenetics is a genetic code, not within the DNA but upon the DNA. Until recently, it has
been believed that the epigenetic code is faithfully maintained at the step of DNA
replication. However, various environmental factors potentially rewrite the epigenetic
codes, which can lead to a disease condition. Moreover, a recent animal study has shown
that mental stress not only rewrite the epigenetic code in the brain but also in the gerrmline.
Hence, the altered epigenetic code can be transmitted to the next generation, escaping the
erasure of epigenetic marks that typically occurs during gametogenesis (Franklin et al.,
2010). However, epigenetics is a reversible mechanism, and thus, epigenetic changes are
treatable. Therefore, if the transgenerational inheritance of the epigenetic code is true in
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humans and we transmit our own altered epigenetic code to our children, the code can be
restored with the offer of appropriate environment and treatment. Although the number
and kinds of environmental factors that can alter the epigenetic code are increasing, the
precise mechanism is stll largely unknown. Further understanding of how epigenetic
modications are changed during DNA replication is warranted in order to elucidate the
genetic basis of environmental stress response.
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1. Introduction
In the cell, RNA polymerase (RNAP) and the replisome share the same template DNA for
their respective functions. The rate of replication is typically 20 times faster than
transcription and six or more replication forks may be present at the same time on the
chromosome (Gotta et al. 1991; Hirose et al. 1983). This implies that collisions between the
two machineries are inevitable. In this chapter we will discuss the recent findings on the
outcome of collisions between transcription and replication and their consequences, as well
as cooperation between the two machineries.

2. Stability of RNA polymerase complexes with nucleic acids
In all living organisms transcription, the first step in gene expression, is accomplished by
multisubunit RNAP. RNAP is highly evolutionary conserved, both structurally and
functionally, in all three domains of life. Although there are differences in the mechanisms
of initiation and regulation of transcription, mechanisms of catalysis are remarkably similar
in all living organisms. Fully functional eukaryotic and archeal models involve 12-14
subunits (depending on the polymerase type and organism) with a total molecular weight
greater than 500 kDa (Cramer et al. 2001). The simplified versions found in bacteria are
composed of five subunits (subunits composition 2α, β’, β and ω) with a molecular mass of
approximately 400 kDa. Transcription is a cyclic pathway roughly composed of three steps:
initiation, elongation and termination. RNAP is a flexible machine able to adopt different
states required for various transcription stages and the mode and stability of binding of the
enzyme to DNA at these stages are different. Various modes of RNAP binding to nucleic
acids throughout the transcription cycle is one of the key factors which determine the fate of
the replication fork progression along the DNA.
First, we briefly describe steps of transcription cycle and properties of complexes formed by
RNAP with the nucleic acids at these steps.
The first stage of transcription is initiation. This phase begins with the search of the
promoter by the core enzyme equipped with the transcription initiation σ factor through a
scanning mechanism (Park et al. 1982; von Hippel 2007). The means by which RNAP is
thought to find the promoter involves the tracking of a groove of the double helix
throughout electrostatic interactions reinforced by the entropy that results from the
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displacement of the counterion cloud that surrounds the DNA (Sakata-Sogawa et al. 2004).
These initial interactions of the enzyme with DNA are weak and therefore unstable.
σ subunit recognizes a promoter, which usually is comprised of two hexameric sequences
around -10 and -35 positions relative to transcription start site, to which it has high affinity.
It has been demonstrated that promoter sequences are highly flexible making them more
prone to RNAP binding (Ozoline et al. 1999; Travers 2004). The interactions of RNAP with
promoter DNA are expanded by the wrapping of the DNA (demonstrated by DNA
footprinting experiments) on the surface of the enzyme making the complex more stable
(Ozoline et al. 1995). Wrapping also facilitates further rearrangements in both, RNAP and
DNA. During this state, known as promoter closed complex (Li et al. 1998), the DNA helix
remains double stranded and the complex, though being relatively stable, remains sensitive
to high ionic strength and competitors such as heparin (Coulombe et al. 1999). The stability
of this complex depends on the sequence of the promoter. Generally, the farther the
sequence of a promoter (-10 and -35 elements) from the consensus, the less stable promoter
complex will be formed on it (Fenton et al. 2001). Promoter sequence also determines the
capacity of RNAP to compete with repressors and nucleoid proteins (Grainger et al. 2006).
After formation of the closed complex the double helix of DNA is destabilised by action of
specific residues in the σ factor on a precise region of the promoter (Aiyar et al. 1994;
deHaseth et al. 1995; Murakami et al. 2002). Then, the enzyme melts the double helix of the
DNA and form a stretch ~17 nucleotides (nt) of unwound DNA known as the transcription
bubble (for some particular σ factors, the energy required is obtained by ATP hydrolysis
(Merrick 1993)). The melting generates further rearrangements of the DNA inside RNAP,
placing the downstream DNA into the enzyme’s DNA-binding clamp and positioning the
template DNA in register with the active centre making the complex catalytically competent
(Murakami et al. 2002; Vassylyev et al. 2002). This new configuration of RNAP is referred to
as open promoter complex (Li et al. 1998; Mekler et al. 2002). At this point RNAP occupies a
total of ~35 bp of the DNA and has undergone several structural rearrangements that
provide higher stability compared to afore mentioned closed promoter complexes. Open
promoter complex is capable to withstand higher ionic strength (200 mM KCl) and becomes
resistant to competitors (Reppas et al. 2006; von Hippel et al. 1984).
Initiation of transcription starts with synthesis of short RNA transcripts (2-9 nucleotides
long). Given that RNAP remains anchored to the promoter by σ factor, synthesis involves
pulling of a stretch of downstream DNA of the same size inside the main channel of
RNAP. This phenomenon is referred to as “scrunching”. Scrunching results in increase of
the size of the transcription bubble (given that its upstream edge is kept at the same
position by σ subunit). Initiation ends when the energy accumulated during “scrunching”
surpasses the energy that is anchoring RNAP to the promoter releasing the enzyme from
it followed by the subsequent ejection of the σ factor leaving RNAP ready to elongate the
RNA chain.
The stability of RNAP during elongation is greatly enhanced by multiple protein-nucleic
acids contacts that are formed after synthesis of ~8 nucleotide long RNA and σ subunit
release. In simple terms, if using a comparison of RNAP to a crab claw, the claw in initiation
is more open, while in elongation it closes on the RNA-DNA hybrid almost fully
surrounding it. These interactions of RNAP with nucleic acids make elongation complex
highly stable and resistant to very high ionic strength (1 M KCl) and to competitors
(Kuznedelov et al. 2002). The structure of the elongation complex is schematically shown in
Figure 1. The characteristic feature of the elongation complex, that plays major role in its
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stability, is the 9-10 base pair RNA-DNA hybrid. The length of the hybrid as well as the size
of the transcription bubble remain the same throughout elongation.

Fig. 1. Schematic representation of RNAP core enzyme (blue) during elongation Catalytic
Mg2+ ions of active centre are shown as yellow circle. DNA is black, RNA is green. The three
major interaction sites with nucleic acids that provide stability to the elongation complex
and their length are shown.
Besides unusual stability of the elongation complex, transcribing RNAP generates a
considerable force. The calculated force of the actively transcribing RNAP is 20 pN per
molecule of RNAP and is additive when more RNAP molecules collide with each other
(Wang et al. 1998). This allows RNAP to overcome unwanted events and also dislodge
proteins bound to DNA template (Epshtein et al. 2003). This powerful and stably bound to
DNA machine is capable to proceed through millions (in eukaryotes) of base pairs without
losing contact with the DNA template and nascent RNA.
Though RNAP is supposed to processively transcribe through long distances without
interruption it is a subject to stringent regulation. RNAP recognizes different signals in the
DNA that slow down its movement via various mechanisms. Some pause signals lead to
structural modification of RNAP active centre, which slows down catalysis of the
phosphodiester bond (Landick 2009). An unusual property of RNAP that also plays role in
pausing is its ability to move backwards along the DNA template, a phenomenon called
backtracking. During backtracking, RNAP shifts backwards in a manner of a zipper: the 3’
end of RNA disengages from the template DNA strand and the active centre, while the rear
end of RNA-DNA hybrid RNA anneals back to the template. This keeps the length of the
RNA-DNA hybrid the same as in active elongation complex, which means that this arrested
complex is as stable as the active one. These arrested complexes require separate factors (e.g.
cleavage Gre factors, transcription-DNA repair coupling factor Mfd (Borukhov et al. 1993;
Park et al. 2002)) for their resolution. Pausing and backtracking increase the probability of
RNA polymerase encountering the replisome, and may be detrimental for genome integrity
and cell viability if not resolved.
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When RNAP encounters a termination sequence (typically a GC rich palindromic sequence
followed by a stretch of uridines ~8nt long) it forms a weak RNA:DNA hybrid containing
the poly U track of the terminator (Gusarov et al. 1999). This pauses (by backtracking
mechanism) RNAP and gives enough time for a hairpin loop to form in the RNA exit
channel followed by destabilization of the RNA:DNA hybrid leading to RNA release and
aperture of the DNA binding clamp resulting in RNAP dissociation (Epshtein et al. 2007;
Santangelo et al. 2004)

3. Interactions of transcription with replication
3.1 Collisions of RNAP and the replisome
The effect on collisions between RNAP and the replisome depends greatly in their
directionality. Co-directional interactions occur in the leading strand whereas head-on
collisions take place on the lagging strand (Figure. 2). Interestingly, analyses of genome
organisation have shown that most of the essential genes, highly transcribed genes, and
longer genes (Huvet et al. 2007; Omont et al. 2004; Price et al. 2005; Rocha et al. 2003) are
oriented in the same direction as replication on the leading strand. This arrangement was
also observed in B. subtilis, Borrelia burgdorferi, Treponema pallidum, Haemophilus influenza,
Helicobatcter pylori, Mycoplasma genitalium, mycoplasma pnumoniae, and in some
bacteriophages (McLean et al. 1998). The difference in gene arrangement is considered to be
the outcome of natural selection on genome organisation (Mirkin et al. 2005). Although the
evolution pressure that resulted in this organisation is still unclear, it is thought to be, at
least in part, determined by differences of the interactions of RNAP with the replication fork
during co-directional versus head-on collisions (Brewer 1988). This could be detrimental for
RNAP completion of transcripts affecting the production of correct, full length proteins or
most likely, because it could stall the replisome inhibiting the replication fork progression
(Deng et al. 2005; Srivatsan et al. 2010). These mechanisms will be discussed later.
3.1.1 The effects of RNAP on replication and genome integrity
The manner in which replication forks compete with RNAP has been evaluated in vivo and
in vitro. Unsurprisingly, most of the research has been performed in B. subtilis and E. coli.
Early studies in E. coli analysed the outcome of the collision between the two machineries by
inserting in the chromosome an IPTG inducible and unidirectional ColE1 replication origin
upstream (for analysis of co-directional collisions with RNAP) or downstream (for analysis
of head on collisions with RNAP) of the ribosomal operon rrnB.
This particular operon (5.4 kb) was chosen because of its length and high rate of
transcription would make it easier to be visualised using electron microscopy (French 1992).
In the case of co-directional orientation, replication fork progression was the same in both
non-transcribed and transcribed regions where no accumulation of the replisome was
observed. Interestingly, during replication of the transcribed regions RNAP molecules were
absent behind the replication fork but were still present in front of it. Additionally, after the
replisome had completely passed through the transcribed region repopulation by RNAP
took place. These observations suggested that the replisome was not neither slowed down
nor displaced from the DNA by transcribing RNAP (Figure 3).
This observation is consistent with recent in vitro work which showed that after codirectional collision, RNAP is dislodged from the DNA and the replication fork resumes
elongation by using the displaced RNA as a primer (Pomerantz et al. 2008). The mechanism
in which RNAP acts as primase will be discussed later.
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Fig. 2. Schematic representation of Co-directional and head-on collision between the
replication fork and RNAP. RNAP with its characteristic claw-like shape is shown in black
(right part) with nascent RNA (red line) and template (green) and non-template (blue)
strands. The replisome (on the left) is represented by yellow 3D hexagon (DnaB) and DNA
polymerases as purple ovals in lagging and leading strands respectively.
In the case of head-on collisions, RNAP was also dislodged but the replication fork
progressed through the operon much more slowly than in the co-directional counterpart.
In other studies using DNA microarrays of wild type B. subtilis and of mutants carrying a
long stretch of inverted DNA in the chromosome (to induce head-on collisions) the
reduction of the speed of the replisome was also observed. In the wild type scenario, no
interference of the fork progression by transcriptional machinery was detected. Surprisingly,
in the case of the inverted mutants, replication was generally slowed down in both highly
and low transcribed regions reinforcing the theory that the genome is organised to favour
the co-directionality of both machineries (Wang et al. 2007).
The slowing down of the replication fork caused by head-on collisions could result in
genomic instability due to inaccurate restart of the replisome by new collisions with
transcribing RNAP molecules. Another possibility that could lead to instability is that, after
collision, stalled replication fork could unwound generating a four stranded DNA structure
that resembles a Holliday junction (a process known as replication fork regression)
(Atkinson et al. 2009). This could lead to double strand breaks by cleavage of the DNA
performed by Holiday junction resolvase affecting cell fitness and viability (McGlynn et al.
2000). In this study, performed in E. coli it was proposed that halted RNAP represents an
impediment for replication fork progression and upon collisions it may require to restart. To
reach this conclusion, cells were irradiated with UV light damaging the DNA. Transcribing
RNAP cannot surpass the lesions on the DNA and therefore it stalls. Replication was
observed to restart upon encountering the stalled RNAP which was assisted by
endonucleolytic cleavage of the DNA by the Holiday junction resolvase RuvABC. Mutants
lacking the RuvABC system, in the presence of high concentrations of the alarmone ppGpp
were capable to survive UV irradiation demonstrating that few events of replication restart
were occurring. This finding suggests that transcription factors are also involved in the
resolution of conflicts between the two machineries.
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Fig. 3. Schematic representation of the observed outcome of the co-directional collision
between the replication fork and RNAP. A) Machineries with arrows indicating their
directionality. B) Replication fork colliding with RNAP. C) Replication fork displaces RNAP
and utilises the newly synthesised RNA as primer. D) RNAP is temporarily displaced from
the DNA allowing the replication fork to pass by. Then, transcription is resumed in the same
template.
The mechanism in which the replisome is slowed down could be explained by an
observation made in vitro with RNAP and replication system purified from E. coli. It was
demonstrated that during head-on collisions RNAP was also displaced from the DNA, as in
the case of co-directional collisions, but the replisome was stalled, though it did not fall
apart and eventually was capable to resume elongation (Pomerantz et al. 2010). Earlier
studies with plasmids suggested (Mirkin et al. 2005) that the outcome of head-on collision is
due to the actual physical interactions between the two machineries (Figure 4). Another
possible explanation for this phenomenon was that the topology of the DNA (positive
supercoiling generated in front of the transcribing RNAP) could be the cause of the decrease
in rate of replication (Brewer 1988; Deshpande et al. 1996).
Besides studying the interactions of actively elongating RNAP, different strategies were
used to investigate the effects of initiating and terminating RNAP on the replication fork. In
E. coli, an in vivo system was set up using two plasmids. One contained the strong T7A1
promoter where the equilibrium from promoter clearance towards abortive initiation was
shifted by modifying the initial transcribed sequence. This would allow RNAP to be stably
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bound to the promoter without entering into elongation. When challenged with replication
in co-directional orientation, it was not detrimental for the replisome but during head-on
collisions it turned out to be inhibitory. The second plasmid contained the same promoter
but in this case RNAP was allowed to enter into elongation normally. Further downstream a
transcription termination signal was placed. Interestingly, the replisome was stalled at cooriented collisions with the terminating RNAP which, as mentioned before, could be in the
backtracked state that occurs prior to termination. It is possible that the resulting effect upon
encountering promoters and terminators might serve as polar “replication punctuation
marks” that could facilitate clearing of mutations acquired in transcribed parts of the
genome, by the mismatch repair or gene conversion machineries (Mirkin et al. 2006).

Fig. 4. Schematic representation of the observed outcomes of the head-on collision between the
replication fork and RNAP. A) Machineries with arrows indicating their directionality. B)
Replication fork colliding with RNAP. C) Replication fork briefly pauses and then displaces
RNAP from the DNA D) Replication fork collapses after colliding with an array of RNAP. E)
RNAP is temporarily dislodged from the DNA by the replisome but it is still bound to the
DNA. After the replication fork has passed, transcription is resumed in the new DNA template
In contrast to the observations made with E. coli, studies conducted in vitro with
reconstituted components using the bacteriophage T4 as a model showed that progression
of the replication fork was paused regardless of the direction of the collision with longer
stalling during head-on encounters (Liu et al. 1995). However, it was suggested that after co-
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directional collisions RNAP was still bound to the DNA as the replication passed it by and
was capable to resume transcription in the same strand. It was also postulated that during
head-on collisions, RNAP would continue transcribing but both the enzyme and the
transcript would switch strand, from the already existing (where the collision takes place) to
the newly synthesised one (Liu et al. 1993).
Although the mechanism in which this strand swapping might occur is still unclear it was
proposed that RNAP and transcript transiently disengage from the template but remained
bound to the DNA and an active elongation complex reforms after the replisome has passed
through.
Most recent studies monitoring the association of the replicative helicase and replication
start proteins by ChIP, ChIP-qPCR and ChIP-chip also observed that collision leads to
replication restart in vivo in B. subtilis in highly transcribed genes both co-directional and
head-on collisions (Merrikh et al. 2011).
Analysis of the rolling circle M13 replication of plasmids in head-on orientation towards
RNAP revealed a significant loss of plasmid stability along with deletions in and
downstream the transcribed region. Notably, it was also observed that replication of the
parental plasmid decreased (due to interference of the replisome by RNAP) leading to an
enrichment of the plasmids that had undergone deletions (Vilette et al. 1996).
Mutations as result of head-on collisions between the replisome and transcription have also
been reported for bacterial chromosomal DNA. In B. subtilis, analysis of the rpoB gene
(which encodes for the RNAP β subunit) positioned in the lagging strand, head-on towards
replication fork progression, showed an increased mutation rate (~3 fold) compared to the
isogenic control with no inversion (Wang et al. 2007). Since the observation was done in one
of the longest transcriptional units, the study also suggested that replication fork
progression is affected more dramatically when not just a single RNAP but an array of
RNAP molecules are transcribing the gene where the collision takes place. This supports the
hypothesis that states that long genes are arranged in a co-directional manner to avoid this
sort of events (Omont et al. 2004). In the same study major disruption of the replisome was
detected on ribosomal genes orientated head-on to the replication fork by following RecA
filaments which indicate generation of single stranded DNA or double stranded DNA ends.
In eukaryotic cells, even though the rate of replication is similar to the rate of transcription
and there are specific barriers that block the replisome from entering ribosomal genes
(Brewer et al. 1988), interactions of the two machineries have also been characterised. In
Saccharomyces cereviseae by genome wide analysis it was shown that replication fork is
paused by RNAP II in highly transcribed genes (Azvolinsky et al. 2009).
Other studies on yeast showed that genome integrity is compromised by impairment of the
replisome during head-on collisions with RNAP II which might promote transcription
associated recombination (Kim et al. 2007; Prado et al. 2005).
All these findings relate directly to the mechanisms of overcoming obstacles by the two
machineries with major emphasis on the outcome of the replisome in terms of its integrity
and stability that clearly is affected depending on the directionality of the collisions.
However there are other direct or indirect roles played by RNAP in replication.

4. Effects of transcription on replication initiation and completion
DNA replication is normally initiated from a defined position on the chromosome, the
origin, when assembly of the replication complex takes place. There is evidence that
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transcription might be involved in the regulation of the initiation of replication. After
unwinding of the DNA duplex, DNA polymerases (DNAP) cannot initiate the synthesis of a
new DNA chain, without pre-existing primers. Due to the 5’ 3’ directionality of the DNAP
one of the strands is polymerised continuously (leading strand) and the other one in a
discontinuous manner (lagging strand). The leading strand needs to be primed at the
beginning, whereas the lagging strand requires being primed frequently to generate short
chains (Okazaki fragments) until its completion (Masai et al. 1996). This process is achieved
by a special primase, which is part of the replication machinery, but action of RNAP has also
been described in the priming of replication (Hassan et al. 1994).
The mechanisms in which the transcriptional machinery is involved in replication initiation
and priming have been studied over the past 30 years and will be discussed below.
4.1 Transcription of mioC and its effect on replication initiation
The replication origin oriC is a highly conserved region in enteric bacteria. In its ~245 bp it
contains five dnaA binding sites (Kornberg 1991; Messer et al. 2001) and the mioC gene
which contains no apparent transcriptional terminator which allows most transcripts to read
through the oriC region (Nozaki et al. 1988; Schauzu et al. 1987). First indication of RNAP
involvement in initiation was obtained in early experiments in E. coli which demonstrated
that replication was sensitive to rifampicin (which inhibits RNAP) independently from the
effects on protein synthesis (Lark 1972; Messer 1972). Temperature sensitive mutants of
DnaA are lethal at the non-permissive temperature. Interestingly, this effect is suppressed
by specific mutations on rpoB (Atlung 1984; Bagdasarian et al. 1977). Also, an increased copy
number of oriC containing chromosomes was observed in rpoB or rpoC mutants (Rasmussen
et al. 1983). This suggested that modified RNAP could assist replication initiation but the
actual possible mechanism remained obscure.
In vitro experiments of the replication from oriC showed that RNAP is required under
specific conditions that affect DNA unwinding such as reduced negative superhelicity or
reduced temperature (Baker et al. 1988). Similar to the case of phage λ replication where
transcription from the PR promoter induces opening of the DNA under the same conditions
(Keppel 1988). It was also suggested that RNAP involvement was not due to priming
activity because transcription terminated by incorporation of 3’-dATP had no effect on
replication initiation, meaning that there is no need for the transcript to cross the oriC
sequence. (Baker et al. 1988). Contrary to these observations, when primase was omitted
from the reactions in the presence of RNAP, the replication efficiency was reduced tenfold
but not inhibited contemplating the possibility that the transcripts could have been used as
primers (Ogawa et al. 1985).
Further analysis showed that transcription originated from the mioC promoter enters the
oriC region and seems to be involved in control of initiation of replication (deWind 1987).
A study revealed that the copy number of minichromosomes in the presence of mioC
transcription, was 2 fold higher compared to the mioC deletion control. An apparently
contradicting observation was made when the wild type mioC promoter was replaced by
stronger lac or Cmr promoters. Stronger transcription that entered oriC resulted in
inhibition of minichromosome replication (Tanaka et al. 1983). Other experiments also
performed in minichromosomes demonstrated that DnaA inhibits transcription from
mioC promoter by binding to the dnaA box which is located right upstream of it (Lother
et al. 1985; Stuitje et al. 1986).

298

Fundamental Aspects of DNA Replication

Notably, in a recent study on E. coli chromosome, a mioC gene mutant in which TN5
transposon was inserted in the promoter region was isolated. This mutant allowed mioC
transcription constitutively on the chromosome throughout the cell cycle. It was shown that
the read-through of mutant mioC through oriC impaired the initiation of chromosomal
replication and also suggested that the transcriptional fluctuation during the cell cycle might
be essential for the control of initiation of replication (Su'etsugu et al. 2003). This was in
agreement with observations made in minichromosomes where transcription of mioC gene
appeared to be repressed prior to the initiation of replication and derepressed right after
initiation of replication (Ogawa et al. 1994; Theisen et al. 1993). The proposed mechanisms
by which transcription from mioC could inhibit replication were that transcription could
impair formation of initiation complex at the origin via physical interactions which would
displace DnaA from DNA or through the generation of local changes in the DNA topology
destabilizing the initiation complex. However, while the replication time in cells lacking
mioC promoter was unaffected (Bates et al. 1997; Lobner-Olesen et al. 1992), transcription
from this promoter became essential for cell viability when the dnaA box R4 was deleted
suggesting a positive role for mioC transcription in replication initiation (Bates et al. 1997).
Despite of all the data obtained over 3 decades, no clear consensus on the role of
transcription from the mioC gene on replication has been achieved. The lack of consensus in
the observations among these studies could be due to the differences in the plasmid
structures that could result in different transcription modes which affect the effect on
replication (Masai et al. 1988). Further investigation is required to elucidate the mechanisms
of regulation of the two machineries.
4.2 The role of RNAP as primase
As mentioned in the previous section, replication initiation and elongation of the lagging
strand needs to be primed. DNAP is incapable of initiating DNA synthesis de novo and
require an accessible and properly positioned hydroxyl group to attach a
deoxyribonucleotide. Such insufficiency might have emerged through evolution to increase
processivity of these enzymes by impairing the sequence specific interactions with template,
which are needed for specific initiation of de novo synthesis (Zenkin et al. 2008). In the
majority of cases DNA replication is primed by enzymes called primases. Primases are
DNA-dependent RNA polymerases that synthesise oligoribonucleotides that remain
annealed to template DNA and are used by DNAP as primers. Some other strategies have
been acquired by different replicons to fulfil these requirements. For example, preformed
tRNA (by retroviral reverse transcriptases), DNA primers generated by endonucleolytic
cleavage (by gpA of øX174), and serine OH group (adenoviral 55 kDa terminal protein).
Strikingly, some replicons rely on RNAP and not on primases for initiation of replication of
their genomes. This event was first observed 30 years ago in reconstituted replication system
by A. Kornberg (Brutlag et al. 1971; Wickner et al. 1972). Before the discovery of DnaG
(Bouche et al. 1975; Rowen et al. 1978; Schekman et al. 1972) RNAP was thought to be the
only primase in the cell.
RNAP priming activity is directly utilised in the replication of the leading strand of
filamentous and T-odd phages. The filamentous phages, such as M13, fd and f1, contain a
simple, relatively small (6407 nt long), single stranded circular genome which contains 10
genes (Herrmann et al. 1978; Ohsumi et al. 1978). An important feature of the genome is an
intergenic region that takes up to 8% of the genome. This region does not encode proteins but
serves as the origin for the + and - strand synthesis (Chen et al. 1978). This region contains five
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palindromes (Zinder et al. 1985). After infection, adsorption and penetration, the replication of
the single stranded genome starts. RNAP equipped with σ70 binds to one of the hairpins
(which has no homology to any E. coli promoter) in the (+) strand of the intergenic region.
Though RNAP bound to this region protects ~125 nt, only ~20 bp long hairpin is enough for
specific recognition. RNAP synthesises a short (18 nt long) RNA chain (Zenkin et al. 2006).
This RNA serves as a primer and is further extended by DNAP (Kaguni et al. 1982).
The mechanism in which RNAP synthesises the M13 replication primer has been recently
elucidated (Figure 5). It was observed that the minimal M13 origin occupies the downstream
DNA binding channel and positions the single-stranded template in the active centre of
RNAP leaving the enzyme ready to initiate synthesis of RNA (this is very unusual mode of
initiation as compared with “normal” transcription where, upon RNAP binding, the double
stranded DNA is melted and abortive synthesis of RNA occurs until the enzyme has
stabilised both the transcript and the DNA template in the active centre. This series of events
allows further synthesis of RNA). RNAP lacking the σ subunit (core enzyme), was observed
to be capable to specifically initiate RNA synthesis on the M13 ori hairpin. The synthesis of a
dinucleotide suggested that the stabilisation of the initiation complex was achieved through
“structure-specific” interactions of the downstream DNA binding channel of RNAP with the
ori hairpin. However, no synthesis beyond the first phosphodiester bond was observed.
When RNAP containing σ subunit was used, stabilisation of short transcripts was achieved,
allowing further extension of the RNA. σ factor was shown to be needed at least until a
trinucleotide was formed. When the growing RNA:DNA hybrid reached the size of 10-12
bases, steric constrains lead to the disengagement of the rear part of the hybrid from the
active cleft and leads to formation of overextended hybrid. Upon synthesis of an 18-20 bases
long RNA irreversible structural rearrangement is induced that leads to accommodation of
the hybrid in the downstream DNA binding channel. After the rearrangement, the exposed
3’ end of the RNA becomes available to be used by DNAP (Zenkin et al. 2008). It is still
unclear if DNAP recognises the 3’ end of the RNA in complex with RNAP or if RNAP is
displaced before initiation of DNA synthesis.

Fig. 5. Schematic representation of the mechanism of primer synthesis by RNAP. A) RNAP
(blue) accommodates the ori hairpin (black) in the downstream DNA binding channel (red).
Synthesis of RNA starts and the transcript is stabilised by σ factor (purple). B) Synthesis of
an RNA (green) 8-9 nt long, proceeds in a normal way. C) Upon reaching the RNA:DNA
hybrid of the size of 10-12 nt long, the rear end of the hybrid disengages from the active cleft
D) Upon reaching critical length of 18-20 nt, RNAP backslides to reposition the hybrid in the
downstream DNA binding channel making the 3’ end of RNA available to serve as primer
for replication.
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RNAP synthesised RNA that promote replication have also been characterised in the E.
coli double stranded plasmid ColE1. As observed in vitro, initiation of replication of the
continuous strand depends on three host enzymes: RNAP, RNase H and DNAP I. It was
shown that if RNAP was inhibited by rifampicin replication of the plasmid would not
occur (Itoh et al. 1980; Itoh et al. 1982). RNAP was shown to synthesise a 555 nt transcript
which enters a region where the transition between RNA and DNA occurs (Selzer et al.
1982). The transcript, called RNA II contains a series of stems and loops which are
necessary for the formation of an extended RNA:DNA hybrid at the end of the transcript
(Masai et al. 1996). RNA II is tightly regulated by the antisense RNA I which binds to the
5’ of RNA II affecting its secondary structure inhibiting the formation of the RNA:DNA
hybrid (Tamm et al. 1983). Cleavage of RNA:DNA hybrid mediated by RNase H exposes
the 3’-OH ends needed for DNA synthesis by DNAP I (Naito et al. 1984) which after
polymerisation of 400 nt is replaced by the highly processive DNAP III which will
continue the replication of the strand. 5’ end secondary structure is required to abolish
reformation of upstream DNA duplex behind RNAP, thus forcing RNAP to transcribe
single stranded template. Therefore, the mechanism of primer formation may be the same
as for single stranded M13 phage.
In a recent study conducted in vitro with a reconstituted E. coli replisome lacking primase,
the transcriptional machineries from both E. coli and T7 RNA polymerases were challenged
with the replication fork progressing in a co-directional manner (Pomerantz et al. 2008).
Replication was initiated on a forked DNA template. The progression of replication was
followed by the analysis of the radioactively labeled nascent DNA strand. RNAP, (either E.
coli or T7) elongation complex was stalled in front of replisome by the omission of one of the
4 NTPs. Strikingly, after displacement of RNAP from the template, the nascent transcript
apparently remained annealed to DNA template and was used by replisome as a primer.
This can explain the outcomes of co-directional collisions observed in vivo (see above). The
mechanism of primer formation in this case may also be similar to M13, given that the
replisome approaching RNAP from behind restricts the upstream DNA duplex formation
resulting in RNAP synthesising on single stranded DNA.
In eukaryotic cells evidence of RNAP acting as a specific primase which initiates the
synthesis of the heavy-strand and the light-strand of the double stranded 16.6 kb long
mitochondrial DNA has also been observed (Fuste et al. 2010; Wanrooij et al. 2008).

5. Conclusions
Altogether, through the data generated in four decades, it has become evident that
transcription has played a major role in the evolution of genome organisation, architecture
and integrity. Even though the mechanisms and the outcomes of the collisions of the
replisome with RNAP, the regulatory function of transcription on replication initiation and
its contribution in elongation by serving as primase have been demonstrated, many other
questions remain unanswered. Further studies on the mechanisms in which mioC acts on
oriC replication are needed. Also, the mechanism(s) of action of transcription factors such as
DksA and the alarmone ppGpp modulate not only the activity of RNAP but also its
interactions with replication and other machineries require to be properly elucidated. The
phenomenon of template swapping by RNAP upon head-on collisions and the by-passing of
the replication fork in co-directional collisions with the T4 replication machinery remains
obscure and needs to be clarified.
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