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 High- fi delity genome duplication is fundamental to life and health. There are clear 
links between chromosome replication defects and genome instability, genetic 
disease and cancer in humans, making a detailed understanding of the molecular 
mechanisms of genome duplication vital for future advances in diagnosis, drug 
design, and treatment. The core cellular DNA replication machinery comprises 
around 40–50 individual conserved proteins, many of which are components of a 
series of elaborate molecular machines that interact with one another in a spatially 
and temporally coordinated manner to perform distinct functions at the replication 
fork, such as replication origin recognition, DNA unwinding, DNA synthesis and 
ligation. Our understanding of how these processes occur is now entering an exciting 
new phase as protein structure determination by X-ray crystallography allows us to 
view the molecular make-up of the eukaryotic replication machinery in unprece-
dented detail. High-resolution three-dimensional structures are now available for 
most of the key players in the replication process, allowing enzyme active sites and 
nucleic acid- and protein-interaction surfaces to be viewed at atomic resolution. 
Where crystal structures remain elusive, established methods such as single-particle 
reconstruction using cryo-electron microscopy (cryo-EM) and emerging techniques 
such as small angle X-ray scattering (SAXS) are increasingly being harnessed to 
provide important information on the overall shape of individual protein complexes 
and the organization of subunits therein. 

 The aim of this book is to provide a detailed guide to the structure and function of 
the key conserved components of the eukaryotic replisome with particular emphasis 
on how recent breakthroughs in protein structure determination have led to important 
insights into protein function, protein-protein interactions, and enzyme mechanism. 

 Chapter   1     offers a brief overview of the replication process in eukaryotic cells, 
from pre-RC formation in G1 through to Okazaki fragment processing at the end of 
S-phase. The role of individual proteins and protein complexes in these processes is 
summarized and the availability (or otherwise) of protein structural information 
highlighted. Chapter   2     explores the extent to which the proteins that make up the 
conserved machinery of chromosome replication in mammalian cells and in well-
studied eukaryotic model organisms such as budding and  fi ssion yeasts,  Xenopus  

   Preface   

http://dx.doi.org/10.1007/978-94-007-4572-8_1
http://dx.doi.org/10.1007/978-94-007-4572-8_2


vi Preface

and  Drosophila , are conserved across all eukaryotic evolution and reaches some 
thought-provoking conclusions. The remainder of the book takes the reader on a 
guided tour through the replication machinery, with each chapter focusing on an 
individual protein or protein complex. This systematic approach allows the structure 
and function of each factor to be considered at a level of detail that would otherwise 
be impossible and makes this single volume a truly comprehensive guide to the over-
all structure and function of the replisome, one that can serve as introduction to the 
complexities of the replication machinery for advanced undergraduate and post-
graduate students and as an essential guide and companion for experienced researchers 
already working in the  fi eld. 

 As a  fi nal note, I would like to thank the authors for their hard work in preparing 
their uniformly excellent chapters and for their patience with the production process, 
my colleagues in St Andrews and elsewhere for their advice and encouragement, 
publishing editor Thijs van Vlijmen at Springer SBM for his help and support, and 
the Scottish Universities Life Sciences Alliance (SULSA) for funding. 

 St Andrews Stuart MacNeill        
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  Abstract   High- fi delity chromosomal DNA replication is vital for maintaining the 
integrity of the genetic material in all forms of cellular life. In eukaryotic cells, 
around 40–50 distinct conserved polypeptides are essential for chromosome repli-
cation, the majority of which are themselves component parts of a series of elaborate 
molecular machines that comprise the replication apparatus or replisome. How these 
complexes are assembled, what structures they adopt, how they perform their func-
tions, and how those functions are regulated, are key questions for understanding 
how genome duplication occurs. Here I present a brief overview of current knowledge 
of the composition of the replisome and the dynamic molecular events that underlie 
chromosomal DNA replication in eukaryotic cells.      

    1.1   Introduction 

 Chromosomal DNA replication in all cells requires the complex interplay of variety 
of essential and non-essential protein factors in a temporally and spatially coordinated 
manner. In eukaryotes, chromosome replication as such (that is, the templated syn-
thesis of new DNA on leading and lagging strands in a semi-discontinuous manner) 
occurs during S phase of the cell cycle, although some of the molecular events that 
lead up to the initiation of S phase (such as assembly of pre-replicative complexes, 
or pre-RCs, discussed below) take place in G1 phase (Bell and Dutta  2002  )  and it is 
likely that the  fi nal steps of the replication process take place in what is convention-
ally thought of as G2 (Lygeros et al.  2008  ) . Checkpoints (Hartwell and Weinert  1989  )  

    S.     MacNeill   (*)
     Biomedical Sciences Research Complex, School of Biology , 
 University of St Andrews ,   North Haugh ,  St Andrews, Fife ,  KY16 9ST ,  UK    
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ensure that cells do not enter mitosis (M phase) until replication is complete 
(Labib and De Piccoli  2011  )  and, under normal circumstances, elaborate regulatory 
mechanisms ensure that each part of the genome is replicated once and only once 
during the cell cycle (Blow and Dutta  2005  ) , thereby preventing unwanted 
ampli fi cation of individual genes or larger regions of the chromosomes. 

 The following sections outline what is known of the functions of key conserved 
components of the eukaryotic replication machinery (replisome), highlighting the 
current state of knowledge of the structure of these diverse factors (summarised 
schematically in Fig.  1.1 ). Detailed descriptions of those factors for which structural 
information is available can be found in Chaps.   3–17    , while Chap.   2     takes a phylo-
genetic view of the extent to which the replication machinery is conserved across 
the major eukaryotic sub-groups.   

    1.2   Replication Origins and the Origin Recognition Complex 

 Eukaryotic chromosome replication is initiated at multiple replication origins on each 
chromosome. Origin structure and function (reviewed by Cvetic and Walter  2005 ; 
Lucas and Raghuraman  2003 ; MacAlpine and Bell  2005  )  lies largely outside the 
scope of this volume but has been studied in greatest detail in the budding yeast 
 Saccharomyces cerevisiae . Brie fl y, the budding yeast genome contains around 300–
500 origins, equivalent to one origin every 30–50 kb, but not every origin is activated 
( fi red) in every cell cycle. Those origins that do  fi re, do so with characteristic timing – 
some origins  fi re reproducibly early in S phase, for example. Exactly what controls 
the timing of origin  fi ring is unclear: chromatin accessibility clearly plays a role 
(reviewed by Mechali  2010  )  as does the availability of the replication initiation 
factors Cdc45, Sld2, Sld3, Sld7 and Dpb11, discussed below (Mantiero et al.  2011 ; 

  Fig. 1.1    Structures of eukaryotic and archaeal replisome components. Key: ( a ) structure of BAH 
domain of Orc1 only, ( b ) structure of middle domain of Orc6 only, ( c ) the archaeal Orc1/Cdc6 
protein is regarded as hybrid of eukaryotic ORC and Cdc6 proteins – structures solved include 
various Cdc6/Orc1 proteins bound to DNA, ( d ) a partial structure of Cdt1 in complex with the 
replication inhibitor geminin has also been solved, ( e ) archaeal MCM is a homohexamer, ( f ) Cdc45 
structure has been examined by SAXS only, ( g ) the B-domain of the Psf1 subunit is invisible in 
GINS structures, ( h ) the structure of a Gins15 

2
 Gins23 

2
  tetrameric GINS has been solved – other 

archaeal GINS complexes are Gins15 
4
  homotetramers, ( i ) no known archaeal homologues, ( j ) vari-

ous complexes featuring one, two or three subunits but no complete structure, ( k ) archaea RPA’s 
are highly heterogeneous in composition but several near complete structures have been solved, ( l ) 
structure of PriS-PriL dimer solved without PriL C-terminal domain, ( m ) structures of several 
monomeric archaeal PolB enzymes are known, ( n ) structure of Dpb4 protein solved in complex 
with the chromatin remodelling factor Dls1 – otherwise only a cryo-EM structure for Pol  e  com-
plex is available, ( p ) structures of both modi fi ed and unmodi fi ed PCNA solved with and without 
bound PIP peptides, ( q ) structures of homotrimeric and heterotrimeric archaeal PCNA complexes 
available, and ( r ) potential homologues in some species only. See text and individual chapters for 
details and references       

http://dx.doi.org/10.1007/978-94-007-4572-8_3 10.1007/978-94-007-4572-8_4 10.1007/978-94-007-4572-8_5 10.1007/978-94-007-4572-8_6 10.1007/978-94-007-4572-8_7 10.1007/978-94-007-4572-8_8 10.1007/978-94-007-4572-8_9 10.1007/978-94-007-4572-8_10 10.1007/978-94-007-4572-8_11 10.1007/978-94-007-4572-8_12 10.1007/978-94-007-4572-8_13 10.1007/978-94-007-4572-8_14 10.1007/978-94-007-4572-8_15 10.1007/978-94-007-4572-8_16 10.1007/978-94-007-4572-8_17
http://dx.doi.org/10.1007/978-94-007-4572-8_2
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Tanaka and Araki  2011 ; Tanaka et al.  2011  ) . Budding yeast origins are relatively 
short (<200 bp) and include a well conserved DNA sequence element (the ACS or 
ARS-consensus sequence); origins in other well-studied species, including the  fi ssion 
yeast  Schizosaccharomyces pombe , are signi fi cantly more complex in nature and do 
not contain a conserved sequence at their core. 

 Origins are bound by the origin recognition complex (ORC), a widely conserved 
six-subunit protein complex (Duncker et al.  2009  )  (described in detail in Chap.   3    , 
this volume). Precise details of how ORC recognises origin sequences are still 
unclear and the differences in origin structure apparent across eukaryotic evolution 
make it highly likely that the details will differ from species to species. With the 
notable exceptions of the N-terminal BAH (bromo-adjacent homology) domain of 
the budding yeast and mouse Orc1 proteins (Hou et al.  2005 ; Hsu et al.  2005 ; Kuo 
et al.  2012 ; Zhang et al.  2002  )  and the middle domain of the human Orc6 protein 
(the least conserved of the ORC subunits) (Liu et al.  2011  ) , no crystal structures of 
ORC subunits have been reported, although recent cryo-EM studies (discussed in 
detail in Chap.   3    ) have provided signi fi cant insights into ORC structure at lower 
resolution (Fig.  1.1 ). The BAH domain of metazoan Orc1 (but not its yeast counter-
parts) recognises and binds speci fi cally to histone H4 dimethylated at lysine 20 
(K4K20me2), thereby linking the process of replication origin licensing to chroma-
tin modi fi cation status (Kuo et al.  2012  ) . Mutations the human Orc1 BAH domain 
have been implicated in Meier–Gorlin syndrome (MGS), a form of primordial 
dwar fi sm. Also implicated in MGS are mutations in Orc4 and Orc6, and in the Cdc6 
and Cdt1 proteins described in Sect.  1.3  below (Bicknell et al.  2011a,   b ; de Munnik 
et al.  2012 ; Guernsey et al.  2011  ) . The middle domain of Orc6 is similar in structure 
to part of the eukaryotic transcriptional factor TFIIB, allowing DNA binding by Orc6 
to be modeled; mutation of residues implicated in DNA binding in this way results in 
reduced DNA replication in cultured cells (Liu et al.  2011  ) . The observed similarity 
between Orc6 and TFIIB has led to the suggestion that Orc6 may have role in cor-
rectly positioning ORC at origins in the same manner that TFIIB functions to position 
the transcription PIC (pre-initiation complex) at promoters (Liu et al.  2011  ) .  

    1.3   Formation of the Pre-RC at Origins 

 During the G1 phase of the budding yeast cell cycle, ORC is bound by the AAA+ fam-
ily protein Cdc6, which then recruits two additional factors, Cdt1 and the MCM 
(minichromosome maintenance) helicase, to form the pre-RC (pre-replicative com-
plex) on DNA (reviewed by Blow and Dutta  2005  ) . Regulated pre-RC formation 
(also known as replication licensing) is crucial for maintaining once-per-cell-cycle 
replication control and in vertebrates the geminin protein (described in detail in 
Chap.   5    ) plays an important role in regulating this process. Structures have been 
solved for several archaeal Cdc6 proteins (see Fig.  1.1  and Chap.   4     – note that these 
archaeal proteins share features of eukaryotic Cdc6 and ORC, and are commonly 

http://dx.doi.org/10.1007/978-94-007-4572-8_3
http://dx.doi.org/10.1007/978-94-007-4572-8_3
http://dx.doi.org/10.1007/978-94-007-4572-8_5
http://dx.doi.org/10.1007/978-94-007-4572-8_4
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known as Cdc6/Orc1, and that ORC itself is absent from archaea) and for both Cdt1 
and geminin (Chap.   5    ). In eukaryotes, the MCM helicase is a heterohexameric com-
plex comprising six related subunits, Mcm2-Mcm7, whereas in most archaea, MCM 
is a homohexamer. Each MCM subunit is a member of the AAA+ protein superfam-
ily (Duderstadt and Berger  2008 ; Hanson and Whiteheart  2005  ) . Crystal structures 
of several archaeal MCM proteins have been solved, in whole or in part, but none of 
the eukaryotic subunits (Fig.  1.1 ). The structures of the archaeal MCM proteins are 
discussed in Chap.   6     and mechanistic studies of the eukaryotic enzyme in Chap.   7    . 

 The mechanism of assembly of the pre-RC is currently the subject of consider-
able interest (Labib  2011  ) . Two recent cryo-EM studies have provided signi fi cant 
insights into this process by showing that budding yeast MCM is loaded at the origin 
as a head-to-head double hexamer (Evrin et al.  2009 ; Remus et al.  2009  ) . Prior to 
loading, budding yeast MCM binds Cdt1 to form a heptameric MCM•Cdt1 unit and 
it appears that the single ORC complex present at an individual origin loads two 
of these to produce the head-to-head double hexamer (Takara and Bell  2011  ) . 
Interestingly, double hexamers are also seen at licensed replication origins in 
 Xenopus  egg extracts too, suggesting that a similar loading mechanism may also be 
used at metazoan origins (Gambus et al.  2011  ) . ORC remains bound at origins 
throughout the yeast cell cycle but once MCM is activated in S phase, Cdc6 and 
Cdt1 are lost and individual MCM hexamers move off with the replication forks 
(Gambus et al.  2006 ; Yardimci et al.  2010  ) . MCM movement requires a marked 
remodelling of the MCM complex: initial loading clearly takes place on double-
stranded origin DNA but a recent series of elegant biochemical experiments appear 
to indicate that the active helicase translocates 3 ¢ –5 ¢  on the single-stranded leading 
strand template DNA (Fu et al.  2011  ) , a process that requires that the DNA duplex 
at the origin is melted and one strand (the lagging strand template) is excluded from 
the central channel of the helicase. 

 Activation of MCM helicase activity to facilitate DNA unwinding is a complicated 
and highly regulated process that requires MCM to associate with two additional 
factors, Cdc45 and GINS, to form the CMG (Cdc45–MCM–GINS) complex (Costa 
et al.  2011 ; Ilves et al.  2010 ; Moyer et al.  2006  ) . The precise roles of the Cdc45 and 
GINS components of the CMG are not yet known. The near-complete crystal struc-
ture of the tetrameric human GINS complex has been solved (Chang et al.  2007 ; 
Choi et al.  2007 ; Kamada et al.  2007  )  (see Fig.  1.1 , Chap.   8    ) and cryo-EM studies 
have provided a low-resolution view of CMG complex structure (Costa et al.  2011  ) . 
No crystal structures are available for Cdc45 but this protein has recently been 
reported to be related to the DHH family of phosphoesterases that includes the 
bacterial RecJ nuclease (Krastanova et al.  2012 ; Makarova et al.  2012 ; Sanchez-
Pulido and Ponting  2011  ) . The structure of RecJ can been modelled into the SAXS 
(small angle X-ray scattering) structure of human Cdc45 (Krastanova et al.  2012  ) . 
Eukaryotic Cdc45 does not possess nuclease activity but at least some archaeal 
Cdc45 homologues, exempli fi ed by the GAN (GINS-associated nuclease) protein, 
do (Li et al.  2011  ) . 

http://dx.doi.org/10.1007/978-94-007-4572-8_5
http://dx.doi.org/10.1007/978-94-007-4572-8_6
http://dx.doi.org/10.1007/978-94-007-4572-8_7
http://dx.doi.org/10.1007/978-94-007-4572-8_8
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 Prior to associating with MCM, Cdc45 is found in a complex with the Sld3 
protein (Kamimura et al.  2001  ) , whereas GINS is part of the pre-LC (or pre-loading 
complex) together with Sld2, Dpb11 and DNA polymerase  e  (Pol  e ) (Muramatsu 
et al.  2010  ) . Sld2 and Sld3 bind to Dpb11 directly via the latter’s BRCT domains, 
but only when phosphorylated by the S-CDK (the S phase cyclin-dependent kinase) 
(Tanaka et al.  2007 ; Zegerman and Dif fl ey  2007  ) . Somehow, this phosphorylation 
leads to disassembly of the Sld3-Cdc45 and pre-LC complexes and formation of the 
CMG. No structural information is presently available for Sld2, Sld3 or Dpb11, and 
no archaeal homologues of these proteins are apparent. Once the CMG is formed, 
DNA unwinding can occur and replication can begin in earnest. Recent results have 
shown that while it is not required for CMG assembly at origins, the conserved 
Mcm10 protein appears to be required for CMG translocation and for origin unwind-
ing, as the trimeric single-stranded DNA binding factor RPA is not recruited to 
origins when Mcm10 is depleted (Watase et al.  2012  ) . Partial X-ray structures are 
available for both RPA (Chap.   10    ) and for Mcm10 (Chap.   11    ).  

    1.4   The Replisome Progression Complex 

 The CMG complex forms the heart of the molecular assembly (called the replisome 
progression complex, RPC) at each replication fork (Gambus et al.  2006,   2009  ) . 
Experiments in budding yeast have shown that each RPC contains a single MCM 
hexamer only, presumably as part of the CMG, together with a number of other 
proteins including the Tof1–Csm3 complex that is required for forks to pause at 
protein–DNA barriers, the histone chaperone FACT, the checkpoint mediator Mrc1, 
the type I topoisomerase Top1, the Mcm10 and Ctf4 proteins known to bind DNA 
polymerase  a –primase (Pol  a –primase) and Pol  a –primase itself. Interestingly, 
puri fi ed RPCs do not contain either Pol  e  (despite this factor’s early involvement in 
CMG assembly as part of the pre-LC) nor DNA polymerase  d  (Pol  d ), suggesting that 
these polymerases (which are known to be present at moving replication forks – see 
Aparicio et al.  1999  )  are only loosely associated with the helicase machinery (Gambus 
et al.  2006,   2009  ) . Consistent with this, experiments with  Xenopus  egg extracts have 
shown that it is possible to physically uncouple the helicase and polymerase activi-
ties by addition of the polymerase inhibitor aphidicolin (Pacek et al.  2006  ) .  

    1.5   The Replicative Polymerases 

 Once the origin DNA is unwound, presumably by the action of the CMG complex 
in the RPC, templated DNA synthesis can begin. DNA polymerases cannot synthe-
sise DNA  de novo , but can only extend from a pre-existing 3 ¢ OH group. To generate 
the appropriate 3 ¢  end, a short (10–15 nucleotide) RNA primer is synthesised by a 
specialised RNA polymerase enzyme known as primase – unlike DNA polymerases, 

http://dx.doi.org/10.1007/978-94-007-4572-8_10
http://dx.doi.org/10.1007/978-94-007-4572-8_11
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RNA polymerases have no dif fi culty in initiating RNA synthesis  de novo  to form the 
5 ¢  ends of nascent RNA transcripts. In eukaryotes, primase forms a stable tetrameric 
complex with DNA polymerase  a , the Pol  a –primase complex (see Chap.   9     for 
detailed discussion). Once the primase component of the Pol  a –primase complex 
has synthesised the short RNA, Pol  a  recognises the newly formed 3 ¢ OH and the 
nascent strand is extended by a further 20–25 nucleotides of DNA. The process of 
RNA-DNA primer synthesis by Pol  a –primase is required to initiate leading strand 
replication at the origin and also to initiate synthesis of each and every Okazaki 
fragment on the discontinuously synthesised lagging strand. 

 Once the 30–40 nucleotide RNA-DNA primer is completed, Pol  a –primase is 
believed to play no further part in leading or lagging strand synthesis: Pol  a –primase 
is not a processive enzyme nor does it possess the ability to proofread the DNA it 
synthesises, raising the possibility that the DNA segment of the primer might con-
tain potentially mutagenic sequence errors. Instead, a polymerase switch occurs and 
the RNA-DNA primer is extended, apparently in a strand-speci fi c manner, by DNA 
polymerase  d  (Pol  d ) and DNA polymerase  e  (Pol  e ) (see Chaps.   12     and   13    , respec-
tively, for details). Elegant genetic studies in yeast indicate that Pol  d  is the lagging 
strand polymerase and Pol  e  the leading strand polymerase (Nick McElhinny et al. 
 2008 ; Pursell et al.  2007 , reviewed by Kunkel and Burgers  2008 ; Stillman  2008  ) . 

 Like Pol  a –primase, both Pol  d  and Pol  e  are multi-subunit enzymes, comprising 
in each case a family B polymerase catalytic subunit and a number of smaller sub-
units, one of which, the B-subunit, is also distantly related between all three replica-
tive enzymes (reviewed by Johansson and MacNeill  2010  ) . The catalytic subunits of 
Pol  d  and Pol  e  possess both polymerase and 3 ¢ –5 ¢  exonuclease (proofreading) 
activities and replicate DNA with high  fi delity. Combined with earlier studies of 
distantly related bacteriophage and archaeal family B polymerase enzymes, recent 
structural studies of the Pol  d  catalytic subunit Pol3 (discussed in detail in Chap.   12    ) 
have shed considerable light on Pol  d  enzyme mechanism and in particular on how 
the enzyme discriminates between correctly and incorrectly incorporated bases and 
how an incorrectly incorporated base triggers movement of the nascent strand from 
the polymerase to the exonuclease active site (Swan et al.  2009  ) . The structures of 
the B- and part of the C-subunit of Pol  d  have also solved (Baranovskiy et al.  2008  ) , 
as has the structure of the C-terminal domain of Pol1, the catalytic subunit of Pol  a , 
bound to its B-subunit Pol12 (Klinge et al.  2009  ) , and the iron-sulphur cluster 
domain of the large subunit of primase (Sauguet et al.  2010 ; Vaithiyalingam et al. 
 2010  )  (see Fig.  1.1 ). 

 Despite being implicated as playing a key role in leading strand synthesis, genetic 
studies in both yeasts have shown that the entire catalytic domain of Pol  e  can be 
deleted without loss of cell viability, although chromosome replication is signi fi cantly 
slowed under these conditions and the cells display a variety of additional defects 
(Kesti et al.  1999  ) . This behaviour is only seen when the catalytic domain is absent 
and not with catalytically inactive full-length Pol  e  proteins, suggesting that deleting 
the catalytic domain is necessary to free-up suf fi cient space to allow access of Pol  d  
to the leading strand substrate.  

http://dx.doi.org/10.1007/978-94-007-4572-8_9
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    1.6   Sliding Clamp and Clamp Loader Complexes 

 Processivity is a vital characteristic of Pol  d  and Pol  e  but is not an intrinsic property 
of these enzymes. Instead, processivity is acquired through interaction with a 
separate processivity factor, the conserved sliding clamp PCNA (proliferating cell 
nuclear antigen). PCNA is a ring-shaped trimer that is able to encircle and slide 
along double-stranded DNA (Ludwig and Walkinshaw  2006  ) . Eukaryotic PCNA is 
a homotrimer whereas both homo- and heterotrimeric PCNAs are found in archaea. 
In bacteria, the sliding clamp is a dimer known as the  b -sliding clamp. Both dimeric 
and trimeric PCNA display six-fold symmetry (Ludwig and Walkinshaw  2006  ) . 
In addition to being essential for polymerase processivity, PCNA acts as a stable 
platform onto which a large number of DNA replication and repair factors are 
assembled (Tsurimoto  2006  ) . In recent years, much progress has been made in dis-
secting the regulation of PCNA function by post-translational modi fi cation (PCNA 
is ubiquitylated, SUMOylated and phosphorylated) and structures of modi fi ed and 
modi fi ed PCNA complexes have been solved (see Chap.   14    ). 

 In order to be loaded onto DNA, the PCNA ring must be opened and closed 
around the duplex. In eukaryotes, PCNA ring opening and closing is accomplished 
by replication factor C, a pentameric clamp loader complex that comprises a large 
subunit Rfc1 and four small subunits Rfc2–Rfc5 (see Chap.   15     for details) (Majka 
and Burgers  2004  ) . PCNA loading is an ATP-dependent progress and each RFC 
subunit is a member of the AAA+ family of ATPases and ATP binding proteins. 
After ORC, Cdc6 and MCM, RFC is the fourth key component of the replication 
machinery to be a member of the AAA+ protein superfamily (Duderstadt and Berger 
 2008 ; Snider et al.  2008  ) . The core structure of yeast RFC in a complex with PCNA 
has been solved (Bowman et al.  2004  )  as has an NMR structure for the N-terminal 
BRCT domain of the large Rfc1 subunit (Kobayashi et al.  2006  ) .  

    1.7   Okazaki Fragment Processing 

 The last stage in the replication process requires sees Okazaki fragments on the 
lagging strand being processed, to remove the 5 ¢  RNA primer and the short stretch 
of potentially error-containing DNA synthesised by Pol  a –primase prior to the 
polymerase switch, and  fi nally joined. PCNA plays an important role here too, as at 
least three of the key enzymes implicated in these reactions (the nucleases Fen1 and 
RNaseHII, and DNA ligase I) bind directly to PCNA via a conserved short sequence 
motif known as a PIP (PCNA interacting protein) motif (Warbrick  1998  ) . A number 
of structures of eukaryotic and archaeal PCNA bound to PIP box peptides have been 
reported, beginning with the structure of human PCNA bound to a PIP motif peptide 
derived from the mammalian cell cycle and DNA replication inhibitor p21 Cip1  
(Gulbis et al.  1996  )  (see Chap.   15    ). DNA polymerase  d  also contacts PCNA via PIP 
motifs; in budding yeast these are found in all three subunits of the Pol  d  complex 
(Acharya et al.  2011  ) . 
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 While several, perhaps all, of the key players are known (Fen1, RNAseHII and 
the helicase-nuclease Dna2), the precise contributions made by each to Okazaki 
fragment processing remain somewhat unclear, a re fl ection of the complexity of the 
task at hand: the 5 ¢  end of each Okazaki fragment is a unique species and it is likely 
that different enzymes, or combination of enzymes, are involved in processing 
different classes of 5 ¢  end (see Henry et al.  2010 ; Pike et al.  2009,   2010 ; Stewart 
et al.  2008,   2009 , for recent contributions to this  fi eld and detailed discussion). 
The structures of human Fen1 protein complexed to PCNA (Sakurai et al.  2005  )  and 
to a 5 ¢  DNA  fl ap structure (Tsutakawa et al.  2011  )  have been solved, as have archaeal 
Fen1 and RNAseHII structures (Chapados et al.  2001,   2004 ; Hos fi eld et al.  1998 ; 
Hwang et al.  1998 ; Lai et al.  2000  )  (see Chap.   16     for detailed discussion of Fen1 
structure and function). The structure of trimeric human and mouse RNaseHII 
enzymes have also been determined (Figiel et al.  2011 ; Shaban et al.  2010  ) , allowing 
mutations implicated in the human auto-in fl ammatory disorder Aicardi–Goutières 
Syndrome (AGS) to be mapped. 

 The  fi nal step in the process of Okazaki fragment maturation sees DNA ligase 
I seal the nicks in the processed DNA, thereby producing a continuous nascent 
strand (see Chap.   17    ). In yeast, this ATP-dependent DNA ligase family member is 
essential for the completion of nuclear chromosomal DNA replication and plays an 
essential role in mitochondrial replication also (Donahue et al.  2001 ; Martin and 
MacNeill  2004 ; Willer et al.  1999  ) . DNA ligase I has also been shown to be 
essential for mouse development (Bentley et al.  1996,   2002 ; Petrini et al.  1995  )  
and a human patient with a DNA ligase I de fi ciency and various developmental 
and growth abnormalities has been identi fi ed, underlining the importance of this 
enzyme for maintaining genome integrity (Barnes et al.  1992 ; Webster et al.  1992  ) . 
The structure of human DNA ligase I has been solved (Pascal et al.  2004  ) . In addi-
tion, archaea also possess ATP-dependent DNA ligases and the structures of sev-
eral of these (as well as the structure of several ATP-dependent DNA ligases from 
eukaryotic viruses and bacteriophage) have been determined (Kim et al.  2009 ; 
Nishida et al.  2006 ; Pascal et al.  2006  ) , providing insights into the conserved ligase 
catalytic mechanism (see Chap.   17     for details). DNA ligase I also interacts with 
PCNA and with the clamp loader RFC, an interaction that is regulated by phospho-
rylation of the ligase (Vijayakumar et al.  2009  ) .  

    1.8   Model Systems for the Studying Eukaryotic Replication 

 Much of what we know about the enzymes and mechanisms of eukaryotic chromo-
some replication has come from studies of a relatively small number of model 
systems and organisms, chosen for their tractability to genetic and/or biochemical 
analysis, or for their simplicity. As much of the replication machinery is conserved 
across species (at least within the range of well-studied eukaryotic organisms – see 
Chap.   2    , this volume, for a wider discussion of this point) detailed understanding 
of protein function has often come from complementary and non-overlapping 
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approaches in diverse models. Indeed, it is not unreasonable to assert that full 
appreciation of protein function can only come from multi-disciplinary multi-
organism approaches. The following sections brie fl y summarise the advantages and 
disadvantages of the most widely used model systems. 

    1.8.1   SV40 

 A number of the protein factors essential for chromosome replication in eukaryotes 
were  fi rst identi fi ed in studies that made use of the ability of mammalian cell extracts 
to successfully replicate plasmids carrying the SV40 viral replication origin  in vitro  
(Waga and Stillman  1998  ) . SV40 is a polyoma virus with a circular double-stranded 
DNA (dsDNA) genome. The virus encodes only a single protein that is required for 
replication of its genome (large T-antigen, a hexameric DNA helicase that also 
recognises the viral replication origin), all other replication factors being encoded 
by the host cell (Waga and Stillman  1998  ) . Biochemical fractionation of host cell 
extracts led to identi fi cation of a number of protein factors that were later shown to 
be essential for chromosome replication also: these included DNA polymerase 
 a –primase (Pol  a –primase) and DNA polymerase  d  (Pol  d ), the single-stranded 
DNA binding factor RPA (replication protein A), the sliding clamp DNA poly-
merase processivity factor PCNA (proliferating cell nuclear antigen) and the sliding 
clamp loader replication factor C (RFC). Factors required for replication origin 
recognition and/or DNA unwinding (or for the regulation of these processes) were 
not identi fi ed in these studies, as these functions were provided by exogenously 
added T-antigen. Studies on T-antigen continue to provide valuable insights into 
DNA helicase function that are highly relevant to our understanding of the catalytic 
core of the cellular replicative helicase, the MCM complex (see Chaps.   6     and   7    ).  

    1.8.2   Yeast 

 Studies on the budding yeast  S. cerevisiae  and the distantly related  fi ssion yeast 
 Schiz. pombe  have proved vital for our understanding of the biology of chromosomal 
DNA replication in eukaryotes. Both organisms are genetically tractable and screens 
for conditional-lethal mutants (and in particular, temperature-sensitive mutants) 
have led to the identi fi cation of many essential replication factors in both organisms, 
including key regulatory factors that could not be identi fi ed in the SV40 system. 
In addition to being genetically tractable, both yeasts are easy to grow in the labora-
tory, have short generation times (2–3 h is typical), have sequenced genomes of 
~12.5 Mb, and are amenable to a wide range of molecular and cell biological and 
biochemical applications. In addition, the cell cycle of budding yeast cells can be 
readily synchronised by addition and removal of the mating pheromone  a -factor, 
allowing studies of the timing of replication events. Most of what is known about 

http://dx.doi.org/10.1007/978-94-007-4572-8_6
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replication origin function, the regulation of replication initiation and the molecular 
composition of the replication apparatus has come from studies with budding yeast.  

    1.8.3   Xenopus 

 The African clawed frog  Xenopus laevis  is arguably the most important biochemical 
model for eukaryotic chromosome replication currently in widespread use. Central 
to the utility of the  Xenopus  system is the ability of egg cytoplasmic extracts to 
faithfully replicative exogenously added sperm nuclei or puri fi ed DNA in a once-
per-cell-cycle manner (Blow et al.  1987  ) . Further modi fi cations to this system, such 
as the teasing apart of key regulatory steps by separating the egg cytoplasmic extract 
into a high-speed supernatant fraction (HSS), which supports pre-RC formation 
(see below), and a nucleoplasmic extract (NPE) that stimulates replication initiation 
(Walter et al.  1998  ) , have proved immensely valuable – for example, for dissecting 
key steps in the regulation of replication initiation, for identifying components of 
the replicative helicase (sometimes called the unwindosome) (Pacek et al.  2006  )  
and for characterising the properties of the latter (Fu et al.  2011  ) .  

    1.8.4   Archaea 

 The yeast and  Xenopus  systems offer the opportunity of relatively straightforward 
genetic and/or biochemical analysis of the processes of eukaryotic chromosome 
replication. However, although both are regarded as simple models for higher 
eukaryotic (i.e. mammalian) replication, in reality the composition of the replication 
machinery in these systems is probably as complex as that found in human cells. 
This complexity (typi fi ed by the number of multiprotein complexes on the list of 
factors known to be essential for chromosome replication) creates many problems, 
especially for biochemical and structural analysis. The archaea provide a partial 
solution to this problem. These organisms make up the third domain of life on Earth 
and form a sister group to the eukaryotes; the components of the archaeal DNA 
replication machinery resemble their eukaryotic counterparts but are frequently 
simpler in structure (Barry and Bell  2006  )  (Fig.  1.1 ). The MCM helicase, for 
example, a heterohexamer in eukaryotes, is homohexeric in archaea (see Chaps.   6     
and   7    , this volume). Archaea also have the added advantage that proteins from 
thermophilic or hyperthermophilic organisms can often be ef fi ciently expressed and 
puri fi ed in recombinant form and are well suited to both biochemical and structural 
analysis. To date, for example, the only high-resolution structures of the Cdc6 and 
MCM proteins are those of archaeal organisms (see Chaps.   4     and   6    , this volume). 
With tools for molecular genetic analysis now becoming available for a number of 
archaeal species (Leigh et al.  2011  ) , there is no doubt that archaeal systems still 
have much to offer the eukaryotic replication community.  
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    1.8.5   Other Model Systems 

 In addition to the yeasts,  Xenopus  and the archaea, signi fi cant recent insights into the 
eukaryotic replication machinery have come from the studies on the fruit  fl y  Drosophila 
melanogaster  (Costa et al.  2011 ; Ilves et al.  2010  ) , from the nematode  Caenorhabditis 
elegans  (Sonneville et al.  2012  )  and from the kinetoplastid  Trypanosoma brucei  
(Dang and Li  2011  )  amongst others.  Drosophila  has proved particularly important 
recently for studies on the CMG complex (Costa et al.  2011 ; Ilves et al.  2010 ; Moyer 
et al.  2006  )  and characterisation of the  T. brucei  CMG complex was also recently 
described (Dang and Li  2011  ) , offering a rare glimpse of replication enzyme function 
in a less well-studied early-branching eukaryal sub-group.   

    1.9   Conclusions 

 Structure determination is changing the face of eukaryotic replication research but 
there is still some way to go before the change is complete. Figure  1.1  provides a 
visual summary of current knowledge of the three-dimensional structures of the 
eukaryotic and archaeal DNA replication factors, highlighting some signi fi cant gaps 
in the information at hand. These include the absence of high resolution structures 
for the origin recognition complex (ORC), the heterohexameric MCM helicase and 
DNA polymerase  e . Perhaps most strikingly, despite their importance as key substrates 
of the S phase cyclin-dependent kinase (CDK), nothing of yet known of the structures 
of the Sld2, Sld3 and Dpb11 proteins (although there is presumably scope for 
modelling the latter’s BRCT domains). Given the rate at which high-resolution 
structures have been obtained in the last 2–3 years, however, it is highly likely that 
it will not be long before at least some of these gaps are  fi lled.      
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  Abstract   DNA replication research to date has focused on model organisms such 
as the vertebrate  Xenopus laevis  and the yeast species  Saccharomyces cerevisiae  
and  Schizosaccharomyces pombe . However, animals and fungi both belong to 
the Opisthokonta, one of about six eukaryotic phylogenetic ‘supergroups’, and 
therefore represent only a fraction of eukaryotic diversity. To explore evolutionary 
diversi fi cation of the eukaryotic DNA replication machinery a bioinformatic approach 
was used to investigate the presence or absence of yeast/animal replisome compo-
nents in other eukaryotic taxa. A comparative genomic survey was undertaken of 
59 DNA replication proteins in a diverse range of 36 eukaryotes from all six super-
groups. Twenty-three proteins including Mcm2–7, Cdc45, RPA1, primase, some 
DNA polymerase subunits, RFC1–5, PCNA and Fen1 are present in all species 
examined. A further 20 proteins are present in all six eukaryotic supergroups, although 
not necessarily in every species: with the exception of RNase H2B and the fork 
protection complex component Timeless/Tof1, all of these are members of anciently 
derived paralogous families such as ORC, MCM, GINS or RPA. Together these 
form a set of 43 proteins that must have been present in the last common eukaryotic 
ancestor (LCEA). This minimal LCEA replisome is signi fi cantly more complex 
than the related replisome in Archaea, indicating evolutionary events including 
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duplications of DNA replication genes in the LCEA lineage. This pattern of early 
diversi fi cation of the DNA replisome in the LCEA is consistent with similar patterns 
seen in the early evolution of other complex eukaryotic cellular features.  

  Keywords   Comparative genomics  •  Last common eukaryotic ancestor  •  Opistho-
konta  •  Phylogeny  •  Supergroup      

    2.1   Introduction 

 Most of our knowledge of eukaryotic DNA replication comes from studies on model 
organisms such as the fungus  S. cerevisiae  and the animal  X. laevis . But fungi and 
animals belong to just one of the six major eukaryotic ‘supergroups’ (Adl et al.  2005 ; 
Simpson and Roger  2004  ) , so variation and diversi fi cation in DNA replication 
systems remain largely unexplored in the diversity of eukaryotic life. This diversity 
covers numerous biological forms including important parasite groups, keystone 
species in environmental processes, and independent lineages that have evolved 
multicellularity, cellular differentiation and a range of reproductive systems. 
The recent rise in availability of genome sequence data from a range of eukaryotes 
allows bioinformatic investigation of the extent to which the yeast/animal replisome 
components are present, absent, or expanded by gene duplication in other eukaryotic 
groups. This comparative genomic approach is proving an important tool for under-
standing the evolution and diversi fi cation of numerous cellular systems (Dacks and 
Field  2007 ; Dacks et al.  2008 ; DeGrasse et al.  2009 ; Hodges et al.  2010 ; Ramesh 
et al.  2005 ; Richards and Cavalier-Smith  2005 ; Wickstead et al.  2010  ) , providing 
insight into how they operate and also identifying differentially distributed gene 
targets for therapeutic agents. This chapter will apply similar approaches to the 
diversi fi cation of DNA replication machinery in extant eukaryotes and the last com-
mon eukaryotic ancestor (LCEA). As part of this work we will also compare the 
eukaryotic form to its homologous counterpart in Archaea, giving insight into the 
ancestral diversi fi cation of this core cellular system.  

    2.2   Eukaryotic Diversity 

 Eukaryotes have unique features such as a nucleus and other complex cell struc-
tures, but also share many cellular and molecular characteristics with one or both 
of the other two domains of life, the Archaea (formerly, archaebacteria) and the 
Bacteria (eubacteria). The evolutionary origin of eukaryotes is hotly debated with 
a number of contesting hypotheses (Embley and Martin  2006 ; Martin et al.  2001 ; 
Martin and Muller  1998  ) , many of which posit that this ancient transition involved 
endosymbiotic event(s) between two or more prokaryotes, one of which was a 
member, close relative or ancestor of the Archaea (Martin  2005 ; Martin et al.  2001  ) . 
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Indeed, some have claimed an archaeon was the progenitor of the nucleus and 
represented the  fi rst endosymbiotic event in the eukaryotic lineage (Lake and 
Rivera  1994  ) . Regardless of the details of eukaryogenesis, the similarities of the 
eukaryote and Archaea DNA replisome and the non-homologous nature of the 
bacterial replisome are certainly consistent with shared ancestry between Archaea 
and at least a subsection of primary eukaryotic conglomerations. Whether this 
subsection derives from an ancestor within the Archaea, or whether Eukarya and 
Archaea share a common ancestor (the so-called ‘two primary domains’ or ‘three 
primary domains’ (2D or 3D) scenarios), is the subject of much debate (Gribaldo 
et al.  2010  ) . What is certain, however, is that many complex cellular characters 
evolved after the initial conglomeration event(s) in the early eukaryotic lineage 
and before the diversi fi cation of the last common eukaryotic ancestor (LCEA) 
into extant and sampled taxa. These complex cellular characters include diverse 
elements of the cytoskeleton (Richards and Cavalier-Smith  2005 ; Wickstead and 
Gull  2011 ; Wickstead et al.  2010  ) , nuclear pore complexes (DeGrasse et al.  2009  ) , 
elements of the endomembrane system (Dacks and Field  2007 ; Dacks et al.  2008  ) , 
centrioles (Hodges et al.  2010  )  and many genes encoding the machinery of meio-
sis (Ramesh et al.  2005  ) . 

 Evolutionary and taxonomic explanations for the diversity of present-day 
eukaryotic forms are in a state of  fl ux, with different datasets and rival hypotheses 
identifying a number of different phylogenetic trees and taxonomic hierarchies. 
These phylogenetic trees reveal between three and eight major eukaryotic clades, the 
exact number depending on the analysis performed and the dataset used (Bapteste 
et al.  2002 ; Burki et al.  2007,   2008 ; Hampl et al.  2009 ; Rodriguez-Ezpeleta et al. 
 2005,   2007  ) . Animals and fungi, together with some unicellular organisms such as 
free-living choano fl agellates, parasitic Ichthyosporea, and amoeboid organisms 
known as nucleariids, belong to the  Opisthokonta , which is currently recognised as 
one of the six major eukaryotic phylogenetic ‘supergroups’ (Adl et al.  2005 ; 
Simpson and Roger  2004  ) . ‘Opisthokont’ means ‘posterior  fl ag ellum’ and refers to 
the characteristic single rear organ of motility possessed by some animal and fun-
gal cells (think sperm, or the motile zoospores of chytrid fungi) and represents one 
of the most consistently recovered phylogenetic groupings (Burki et al.  2007,   2008  ) . 
Flattened mitochondrial cristae are the other ancestral de fi ning feature of this 
supergroup (Patterson  1999  ) . These cytological characteristics and molecular phy-
logenies have been used to demonstrate that this group represents a holophyletic 
clade (Cavalier-Smith  2003 ; Lang et al.  2002  ) , which helps to explain why yeasts 
are useful model organisms for biomedical studies. However, we note that both 
yeast species commonly used for experimental study have undergone relatively 
recent gene loss events, in some cases limiting their use as comparative models; we 
discuss examples of this below. For comparative genomics, the opisthokonts repre-
sent one of the best sampled groups, with over 100 fungal genomes reported and 
numerous animal genomes representing the wide diversity of metazoan forms. 
Increasing effort has been applied to genome sequencing of single cellular relatives 
of the fungi and animals, including the choano fl agellate  Monosiga brevicollis  
(King et al.  2008  ) , while a sequencing initiative to sample further opithokont taxa 
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that branch in and around the fungi and the animal radiations is also underway 
(Ruiz-Trillo et al.  2007  ) . 

 A range of molecular evidence suggests that the opisthokonts form a sister branch 
to the  Amoebozoa  supergroup (Bapteste et al.  2002 ; Burki et al.  2008 ; Richards and 
Cavalier-Smith  2005  ) , which includes diverse forms of amoebic protozoa. In terms 
of genome projects this supergroup is less well represented, with genomes of the 
cellular slime mould  Dictyostelium discoideum  and the anaerobic dysentery 
pathogen  Entamoeba histolytica  completed, and that of  Acanthamoeba castellani  
underway. 

 The positions of the remaining groups, and indeed the number of major clades 
and how they branch relative to the root of the eukaryotes, remain unclear. 
However, recognised major groups include the  Plantae  supergroup (also known as 
Archaeplastida – referring to the ancient primary endosymbiosis of a cyanobacte-
rium – (Adl et al.  2005 ; Gould et al.  2008  ) ). This contains the familiar land plants 
(e.g.  Arabidopsis thaliana  and the moss  Physcomitrella patens  genomes) and green 
algae (e.g.  Chlamydomonas reinhardtii  and  Ostreococcus tauri  genomes), as well 
as the red algae (rhodophytes – e.g.  Cyanidioschyzon merolae  genome), and a small 
group of unicellular algae, the glaucophytes. Other algal groups can be found in the 
 Chromalveolata ,  Rhizaria  and  Excavata , and are all the product of multiple 
secondary and/or tertiary endosymbiotic transfers of plastids (Archibald  2009  ) . 

 The supergroup  Chromalveolata  has changed in terms of constituent groups on 
a number of occasions. It was originally proposed as a major grouping united by an 
ancient secondary endosymbiosis of a red alga (Cavalier-Smith  2000  ) . This larger 
grouping (sometimes called Chromista (Cavalier-Smith  1987,   1998  ) ) has undergone 
a number of revisions (Burki et al.  2007,   2008  )  and recent phylogenetic data suggest 
that there were two separate red algal endosymbioses (Baurain et al.  2010  ) . As such, 
current versions of the Chromalveolata encompass the alveolates and the strameno-
piles which include for example the photosynthetic diatoms (e.g.  Thalassiosira 
pseudonana  and  Phaeodactylum tricornutum  genomes), brown algae (e.g.  Ectocarpus 
siliculosus  and the microalga  Aureococcus anophagefferens ), dino fl agellates,  Chromera  
and their non-photosynthetic relatives such as the oomycete potato blight pathogen 
 Phytophthora , ciliates (e.g.  Tetrahymena  and  Paramecium ), and parasitic apicompl-
exa. Many of the apicomplexa possess a remnant plastid organelle, the apicoplast, for 
example the causative agents of toxoplasmosis and malaria (e.g.  Toxoplasma gondii  
and  Plasmodium falciparum  genomes). 

 Also traditionally included within the Chromalveolata are a group now some-
times referred to as ‘Hacrobia’ – the haptophytes and cryptomonads (cryptophytes). 
Haptophytes include the coccolithophores, such as  Emiliania huxleyi , which are 
ecologically and geologically important phytoplankton, capable of forming huge 
blooms and whose calcareous platelets form a major constituent of chalk and lime-
stone sedimentary rocks. The Hacrobia acquired their plastids from a red algal 
endosymbiosis, and current data suggest they constitute a monophyletic group 
(Okamoto et al.  2009 ; Patron et al.  2007  )  along with several heterotrophic protists 
e.g. the Katablepharids and Telonemids (Burki et al.  2008  ) . At present Hacrobia are 


