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Abstract

DNA polymerase ε from HeLa cells has been purified as a heterodimer of a 261 kDa catalytic subunit
and a tightly associated smaller polypeptide, the B-subunit. The cDNAs encoding the B-subunits of
both human and mouse Pol ε were cloned and shown to encode proteins with a predicted molecular
weight of 59 kDa. These subunits are 90 % identical and share 22 % identity with the 80 kDa B-
subunit of Saccharomyces cerevisiae Pol ε. The gene for the human Pol ε B-subunit was localized to
chromosome 14q21-q22 by fluorescence in situ hybridization.

Primary structure analysis of the Pol ε B-subunits demonstrated that they are similar to the B-
subunits of Pol α, Pol δ and archaeal DNA polymerases, and comprise a novel protein family of DNA
polymerase associated-B-subunits. The family members have 12 conserved motifs distributed in the
C-terminal parts, which apparently form crucial structural and functional sites. Secondary structure
predictions indicate that the B-subunits share a similar fold, and phylogenetic analysis demonstrated
that the B-subunits of Pol α and ε form one subfamily, while the B-subunits of Pol δ and the archaeal
proteins form a second subfamily. The corresponding eukaryotic and archaeal catalytic subunits are
not related, but all have the characteristics of replicative DNA polymerases. This indicates that the B-
subunits of replicative DNA polymerases from archaea to eukaryotes belong to the same protein
family and perform similar functions. 

In S. cerevisiae, Pol ε associates with the checkpoint protein Dpb11. In this study, a human
protein, TopBP1, with structural similarity to the budding yeast Dpb11, fission yeast Cut5 and the
breast cancer susceptibility gene product Brca1 was identified. The human TOPBP1 gene localizes
to chromosome 3q21-q23 and encodes a phosphoprotein of 180 kDa. TopBP1 has eight BRCT
domains and is also closely related to the recently identified Drosophila melanogaster Mus101.
TopBP1 expression is induced at the G1/S boundary and it performs an important role in DNA
replication, as evidenced by inhibition of DNA synthesis by TopBP1 antiserum in isolated nuclei.
TopBP1 also associates with Pol ε and localizes, together with Brca1 to distinct foci in S-phase, but
not to sites of ongoing DNA replication. Inhibition of DNA replication leads to re-localization of
TopBP1 and Brca1 to stalled replication forks. DNA damage induces formation of distinct TopBP1
foci that co-localize with Brca1 in S-phase, but not in G1-phase. The role of TopBP1 in the DNA
damage response is also supported by the interaction between TopBP1 and the human checkpoint
protein hRad9. These results implicate TopBP1 in replication and checkpoint functions. 

Keywords: DNA replication, DNA polymerase ε, DNA polymerase B-subunits, TopBP1,
DNA damage response
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 Abbreviations 

aa    amino acid 

ATP   adenosine triphosphate 

bp     base pair  

BER   base excision repair 

BRCT   Brca1 C-terminus 

cDNA   complementary DNA 

CDK   cyclin-dependent kinase 

DDK   Dbf4-dependent kinase 

DNA   deoxyribonucleic acid 

DSB   double strand break 

EST   expressed sequence tag 

FISH   fluorescence in situ hybridization 

HU   hydroxyurea 

NER   nucleotide excision repair 

MCM   mini chromosome maintenance 

MMS   methyl methane sulfonate 

mRNA   messenger RNA 

NHEJ   non-homologous end joining 

ORC    origin recognition complex 

Pol   DNA polymerase 

PCNA   proliferating cell nuclear antigen 



 

PCR   polymerase chain reaction 

RACE   rapid amplification of cDNA ends 

RFC   replication factor C  

RPA   replication protein A 

SV 40    simian virus 40 

WRN   Werner syndrome helicase 
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1 Introduction 

Elaborate mechanisms have evolved in the course of evolution to ensure accurate and 
efficient transmission of genetic information. The eukaryotic cell cycle can be divided 
into four distinct periods, G1, S, G2 and M phases, during which the genome is duplicated 
to produce a pair of genetically identical cells. DNA replication and cell division are 
strictly controlled and particular events occur in a defined order and are coupled so that 
the initiation of one cellular process is dependent on the completion of another. In S-
phase, cells initiate DNA synthesis at multiple sites on each chromosome to replicate 
their genome. Initiation of DNA replication has to be regulated so that all regions of the 
genome are replicated only once per cell cycle. DNA replication is also coordinated with 
chromosome segregation in M phase to ensure proper distribution of the genetic material 
to the daughter cells.  

The maintenance of genomic integrity also requires surveillance mechanisms that 
monitor the structure of chromosomes and couple cell cycle transitions to DNA repair. 
Accumulation of heritable mutations is prevented by checkpoints, which arrest cell cycle 
progression in response to DNA damage or replication blocks. These regulatory pathways 
also control recruitment of DNA repair proteins to sites of DNA damage, activate 
transcriptional programs that facilitate the DNA repair process, and in some cases initiate 
programmed cell death. These mechanisms are crucial for the proper development of all 
multicellular organisms and failures can contribute to the genesis of cancer. 

Identification of the proteins involved in DNA replication, repair and the damage 
response is essential in order to gain an understanding of the maintenance of genomic 
stability. DNA polymerases and their accessory proteins play central roles in DNA 
replication and repair. Several replication proteins are also involved in the checkpoint 
control and a number of checkpoint proteins are structurally related to DNA polymerase 
accessory proteins. Proteins interacting with the human DNA polymerase ε are the focus 
of this research. The primary structure of the B-subunit of DNA polymerase ε was 
determined from both human and mouse and they were shown to be members of a novel 
protein family of DNA polymerase-associated B-subunits. A human protein, TopBP1, 
with structural similarity to the Saccharomyces cerevisiae checkpoint protein Dpb11 and 
the breast cancer susceptibility protein Brca1, was identified and shown to interact with 
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both DNA polymerase ε and the checkpoint protein hRad9. Finally, TopBP1 was shown 
to be required for DNA replication and to function in the DNA damage response.



 

2 Review of the literature 

2.1  Introduction to eukaryotic DNA replication 

The fundamental enzymology of eukaryotic DNA replication has been elucidated from 
yeast genetic studies and biochemical studies on the replication of the simian virus 40 
(SV40) genome in vitro. In addition to SV40 and yeast models, adenovirus and herpes 
simplex virus, of which the genetics are well established, have also been used to gain an 
understanding of the protein machinery that functions at the replication fork during 
duplication of cellular DNA in eukaryotes. 

DNA replication requires the coordinated action of several proteins and enzymes to 
ensure efficient and accurate duplication of the genome. DNA replication is initiated from 
chromosomal sites termed origins, where two replication forks are established which 
proceed in opposite directions until the next replication unit is reached. At least two DNA 
polymerases, Pols α and δ, function at the replication fork. Processive DNA synthesis is 
guaranteed by their accessory proteins: proliferating cell nuclear antigen (PCNA), which 
forms a clamp structure around DNA, and a clamp-loader protein, replication factor C 
(RFC). DNA primase, single stranded DNA binding protein RPA (replication protein A), 
DNA topoisomerases, DNA helicases, RNase H, DNA ligases, and other factors are 
needed for efficient replication of the genome (reviewed by Waga & Stillman 1998). The 
structure of these proteins appears to be conserved in all the eukaryotic organisms 
analyzed so far, and their function in DNA replication has been established by 
reconstitution experiments in vitro with purified proteins (Waga & Stillman 1994).  
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2.2  Initiation of eukaryotic DNA replication 

In eukaryotic cells, DNA replication is initiated from multiple sites on chromosomes, 
called origins. Saccharomyces cerevisiae is an excellent model system to study the 
initiation of chromosome replication, since the origins exist as short, well-defined 
sequences of about 150 bp. These origins, termed autonomously replicating sequences 
(ARS), fire asynchronously during S-phase in order to ensure efficient replication of the 
chromosomes (Friedman et al. 1995). In the fission yeast Schizosaccharomyces pombe, 
however, the origins are more complex, lack a clear consensus sequence and consist of an 
AT-rich 500-1000 bp region (Kim & Huberman 1998, Chuang & Kelly 1999). In 
metazoans an even more complex picture emerges, as the origins of replication seem to 
be heterogeneous in size and dissection of the genetic elements controlling initiation been 
difficult. Studies in Xenopus laevis indicate that any DNA introduced into Xenopus eggs 
replicates efficiently once per cell cycle (Harland & Laskey 1980). In mammalian cells 
the replication origin apparently consists of a large chromosomal region permissive for 
initiation, within which some regions are more frequently used than others (Kobayashi et 
al. 1998, Wang et al. 1998).  

Although the origins of replication have been difficult to define in metazoans, all 
eukaryotes utilize similar proteins and a conserved mechanism for initiating and 
regulating initiation of DNA replication. DNA synthesis is initiated by the binding of 
initiator proteins to the origins of replication. In S. cerevisiae a multi-subunit protein 
called the origin recognition complex (ORC) binds specifically to ARS sequences (Bell & 
Stillman 1992). This complex consists of six proteins, Orc1p-Orc6p, which are all 
essential for viability and initiation of DNA replication (Stillman 1996 and references 
therein). Similar multi-subunit complexes have been identified in S. pombe, Xenopus and 
Drosophila melanogaster (Gavin et al. 1995, Moon et al. 1999, Tugal et al. 1998, 
Chesnokov et al. 1999). In S. cerevisiae, the ORC complex is bound to origins in all 
stages of the cell cycle (Diffley et al. 1994, Liang & Stillman 1997) and forms the core of 
the origin complex to which other components are loaded in a step-wise manner.  

The binding of Cdc6 protein to the ORC is essential for the next step in initiation, 
which is loading of MCM (mini chromosome maintenance) proteins onto origins. A 
complex of ORC, Cdc6 and MCMs forms a pre-replicative complex called the pre-RC 
(Fig.1), which is established at the end of mitosis, after separation of sister chromatids 
(Diffley et al. 1994, Diffley 1996, Liang & Stillman 1997, Tanaka et al. 1997). Recently a 
novel loading factor for MCM proteins, Cdt1, was identified in both S. pombe and 
Xenopus, which appears to function co-ordinately with Cdc6 (Nishitani et al. 2000, 
Maiorano et al. 2000). At the onset of S-phase, the pre-RC has to be converted into an 
initiation complex that leads to initiation of DNA synthesis. This activation of pre-RC is 
accomplished by the action of S-phase specific cyclin-dependent kinases (CDKs) and 
Dbf4-dependent kinases (DDKs), which activate the firing of replication origins 
(reviewed by Pasero & Schwob 2000).  
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Fig. 1. Model of the pre-RC assembly.  

 
One of the safety mechanisms preventing re-replication is restriction of the pre-RC 

assembly to G1-phase. In S. cerevisiae, Cdc6, the loading factor of MCMs (Perkins & 
Diffley 1998) is rapidly degraded at the onset of S-phase (Piatti et al. 1995, Drury et al. 
1997) by CDK Cdc28 (Drury et al. 2000). An additional mechanism is removal of the 
MCM proteins from chromatin during S-phase (Aparachio et al. 1997). In budding yeast 
this is at least partly accomplished by controlling the subnuclear localization of MCM 
proteins. A recent report shows that MCM4, a key initiation factor, is transported into the 
nucleus only in late mitosis and G1, the period of pre-RC assembly, and after S-phase, 
free MCM4, which is not bound to chromatin, is excluded from the nucleus. This process 
is strictly controlled by CDKs, as MCM4 is found in the nucleus only when CDKs are 
inactive (Labib et al. 1999). In human cells, however, the pre-RC assembly seems to be 
regulated not by Cdc6 proteolysis, but rather by controlling Cdc6 localization, as it is 
nuclear in S-phase and cytoplasmic in G1-phase (Saha et al. 1998). 

 

2.3  Assembly of replicative complexs onto origins  

Initiation of DNA synthesis at the onset of S-phase requires conversion of the pre-RC 
complex into an initiation complex. This transformation process requires Cdc45 protein, 
which is essential for initiation (Zou et al. 1997). Loading of Cdc45 onto origins requires 
both CDK and DDK activity (Zou & Stillman 1998, Mimura & Takisawa 1998, Zou & 
Stillman 2000, Jares & Blow 2000). In the conversion process, Cdc6 and MCM proteins 
are released from the pre-RC complex and DNA polymerases are recruited onto origins to 
assemble a replicative complex (Mimura & Takisawa 1998, Aparicio et al. 1997, 1999). 
This assembly process takes place in a step-wise manner and the loading of Cdc45 is 
required for the loading of other replication proteins, such as the eukaryotic single-
stranded DNA binding protein RPA (Mimura et al. 2000). The ability of RPA to bind 
single-stranded DNA is essential for the first step of DNA replication, unwinding of DNA 
at the origin of DNA replication (Borowiec et al. 1990). RPA binding precedes loading of 
Pol α-primase (Tanaka & Nasmyth 1998) and Pol α is bound after origin unwinding 
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(Walter & Newport 2000). Recruitment of DNA polymerases onto origins is also 
controlled by the Dpb11 protein, which apparently associates with the origins after the 
pre-RC assembly, since loading of Dpb11 is dependent on MCM and RPA. Loading of 
Pol α and Pol ε onto replication origins is dependent on Dpb11 (Masumoto et al. 2000), 
suggesting that the association of Dpb11 with origins is a prerequisite for the assembly of 
a replicative complex in order to initiate cellular DNA replication.  

 

 

Fig. 2.  Hypothetical model of the eukaryotic initiation complex (adapted from Takisawa et al. 
2000). Origin unwinding by the putative MCM helicase allows recruitment of Cdc45, Dpb11 
and DNA polymerases. See text for further details.  

 

2.4  SV40 DNA replication in vitro 

The basic mechanism of eukaryotic DNA replication has been revealed by extensive 
studies performed with mammalian cell extracts that are able to replicate plasmid DNA 
containing the SV40 origin of replication. Replication of the SV40 DNA has served as an 
excellent model system for eukaryotic DNA replication, because it requires only one viral 
protein, the large tumor antigen (T-antigen), while all other components must be of 
cellular origin. The T-antigen has a dual role and it functions both as an initiator protein 
that binds to the origin of replication, and as a helicase that unwinds duplex DNA. This 
unwinding is stimulated by the presence of the single-stranded DNA binding protein RPA 
and a single-stranded DNA substrate for the priming of DNA synthesis is produced 
(reviewed by Waga & Stillman 1998). In the following step, the T-antigen-RPA complex 
binds the DNA polymerase α-primase, which synthesizes a short RNA-DNA primer at the 
origin of replication (Bullock et al. 1989, 1991, Matsumoto et al. 1990, Murakami et al. 
1992). Further elongation of these initial primers by Pol α is inhibited by recruitment of 
RFC and PCNA at the primer terminus, which allows loading of Pol δ, and  the nascent 
DNA strands are extended to form the continuously synthesized leading strand 
(Tsurimoto & Stillman 1989, Tsurimoto et al. 1990, Lee et al. 1991b, Tsurimoto & 
Stillman 1991). RPA plays a role in the polymerase switch, and a recent biochemical 
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study shows that the clamp loader protein RFC also binds RPA and competes with Pol α-
RPA interaction, thereby releasing Pol α and allowing PCNA assembly onto the primer 
terminus (Yuzhakov et al. 1999). Pol α continues to prime and synthesize DNA 
discontinuously on the lagging strand template, but it does not synthesize full-length 
Okazaki fragments. In the current model based on the reconstituted SV40 DNA 
replication system, Pol α−primase is replaced by the processive RFC, PCNA and Pol δ 
complex, which completes the lagging strand synthesis (Waga & Stillman 1994, Stillman 
1994). This polymerase switch is comprehensible, as Pol α is a non-processive 
polymerase and does not possess a 3´ to 5´exonuclease activity. The absence of 
processivity and proofreading activity would indeed make it a poor leading and/or 
lagging strand polymerase (Wang 1991). RNA primers are removed by RNase H and a 5´-
3´exonuclease FEN1, and after gap-filling synthesis by Pol δ, DNA ligase I joins the ends 
of the Okazaki fragments (reviewed by Waga & Stillman 1998).  
 

 

Fig. 3. Structural organization of the eukaryotic DNA replication fork based on the SV40 in 
vitro DNA replication model (adapted from Burgers 1998). Pol δδδδ is depicted as a dimer 
according to observations from budding yeast. See text for details. 

 
Although the SV40 in vitro replication system has provided valuable information 

about eukaryotic chromosome replication and the protein functions seem largely 
conserved, the helicase activity is provided by the viral T-antigen and identification of 
analogous eukaryotic helicase activity has been exceedingly difficult. It has been 
suggested that MCM proteins, which are essential for initiation of DNA replication, may 
also function as a replicative helicase, since they possess helicase activity in vitro (Ishimi 
1997) and in Xenopus are required for an unwinding event at an early stage of replication 
(Walter & Newport 2000). MCMs also appear to move with the replication fork (Aparicio 
et al. 1997) and were recently shown to be required for progression of replication forks 
(Labib et al. 2000), thus making them an attractive candidate for the replicative DNA 
helicase. Furthermore, though the viral SV40 genome is efficiently replicated by the 
action of two polymerases, Pol α and δ (Waga & Stillman 1994), efficient replication of 
mammalian chromosomes may require additional factors due to the sheer size and 
complexity of the genome.  
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2.5  Replicative DNA polymerases 

2.5.1  Classification of DNA polymerases 

DNA polymerases are classified according to Ito & Braithwaite (1991) on the basis of 
their amino acid sequence homologies to E. coli DNA polymerases. Family or class A 
polymerases are homologous to the polA gene product, E. coli DNA polymerase I. The 
mammalian members include mitochondrial (mt) DNA polymerase γ and Pol θ, a DNA 
polymerase originally identified in D. melanogaster as a Mus308 gene product involved 
in the repair of DNA cross-links (Harris et al. 1996). The human homologue of mus308 
was recently identified and named Pol θ (Sharief et al. 1999). Family B members are 
homologous to the polB gene product, E. coli DNA polymerase II, and include 
mammalian replicative DNA polymerases α, δ, and ε, and Pol ζ. Family C DNA 
polymerases are homologous to polC gene product, E. coli DNA polymerase III, and 
include only eubacterial polIII homologues. Family X members do not share significant 
sequence similarity with DNA polymerases, but instead are related to terminal 
transferases. Family X members include DNA polymerase β, the recently identified 
mammalian DNA polymerase λ (García-Díaz et al. 2000), DNA polymerase µ 
(Domínguez et al. 2000) and homologues of S. cerevisiae TRF4 and TRF5 gene products, 
which have been implicated in sister chromatid cohesion (Wang et al. 2000b). A novel 
family of prokaryotic and eukaryotic DNA polymerases, called the UmuC/DinB 
superfamily, named after the prokaryotic members, was recently discovered and it 
includes Pols η, ι and κ and Rev1 (Gerlach et al. 1999, Friedberg et al. 2000).  
  
Table 1. Nomenclature and classification of mammalian DNA polymerases (adapted from 
Friedberg et al. 2000). 

Name Alias DNA polymerase family Function 
Pol α (alpha)  B  Replication 

Pol β (beta)  X Repair 

Pol γ (gamma)  A Mitochondrial replication and repair 

Pol δ (delta)  B Replication, repair 

Pol ε (epsilon)  B Replication, repair 

Pol ζ (zeta)  Rev7 B Translesion synthesis 

Pol η (eta)  Rad30A, XPV UmuC/DinB Translesion synthesis 

Pol θ (theta) Pol η A Cross-link repair? 

Pol ι (iota)  Rad30B UmuC/DinB Translesion synthesis 

Pol κ (kappa)  DinB1, Pol θ UmuC/DinB ? 

Pol λ (lambda)  X Meiotic repair? 

Pol µ (mu)  X Somatic hypermutation? 

Rev1  UmuC/DinB Translesion synthesis 
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2.5.2 2.5.2 2.5.2 2.5.2     DNA polymerase αααα    

The Pol α-primase complex is unique among DNA polymerases because of its ability to 
initiate DNA synthesis de novo. It synthesizes short RNA-DNA primers, approximately 
40 nucleotides in length, for the leading strand synthesis or for each Okazaki fragment on 
the lagging strand (reviewed by Waga & Stillaman 1998). The subunit structure of S. 
cerevisiae Pol α includes four polypeptides with apparent molecular masses of 180, 86, 
58, and 48 kDa. The structure and catalytic properties of this protein complex are highly 
conserved in a wide range of eukaryotic organisms (Wang 1991).  

The p180 subunit of Pol α-primase carries the DNA polymerase activity, while the 
DNA primase is a heterodimer of the 58 and 48 kDa polypeptides (Brooke & Dumas 
1991, Brooke et al. 1991, Plevani et al. 1988, Plevani et al. 1985, Nasheuer & Grosse 
1988). The yeast genes encoding the catalytic polypeptide, the 86 kDa B-subunit and the 
two primase subunits are essential for viability (Johnson et al. 1985, Pizzagalli et al. 
1988, Brooke et al. 1991, Lucchini et al. 1987, Foiani et al. 1989, Plevani et al. 1987). 
The p48 polypeptide harbors the catalytic DNA primase activity (Santocanale et al. 
1993), and its association with Pol α is mediated by the p58 polypeptide (Longhese et al. 
1993, Copeland & Wang 1993). The p58 subunit is required for the activity and stability 
of the p48 primase subunit (Stadlbauer et al. 1994, Santocanale et al. 1993, Schneider et 
al. 1998).  

The 86 kDa B subunit interacts directly with the catalytic p180 subunit but does not 
possess any enzymatic activity (Plevani et al. 1985, Brooke et al. 1991). In vitro studies 
with purified proteins indicate that the B-subunit is not required for Pol α-primase 
interaction and that it does not affect the catalytic properties of Pol α (Brooke & Dumas 
1991, Brooke et al. 1991). However, it plays an essential role at the early stage of 
chromosomal DNA replication as studies with a temperature-sensitive mutant allele have 
demonstrated that the B-subunit is required for correct progression through S-phase and 
in vivo DNA synthesis (Foiani et al. 1994). The subunit interactions of the Pol α-primase 
complex are illustrated in Figure 4.  

 

 

Fig. 4. Schematic representation of the subunit interactions of Pol αααα. 
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Pol α-primase is a target for posttranslational modifications and both the catalytic 
polypeptide and the B-subunit are phosphorylated and dephosphorylated in a cell cycle 
dependent manner (Nasheuer et al. 1991, Foiani et al. 1995). The phosphorylation 
apparently regulates the replication activity of the human Pol α-primase (Voitenleitner et 
al. 1999). Phosphorylation of the B-subunit is dependent on its association with the p180 
catalytic subunit, but is not required for the interaction (Ferrari et al. 1996). Furthermore, 
phosphorylation of the B-subunit does not require ongoing DNA synthesis and it has been 
suggested that the unphosphorylated form of the B-subunit mediates the loading of Pol α-
primase at origins of replication (Foiani et al. 1995).  

The initiation of SV40 DNA replication is dependent on a network of essential protein-
protein interactions of the viral T-antigen with cellular replication proteins. Pol α-primase 
has been shown to interact in vitro with the T-antigen (Dornreiter et al. 1992).  This 
interaction is mediated through the amino terminus of the T-antigen (Dornreiter et al. 
1990) and the amino-terminal region of human Pol α (Dornreiter et al. 1993). The human 
B-subunit also interacts with the T-antigen (Collins et al. 1993) and recently the 
interaction of the p58 and p48 primase subunits with the T-antigen was shown to be 
required for efficient primer synthesis (Weisshart et al. 2000). In addition to the Pol α-
primase complex, the T-antigen also binds RPA, the eukaryotic single-stranded DNA 
binding protein. As mentioned earlier, RPA loading onto origins of replication precedes 
loading of Pol α and RPA, in fact, physically contacts both the catalytic and the primase 
subunits of Pol α (Nasheuer et al. 1992, Dornreiter et al. 1992). Through these 
interactions RPA apparently stimulates the polymerase activity and processivity of Pol α 
(Braun et al. 1997). Pol α-primase also associates with p12DOC-1, a protein that inhibits 
DNA synthesis in the SV40 replication assay. p12DOC-1 might regulate DNA replication by 
directly inhibiting Pol α-primase and it also suppresses CDK2-mediated phosphorylation 
of Pol α-primase (Matsuo et al. 2000). Pol α also interacts physically with Cdc45, a key 
component of the initiation complex, through the B-subunit (Kukimoto et al. 1999).  

In addition to the replicative role, Pol α also coordinates DNA replication to cell cycle 
responses. Progression of DNA replication is monitored so that the onset of mitosis is 
blocked while DNA is being synthesized or if it is damaged. In S. pombe, Pol α is 
essential for the DNA replication checkpoint, as disruption of the Pol α gene leads to 
premature mitotic entry with incompletely replicated DNA (D´Urso et al. 1995). Studies 
in S. cerevisiae show that this checkpoint is activated in S-phase after the loading of Pol α 
onto chromatin and requires RNA synthesis by primase (Michael et al. 2000). Moreover, 
in S. pombe, Pol α has been shown to genetically interact with Cds1, a protein kinase 
involved in the S/G2 checkpoint (Murakami & Okayama 1995) and it was recently 
reported that in S. cerevisiae Rad53, the Cds1 homologue, controls phosphorylation of 
Pol α-primase during S-phase in response to DNA damage and replication blocks 
(Pellicioli et al. 1999). In S. cerevisiae, DNA primase functionally interacts with Mec3, a 
component of G1, G2 and S-phase DNA damage checkpoints (Longhese et al. 1996), and a 
temperature-sensitive primase mutant, although proficient in restraining mitosis in 
response to replication blocks or DNA damage during the G2-phase of the cell cycle, has a 
defect in the DNA damage response in G1-S and during S-phase (Marini et al. 1997). This 
suggests that coupling of DNA replication with DNA damage might involve Pol α 
through the primase subunit. The role of Pol α in coordinating DNA replication with the 
DNA damage response is also strengthened by an observation that the catalytic subunit of 
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Pol α associates with poly(ADP-ribose)polymerase, PARP, a component of the DNA 
damage surveillance machinery (Dantzer et al. 1998). Table 2 summarizes the proteins 
that are associated with Pol α. 

 
Table 2. DNA polymerase α associated proteins. 

Interacting protein  Pol α subunit(s) 
 

Function 

T-antigen All subunits Initiation of SV40 DNA Replication 

RPA  

 

Catalytic and primase subunits Stimulation of Pol α activity and 

processivity  

Cdc45 B-subunit Recruitment of Pol α onto origins? 

p12DOC-1 All subunits Regulation of Pol α activity and 

phosphorylation 

PARP Catalytic Coordination of DNA replication and 

DNA damage response? 

 
The role of Pol α in DNA repair is still unclear. In yeast, the repair of UV- or X-ray 

induced DNA damage does not require Pol α (Budd et al. 1989, Budd & Campbell 1995) 
and in Xenopus oocytes Pol α is not needed for base excision repair (Matsumoto et al. 
1994). However, a recent report shows that Pol α may be involved in double strand break 
repair in yeast by homologous recombination (Holmes & Haber 1999). 

In addition to DNA replication, DNA damage response and repair, Pol α has been 
implicated in telomere maintenance (Diede & Gottschling 1999, Martin et al. 2000), and 
thus may also play a role in the maintenance of chromosome stability. 

 

2.5.3 2.5.3 2.5.3 2.5.3     DNA polymerase δδδδ    

The mammalian Pol δ was originally isolated as a heterodimer of a 125 kDa catalytic 
subunit and a 48 kDa subunit (Lee et al. 1984, 1991a), the budding yeast homologue as a 
complex of two polypeptides of 125 and 55 kDa (Hamatake et al. 1990). The S. pombe 
Pol δ has been isolated as a complex of at least four subunits, a 125 kDa catalytic subunit 
Pol3 and three smaller subunits Cdc1, Cdc27, and Cdm1 with molecular masses of 51, 
42, and 19 kDa, respectively (Zuo et al. 1997, MacNeill et al. 1996, Reynolds et al. 
1998). The gene encoding the catalytic subunit is essential for viability in both budding 
and fission yeast and the smaller S. pombe subunits Cdc1 and Cdc27 also execute 
essential functions (Nasmyth & Nurse 1981, Campbell 1993). Reconstitution of the four-
subunit fission yeast Pol δ complex revealed that it is more efficient in supporting DNA 
replication than a three-subunit complex devoid of Cdc27. Furthermore, the four subunit 
complex appears to be a dimer, whereas the three subunit form is a monomer, suggesting 
that Cdc27 is important for dimerization of Pol δ (Zuo et al. 2000). Conservation between 
the fission yeast and human Pol δ subunit structures is evidenced by recent discoveries of 
additional subunits; a third 66-68 kDa subunit with limited sequence similarity to Cdc27 
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(Hughes et al. 1999, Zhang et al. 1999) and a fourth 12 kDa subunit clearly homologous 
to the non-essential S. pombe Cdm1 (Liu et al. 2000, Reynolds et al. 1998). Cdm1 may 
be needed to stabilize the Pol δ holoenzyme, as attempts to purify Pol δ from S. pombe 
cells devoid of Cdm1 have failed (Zuo et al. 2000). Pol δ has been subsequently isolated 
as a dimeric three subunit complex also from budding yeast, but the third 55 kDa subunit, 
Pol32p, shows only limited sequence similarity to Cdc27 and surprisingly, is not essential 
for viability. However, the growth of a deletion mutant is impaired and lethality arises 
when either the catalytic or second subunit is mutated. The conditional POL32 mutants 
are also sensitive to hydroxyurea, an inhibitor of replication, indicating defects in DNA 
replication (Gerik et al. 1998). It remains to be seen if the budding yeast Pol δ also 
contains a fourth subunit. Table 3 summarizes the subunit structure of budding yeast, 
fission yeast and human Pol δ.  

 
Table 3. Subunit structure of DNA polymerase δ. 

Pol δ subunit  S. cerevisiae S. pombe H. sapiens Function 
Catalytic Pol3 Pol3 p125 DNA polymerase activity 

B-subunit Hys2/Pol31 Cdc1 p50 DNA replication 

Third subunit Pol32 Cdc27 p68-p66 PCNA binding 

Fourth subunit - Cdm1 p12 Stabilization of the 

holoenzyme? 

 
Pol δ is stimulated by an accessory protein, proliferating cell nuclear antigen, PCNA 

(Tan et al. 1986). PCNA is a homotrimer of 29 kDa found only in actively proliferating 
cells (Bauer & Burgers 1990). The crystal structure of yeast PCNA reveals that the trimer 
forms a closed ring to encircle double-stranded DNA (Krishna et al. 1994). PCNA 
stabilizes the interaction of Pol δ with template/primer and thus increases the processivity 
of this enzyme (Ng et al. 1991), allowing rapid replication of chromosomes without 
dissociation from the template DNA. The activity of the S. cerevisiae Pol δ catalytic 
subunit expressed in bacteria is stimulated and the processivity is increased by yeast 
PCNA while  deletion of 220 amino acids from the NH2-terminus results in loss of PCNA 
activation (Brown & Campbell 1993), indicating that the NH2-terminus of the catalytic 
subunit mediates the interaction between Pol δ and PCNA. Consistent with this, recent 
studies with synthetic peptides and deletion mutants have revealed that the PCNA binding 
region is located within the first 185 amino acids of mammalian Pol δ (Zhang et al. 1995, 
Zhang et al. 1999). However, attempts to provide evidence for a direct interaction 
between the catalytic subunits of fission and budding yeast Pol δ and PCNA have failed 
(Eissenberg et al. 1997, Tratner et al. 1997), implying that smaller subunits of Pol δ are 
required for the interaction between PCNA and Pol δ. Indeed, recent studies have 
revealed that in human cells the second subunit, also called the B-subunit, is required for 
PCNA stimulation (Zhou et al. 1997, Sun et al. 1997). The third subunit of Pol δ is also 
important for PCNA binding. It contains a PCNA binding motif, and the budding and 
fission yeast third subunits, Pol32p and Cdc27, as well as the human third subunit, have 
been shown to bind PCNA (Gerik et al. 1998, Reynolds et al. 2000, Hughes et al. 1999). 
It remains to be seen whether the apparent discrepancies in PCNA binding reflect 
evolutionary differences between the mammalian and yeast Pol δ.  Recent reports show 



 25

that Pol δ also interacts with WRN, a helicase mutated in the Werner syndrome causing 
premature aging. WRN stimulates DNA synthesis by Pol δ in the absence of PCNA 
(Kamath-Loeb et al. 2000), implying that WRN may regulate Pol δ activity under 
conditions where processive DNA synthesis is not needed, possibly during repair. This 
interaction seems to be mediated through both the B- and the third subunits of Pol δ 
(Szekely et al. 2000, Kamath-Loeb et al. 2000) 

In addition to PCNA, Pol δ has another accessory protein called replication factor C 
(RFC). While PCNA stimulates Pol δ on linear, double stranded templates, PCNA is 
inactive on circular templates in the absence of RFC. A complex of these three proteins is 
needed at the replication fork for initiation of processive DNA synthesis (Campbell 
1993). As mentioned earlier, reconstitution of an in vitro replication system suggests Pol 
δ as the major replicative DNA polymerase, completing the synthesis of both the leading 
and lagging strands after Pol α has finished priming (Waga & Stillman 1994). Recent 
studies of S. pombe Pol δ have also suggested that Pol δ may be involved in the 
processing of Okazaki fragments through the fourth subunit, Cdm1. Cdm1 interacts 
genetically with Cdc24, the fission yeast homologue of S. cerevisiae Dna2, a helicase 
implicated in the maturation of Okazaki fragments (Reynolds et al. 2000). Furthermore, 
mutation of the exonuclease domain of S. cerevisiae Pol δ is synthetically lethal with 
Rad27 mutations, a nuclease which processes Okazaki fragments (Kokoska et al. 1998). 
The B-subunit of Pol δ may also play an important role in DNA replication, as cdc1 
mutant cells have an extended S-phase and are also sensitive to hydroxyurea, an inhibitor 
of replication (MacNeill et al. 1996). The replicative role of Pol δ is also supported by 
experiments with temperature sensitive Pol δ yeast mutants, which were shown to be 
defective in chromosomal DNA replication at the restrictive temperature (Budd & 
Campbell 1993). Furthermore, pol3 mutant yeast cells are deficient in DNA synthesis in a 
yeast-based in vitro replication system (Campbell 1993). In mammalian cells, Pol δ can 
be cross-linked to nascent cellular DNA, suggesting that it is required for chromosomal 
DNA replication (Zlotkin et al. 1996). In addition to polymerase activity, the Pol δ 
catalytic subunit also exhibits 3´to 5´ exonuclease activity (Brown et al. 1993) and 
mutations in the exonuclease domain result in lowered fidelity of DNA replication 
(Simon et al. 1991). The presence of a proofreading exonuclease activity in Pol δ 
suggests that this enzyme is indeed best suited for replication with minimal errors.  

Pol δ has also been implicated in DNA repair. Mismatch repair corrects errors that 
have escaped the editing process during replication and recent in vitro studies have 
indicated that Pol δ is required for efficient repair of mismatched DNA (Longley et al. 
1997). Previous studies of yeast Pol δ exonuclease mutants have demonstrated that Pol δ 
participates in a pathway correcting DNA replication errors and seems to act in series 
with a PMS1 mismatch repair gene (Morrison et al. 1993). Apparently both Pol δ and Pol 
ε exonuclease activities participate in the removal of mismatches (Tran et al. 1999). Pol δ 
has also been implicated in the repair of UV-damaged DNA, as antibodies against Pol δ 
are able to inhibit the repair of UV-damaged plasmid DNA in HeLa nuclear extracts 
(Zeng et al. 1994). This process requires PCNA (Shivji et al. 1992, Nichols & Sancar 
1992) and consistent with this, antibodies against PCNA also inhibit the repair process 
(Zeng et al. 1994).  Furthermore, studies in S. cerevisiae have shown that Pol δ, as well as 
Pol ε are able to conduct repair of UV-damaged DNA (Budd & Campbell 1995) and it has 
been proposed that Pol δ also participates in nucleotide excision repair, the major 
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pathway of repairing UV-damage (reviewed by Wood & Shivji 1997). Pol δ is also 
implicated in post-replicational repair, a process which is activated when replication forks 
encounter DNA damage which has not yet been repaired by normal repair pathways. Such 
lesions have to be bypassed by the replication machinery and Pol δ is required for error-
free post-replicational repair of UV-damaged DNA (Torres-Ramos et al. 1997). Studies 
with temperature-sensitive budding yeast Pol δ mutants have also suggested that Pol δ is 
involved in the error-prone and recombinational repair pathways (Giot et al. 1997). Pol δ 
is also involved in base-excision repair (Blank et al. 1994) and has specifically been 
implicated in PCNA-dependent synthesis of longer stretches of DNA (Matsumoto et al. 
1994, Frosina et al. 1996, Stucki et al. 1998, Fortini et al. 1998). In addition to repair 
roles, Pol δ also seems to maintain genomic integrity by regulating telomere length 
together with Pol α (Diede & Gottschling 1999). 

 

2.5.4  DNA polymerase εεεε 

2.5.4.1  Structure of DNA polymerase ε 

Pol ε was originally identified from S. cerevisiae as DNA polymerase activity, which 
could be distinguished from Pol α by its template and primer preferences, associated 3´to 
5´ exonuclease activity and other enzymatic properties (Winterberg & Winterberg 1970, 
Chang 1977, Morrison & Sugino 1993). The S. cerevisiae Pol ε is a complex of four 
polypeptides with molecular masses of 256, 80, 34, and 29 kDa, encoded by the POL2, 
DPB2, DPB3 and DPB4 genes (Hamatake et al. 1990, Morrison et al. 1990, Araki et al. 
1991a, Araki et al. 1991b, Ohya et al. 2000) and may be a dimer in vivo (Dua et al. 
2000). The gene for the catalytic subunit, POL2, is essential for viability in both budding 
and fission yeasts (Morrison et al. 1990, D´Urso & Nurse 1997, Sugino et al. 1998).  The 
NH2-terminus of the catalytic subunit contains the DNA polymerase activity while the C-
terminus is necessary for the formation of complexes with the smaller subunits (Morrison 
et al. 1990, Dua et al. 1998). The gene for the 80 kDa B-subunit, DPB2, is also essential 
for viability. Purification of the Pol ε holoenzyme from dpb2 mutant yeast cells is 
exceedingly difficult, suggesting that the B-subunit might be needed for stable 
holoenzyme assembly (Araki et al. 1991a). The B-subunit can interact directly with the 
catalytic subunit in the absence of the smaller subunits (Dua et al. 2000). The third and 
fourth subunits, Dpb3p and Dpb4p, are non-essential (Araki et al. 1991b, Ohya et al. 
2000) and also interact directly in the absence of the catalytic and B-subunit (Dua et al. 
2000). The fourth subunit may also be important for maintaining a stable Pol ε complex 
(Ohya et al. 2000). Figure 5 illustrates the subunit interactions of the budding yeast Pol ε 
complex. 
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Fig. 5.  Schematic representation of the subunit interactions of S. cerevisiae Pol εεεε.  

 
Human DNA polymerase ε was first isolated from HeLa cells as a 220 kDa 

polypeptide with polymerase and 3´ to 5´ exonuclease activities (Nishida et al. 1988). It 
could be distinguished from Pol δ due to its catalytic properties and insensitivity to PCNA 
as well as from its inhibitor and activator spectra (Syväoja & Linn 1989, Lee et al. 1991a, 
Syväoja et al. 1990). The purified HeLa cell Pol ε is a heterodimer of two polypeptides 
with molecular masses of 215 kDa and 55 kDa, of which the larger polypeptide contains 
the polymerase activity. Trypsin cleavage of the catalytic subunit yields two fragments, a 
122 kDa catalytically active fragment and a non-catalytic 136 kDa fragment. Thus the 
catalytic core could be estimated to have a molecular mass of 258 kDa and to consist of 
two separable domains linked by a protease-sensitive region (Kesti & Syväoja 1991). 
Indeed, cloning of the cDNA for the catalytic subunit revealed that the molecular weight 
deduced from the cDNA is 261 kDa (Kesti et al. 1993, Li et al. 1997). Pol ε has also been 
purified from calf thymus as a heterodimer of 145 kDa and 45 kDa polypeptides (Weiser 
et al. 1991, Maga & Hübscher 1995). A large, catalytically active 210 kDa form of Pol ε 
has also been detected in calf thymus and apparently the small 145 kDa form is a 
proteolytic product of the catalytic subunit which lacks the C-terminus (Siegal et al. 
1992, Uitto et al. 1995). 

 

2.5.4.2  Functions in DNA replication and repair 

Pol ε is a proofreading DNA polymerase, which has been implicated in DNA replication, 
as temperature sensitive pol2 catalytic subunit mutants show defects in DNA replication 
in both S. cerevisiae and S. pombe (Morrison et al. 1990, Araki et al. 1992, Budd & 
Campbell 1993, D´Urso & Nurse 1997, Sugino et al. 1998). Surprisingly, deletion of the 
entire NH2-terminal part of S. cerevisiae Pol ε is not lethal, but instead the C-terminus 
exerts all of the essential functions (Kesti et al. 1999), which is in agreement with earlier 
observations of the lethality of the C-terminal pol2 mutants (Budd & Campbell 1993, 
Navas et al. 1995). However, point mutations in the catalytic residues cause lethality, 
suggesting a redundant function in DNA synthesis in the complete absence of Pol ε  
catalytic domains. The NH2-terminus of Pol ε might be important for proper structural 
organization of the replication fork (Dua et al. 1999). Although the precise functional role 
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of Pol ε during cellular DNA replication remains to be resolved, it is associated with 
origins of DNA replication and proceeds along the replication fork (Aparicio et al. 1997). 
In the reconstituted SV40 in vitro replication system Pol ε appears to be dispensable 
(Waga & Stillman 1994). A plausible reason for this discrepancy could be the different 
replication mechanisms of the viral and cellular genomes. Indeed, Pols α and δ can be 
UV-crosslinked to nascent SV40 DNA, while Pols α, δ and ε are associated with actively 
replicating cellular DNA, indicating that Pol  ε functions in the replication of the cellular 
genome (Zlotkin et al. 1996). Consistent with this, neutralizing antibodies against Pol ε 
inhibit cellular DNA replication (Pospiech et al. 1999). The replicative role of Pol ε is 
also supported by the observation that temperature sensitive B-subunit mutants exhibit the 
cell morphology typical for replication mutants as do pol2 mutants and are also partially 
defective in DNA synthesis, indicating a possible role for the B-subunit in DNA 
replication. Deletion mutants of the third Dpb3p subunit, although viable, display an 
increased spontaneous mutation rate, thereby suggesting an important role in the 
maintenance of accurate DNA replication (Araki et al. 1991b). Moreover, deletion 
mutants of the fourth subunit, Dpb4p, have defects in DNA replication, albeit not severe, 
and are synthetically lethal with pol2 catalytic subunit mutants (Ohya et al. 2000). The 
proofreading activity of Pol ε is apparently also important for high fidelity, as mutations 
in the exonuclease domain give rise to a mutator phenotype (Morrison & Sugino 1994). 
Although Pol ε is a processive polymerase in the absence of PCNA, it can also form a 
complex with PCNA and replication factor C (RFC) (Burgers 1991, Yoder & Burgers 
1991, Podust et al. 1992).  Studies of the kinetic properties of Pol ε suggest that PCNA 
stimulates the polymerase activity of Pol ε (Maga & Hübscher 1995).  

In addition to DNA replication, Pol ε has also been implicated in DNA repair. It was 
originally purified from HeLa as a factor required for the repair of UV-damaged DNA 
(Nishida et al. 1988). Genetic evidence from budding yeast also supports this notion, 
since both Pols ε and δ are able to catalyze UV-induced DNA synthesis in vivo (Budd & 
Campbell 1995, Halas et al. 1999). Reconstitution of mammalian NER in vitro with 
purified proteins revealed that Pol ε performs efficient gap-filling synthesis (Aboussekhra 
et al. 1995) and apparently Pol ε is most suited for this process, although Pol δ is also 
able to perform similar repair synthesis. Pol ε is able to conduct repair synthesis in the 
absence of PCNA and RFC, but synthesis is dependent on these proteins when RPA, an 
essential component of NER, is present (Shivji et al. 1995). A role in base excision repair 
(BER) is suggested by the fact that budding yeast Pol ε mutants fail to support repair 
synthesis in vitro and repair activity can be restored by the addition of purified Pol 
ε, although Pols α and δ indirectly influence repair synthesis (Wang et al. 1993). 
Furthermore, long batch BER which requires both PCNA and RFC, is carried out 
efficiently by either Pol ε or Pol δ (Stucki et al. 1998, Pascucci et al. 1999). Pol ε has also 
been proposed to function in a specialized replication process required to repair double 
strand breaks (Holmes & Haber 1999). Mammalian Pol ε has also been found to be 
associated with a recombinational protein complex that repairs double-strand breaks and 
deletions (Jessberger et al. 1993). Furthermore, Pol ε is part of a human RNA polymerase 
II complex, which in addition to basal transcription factors contains RPA, RFC and DNA-
PK, a protein kinase necessary for double-strand break repair and V(D)J recombination 
(Maldonado et al. 1996). Deletion mutants of the entire catalytic domain of Pol ε, 
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however, have only mild defects in DNA repair, thus suggesting that Pol ε has redundant 
functions in DNA repair (Kesti et al. 1999). 

The essential function of the carboxy-terminal domain of Pol ε still awaits further 
clarification. It contains a putative zinc-finger domain, which is critical for B-subunit 
binding. Mutations in this region cause replication defects in S. cerevisiae, implying that 
the B-subunit is important for the integrity of the replication complex (Dua et al. 1998). 
In human cells, the C-terminus of Pol ε binds MDM2, a regulator of the tumor suppressor 
p53 (Vlatkovic et al. 2000), but the functional significance of this interaction remains to 
be elucidated. It has also been suggested that the C-terminus of Pol ε coordinates 
transcriptional and cell cycle responses to DNA damage or replication blocks in S-phase, 
as a C-terminal budding yeast pol2 mutant was isolated in a screen for mutants defective 
in transcriptional activation of the DNA damage inducible gene RNR3. This mutant was 
also defective in delaying mitotic entry in response to replication blocks, a defining 
characteristic of an S-phase checkpoint mutant (Navas et al. 1995, 1996). The C-terminal 
putative zinc-finger region is essential for the checkpoint functions (Dua et al. 1998). 
However, data from the fission yeast presents an apparent contradiction, as S. pombe Pol 
ε cdc20+ mutants have an intact replication checkpoint and cells arrest early in S-phase 
when DNA synthesis is inhibited (D´Urso & Nurse 1997). Moreover, a recent study 
contradicts the role of Pol ε as a damage sensor, since Rad53, an essential kinase required 
for further activation of the downstream targets of the DNA damage checkpoint pathway, 
is fully active in pol2 C-terminal mutant cells when DNA replication is inhibited 
(Pelliciolli et al. 1999).  

 

2.5.4.3  Saccharomyces cerevisiae Dpb11 

In S. cerevisiae, a protein of 87 kDa, Dpb11, has been linked to the Pol ε holoenzyme 
complex. Dpb11 was originally identified in a search for Pol ε interacting factors and 
isolated as a suppressor of the temperature sensitive B-subunit dpb2-1 mutation. DPB11 
could also suppress the growth defect of pol2-11, a C-terminal Pol ε mutant, but not that 
of an N-terminal mutant (Araki et al. 1995), suggesting that Dpb11 interacts with the C-
terminal part of the catalytic subunit as well as with the 80 kDa B-subunit. Co-
immunoprecipitation experiments have revealed that Dpb11 does indeed physically 
interact with the Pol ε complex and this complex formation requires Dpb2 (Masumoto et 
al. 2000). Dpb11 also interacts genetically with the third and fourth subunits, as dpb3 and 
dpb4 deletion mutants are synthetically lethal with the dpb11-1 mutant (Kamimura et al. 
1998, Ohya et al. 2000). Dpb11 is essential for cell viability and temperature sensitive 
mutants are defective in S-phase progression, suggesting that Dpb11 is required for 
chromosomal DNA replication (Araki et al. 1995, Wang & Elledge 1999). Furthermore, 
the inability of the dpb11-1 mutant cells to restrain mitosis in the presence of incomplete 
replication suggests that Dpb11 is also needed for the replication checkpoint (Araki et al. 
1995). Apparently Dpb11 associates with origins of DNA replication after pre-RC 
assembly and is required for recruitment of both Pols ε and α onto origins. It appears that 
Dpb11-Pol ε complex loading precedes loading of Pol α, suggesting that Dpb11 functions 
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during early steps of DNA replication (Masumoto et al. 2000). This is also supported by 
the fact that Dpb11 interacts genetically with Cdc45 (Kamimura et al. 1998, Reid et al. 
1999), which is required for loading of Pol α and ε onto chromatin (Aparicio et al. 1997, 
Zou & Stillman 2000, Mimura et al. 2000). 

Dpb11 also interacts with Sld2/Drc1, an essential protein, which is required for DNA 
replication. sdl2/drc1 mutants are unable to replicate their chromosomes properly 
(Kamimura et al. 1998, Wang & Elledge 1999) and overproduction of Drc1 suppresses 
replication defects of both Pol ε and Dpb11 mutants (Wang & Elledge 1999). Sld2/Drc1 
has also been implicated in the replication checkpoint, as drc1-8 mutants are unable to 
arrest the cell cycle in response to replication blocks. Furthermore, Rad53 
phosphorylation is reduced in both dpb11-1 and drc1 mutants after replication blocks or 
DNA damage, suggesting that Dpb11 and Sld2/Drc1 function upstream of this kinase 
(Wang & Elledge 1999).  

S. pombe Cut5 has significant sequence homology to Dpb11 and also shares similar 
functional features with Dpb11. Cut5 is an essential 74 kDa protein, which is required for 
DNA replication, evidenced from the fact that cut5 mutants are defective in the initiation 
or early progression of S-phase (Saka & Yanagida 1993, Saka et al. 1994b). The precise 
role of Cut5 during cellular DNA replication is not known, however. Cut5 itself seems to 
be part of the replication checkpoint machinery, restraining mitosis in response to 
incomplete chromosome duplication (Saka & Yanagida 1993, Saka et al. 1994a, 1994b, 
McFarlane et al. 1997). Cut5 is also needed for the DNA damage checkpoint, preventing 
damaged chromosomes from being segregated by restraining mitosis in response to 
γ− and UV-irradiation (Saka et al. 1994a, 1994b, McFarlane et al. 1997, Verkade & 
O´Connell 1998). In addition to the role in the DNA damage response, Cut5 has also been 
linked to the checkpoint machinery through protein-protein interactions: it forms a 
complex in vitro with Crb2, a protein needed for the DNA damage but not the replication 
checkpoint. Cut5 has also been reported to interact with the Chk1 protein kinase that is 
essential for the DNA damage checkpoint (Saka et al. 1997).  

Both Dpb11 and Cut5 contain four BRCT domains, a structural feature common in 
proteins involved in DNA replication, repair, and cell cycle control (Bork et al. 1997, 
Callebaut & Mornon 1997). This domain, which typically spans 80 to 100 amino acids, 
was first identified in the C-terminus of the breast and ovarian cancer susceptibility gene 
product Brca1 and was thus named BRCT (Brca1 C-terminus) (Koonin et al. 1996). The 
function of the domain is not fully understood, but it appears to mediate protein-protein 
interactions, either by binding specifically to BRCT domains or by providing an 
interaction surface to different protein folds (Soulier & Lowndes 1999, Taylor et al. 1998, 
Masson et al. 1998). Additional functional roles for BRCT domains may include DNA 
binding and detection of both single- and double strand DNA breaks (Yamane & Tsuruo 
1999).  
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2.6  Other DNA polymerases 

2.6.1 2.6.1 2.6.1 2.6.1     DNA polymerase ββββ    

Mammalian Pol β is the smallest known DNA polymerase in animal cells. It consists of a 
single 39 kDa polypeptide without any associated exonuclease or proofreading activities 
(Wang 1991). The budding yeast homologue is DNA polymerase IV, a 70 kDa protein, 
which is 26 % identical and 50 % similar to human and rat Pol β (Shimizu et al. 1993, 
Prasad et al. 1993, Leem et al. 1994, Bork et al. 1992). The yeast enzyme is not essential 
for viability, and thus not absolutely required for chromosomal DNA replication (Prasad 
et al. 1993, Leem et al. 1994). However, inactivation of the Pol β gene in mouse is lethal 
and homozygous animals die early during fetal development (Gu et al. 1994). 

Proteolytic cleavage of Pol β indicates that the enzyme is composed of two 
functionally distinct domains, which are connected by a protease-sensitive region. The N-
terminal 8 kDa domain has no catalytic activity, but it binds single-stranded DNA and 
weakly double-stranded DNA (Kumar et al. 1990). The C-terminal 31 kDa domain 
possesses the catalytic activity and binds only to double-stranded DNA. Crystallographic 
studies of the rat Pol β catalytic domain show that is composed of fingers, palm and 
thumb sub domains, which form a DNA binding site (Sawaya et al. 1994, Davies et al. 
1994).  

Pol β has been implicated in base excision repair (BER), the major pathway for 
correcting modified bases, as it can fill short gaps and nicks in DNA (Wiebauer & Jiricny 
1990, Singhal & Wilson 1993, Matsumoto et al. 1994). Pol β has been shown to be the 
only mammalian polymerase displaying DNA synthesis activity in the repair of a G:U 
mismatch (Singhal et al. 1995) and Pol β neutralizing antibodies efficiently inhibit repair 
in an in vitro BER assay (Nealon et al. 1996). Furthermore, Pol β is required to 
reconstitute BER in vitro with purified proteins (Kubota et al. 1996, Nicholl et al. 1997). 
Consistent with this, extracts from embryonic fibroblast cell lines homozygous for a 
deletion in the Pol β gene are defective in uracil-initiated BER and transfection with a 
wild-type pol β minitransgene rescues the repair defect. Furthermore, these cells also 
exhibit increased sensitivity to DNA alkylating agents, such as MMS, and this 
hypersensitivity is also rescued by a wild-type Pol β minitransgene (Sobol et al. 1996). 
Indeed, Pol β is needed for efficient repair of single strand breaks induced by MMS 
(Fortini et al. 2000). Pol β has also been implicated in the long-patch BER pathway 
involving replacement of two to six nucleotides in length (Klungland & Lindahl 1997, 
Dianov et al. 1999, Prasad et al. 2000). Pol β deficient cells do not exhibit sensitivity to 
other DNA damaging agents, such as ultraviolet radiation, suggesting that Pol β is not 
needed for the repair of UV-light induced DNA damage (Sobol et al. 1996).  

Various tumor cell lines and cancer tissues have alterations in the Pol β gene. 
Deletions, insertions and point mutations have been reported in human fibroadenomas, 
breast and lung cancers (Bhattacharyya et al. 1999a, 1999b), gastric, bladder and 
colorectal cancers (Iwanaga et al. 1999, Matsuzaki et al. 1996, Wang et al. 1992). A 87 
bp deletion in the catalytic domain of Pol β occurs in colorectal and breast carcinomas 
and expression of this truncated form of Pol β leads to decreased BER activity. Decreased 
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BER activity has also been detected in cells with a single amino acid substitution in 
human Pol β at codon 295, a mutation which occurs in gastric cancer (Bhattacharyya & 
Banerjee 1997, Iwanaga et al. 1999). This suggests that functional Pol β is important for 
the maintenance of genomic stability and defects may result in increased cancer 
susceptibility.  

In addition to crucial roles in BER, Pol β has also been implicated in meiotic events 
associated with recombination (Plug et al. 1997) and in non-homologous end joining 
(NHEJ) in S. cerevisiae (Wilson & Lieber 1999). These observations are consistent with 
the abnormally high levels of meiotic recombination observed with pol4 mutant cells 
(Leem et al. 1994). 

 

2.6.2  DNA polymerase γγγγ 

In addition to nuclear DNA polymerases, which replicate and repair chromosomal DNA, 
eukaryotic cells require a polymerase for the replication of mitochondrial DNA. The 
mitochondrial genome is replicated by Pol γ, a nuclear-encoded polymerase with 
polymerase and associated proofreading 3´ to 5´ exonuclease activities (Wang 1991). 

Highly purified Pol γ from HeLa cells is a heterodimer of a 140 kDa catalytic subunit 
and a 54 kDa subunit (Gray & Wong 1992). The subunit structures of Drosophila 
melanogaster and Xenopus leavis Pol γ are similar to that of the human enzyme and 
consist of two structurally distinct polypeptides of 125-140 and 41-50 kDa (Wernette & 
Kaguni 1986, Olson et al. 1995, Wang et al. 1997, Carrodeguas et al. 1999). However, 
the budding yeast Pol γ seems to be composed of a single polypeptide of 143,5 kDa 
encoded by the MIP1 gene (Foury 1989).  

The exonuclease activity of Pol γ enhances high fidelity DNA synthesis and mutation 
of the conserved exonuclease motif in yeast results in a mutator phenotype (Foury & 
Vanderstraeten 1992). The 3´-5´exonuclease activity of human Pol γ can be selectively 
eliminated by mutagenesis while retaining most of the polymerase activity (Longley et al. 
1998a). The proofreading activity is of utmost importance as Pol γ is solely responsible 
for the replication of the mitochondrial genome and point mutations and deletions in 
mitochondrial DNA generate a wide range of degenerative diseases (reviewed by Wallace 
1999). In addition to the polymerase and proofreading activities, the catalytic subunit has 
5´-deoxyribose phosphate lyase activity, indicating that Pol γ may also carry out base-
excision repair to correct oxidative damage to the mitochondrial genome (Longley et al. 
1998b). The small subunit enhances both the processivity and DNA binding of Pol γ and 
surprisingly, is related to aminoacyl-tRNA synthetases. It has been proposed that the 
small subunit is important for the recognition of RNA primers and the recruitment of Pol 
γ to the primer terminus (Carrodeguas et al. 1999, Lim et al. 1999, Fan et al. 1999, 
Carrodeguas & Bogenhagen 2000).  
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2.6.3  DNA polymerases ζζζζ, ηηηη, ι,ι,ι,ι, κκκκ, and Rev1  

Unlike the replicative DNA polymerases, which authentically duplicate the genetic 
material, certain DNA polymerases produce errors at a high frequency. These 
polymerases are specialized for replicating damaged or unusual templates that block the 
progression of normal replication machinery, such as thymine dimers, which are 
accumulated in response to UV light exposure. If these lesions are left unrepaired, the 
damage may eventually lead to mutations that could ultimately contribute to the genesis 
of cancer. Thus cellular strategies have evolved for tolerating damage by a potentially 
mutagenic process. 

Budding yeast Pol ζ is a heterodimer of a 173 kDa catalytic subunit and an accessory 
subunit of 29 kDa, encoded by non-essential REV3 and REV7 genes, respectively. 
Deletion mutants exhibit little induced mutagenesis and are slightly more sensitive to 
DNA damaging agents (Morrison et al. 1989, Nelson et al. 1996b). The human Pol ζ 
catalytic subunit, Rev3,  is considerably larger, 344 kDa, while the accessory subunit 
Rev7 is 24 kDa (Gibbs et al. 1998, Murakumo et al. 2000). Over-expression of hRev3 
antisense RNA leads to decreased UV-induced mutagenesis and increases UV-sensitivity 
while normal growth is retained (Gibbs et al. 1998). Pol ζ shares similar properties with 
Pol α since they both lack 3´-5´exonuclease activity and are non-processive, but Pol ζ is 
able to replicate past a thymine dimer more efficiently than Pol α, i.e. perform translesion 
synthesis. This process requires both Rev3 and Rev7. An additional protein, Rev1, 
apparently facilitates the bypass activity of Pol ζ (Nelson et al. 1996b, Baynton et al. 
1998). Both yeast and human Rev1 possess deoxycytidyl transferase activity and are 
capable of inserting dCMP opposite abasic sites (Nelson et al. 1996a, Lin et al. 1999). 
Human Rev1 is a 138 kDa protein and it, like the other Rev1 homologues from different 
species, contains an NH2-terminal BRCT-domain, suggesting that Rev1 interacts with 
other proteins during damage-induced mutagenesis (Lin et al. 1999). Rev1 has structural 
resemblance to both E. coli translesion proteins UmuC and DinB (Larimer et al. 1989, 
Johnson et al. 1999b). 

Translesion synthesis across DNA lesions induced by UV light can also be performed 
efficiently and accurately by the so-called error-free pathway. Error-free bypass requires 
Pol η, which is unique in its ability to insert adenines opposite thymine-thymine (T-T) 
dimers (Johnson et al. 1999a, 1999b). Pol η is encoded by the S. cerevisiae RAD30 gene 
and it shares homology with Rev1 and E. coli UmuC/DinB proteins. Deletion of the 
RAD30 gene results in a mild UV-sensitive phenotype (McDonald et al. 1997, Roush et 
al. 1998) and consistent with this, mutations in the human homologue, encoded by the 
RAD30A gene, result in the sun-sensitive, cancer-prone genetic disorder Xeroderma 
pigmentosum variant (Johnson et al. 1999a, Masutani et al. 1999a, 1999b). However, 
human Pol η replicates undamaged DNA with low fidelity, misincorporating nucleotides 
at a higher frequency than any other template-dependent DNA polymerase. This might 
suggest that Pol η functions only on damaged DNA and is replaced by a proof-reading 
Pol, such as Pol δ, as soon as the damage is bypassed. Given the low processivity of Pol 
η, this seems plausible (Matsuda et al. 2000, Masutani et al. 2000, Johnson et al. 2000c). 

Humans possess a second Rad30 homologue, Pol ι, which  is encoded by the RAD30B 
gene and is homologous to E. coli UmuC/DinB (McDonald et al. 1999). Pol ι is also 
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highly error-prone and non-processive, synthesizing only 1-2 nucleotides (Tissier et al. 
2000a, 2000b). Unlike Pol η, which readily bypasses a cis-syn T-T dimer, Pol ι is unable 
to bypass this lesion, but instead is capable of inserting deoxynucleotides opposite highly 
distorting DNA lesions, such as (6-4) T-T photoproducts or abasic sites. A new model for 
mutagenic bypass includes the sequential concerted action of Pol ι and Pol ζ, where Pol ι 
inserts deoxynucleotides opposite protruding or non-instructional DNA lesions, and in the 
next step Pol ζ extends from them (Johnson et al. 2000b).  

Human Pol κ, a 99 kDa protein,  shares sequence similarity with the E.coli DINB1 
gene product, Pol IV, which is involved in mutagenesis (Gerlach et al. 1999). Purified Pol 
κ has polymerase activity in vitro, but it is unable to bypass a cis-cyn T-T dimer, a (6-4) 
photoproduct or an abasic site. Pol κ is also very error-prone as it lacks proofreading 
exonuclease activity (Johnson et al. 2000a). 

 



 

3 Aims of the present work  

Identification and characterization of proteins physically interacting with known 
replication factors is a prerequisite for understanding the basic mechanisms of DNA 
replication, repair and DNA damage response. The initial goal of this work was to 
identify proteins that interact with human Pol ε. Human Pol ε has been purified as a 
heterodimer of two subunits (Syväoja & Linn 1989), of which the catalytic subunit has 
been cloned (Kesti et al. 1993), and one of the aims of this study was to determine the 
primary structure of the B-subunit of Pol ε. In the yeast S. cerevisiae, Pol ε interacts with 
the Dpb11 protein, which is involved in DNA replication and cell cycle control (Araki et 
al. 1995, Masumoto et al. 2000). Thus, a second aim of this study was to identify and 
characterize the human homologue of Dpb11.  

 
The specific aims of the present work were as follows: 

 
1) cDNA cloning and structural characterization of the human Pol ε B-subunit,  
chromosomal mapping of the gene. 
 
2) Identification, cloning and structural characterization the human Dpb11 homologue, 
TopBP1, and chromosomal mapping of the gene. 

 
3) Analysis of TopBP1 expression, cellular localization before and after DNA damage and 
its role in DNA replication. 
 
4) Identification of proteins that interact with TopBP1.  



 

4 Materials and methods 

4.1  Amino acid sequencing (I) 

Human Pol ε was purified from a 100 l culture of HeLa S3 cells (ATCC) (Syväoja & Linn 
1989). Glycerol gradient fractions were concentrated by the methanol/chloroform/H20 
method (Wessel & Flügge 1984), and fractionated by 8% SDS-PAGE gels. Proteins were 
visualized by Coomassie brilliant blue and the B-subunit was excised from the gel for in-
gel digestion (Hellman 1997). SDS and Coomassie dye were removed by Tris-
HCl/acetonitrile, and the gel was dried and digested with trypsin (Promega). After 
overnight rehydration with 0.2 M ammonium bicarbonate at 30 °C, the sample was 
acidified with trifluoroacetic acid. Peptides were extracted from the gel and isolated by 
narrow bore reversed phase liquid chromatography using the SMART system 
(Pharmacia) and sequenced by an Applied Biosystems sequencer. 

 

4.2  cDNA cloning (I, III) 

Human and mouse B-subunit cDNA clones were identified from human T-cell, human 
thymus and mouse erythroleukemia cDNA libraries with 32P-labeled probes. The 5´-
termini were cloned by 5´-RACE from placenta mRNA and from mouse embryo 7-day 
Marathon-Ready cDNA (Clontech). TopBP1 cDNA sequences were isolated from EST 
clones AA013344, AA195149 and R54257 (Genome Systems, Inc.) and nt 308-1560 and 
1628-2620 were amplified from human T-cell and thymus cDNA libraries (Clontech). 
Human Rad9 cDNA was amplified by PCR from a human thymus cDNA library 
(Clontech). 
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4.3  Production of antibodies (I, III) 

Pol ε B-subunit polyclonal antibodies were raised against a peptide 
(LEDPTGTVQLDLS, aa 197-209) conjugated to keyhole limpet hemocyanin (Sigma). 
TopBP1 polyclonal rabbit antisera α-TopBP1.2 was raised against aa 1023-1167 and α-
TopBP1.1 against aa 792-1003 of TopBP1, respectively. The antiserum of rabbit K27 was 
raised against aa 1-203 of human Pol ε catalytic subunit. Rabbits were immunized 
according to standard protocols. The antigens were prepared as described (Uitto et al. 
1995). Antibodies were purified by protein A Sepharose (Amersham Pharmacia Biotech).  

 

4.4  Chromosomal mapping (I, III) 

The chromosomal location of the human POLE1 gene was mapped by fluoresence in situ 
hybridization (FISH) with a 723 bp cDNA probe. The mapping of the human TopBP1 
gene by FISH was carried out by SeeDNA Biotech Inc. (Canada) using a 2062 bp cDNA 
probe.  

 

4.5  Computer analysis (II, III) 

Psi-Blast (Altschul et al. 1997), PROFILESEARCH (Gribskov et al. 1990), PIMA (Smith 
& Smith 1992), MACAW (Schuler et al. 1991) and Clustal X programs (Thompson et al. 
1994) were used analyse the primary structure of DNA polymerase-associated B-subunit 
family members. Secondary structure predictions were made by the PHD program (Rost 
& Sander 1994) and the phylogenetic analysis by the PHYLIP (Felsenstein 1993) and 
MOLBY packages (Saitou & Nei 1987). The BRCT-domains of TopBP1, Mus101 and 
Caenorhabditis elegans F37D6.1 were identified by the Psi-Blast program and domain 
boundaries refined by the BestFit program (Wisconsin Package TM, Genetics Computer 
Group Inc). The Psi-Blast and BestFit programs were also used to assess the similarities 
of TopBP1 to Dpb11, Cut5, Mus101, F37D6.1 and Brca1, respectively.  

 

4.6  Complementation of S. cerevisiae dpb11 and S. pombe cut5 (III) 

S. cerevisiae strain YHA 401 (dpb11-1) (Araki et al. 1995) was transformed with S. 
cerevisiae YCpGAL1 expression vector, YCpGAL1-TopBP1, YCpDPB11 and 
YEpDPB11 (Araki et al. 1995). S. pombe cut5-T401 and cut5-580 (Saka & Yanagida 
1993) and wt (Burke & Gould 1994) were transformed with the pAAUN vector (Xu et al. 
1990), pAAUN-TopBP1 or genomic Cut5, pYS511 (Saka & Yanagida 1993). Yeast cells 
were scored for growth at restrictive, semi-permissive or permissive temperatures. 
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4.7  Ribonuclease protection assay and Western analysis  

of TopBP1 (III) 

The ribonuclease protection assay was performed with RPA IIITM ribonuclease protection 
assay kit (Ambion) using total RNA from IMR-90 cells as template. The cDNA templates 
for human cytoplasmic β-actin and histone H3 were used to prepare antisense RNA 
probes for the ribonuclease protection assays as described (Tuusa et al. 1995). The 
TopBP1cDNA template was a 174 bp fragment, representing nucleotides 2035-2209. 

For Western blot analysis, IMR-90 cells were washed twice with PBS and lysed with 
lysis buffer (50 mM Tris-Cl pH 7.4, 100 mM NaCl, 1 % Triton X-100, 0.1 % SDS, 0.5 % 
Deoxycholic Acid). The proteins (20 µg) were separated by SDS-PAGE and the α-
TopBP1.2 antibody was used for immunoblotting.  

 

4.8  DNA replication assay in isolated nuclei (III) 

HeLa S3 cell nuclei and cytoplasmic extracts and the permeabilization of the nuclei with 
lysolecithin were performed according to Stoeber et al. (1998). Nuclei were 
permeabilized immediately before use, washed, and suspended with a Dounce 
homogenizer. Replication assays from isolated nuclei were performed as described 
(Pospiech et al. 1999).  

 

4.9  Serum starvation of cells and induction of DNA damage (III) 

IMR-90 fibroblasts were synchronized by serum starvation for 96 h as described (Tuusa 
et al. 1995). MCF-7 cells were synchronized by serum starvation for 24 h according to 
Scully et al. (1997b). Thymidine incorporation assays (Tuusa et al. 1995) and PCNA 
staining were used to determine S-phase cells. DNA replication was inhibited by 1 mM 
HU and DNA was damaged with 100 µg/ml zeocin, 50 µg/ml MMS or 10 J/m2 UV-light 
according to Wang et al. (2000b).  

4.10  Immunostaining (III) 

Fixations and permeabilization were performed in cold methanol for 10 min or with 3 % 
neutral paraformaldehyde-PBS for 10 min at 37°C followed by 0.2 % Triton X-100-PBS 
for 10 min at 37°C or by cold methanol for 2 minutes. Incubations with the primary 
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antibody in PBS-0.2% gelatin (Cold Water Fish Skin, Sigma) at 37°C for 30 min and 
washes with PBS and PBS-0.2 % gelatin were followed by incubation with secondary 
antibody in PBS-0.2 % gelatin at 37 °C for 30 min. DNA was visualized with 
bisBENZIMIDE (Hoechst 33258, Sigma). Slides were mounted with IMMU-MOUNT 
(Shandon) after washes with PBS and water, and examined with a fluorescence 
microscope under the 50x or 60x objective. Images were captured on Kodak Ektachrome 
400 film or alternatively with a CCD-camera and 60x or 100x objective. Image 
processing was done with Adobe Photoshop.  

 

4.11  Yeast Two-Hybrid Assay (III) 

A human peripheral lymphocyte cDNA library (Durfee et al. 1993) was transformed into 
L40 yeast strain expressing the BRCT domains 4 and 5 (aa 534-763) of human TopBP1 
fused to the LexA DNA binding domain in a pLex-a vector (Vojtek et al. 1993). Colonies 
that grew on 1 mM 3-aminotriazole His- medium were assayed for β-galactosidase 
activity. Plasmid DNA was isolated from primary positive clones and retransformed into 
L40 yeast in conjunction with either pLexBRCT4+5 or a number of control LexA fusions 
and tested for growth on His- medium and β-galactosidase activity.  

For analysis of individual interactions, full-length TopBP1 was fused to VP16 and full-
length hRad9 to LexA. BRCT domains 3 (aa 348-448) and 6 (aa 887-1004) of TopBP1 
were also fused to LexA and tested together with hRad9. LexA-human lamin C (aa 66-
230), LexA-human Chk1 (aa 1-476), human Pol ε catalytic subunit (aa 1-2286) and 
human Cdc45 (aa 1-566) fused to both LexA and VP16 were used to confirm the 
specificity of the TopBP1-hRad9 interaction.  

 

4.12  Ecdysone-inducible expression system (III) 

The full-length TopBP1 cDNA was subcloned into the pIND vector (Invitrogen) and full-
length hRad9 cDNA into a modified pIND vector with a FLAG-epitope and nuclear 
localization signal. The linearized constructs were transfected into EcR-293 cells using 
the FuGENETM 6 transfection reagent (Boehringer Mannheim). G418-resistant colonies 
were selected and TopBP1 / hRad9 expression was tested by induction with 2 µM 
ponasterone Α for 24 h and subsequent immunoblotting with either TopBP1.1 or α-FLAG 
M5 antibody.  

4.13  Immunoprecipitation (III) 

Cells were washed with PBS, suspended in lysis buffer (100 mM Tris-Cl pH 7.5, 100 mM 
NaCl, 10 % glycerol, 0.1 % NP-40 and protease inhibitors) and sonicated for 2 x 15 s 
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(Soniprep 150, SANYO) on ice followed by 15 min incubation on ice. After pre-clearing 
with pre-immune rabbit serum, pre-immune IgG binding proteins were collected on 
protein A Sepharose (Pharmacia). 10 µg of specific antibody was used for 
immunoprecipitation and immunocomplexes were collected on protein A Sepharose/ 
protein G Agarose, washed twice with lysis buffer, once with washing buffer II (50 mM 
Tris-HCl pH 7.5, 500 mM NaCl, 0.5 % NP-40) and once with washing buffer I (50 mM 
Tris-Cl pH 7.5, 150 mM NaCl, 0.5 % NP-40). Samples were fractionated by SDS-PAGE 
for subsequent Western blot analysis. 

 

4.14  Metabolic labelling with 32P (III) 

EcR-293 cells were labeled with 1-2 mCi 32Pi in 2 ml phosphate-free medium for four 
hours. Cells were washed, lysed in 200 µl of lysis buffer (50 mM Tris-Cl pH 7.5, 2 % 
SDS, 70 mM β-merchaptoethanol) and boiled for 10 min. The samples were diluted up to 
20 x Vol with IP-buffer (50 mM Tris-Cl pH 7.5, 150 mM NaCl, 0.5 % NP-40). After pre-
clearing, TopBP1 was immunoprecipitated by the addition of 10 µg of α-TopBP1.2 
antibody and collected on protein A Sepharose. Samples were fractionated on 6.25 % 
SDS-PAGE gels, blotted onto a PVDF-membrane and autoradiographed. 



 

5 Results 

5.1  Cloning of the cDNAs for human and mouse Pol εεεε B-subunits  

and chromosomal localization of the POLE2 gene (I) 

Peptide sequences obtained by amino acid sequencing of the human Pol ε B-subunit were 
used to search the non-redundant database of the GenBank EST Division and a mouse 
EST clone (AA008627), sharing sequence similarity with the S. cerevisiae Pol ε B-
subunit, was identified. This EST-clone was amplified by PCR from a mouse 
erythroleukemia cDNA library and subsequently used as a probe for screening both 
human and mouse cDNA libraries. The 5´-ends of both human and mouse cDNAs were 
further extended by 5´-RACE. The human Pol ε B-subunit cDNA has an open reading 
frame of 527 amino acids, encoding a protein of 59.47 kDa. The human and mouse B-
subunits are 90% identical, indicating a high degree of evolutionary conservation.  

Amino acid sequence information obtained from the purified Pol ε B-subunit was used 
to generate a polyclonal antibody against the human Pol ε B-subunit as described in 
Materials and methods. In Western blot analysis this antibody specifically recognized a 
protein of 55 kDa from HeLa cell purified Pol ε preparation. Both the catalytic subunit of 
Pol ε and the 55 kDa protein co-eluted from a gel filtration column, thus confirming that 
the 55 kDa polypeptide is indeed the smaller B-subunit of Pol ε.  

The human gene for the Pol ε B-subunit was assigned to chromosome 14q21-q22 by 
FISH. This genomic locus has not been associated with disease genes according to the 
OMIM database.  

 

5.2  A novel family of DNA polymerase-associated B-subunits (II) 

We used the Psi-Blast program to search for proteins related to the B-subunit of the 
human Pol ε in the non-redundant database at NCBI and retrieved the B-subunits of 
eukaryotic Pols α, δ and ε as well as four archaeal sequences. One of the archaeal 
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sequences encoded a B-subunit of a recently discovered DNA polymerase II from 
Pyrococcus furiosus (Uemori et al. 1997). Unlike Pols α, δ and ε, this DNA polymerase 
could not be classified as a class B DNA polymerase, but instead was a member of a new 
class of archaeal DNA polymerases (Ishino et al. 1998). Reciprocal searches and 
PROFILESEARCH confirmed our findings and thus defined a new family of DNA 
polymerase-associated B-subunits. 

Amino acid sequence alignments were further refined by utilizing secondary structure 
predictions and subfamily alignments. We identified 12 conserved motifs and a proline-
rich region between motifs III and IV. Furthermore, secondary structure predictions 
indicated that the family members have a similar fold. Phylogenetic analysis suggested 
that the B-subunits of Pol α and ε form a subfamily and have evolved from a common 
ancestor, while the B-subunits of Pol δ and the archaeal members form a second 
subfamily.  

 

5.3  TopBP1 is similar to S. cerevisiae Dpb11, S. pombe Cut5, 

Drosophila Mus101 and Brca1 (III) 

The interaction of the budding yeast Pol ε with Dpb11, a protein involved in DNA 
replication and cell cycle control (Araki et al. 1995, Masumoto et al. 2000), encouraged 
us to initiate searches for a potential human homologue of Dpb11. In order to identify a 
functional human homologue of Dpb11 and its fission yeast homologue Cut5, we 
searched the non-redundant database at NCBI using the Psi-Blast program and identified 
a human cDNA, KIAA0259 (Nagase et al. 1996), which was similar to both yeast 
proteins. Cloning of the cDNA using a combination of PCR and sequences from EST-
clones, and subsequent computational analysis revealed that the cDNA encodes a protein 
of 1522 amino acids and contains eight BRCT-domains. This protein has been 
independently identified by Yamane et al. (1997) in a yeast two-hybrid screen searching 
for DNA topoisomerase IIβ binding proteins and was therefore named TopBP1.  

Amino acid sequence analysis revealed that the tandem BRCT domains of Cut5 and 
Dpb11 are most similar to the BRCT domains 1-2 and 4-5 of TopBP1. The NH2-terminal 
region of TopBP1, including the first tandem BRCT-domains and the surrounding area 
(amino acids 102-332), is 35 % similar to the N-terminus of Dpb11 and 44 % similar to 
the N-terminus of Cut5. Also the region around domains 4-5 (amino acids 547-897) is 27 
% similar to the C-terminus of Dpb11 and 41 % similar to the C-terminus of Cut5.  

TopBP1 is also similar to a Drosophila protein encoded by the mus101 locus 
(Yamamoto et al. 2000). The predicted Mus101 protein contains seven BRCT domains 
and the overall similarity with human TopBP1 is 38 %. In the nematode C. elegans, a 
predicted F37D6.1 protein contains six BRCT domains as three tandem repeats and is 38 
% similar to the N-terminus (amino acids 15-470) and 47 % similar to the C-terminus 
(amino acids 1287-1465) of TopBP1.  

 In addition to the homologies described above, the C-terminal amino acids 1014-1522 
of TopBP1 share 35 % similarity and 25 % identity to the two C-terminal BRCT domains 
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as well as the region upstream of the domains in Brca1. Figure 6 illustrates the domain 
structures of TopBP1, Dpb11, Cut5, Mus101, F37D6.1 and Brca1.  
 

 

 

Fig. 6.  Schematic representation of the BRCT-domains of TopBP1, S. cerevisiae Dpb11, S. 
pombe Cut5, D. melanogaster Mus101, C. elegans F37D6.1 and Brca1. 

 
Given the obvious similarities between Dpb11 and Cut5, we tested if TopBP1 could 

suppress temperature-sensitive yeast mutants of these proteins to demonstrate biological 
activity of TopBP1. However, TopBP1 was unable to complement S. cerevisiae dpb11-1 
or S. pombe cut5-T401 or cut5-580 mutants in semi-permissive or restrictive 
temperatures, respectively.  

 

5.4  Chromosomal localization of the TOPBP1 gene (III) 

The similarities between TopBP1 and Brca1 encouraged us to investigate if the genomic 
locus of the TOPBP1 gene is a  target for chromosomal abnormalities in human cancers. 
We assigned the human TOPBP1 gene to chromosome 3, region q21-q23 by fluorescent 
in situ hybridisation, but according to the OMIM database this chromosomal region has 
not been associated with disease genes in human cancers. 

 

5.5  TopBP1 interacts with human Pol εεεε (III) 

Given the association between Pol ε and Dpb11in the budding yeast (Araki et al. 1995, 
Masumoto et al. 2000), we investigated whether TopBP1 associates with human Pol ε. 
TopBP1 was immunoprecipitated with a polyclonal antibody, α-TopBP1.2, from TopBP1 
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over-expressing EcR-293 cells and the immunoprecipitates were probed with an α-Pol 
ε antibody. A > 220 kDa protein specifically co-immunoprecipitated with TopBP1, 
indicating that endogenous Pol ε associates with TopBP1. This interaction could also be 
detected in HeLa S3 cells. Human Pol α or Pol δ did not co-immunoprecipitate with 
TopBP1 and Pol ε did not immunoprecipitate with α-TopBP1.2 under denaturing 
conditions, further confirming the specificity of the interaction.  

We also studied the association between TopBP1 and Pol ε  from HeLa cells  
fractionated by centrifugal elutriation and demonstrated that the interaction is not cell 
cycle dependent. Moreover, UV damage, MMS or HU treatment did not affect the 
association between TopBP1 and Pol ε. 

 

5.6  The expression and phosphorylation of TopBP1 (III) 

Two independent polyclonal rabbit antibodies against TopBP1, α-TopBP1.1 and α-
TopBP1.2, specifically recognized an 180 kDa polypeptide from HeLa cells. The 
calculated molecular weight from TopBP1 cDNA is 171 kDa and since in vivo phosphate 
labelling indicated that TopBP1 is a phosphoprotein, this difference may be due to 
phosphorylation. Phosphoamino acid analysis revealed that TopBP1 is phosphorylated 
mostly on serine and to a lesser extent on threonine residues, but no labelling was 
detected on tyrosine residues.  

The steady-state mRNA and protein levels of TopBP1 were studied from quiescent, 
serum-starved IMR-90 fibroblasts, which were induced to proliferate by re-addition of 
serum. The protein levels of TopBP1 started to increase 14 hours after serum stimulation 
as demonstrated by Western blotting analysis. This increase in TopBP1 protein levels is 
likely to be a consequence of increased transcription, as a corresponding increase in 
TOPBP1 mRNA levels was detected in RNase protection assays. After a peak at 22 hours, 
the mRNA levels decreased again. This indicates that TopBP1 expression is induced 
concomitantly with S-phase entry, as thymidine incorporation analysis demonstrated that 
the induction of TopBP1 expression coincides with the onset of S-phase. These results 
indicate that TopBP1 expression is induced at the G1/S boundary and is highest during S-
phase.  

 

5.7  TopBP1 is required for DNA replication (III) 

We investigated the role of TopBP1 in DNA replication by measuring DNA synthesis in 
isolated HeLa cell nuclei (Krude et al. 1997) in the presence of TopBP1 antibodies. α-
TopBP1.1 antiserum inhibited the incorporation of radioactive dCMP into newly 
synthesized DNA by 44%, while preimmune serum or α-TopBP1.2 antiserum did not 
have an effect on DNA synthesis (table 4). This inhibition was almost as efficient as 
inhibition by neutralizing antibodies against human Pol α. Moreover, adding recombinant 
TopBP1-792-1003 protein to the reaction, which was the antigen used to generate α-
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TopBP1.1, inhibited DNA synthesis by 83%. This fragment contains the sixth BRCT 
domain of TopBP1. No inhibition was detected when the antigen for α-TopBP1.2 was 
added to the reaction. These results demonstrate that TopBP1 is required for 
chromosomal DNA replication and also suggest that the BRCT-domain 6 of TopBP1 
interacts with a critical replication factor. 

 
Table 4. Inhibition of DNA synthesis by TopBP1 

Antiserum / GST-

TopBP1 fusion 

protein (100µg/ml) 

α-Pol α  
 

α-TopBP1.1 
 

α-TopBP1.2 α-TopBP1.1 
pre-immune 

GST-
792-
1003 

GST-
1023-
1167 

Inhibition of dCMP 

incorp. (%)  

47.5 44 0 0 83.2 6.5 

 

5.8  TopBP1 and Brca1 co-localize in S-phase and are targeted to 

stalled replication forks after replication blocks (III)  

The apparent functional role of TopBP1 in DNA replication led us to ask if it is localized 
to sites of DNA synthesis by using proliferating cell nuclear antigen, PCNA, as a marker 
protein. In S-phase MCF-7 cells, TopBP1 localizes to several distinct nuclear foci and 
double immunofluorescence staining with PCNA revealed that TopBP1 foci are distinct 
from PCNA foci. This suggests that most of the nuclear TopBP1 does not co-localize with 
sites of ongoing DNA replication and thus TopBP1 might predominantly function in 
initiation or early steps of replication.  

To test if TopBP1 localization is altered in response to replication blocks, we added 
hydroxyurea (HU) to S-phase cells to block replication fork progression. In these HU-
arrested cells TopBP1 localizes to numerous bright foci, which co-localize with PCNA. 
Thus TopBP1 is translocated from its normal location in response to replication blocks 
and reassembled to new foci, which coincide with stalled replication forks as marked by 
the presence of PCNA.  

Previous studies have shown that BRCA1 is translocated to PCNA-containing foci 
after DNA synthesis arrest (Scully et al. 1997a) and given the structural similarity 
between TopBP1 and BRCA1, we tested if BRCA1 is also present in the TopBP1 foci 
described above. Double staining of untreated S-phase cells revealed co-localization of 
BRCA1 and TopBP1. Moreover, when DNA synthesis was blocked with HU, TopBP1, 
which co-localizes with PCNA under these conditions, also co-localizes with BRCA1. 
Taken together, we show that TopBP1 co-localizes with BRCA1 in normal S-phase cells 
and under conditions of replication fork arrest, which strongly suggests that these 
proteins play a role in responding to stalled replication forks.  
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5.9  TopBP1 co-localizes with Brca1 after  

DNA damage in S-phase (III)  

The effect of DNA damaging agents on the localization pattern of TopBP1 during S-phase 
was tested. S-phase MCF-7 cells were UV-irradiated and analyzed by 
immunofluorescence. UV-irradiation induced formation of several bright TopBP1 foci, 
which uniformly co-localized with Brca1. About 19 % of TopBP1 foci co-localized with 
PCNA, and therefore re-localization of TopBP1 is not solely a consequence of arrested 
replication forks. Double strand breaks were induced by adding zeocin and this treatment 
also induced formation of bright TopBP1 foci that co-localized with Brca1, but not with 
PCNA. Treatment with MMS, an alkylating agent, also induced an increased number of 
TopBP1 foci that co-localized with Brca1 and partly with PCNA (8%). Thus DNA 
damaging agents induce formation of bright TopBP1 foci, which co-localize with Brca1.  

 

5.10  Double strand breaks recruit TopBP1 to G1-foci (III) 

Te test if the recruitment of TopBP1 to new foci after DNA damage and replication blocks 
is cell cycle specific, we used synchronized MCF-7 cells for immunofluorescence studies. 
In normal G1-phase cells, TopBP1 exhibits uniform nuclear and cytoplasmic staining. 
After zeocin treatment, most of TopBP1 was re-localized into bright foci. This type of 
focus formation was not as clearly induced with HU, UV, or MMS. Thus redistribution of 
TopBP1 after DNA damage is not an S-phase specific phenomenon and furthermore, is 
independent of Brca1, as Brca1 expression levels are low during G1-phase (Scully et al. 
1997b).  

 

5.11  TopBP1 interacts with the human checkpoint  

protein hRad9 (III) 

Yeast two-hybrid interaction screening was used to search for other proteins that might 
interact with TopBP1. Full-length TopBP1-LexA fusion, as well as BRCT domains 1-2 
fused to LexA, activated the lacZ reporter gene and therefore BRCT-domains 4-5 were 
used to screen a human two-hybrid cDNA library. Several positive clones were identified 
and subsequent sequencing analysis revealed that one of the interacting clones contained 
the C-terminal 148 amino acids of the human checkpoint protein Rad9. The specificity of 
the interaction was further demonstrated by the inability of hRad9 to interact with the 
BRCT domains 3 and 6 of TopBP1 or lamin, Pol ε, Cdc45 and Chk1. The hRad9-TopBP1 
interaction was reproducible with full-length proteins.  
To determine whether TopBP1 and hRad9 interact in mammalian cells, we used EcR-293 
cells stably transfected with an inducible FLAG-tagged hRad9 and subjected α-FLAG 
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immunoprecipitates to Western analysis with α-TopBP1 antibody. A protein with a 
molecular mass of 180 kDa was detected, indicating that endogenous TopBP1 and FLAG-
tagged hRad9 interact in vivo, thus confirming our two-hybrid results. 



 

6 Discussion 

6.1  The B-subunits of human and mouse Pol εεεε are homologous to the 

B-subunit of budding yeast Pol εεεε 

Structural conservation between the budding yeast and mammalian Pol ε, based on 
previous observations of sequence similarity between the yeast and mammalian catalytic 
subunits (Kesti et al. 1993), is further supported by the fact that the B-subunits also share 
similar features. Both the human and mouse Pol ε B-subunits, albeit considerably smaller 
than the 80 kDa B-subunit of the budding yeast Pol ε, are structurally related to the yeast 
counterpart. This strongly suggests that they also share functional features. The S. 
cerevisiae B-subunit, Dpb2, is essential for viability and apparently performs an 
important role in chromosomal DNA replication as temperature-sensitive dpb2-1 mutants 
have defects in DNA synthesis and are unable to re-enter S-phase. The functional role of 
the B-subunit in DNA replication is unknown, however. Moreover, the B-subunit may 
also be important for the structural integrity of the Pol ε complex, as purification of the 
Pol ε holoenzyme from dpb2 mutant yeast cells is exceedingly difficult (Araki et al. 
1991a). This is also supported by findings that the B-subunit interacts directly with the 
catalytic subunit and apparently also mediates complex formation between Pol ε and 
Dpb11 (Dua et al. 1998, Araki et al. 1995). Thus the B-subunit may indeed be crucial for 
the stability of the Pol ε holoenzyme.  

The similarities between the budding yeast and mammalian Pol ε are also further 
supported by the recent discovery of the mammalian homologues of the third and fourth 
subunits of S. cerevisiae Pol ε. These 17 kDa and 13 kDa subunits contain a histone fold 
motif, which is also present in the yeast Dpb3 and Dpb4 subunits (table 5), suggesting 
that they might provide protein-protein interaction surfaces for chromatin remodelling (Li 
et al. 2000). Taken together, the apparent structural conservation between the budding 
yeast and the mammalian Pol ε strongly suggests that they perform conserved functions. 
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Table 5. Subunit structures of the budding yeast and human DNA polymerase ε.  

Pol ε subunit S. cerevisiae  
 

H. sapiens 

Catalytic subunit Pol2 p261 

B-subunit  Dpb2 p59 

Third subunit Dpb3 p12 

Fourth subunit  Dpb4 p17 

 

6.2  A novel protein family of DNA polymerase-associated B-subunits  

Interestingly, in addition to the similarity between the B-subunits of S. cerevisiae and 
mammalian Pol ε, the human and mouse B-subunits also share similarity to the carboxy-
terminus of human Pol α B-subunit. A more detailed sequence analysis revealed that the 
B-subunit of Pol ε is also similar to the B-subunit of Pol δ and archaeal sequences. As one 
of the archaeal sequences encoded a B-subunit of a DNA polymerase, which has 
characteristics of a replicative DNA polymerase (Uemori et al. 1997), it seems likely that 
the B-subunits of replicative DNA polymerases from archaea to eukaryotes perform 
similar functions. The amino-termini of the B-subunits are not conserved, however, 
suggesting that the individual, specific functions of these proteins are mediated by the 
amino-terminus, while the C-termini of the family members perform conserved functions. 
This is also supported by the observation that the N-terminus of the Pol α B-subunit is 
partially dispensable, whereas the C-terminus is essential and required for DNA synthesis 
and correct progression through S-phase (Foiani et al. 1994). Similarly, several 
temperature-sensitive mutants of the budding and fission yeast Pol δ B-subunit (MacNeill 
et al. 1996, Hashimoto et al. 1998) coincide with the conserved elements.  

Apparently the corresponding catalytic subunits perform important functional roles in 
DNA replication and although the archaeal DNA polymerase II does not belong to class B 
DNA polymerases, these proteins do share a common structural feature, a zinc finger-like 
motif. Studies of yeast S. cerevisiae Pol ε have revealed that the interaction between the 
catalytic and the B-subunit is mediated by this region (Dua et al. 1998), suggesting that 
the conserved role of this domain may be to provide an interaction surface for the binding 
of the B-subunit.  

Interestingly, the B-subunits from archaea possess a motif required for 
phosphoesterase activity, but this domain is disrupted in the eukaryotic members. This 
may indicate that the archaeal members have pyrophosphate hydrolysis activity, a 
function which has been lost in the eukaryotic members in the course of evolution. The 
pyrophosphate hydrolysis activity might be important for efficient DNA synthesis as it 
increases the polymerization rate (Aravind & Koonin 1998). It may be dispensable for the 
eukaryotic members and thus reflect differences in the replication mechanisms between 
archaea and eukaryotes.  

The B-subunits of Pol δ and the archaeal proteins are more closely related and form a 
subfamily of their own, while the B-subunits of Pol α and ε form a second subfamily. 
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Thus it seems likely that the B-subunits originated from a single ancestor and in the 
course of evolution the phosphoesterase domain was inactivated in eukaryotes, and 
subsequent gene-duplication events gave rise to individual eukaryotic B-subunits.  
 

6.3  Structural similarities between TopBP1, Dpb11, Cut 5,  

mus101 and Brca1 

Our initial observations of the similarities between the budding yeast Dpb11, the fission 
yeast Cut5 and human TopBP1 strongly suggest that these proteins share functional 
features. However, the fact that TopBP1 has eight BRCT domains as compared to the four 
BRCT-domains in the yeast proteins, suggests that TopBP1 may also perform additional 
functions. Apparently the metazoan homologues of the yeast proteins have acquired 
additional domains, as evidenced also in the nematode C. elegans homologue, which 
contains six BRCT domains. The recent identification of the mus101 locus encoding an 
apparent Drosophila homologue of TopBP1 strongly supports this idea, as Mus101 
contains seven BRCT-domains (Yamamoto et al. 2000). 

The yeast proteins have been implicated in DNA replication and in cell cycle control 
(Araki et al. 1995, Wang & Elledge 1999, Saka et al. 1994b). Mus101 performs similar 
functions, as it is essential for viability and mus101 mutants display defects in normal 
DNA synthesis and in post-replication repair. Some mus101 mutants also exhibit 
chromosomal instability and have undercondensed or broken chromosomes (Boyd & 
Setlow 1976, Gatti et al. 1983, Smith et al. 1985, Henderson 1999, Yamamoto et al. 
2000). This suggests that TopBP1 might also be involved in similar functions.  

TopBP1 also has unique features that are not present in the yeast, nematode or 
Drosophila proteins, as the C-terminus of TopBP1 is similar to the C-terminus of Brca1. 
This region of Brca1 is important for many of the functions of Brca1, including tumor 
suppressor activity (Friedman et al. 1994), and raises an interesting possibility that 
TopBP1 may share functional features with Brca1 as well.  

 

6.4  TopBP1 associates with Pol εεεε and is required for  

DNA replication  

Several lines of evidence support a role for TopBP1 in DNA replication. Firstly, the 
TopBP1 expression levels increase at the onset of S-phase. Secondly, one of our TopBP1 
antisera efficiently inhibited DNA synthesis in isolated nuclei comparable to inhibition 
levels by Pol α neutralizing antibodies. As DNA synthesis was inhibited by both TopBP1 
antiserum and the antigen used to generate the antiserum, it seems likely that this region 
of TopBP1 interacts with a critical replication protein. Interestingly, this region 
corresponds to BRCT domain six, and thus it will be of interest to identify protein(s) that 
associate with TopBP1 through this domain. Thirdly, although TopBP1 does not localize 
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to sites of ongoing DNA synthesis, it is recruited to stalled replication forks when DNA 
synthesis is inhibited. This strongly suggests that TopBP1 is needed for rescue of stalled 
forks and support a role for TopBP1 in initiation or the early steps of DNA replication, as 
has been suggested for Dpb11 (Masumoto et al. 2000). Moreover, the interaction between 
TopBP1 and Pol ε  further supports a role for TopBP1 in chromosomal DNA replication. 
In S. cerevisiae, the B-subunit of Pol ε mediates the complex formation between Dpb11 
and Pol ε (Masumoto et al. 2000), and therefore it seems likely that the B-subunit of 
human Pol ε is important for the association between TopBP1 and Pol ε. As the 
molecular mechanism of action by Pol ε at the cellular replication fork is currently 
unknown, it will be interesting to see how these proteins co-operate in the duplication of 
the genome. 

 

6.5  TopBP1 functions in a DNA damage responsive pathway  

Structural similarities between TopBP1 and Brca1 suggested that they might be involved 
in similar cellular functions. Indeed, we observed co-localization of TopBP1 and Brca1 in 
normal S-phase cells, under conditions of replication fork arrest and after DNA damage. 
This suggests that these proteins play a role in responding to stalled replication forks and 
that during S-phase they function in a related DNA damage responsive pathway.  

TopBP1 is clearly re-localized to PCNA containing foci after replication blocks. UV-
irradiation also induced translocation of TopBP1 to PCNA foci, but only in 20 % of the 
cells. Thus the re-localization of TopBP1, and also Brca1, after DNA damage is not solely 
a consequence of arrested replication forks. Whether these UV-induced foci are sites of 
DNA repair or arrested replication forks is not yet known. Furthermore, we observed 
pronounced co-localization of TopBP1 and Brca1 after double strand breaks (DSBs). 
Previous studies have shown that in S-phase ionizing radiation induces the formation of 
Brca1 foci, which co-localize with the Mre11, Nbs1 and Rad50 complex and with Rad51 
(Zhong et al. 1999), indicating that Brca1 may be involved in both non-homologous end 
joining (NHEJ) and homologous recombination. Further experiments will be needed to 
ascertain if TopBP1 has a role in these processes.  

Furthermore, while TopBP1 and Brca1 have similar responses to genotoxic insult 
during S-phase, TopBP1 also responds to DNA damage in the G1-phase of the cell cycle 
independently of Brca1. Induction of double strand breaks in G1 results in the formation 
of TopBP1 foci, which presumably represent sites of DSBs. Mre11 and Rad50 proteins 
migrate to sites of DSBs (Nelms et al. 1998) and these lesions are predominantly repaired 
by non-homologous end joining (NHEJ) in G1-phase (Takata et al. 1998). Given the 
apparent connection of TopBP1 and Mre11/Brca1 in the S-phase, it will be interesting to 
see if TopBP1 is directly involved in NHEJ. Nevertheless, the G1-phase damage response 
demonstrates that redistribution of TopBP1 after DNA damage is not an S-phase specific 
phenomenon and is independent of Brca1. 

A role for TopBP1 in damage response is further supported by the interaction between 
TopBP1 and the checkpoint protein hRad9. Rad9 forms a DNA damage responsive 
protein complex with Hus1 and Rad1 proteins in both human cells and in S. pombe 
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(Kostrub et al. 1998, St Onge et al. 1999, Volkmer & Karnitz 1999). A similar complex 
between the budding yeast Rad9 homologue, Ddc1, has also been reported (Kondo et al. 
1999). Interestingly, Rad9, Rad1 Hus1 are structurally related to PCNA (Thelen et al. 
1999, Aravind et al. 1999, Caspari et al. 2000) and they interact with another checkpoint 
protein Rad17, which is predicted to resemble the clamp loader protein RFC (Rauen et al. 
2000). Thus it has been hypothesized that during the DNA damage response, the PCNA-
related checkpoint proteins form clamp-like structures that participate in the recognition 
or processing of damaged DNA (Volkmer & Karnitz 1999). As previous studies have 
shown that the BRCT domains of TopBP1 bind DNA breaks (Yamane & Tsuruo 1999), it 
is possible that TopBP1 as a Rad9-interacting protein is directly involved in damage 
recognition. This hypothesis is also consistent with the fact that the de novo 
phosphorylation of TopBP1 or tryptic phosphopeptide maps are not altered after DNA 
damage or replication blocks. Furthermore, we have not been able to establish links 
between TopBP1 and the checkpoint kinases hChk1 or hCds1 by the two-hybrid system 
or immunoprecipitation. This would be consistent with TopBP1 being upstream of the 
damage kinases and BRCA1 in the DNA damage pathway.  



 

7 Conclusions  

In this study, we have identified and characterized two proteins that associate with the 
human Pol ε. The cloning of the B-subunit of Pol ε and subsequent primary structure 
analysis demonstrated that the human Pol ε B-subunit belongs to a novel protein family 
of DNA polymerase-associated B-subunits. This argues for a conserved function for the 
B-subunits of Pol α, δ, ε and the archaeal proteins, instead of specific, individual roles as 
thought so far and provides a basis for future structure-function relationship studies.  
A search for other proteins that might associate with Pol ε led to the discovery of 
TopBP1, a human protein with structural similarity to budding yeast Dpb11, fission yeast 
Cut5 and the breast cancer susceptibility gene product Brca1. We provided evidence that 
TopBP1 associates with Pol ε and that it is required for DNA replication. Our results 
suggest that TopBP1 functions primarily during initiation of replication, but future 
experiments are required to establish the functional role of TopBP1 in this process. In 
addition to the replicative role, TopBP1 is involved in the DNA damage response and 
apparently functions closely with Brca1. This role is further supported by the interaction 
between TopBP1 and the human checkpoint protein Rad9. Whether TopBP1 plays a dual 
role as a damage sensor and as a repair factor remains to be elucidated. Nevertheless, as a 
protein with functions in DNA replication and damage response, TopBP1 might 
coordinate these cellular events and thus be important in the maintenance of genomic 
integrity. 
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