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Abstract
Replicative DNA polymerases (pols) synthesize chromosomal DNA with high accuracy and speed
during cell division. In eukaryotes the process involves three family B pols (α, δ, ε), whereas in
Archaea, two types of pols, families B and D, are involved. In this study the B-subunits of replicative
pols were analysed at the DNA, RNA and protein levels.

By cloning the cDNAs for the B-subunits of human and mouse pol ε we were able to show that
the encoded proteins are not only homologous to budding yeast pol ε, but also to the second largest
subunit of pol α. Later studies have revealed that the B-subunits are conserved from Archaea to
human, and also that they belong to the large calcineurin-like phosphoesterase superfamily consisting
of a wide variety of hydrolases.

At the mRNA level, the expression of the human pol ε B-subunit was strongly dependent on cell
proliferation as has been observed for the A-subunit of pol ε and also for other eukaryotic replicative
pols. By analysing the promoter of the POLE2 gene encoding the human pol ε B-subunit we show
that the gene is regulated by two E2F-pocket protein complexes associated with the Sp1 and NF-1
transcription factors. Comparison of the promoters of the human pol ε and the pol α B-subunit
indicates that the genes for the B-subunits may be generally regulated through E2F-complexes
whereas adjustment of the basal activity may be achieved by distinct transcription factors.

To clarify the function of the B-subunits, we screened through the expression of 13 different
recombinant B-subunits. Although they were mainly expressed as insoluble proteins in E. coli, we
were able to optimize the expression and purification for the B-subunit (DP1) of Methanococcus
jannaschii pol D (MjaDP1). We show that MjaDP1 alone was a manganese dependent 3'-5'
exonuclease with a preference for mispaired nucleotides and single-stranded DNA, suggesting that
MjaDP1 functions as the proofreader of archaeal pol D. So far, pol D is the only pol family utilising
an enzyme of the calcineurin-like phosphoesterase superfamily as a proofreader. 

Keywords: archaeal pol D, B-subunit, DNA polymerase, DNA replication, promoter
analysis, proofreading exonuclease, recombinant protein production
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 Abbreviations 

aa  amino acid 

AAA+ ATPases associated with a variety of cellular activities 

ATP adenosine triphosphate 

bp  base pair 

BSA bovine serum albumin 

B-subunit the B-subunit of replicative DNA polymerase 

Cdk cyclin-dependent kinase 

cDNA complementary DNA 

CHRAC chromatin-remodelling complex 

C-terminus carboxy terminus 

DNA deoxyribonucleic acid 

dNMP deoxynucleoside monophosphate 

dNTP deoxyribonucleoside triphosphate 

dsDNA double-stranded DNA 

Fen-1 flap endonuclease 1 

IPTG isopropyl-β-D-thiogalactoside 

kDa kilodalton(s) 

MCM minichromosome maintenance protein 

mRNA messenger RNA 

nt  nucleotide 

N-terminus amino terminus 



NTP ribonucleoside triphosphate  

ORC origin recognition complex 

PCNA proliferating cell nuclear antigen 

PCR polymerase chain reaction 

PIP PCNA interacting protein 

Pol DNA-dependent DNA polymerase 

PPi  pyrophosphate 

Pre-RC pre-replication complex 

RFC replication factor C 

RNA ribonucleic acid 

RPA replication protein A 

rRNA ribosomal ribonucleic acid 

SDS sodium dodecyl sulphate 

SSB single-stranded DNA binding protein 

ssDNA single-stranded DNA 

SV40 simian virus 40 

TLS translesion synthesis 

Tm melting temperature 

UV ultraviolet 

 



 List of original articles 

This thesis is based on the following articles, which are referred to in the text by their 
Roman numerals: 

I Jokela M, Mäkiniemi M, Lehtonen S, Szpirer C, Hellman U & Syväoja JE (1998) 
The small subunits of human and mouse DNA polymerase ε are homologous to the 
second largest subunit of the yeast Saccharomyces cerevisiae DNA polymerase ε. 
Nucleic Acids Res 26: 730-734. * 

II Huang D, Jokela M, Tuusa J, Skog S, Poikonen K & Syväoja JE (2001) E2F 
mediates induction of Sp1-controlled promoter of the human DNA polymerase ε B-
subunit gene POLE2. Nucleic Acids Res 29: 2810-2821. * 

III Jokela M, Eskelinen A, Pospiech H, Rouvinen J & Syväoja JE (2004) 
Characterization of the 3´ exonuclease subunit DP1 of Methanococcus jannaschii 
replicative DNA polymerase D. Nucleic Acids Res 32: 2430-2440. * 

IV Jokela M, Raki M, Heikkinen K, Sepponen K, Eskelinen A & Syväoja JE (2004) The 
screening of expression and purification conditions for replicative DNA polymerase 
associated B-subunits. The C-terminus of archaeal pol D DP1 subunit is sufficient for 
the exonuclease activity. Manuscript. 

* Reprinted with the permission from Oxford University Press.  





 Contents 

Abstract 
Acknowledgements 
Abbreviations 
List of original articles 
Contents 
1 Introduction ...................................................................................................................13 
2 Review of the literature .................................................................................................15 

2.1 Historical view of DNA replication ........................................................................15 
2.2 Mechanistic principles of genome duplication .......................................................16 
2.3 DNA polymerases...................................................................................................18 

2.3.1 Classification ...................................................................................................20 
2.3.2 Processivity .....................................................................................................23 

2.3.2.1 Sliding clamp............................................................................................24 
2.3.2.2 Clamp loader.............................................................................................24 

2.3.3 Fidelity.............................................................................................................25 
2.3.3.1 Proofreading .............................................................................................26 

2.4 The major differences in DNA replication in the  three kingdoms of life...............27 
2.4.1 Overview to the archaeal kingdom..................................................................28 
2.4.2 The stability of DNA in high temperatures......................................................30 
2.4.3 The replication origin ......................................................................................31 
2.4.4 The start of DNA synthesis..............................................................................32 

2.4.4.1 The initiation in eukaryotes ......................................................................32 
2.4.4.2 The initiation in Archaea...........................................................................33 

2.4.5 The priming of DNA synthesis ........................................................................35 
2.4.6 The maturation of Okazaki fragments .............................................................36 
2.4.7 The replicative DNA polymerases...................................................................38 

2.4.7.1 Bacterial replicases ...................................................................................38 
2.4.7.2 Eukaryotic replicases ................................................................................40 
2.4.7.2.1 DNA polymerase α ................................................................................41 
2.4.7.2.2 DNA polymerase δ.................................................................................42 
2.4.7.2.3 DNA polymerase ε.................................................................................43 



2.4.7.3 Archaeal family B replicases ....................................................................46 
2.4.7.4 Archaeal family D replicases ....................................................................47 

3 Aims of the present work...............................................................................................49 
4 Materials and methods...................................................................................................50 

4.1 Cloning of cDNAs and plasmid construction (articles I, III, IV)............................50 
4.2 Bacterial expression of the recombinant B-subunits  (articles III, IV) ...................50 
4.3 Protein purification (articles I, III, IV) ...................................................................51 
4.4 In-gel digestion, mass spectrometry and amino acid sequencing  

(articles I, III, IV) ..................................................................................................51 
4.5 Production of antibodies and Western analysis (article I).......................................52 
4.6 Chromosomal mapping (article I)...........................................................................52 
4.7 Computational analysis of sequences (articles II, IV) ............................................52 
4.8 Ribonuclease protection assay (article II)...............................................................52 
4.9 Determination of gene structure (article II) ............................................................53 
4.10 Identification of transcription initiation site (article II) ........................................53 
4.11 Synchronization of cells (article II) ......................................................................53 
4.12 Analysis of promoter activity (article II) ..............................................................53 
4.13 Electrophoretic mobility shift assay (EMSA) (article II)......................................54 
4.14 DNase I footprinting assay (article II) ..................................................................54 
4.15 Site-directed mutagenesis and truncation of MjaDP1 (articles III, IV) ................54 
4.16 Exonuclease assays (articles III, IV).....................................................................54 

5 Results ...........................................................................................................................56 
5.1 Cloning of cDNAs for human and mouse pol ε B-subunits (article I)....................56 
5.2 The expression of POLE2 gene encoding human pol ε B-subunit  

is proliferation dependent (article II).....................................................................57 
5.3 The POLE2 gene is regulated by two E2F-pocket complexes (article II)...............58 
5.4 The B-subunit of archaeal replicative pol D is a nuclease    (articles III, IV).........58 
5.5 Characterization of the exonuclease activity of M. jannaschii replicative  

pol D DP1 subunit (article III)...............................................................................59 
6 Discussion .....................................................................................................................60 

6.1 The conservation of the DNA polymerase associated B-subunits ..........................60 
6.2 The expression and transcriptional regulation of the human pol ε  

B-subunit gene.......................................................................................................62 
6.3 The function of DNA polymerase associated B-subunits .......................................63 
6.4 The domain structure of replicative DNA polymerase associated B-subunits ........65 

7 Conclusions ...................................................................................................................70 
References 
Original articles 

 



 

 

1 Introduction 

The study of DNA replication started over 50 years ago, when Francis Crick and James 
Watson solved the three-dimensional structure of DNA. The double helical structure 
consisting of two anti-parallel strands immediately proposed a possible model for 
copying: One strand of DNA could be copied from the complementary strand.  

Today it is known that DNA replication is a complex, highly controlled process 
involving tens or even hundreds of proteins. The accurate coordination of these proteins 
is important in order to keep the genome intact. Genetic changes are beneficial for 
adaptation to new environmental conditions, but for the survival of the individual the 
integrity of the genetic information is vital. 

The maintenance of the genome requires precisely coordinated replication of the entire 
genome each time a cell divides. But accurate duplication of the genome is not alone 
enough because DNA is subjected to continuous modifications and damage, which are 
caused by e.g., ionizing radiation, oxygen radicals and UV light. Mutations left in the 
DNA are inherited by the daughter cells thus increasing susceptibility to cancer, and are 
also linked to premature aging.  

DNA polymerases are key players both in DNA replication and repair, and also in the 
control of cell cycle. Their working principle is conserved from prokaryotes to humans. 
Most of the DNA polymerases utilise kinetic and steric mechanisms to achieve accurate 
incorporation of the correct nucleotides. In order to improve fidelity many enzymes 
possess also a 3´-5´ proofreading exonuclease activity that removes misincorporated 
nucleotides.  

During chromosomal DNA replication, the unpacking, synthesis and repacking of 
DNA must be coordinated. DNA polymerases involved in these processes are usually 
multisubunit enzymes. The subunit(s) responsible for the polymerization and 
proofreading exonuclease activities have been extensively studied, whereas the other 
subunits have remained mostly unknown. The present study addressed several aspects of 
replicative DNA polymerase associated B-subunits. The results help to clarify the picture 
of chromosomal DNA replication.  

In this study the B-subunits were analysed at the DNA, RNA and protein levels. First 
the cDNAs for the human and mouse DNA polymerase ε Β-subunits were cloned. 
Second, the study of the promoter region of the human DNA polymerase ε B-subunit 
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gene POLE2 indicated that the B-subunit is regulated at the mRNA level similar to other 
replication proteins. Third, in order to study the structures and functions of the B-
subunits, they were expressed as recombinant proteins in Escherichia coli. Finally, using 
an archaeal B-subunit as a model we were able to show an enzyme activity associated 
with the B-subunit. Our data indicate that in Archaea, the B-subunit functions as a 3´-5´ 
exonuclease having characteristics typical for proofreading enzyme.  



 

 

2 Review of the literature 

2.1  Historical view of DNA replication 

Heredity has occupied scientists’ minds since Aristotle. Today, thousands of years later, 
we know much about genes and their inheritance. However, the more we know, the more 
complicated the transmission of genetic information appears. The history of DNA 
replication is not long, but the findings have been crucial as they have been the key 
components in the development of molecular biology and biotechnology. 

Although the monk Gregor Mendel showed already at the end of 19th century that 
genetic material is inherited from one generation to another (Mendel 1866), it took almost 
a century until deoxyribonucleic acid, DNA, was shown to be the genetic substance 
(Avery et al. 1944). However, for a long time DNA was not accepted as a transmitter of 
genetic information because its basic structure was thought to be too simple. Proteins, 
composed of twenty variable units, were better candidates than DNA, which was thought 
to be a repeating polymer of one kind of tetranucleotide unit.  

The tetranucleotide hypothesis had arisen from the belief that DNA contains 
equimolar quantities of adenine (A), thymine (T), guanine (G), and cytosine (C) 
(reviewed in Freifelder 1978). The hypothesis died when Chargaff showed that a wide 
variety of chemical structures in DNA were possible (Chargaff 1950). Upon 
determination of its structure, DNA took its place as a core component of life. This 
discovery has been an important landmark in the history of science as cited by its 
discoverers as “the solving of the secret of life”. 

The hard competition of solving the three-dimensional structure of DNA was settled in 
favour of Watson and Crick (Watson & Crick 1953a). The structure was based on the X-
ray data obtained by Rosalind Franklin and Maurice Wilkins (Franklin & Gosling 1953, 
Wilkins et al. 1953), while Watson and Crick were more like solvers of a difficult puzzle. 

In the model of Watson and Crick, DNA was a double helix consisting of anti-parallel 
strands. The essential feature of this model was that all of the bases were on the inside of 
the double helix, with the sugar phosphates on the outside. The bases carried the genetic 
information whereas sugars and phosphate groups performed a structural role. The two 
strands were bound together via hydrogen bonds between bases. Watson-Crick base 
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pairing involved two hydrogen bonds between A and T, whereas three bonds were formed 
between C and G (Watson & Crick 1953a, b).  

The structure of DNA immediately proposed a possible copying mechanism. Since 
each strand contains a nucleotide sequence that is complementary to its partner strand, 
both strands carry the same genetic information. In 1958 Meselson and Stahl 
experimentally confirmed that one strand of the duplex is a parental strand, and is used as 
a template, whereas the other is newly synthesized (Meselson & Stahl 1958). 

The enzyme capable of making DNA was at first recognized from Escherichia coli 
and named polymerase (pol) (Kornberg et al. 1956, Bessman et al. 1958, Lehman et al. 
1958). This enzyme is now called DNA polymerase I because other polymerases have 
since been found. The use of polymerase took on vast dimensions when sequencing of 
DNA was discovered.  

Two sequencing techniques were developed at the same time. The Maxam-Gilbert 
method used a specific chemical cleavage (Maxam & Gilbert 1977), whereas Sanger and 
co-workers used DNA polymerase I (Sanger et al. 1977). In this latter method, which is 
still used today, fragments of various lengths were produced by controlled interruption of 
enzymatic replication. DNA polymerase I was able to incorporate a nucleotide analog, 
2´,3´-dideoxy, missing the important 3´ hydroxyl group, to the growing chain, but not 
continue synthesis any further. 

One more important finding was still needed before the golden age of molecular 
biology started at the end of 1980´s. Kary Mullis developed a technique, called the 
polymerase chain reaction, PCR, which used purified DNA polymerase and chemically 
synthesized DNA oligonucleotide allowing the amplification of a specific DNA a billion 
fold (Mullis et al. 1986, Mullis & Faloona 1987). Originally DNA polymerase I was used 
in amplification, but due to its instability at high temperatures, fresh enzyme was needed 
in each cycle. The technique became easy to use, when pol I was replaced by a 
thermostable DNA polymerase from Thermus aquaticus (Saiki et al. 1988).  

Today heat stable DNA polymerases are technically and economically important 
enzymes due to their use in DNA sequencing and PCR amplification. Considerable effort 
has gone into the isolation of enzymes capable of synthesizing DNA with increased 
fidelity, higher speed, and longer extension products. Thermostable DNA polymerases 
derived from members of the Archaea have been used not only for commercial purposes, 
but have also provided an attractive simple model for understanding the complicated 
eukaryotic copying mechanism.  

2.2  Mechanistic principles of genome duplication 

Before a cell can divide, the whole genome must be copied in the process called DNA 
replication. The basic mechanisms of DNA replication (Table 1) including both the 
geometry of the fork and the protein components of the machinery are similar for 
prokaryotes and eukaryotes. Because of the antiparallel structure of DNA, one new DNA 
strand is synthesized continuously in the direction of the replication fork (leading strand), 
whereas the other, the lagging strand grows discontinuously from so called Okazaki 
fragments (see Kornberg & Baker 1992).  
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Table 1. Basic Rules of DNA Replication (partially adapted from Kornberg & Baker 
1992).  

Rule Description of the rule 
1 Replication is a semiconservative process - one strand is a template for the other one. 
2 Initiation occurs at specific sequences, called origins. 
3 Control is generally at the initiation phase. 
4 Replication fork moves (uni- or) bi-directionally. 
5 Elongation occurs in a 5´  3´ direction. 
6 Replication is semicontinuous:  

continuous on the leading strand  
discontinuous on the lagging strand (made as small Okazaki fragments) 

7 Short RNA-DNA fragments serve as a primer for DNA polymerase. 
8 High fidelity requires a proofreading mechanism. 

Studies of the replication machinery in viruses, bacteria, archaea and eukaryotes have 
revealed that a common set of protein activities (Table 2) drives the replication fork in 
each organism. Models have been proposed for the spatial arrangement of the enzymatic 
machinery at the replication fork. In these models DNA polymerases are thought to 
dimerize or two separate enzymes work together so that the orientation of pols is the 
same although the lagging strand loops back (Figure 1). 

Fig. 1. Schematic view of a eukaryotic DNA replication fork (partially adapted from Tuusa 
2001, Pospiech 2002). 

Each system consists of: a leading and a lagging strand DNA polymerase, a DNA primase 
to produce the RNA primers, single-stranded DNA binding proteins that coat the single-
stranded template DNA and hold it in position, a DNA helicase that unwinds the double 
helix, a nuclease that removes RNA primers, a DNA ligase to seal short Okazaki 
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fragments in the lagging strand, and some other accessory proteins like sliding clamp and 
clamp loader (Table 2, Figure 1) (Stillman 1994, Grabowski & Kelman 2003). When 
going from simpler to higher organisms, the number of subunits that make up each type 
of protein activity tends to increase. 

DNA replication can be divided into three stages: (i) initiation, (ii) elongation and (iii) 
termination (Kornberg & Baker 1992). In (i) the initiation phase, replication origins direct 
the formation of a number of protein complexes leading to the assembly of a replication 
fork (reviewed in Bell & Dutta 2002). In all organisms, origin sequences have been noted 
to be AT-rich, contain inverted repeat elements and purine/pyrimidine stretches (Boulikas 
1996, Pearson et al. 1996).  

DNA synthesis on a big scale takes place in (ii) the elongation phase. The DNA 
pol/primase making the primer is switched to a highly processive and accurate enzyme by 
the help of a sliding clamp and its loader to achieve high speed and fidelity (reviewed in 
Bambara et al. 1997, MacNeill 2001a).  

The termination (iii) of replication is still not fully understood, especially in higher 
organisms. In bacteria, the replication termini are DNA sequences located opposite to the 
replication origin. They interact with the replication terminator proteins which are not 
conserved even at the structural level. However, they act similarly by arresting both 
replicative helicase and RNA polymerase. Replication termini can be deleted without 
causing loss of cell viability, but in plasmids, inactivation of the replication terminus 
leads to plasmid instability, whereas in E. coli the chromosomal DNA replication 
becomes unidirectional (Bastia & Mohanty 1996, Bastia et al. 1997, Bussiere & Bastia 
1999). 

2.3  DNA polymerases 

To achieve accurate transmission of the genetic information from mother to daughter 
cells, all living organisms encode DNA polymerases that fulfil the various replicative and 
repair functions. It has been supposed that the earliest enzymatic activity to appear in 
evolution was that of the polynucleotide polymerases (Steitz 1999).  

DNA polymerases are template-dependent enzymes that catalyse the step-by-step 
addition of deoxyribonucleotides to the 3´ end of a growing DNA chain. The subsequent 
hydrolysis of released pyrophosphate (PPi) provides the energy for DNA replication and 
makes it effectively irreversible. In this way, the newly synthesized strand grows 
exclusively in a 5´ 3´ direction.  

The polymerase reaction is catalysed by a mechanism that involves two metal ions, 
which normally are Mg2+. The first metal ion promotes the deprotonation of the 3´ 
hydroxyl of the primer strand, whereas the second one facilitates the formation of the 
transition state at the α-phosphate of the dNTP and the loss of pyrophosphate (Joyce & 
Steitz 1994).  
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Table 2. DNA Replication proteins in the three kingdoms of life (adapted from Kelman 
2000, Böhlke et al. 2002, Grabowski & Kelman 2003). 

 Bacteria Eukarya Archaea 
Origin recognition DnaA 

(one subunit) 
ORC 
(six subunits, Orc 1-6) 

Orc1/Cdc61 

(one or two subunits) 

Helicase loader DnaC 
(one subunit) 

Cdc6/Cdc18 
(one subunit) 

Orc1/Cdc61  
(one or two subunits) 

Replicative helicase DnaB 
(one subunit) 

MCM2 
(six subunits, Mcm2-7) 

MCM3 
(one subunit) 

ssDNA  
binding protein 

SSB 
(one subunit) 

RPA 
(three subunits) 

RPA/SSB 
(one or three subunits) 

Primase DnaG 
(one subunit) 

Pol α/primase4 
(four subunits) 

Primase  
(one or two subunits) 

Polymerase/ 
Proofreading 
exonuclease/ 

Pol III core (αεθ) 
(three subunits) 

Pol δ 
(three or four subunits)  
Pol ε 
(three or four subunits) 

Pol B 
(one subunit) 
Pol D5 
(two subunits) 

Clamp loader Pol III DnaX complex 
(γτ2δδ´) 
(five subunits) 

RFC 
(five subunits) 

RFC 
(two subunits) 

Sliding clamp Pol III β subunit 
(one subunit) 

PCNA  
(one subunit) 

PCNA6 
(one or three subunits) 

Removal of primers RNaseH 
Pol I 5´-3´ activity 

Fen-1  
RNaseH 
Dna2 

Fen-1 
Dna27 
RNaseH 

DNA ligase DNA ligase DNA ligase I DNA ligase I 

Topoisomerase Type I and II 
Gyrase 
Reverse gyrase8 

Type I and II  Type I and II 
Gyrase 
Reverse gyrase8 

1Methanococcus jannaschii and Methanopyrus kandleri do not have a clear ORC or Cdc6 homolog. 
2MCM subunits 4, 6 and 7 form the replicative helicase, others may play regulatory roles. 
3Methanococcus jannaschii has four MCM homologs according to sequence alignments. 
4Two subunits (p48 and p58) are required for primase activity. 
5Only in the Euryarchaeota. 
6A single PCNA homolog from euryarchaeal genomes, three homologs from crenarchaeal genomes. 
7Function in removing primers unclear, because it is inhibited by RNA segments. 
8Only in hyperthermophilic and some thermophilic species. 

Crystallographic structures of DNA polymerases indicate that these enzymes are 
composed of functionally distinct domains and subdomains. Generally, the structure of 
DNA polymerase is shown by “right hand shape” where the polymerase domain can be 
divided into three subdomains, named “palm”, “fingers” and “thumb” (reviewed in Beard 
& Wilson 2003). The palm subdomain contains the catalytic residues implicated in 
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coordination of the metal ions forming the base of a cleft for the growing DNA strand. 
The fingers and thumb, which are not so well conserved between different pols, make the 
cleft into a tunnel (Joyce & Steitz 1994, Steitz 1999).  

In the absence of nucleotide, polymerase or polymerase-DNA complexes are in the 
open conformation. The binding of a correct nucleotide induces conformational changes 
both in the DNA and the polymerase leading to subsequent assembly of the polymerase 
active site (Kunkel & Bebenek 2000). In addition to the polymerase domain, many 
polymerases have associated domains, e.g., 3´-5´ exonuclease domain implicated in 
proofreading activity.  

2.3.1  Classification 

Since DNA replication, repair and recombination are very important mechanisms for the 
cell, it seems that nature has evolved safety systems by employing different DNA 
polymerases for similar functions. To our knowledge all organisms possess more than one 
DNA polymerase. They differ in their catalytic properties such as processivity, fidelity 
and rate of chain extension. However, the main two-metal-ion-catalysed reaction 
mechanism is conserved. 

In recent years genome projects of mammalian and archaeal species have dramatically 
increased the number of novel DNA polymerases. For example, 15 different pols have 
been identified from human cells. So far it is not known why so many enzymes are 
needed. Most of them are involved in DNA repair, so it is possible that so called repair 
DNA polymerases are highly specialized to correct only a certain type of DNA damage.  

DNA polymerases were originally divided to four families based on their sequence 
similarity to E. coli enzymes (Ito & Braithwaite 1991). Nowadays the number of DNA 
polymerase families has increased to seven. The families are named with the letters A, B, 
C, D, E, X, and Y (Ito & Braithwaite 1991, Aravind & Koonin 1999, Cann & Ishino 
1999, Ohmori et al. 2001, Lipps et al. 2003) (Table 3), whereas the nomenclature of DNA 
polymerases is more diverse. Bacterial enzymes are denoted with Roman numerals and 
eukaryotic pols with Greek letters (Weissbach et al. 1975, Burgers et al. 1990, 2001) as a 
reminder of their order of discovery. So far Rev1 is the only exception; probably due to 
its unique enzymatic character which prefers the incorporation of cytidines. The names of 
archaeal DNA polymerases are still more diverse, especially the members of families B 
and Y have confusing nomenclature in recent publications.  

DNA polymerases can also be classified to three groups according their primary 
function (Table 4): replicative, repair/translesion/chromosome stability and unclassified 
pols having very diverse functions. This classification is not very exclusive, since several 
DNA polymerases have been reported to be multifunctional. For example, eukaryotic pol 
α, δ and ε are involved in replication, repair and cell cycle control. 

Polymerases denoted as replicative are involved in the copying of chromosomal DNA 
being highly processive and accurate, whereas repair and translesion (TLS) polymerases 
from the families B, X, and Y more easily make mistakes. For an individual cell it is not 
so disastrous if mistakes are incorporated although another alternative is to leave the rest 
of DNA uncopied. 
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Table 3. The members of DNA polymerase families in the three kingdoms of life. 
Alternative names are shown in parenthesis.  

DNA 
polymerase 

family 

Bacteria Eukarya Archaea 
     Crenarchaeota         Euryarchaeota 

A Pol I Pol γ 
Pol θ (Mus308) 

- - 

B Pol II Pol α  
Pol δ  
Pol ε  

Pol ζ (REV3/7) 
Pol φ (POL5)1 

Pol B1 
Pol B22 
Pol B3 

 
Pol B22 
Pol B3 

C Pol III  
(Pol C, Dna E)3 

- - - 

D - - - Pol D 
E - - Pol E4 - 
X +5 Pol β  

Pol λ (POLB2) 
Pol µ  

Pol σ (Trf4/5)6 

- +5 

Y Pol IV (DinB) 
Pol V 

(UmuCD) 

Pol κ (DinB) 
Pol η (XPV, Rad30A, 

DBH1) 
Pol ι (Rad30B) 

Rev17 

Dbh (Sso P1 pol Y) 
Dpo4 (Sso P2 pol Y) 

 

+5 

1Polymerase only in yeast. 
2Only in some species.  
3E. coli has one, whereas most gram-positive bacteria have two essential family C enzymes, which are called 
Pol C and Dna E. 

4Characterized only from Sulfolobus islandicus, where it is encoded by a plasmid (Lipps et al. 2003). The gene 
is found to be integrated into the genomes of two other Crenarchaeota.  

5Based on sequence similarity, not characterized (Aravind & Koonin 1999, Ohmori et al. 2001). 
6The number of Pol σ orthologues varies between organisms. 
7Prefers to incorporate cytidines. 

Replicative DNA polymerases cannot go over sites containing altered or missing bases, 
so then the help of translesion polymerases like pol η or Rev1 is needed. However, the E. 
coli translesion polymerase, Pol V, is highly regulated at the transcriptional level 
indicating that low-fidelity DNA replication is not favoured (Rattray & Strathern 2003). 
Repair pols, like pol β, participate in correction of mistakes after the replication fork has 
already passed the site. DNA synthesis is involved in mismatch (MMR), base excision 
(BER), nucleotide excision (NER) and double-strand break (DSBR) repair pathways. 
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Table 4. Classification of DNA polymerases according their primary function. 

 Classification Family Function(s)1,2 
1 Replicative (nuclear) pols    
 Bacteria:  

Eukarya: 
 
 
Archaea: 
 

Pol III  
Pol α 
Pol δ 
Pol ε  
Pol B3 
Pol D 

C 
B 
B 
B 
B 
D 

Chr. DNA replication 
Chr. DNA replication, priming 
Chr. DNA replication, BER, NER, MMR, DSBR, Rec 
Chr. DNA replication, BER, NER, Rec, CPC 
Chr. DNA replication 
Chr. DNA replication 

2 Repair/translesion/chromosome stability pols 
 

 Bacteria  
 
 
Eukarya  
 
 
 
 
 
 
 
 
 
Archaea  

Pol II 
Pol IV  
Pol V  
Pol θ  
Pol ζ 
Pol β 
Pol λ  
Pol µ  
Pol σ 
Rev1 
Pol η 
Pol ι 
Pol κ  
Pol Y14  

B 
Y 
Y 
A 
B 
X 
X 
X 
X 
Y 
Y 
Y 
Y 
Y 

Replication restart of UV-induced lesions, TLS 
TLS, replication restart, SOS mutagenesis, AM 
TLS, SOS mutagenesis 
ICL repair 
TLS, DSBR, SHM 
BER, Rec, Meiosis 
BER, NHEJ, Meiosis 
NHEJ 
Sister chromatid cohesion 
TLS 
TLS, SHM, protection against skin cancer, ICL repair 
TLS, BER, SHM 
TLS 
TLS 

3 Unclassified pols   
 Bacteria  

Eukarya 
 
Archaea 

Pol I 
Pol γ 
Pol φ 
Pol E 

A 
A 
B 
E 

Okazaki fragment maturation (excising + filling) 
Replication & repair of mitochondrial DNA 
rRNA synthesis 
Replication, priming 

1Functions reviewed more accurately in Hübscher (et al. 2002), Goodman (2002), Grabowski and Kelman 
(2003), and Rattray and Strathern (2003). 

2AM = Adaptive mutation (a process in which nonproliferating microbial populations generate mutations when 
placed under nonlethal selective pressure), BER = Base excision repair, CPC = Checkpoint control, DSBR = 
Double strand break repair, ICL repair = Repair of interstrand cross-links, MMR = Mismatch repair, NER = 
Nucleotide excision repair, NHEJ = Non-homologous end-joining, Rec = Recombination, SHM = Somatic 
hypermutation (a process involved in making mutations to the variable regions of immunoglobulin genes), 
TLS = Translesion synthesis. 

3Archaeal species have 1-3 family B DNA polymerases. It is very likely that not all of them work as replicative 
enzymes. 

4Two enzymes characterized from Crenarchaeota. 

Interestingly, the families B, containing most of the replicative DNA polymerases, and Y, 
implicated in the copying of damaged DNA, are the only DNA polymerase families 
highly conserved in evolution. In contrast, the families C, D, and E are unique to 
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Bacteria, Eury/Nanoarchaeota and Crenarchaeota, respectively. The presence of at least 
one family B DNA polymerase in all three kingdoms suggests that it has been present in 
the genome of the cenancestor (Braithwaite & Ito 1993, Edgell et al. 1998). The 
phylogenetic analyses suggest multiple independent gene duplication events in the 
evolution of archaeal and eukaryotic family B members. All these events occurred after 
the divergence of archaea and eukaryotes from the cenancestor (Edgell et al. 1997, 1998).  

The functions of members in different DNA polymerase families are in many cases 
very diverse. For example the family A enzymes are involved in Okazaki fragment 
maturation, repair and mitochondrial DNA replication. Surprisingly, the family B 
contains very accurate and efficient enzymes (replicative pols) but also polymerases with 
the opposite properties. In contrast, the family Y pols are equipped with quite similar 
characteristics. The conservation of the ability to pass a damaged site implies that 
replicative pols cannot copy chromosomal DNA alone in most cases.  

Archaeal DNA repair pathways are not yet well characterized and their relationship 
with repair systems in Bacteria and Eukarya is still an open question. Archaea as well as 
Bacteria seem to have clearly fewer repair DNA polymerases than eukaryotes. In the case 
of Archaea this can be due to more limited characterization of enzymes from different 
species, but probably the more obvious explanation is that Archaea and also Bacteria 
have more multifunctional enzymes. It may be that in eukaryotes repair pols have very 
specialized functions. 

The family E was added very recently to the list of polymerase classification due to 
the discovery of a novel enzyme from the plasmid of Crenarchaeon Sulfolobus islandicus 
(Lipps et al. 2003). This novel enzyme is multifunctional since three activities: ATPase, 
polymerase and primase, were found. So far no sequence similarity has been detected to 
any known DNA polymerase.  

2.3.2  Processivity 

In chromosomal DNA replication it is important that DNA polymerase can synthesize 
long stretches of DNA without dissociating from its template to be able to copy the 
genome in a reasonable time. This feature is called processivity. In contrast, a repair 
polymerase that needs to fill only a short gap can function in a distributive manner (non-
processive) by separating from the DNA after the addition of a single nucleotide.  

The processivity value is measured by the chain lengths of the DNA products 
synthesized under conditions where a template is used in excess to minimize the 
reassociation of the enzyme with the original DNA. Processivity is generally affected by 
the structure of the template-primer, DNA sequence, temperature and ionic strength 
(Kornberg & Baker 1992). However, the processivity of replicative DNA polymerases is 
further controlled by specialized processivity factors. The replicative polymerases of 
viruses, Bacteria, Archaea, and eukaryotic cells have two important processivity factors: 
the sliding clamp and the clamp loader (Table 2).  
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2.3.2.1  Sliding clamp 

The utilization of sliding clamps by the DNA polymerase enables it to achieve processive 
and high-speed replication of both the leading and lagging strands in a coordinated 
manner (Hingorani & O´Donnell 2000a, von Hippel & Jing 2000). However, not only 
replicative pols but also translesion synthesis pols like E. coli pol II, IV and V have been 
shown to associate with the sliding clamp (Hughes et al. 1991, Bonner et al. 1992, Tang 
et al. 2000, Kobayashi et al. 2002).  

By itself, pol V copies DNA very poorly. The presence of the sliding clamp/clamp 
loader, Rec A, and single-strand binding protein (SSB) stimulate activity by 3-, 350-, and 
1100-fold, respectively (Pham et al. 2001). RecA is involved in homologous 
recombination and SOS-response, which is activated in E. coli by damage to DNA 
(reviewed in Goodman 2002). All E. coli polymerases interact with the same hydrophobic 
pocket of the sliding clamp, which also is used for binding by the clamp loader providing 
the basis for the competitive switch between the loading machinery and the polymerase 
(López de Saro et al. 2003a, see also the chapter 2.4.7.1). 

The sliding clamps act as mobile tethers for the replicase machinery sliding freely 
along the double-stranded DNA. Although the amino acid sequence and multimeric state 
is different between the three kingdoms of life, the three-dimensional structure is 
conserved as shown for the bacterial β subunit (Kong et al. 1992), T4 phage gp45 
(Moarefi et al. 2000), archaeal (Matsumiya et al. 2001), yeast (Krishna et al. 1994), and 
human PCNA (Gulbis et al. 1996). The sliding clamps form a ring, a doughnut-like 
structure encircling the DNA in its central cavity.  

In eukaryotes PCNA is localized to the nucleus during the G1 phase of the cell cycle. 
In S phase it then accumulates in larger subnuclear “clumps” that represent replication 
factories. In addition to its role in DNA replication, eukaryotic PCNA is reported to 
function also in cell cycle control, DNA repair pathways and apoptosis (reviewed in 
Jónsson & Hübscher 1997, Kelman 1997, Tsurimoto 1998). PCNA interacts with at least 
30 proteins. In many cases the interaction is through a conserved sequence motif, called 
PIP (PCNA interacting protein)-box (Warbrick 1998, 2000). 

Surprisingly, crenarchaeal species seem to have two sliding clamps whereas all other 
species contain only one. Sulfolobus solfataricus pol B1 could be stimulated seven to 
tenfold by both of them (De Felice et al. 1999), whereas up to 40-fold activation has been 
reported for human pol δ (Zhou et al. 1997). However, it is not known, what is the 
meaning of the two separate sliding clamps. It is possible that three DNA polymerases of 
S. solfataricus use different accessory factors to increase the processivity.  

2.3.2.2  Clamp loader 

Because the sliding clamps are closed circles, energy-dependent clamp-loader machines 
are needed to assemble them on DNA. Clamp loaders are multisubunit proteins capable 
of hydrolyzing ATP. Sequence homology and structure-based alignment indicate that the 
clamp loader subunits are a family of related proteins that are likely to share the same 
fold and molecular mechanism (reviewed in Baker & Bell 1998, Mossi & Hübscher 
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1998). They are composed of subunits that belong to the AAA+ family (ATPases 
associated with a variety of cellular activities) (Davey et al. 2002, Jeruzalmi et al. 2002). 

The E. coli clamp loader, the DnaX (γ) complex of pol III holoenzyme, can bind and 
open β-sliding clamp after the binding of ATP. The complex consisting of DnaX complex, 
β-sliding clamp, and ATP associates with the primer terminus. The binding of DNA 
stimulates ATP hydrolysis, which ejects the DnaX complex and leaves the β-sliding 
clamp on the DNA (Kelman & O´Donnell 1995, Benkovic et al. 2001).  

The clamp loader is composed of five subunits both in Bacteria (γτ2δδ´ subunits) and 
Eukarya (RFC) (Mossi & Hübscher 1998, Waga & Stillman 1998, O´Donnell et al. 
2001). Structural analysis has proposed a pentameric ring (Jeruzalmi et al. 2001). In 
contrast, only two proteins, called large and small subunits, form a multimeric complex in 
Archaea (Grabowski & Kelman 2003). The oligomeric state of the archaeal complex is 
still unknown since ratios of small and large subunits ranging from 4:2 to 4:1 have been 
reported (Kelman & Hurwitz 2000, Pisani et al. 2000, Cann et al. 2001). Although the 
composition of the complex is not yet clear, it has been shown to interact with PCNA 
(Matsumiya et al. 2002) and stimulate the activities of both family B and D pols (Cann et 
al. 1999, Kelman & Hurwitz 2000, Pisani et al. 2000). 

2.3.3  Fidelity  

Accurate incorporation of nucleotides by DNA polymerase ensures the fidelity of 
replication. Impaired fidelity can lead to cancer and may contribute significantly to the 
aging process. DNA polymerases utilise several kinetically distinct steps to incorporate a 
nucleotide into a growing DNA strand. Before the polymerization step can occur, the 
incoming nucleotide must pair with the nucleotide of the template strand.  

The ability of DNA polymerase to choose between “right and wrong” is highly 
dependent on their function and on the organism from which they are derived. Viral and 
bacterial enzymes have lower fidelity under selection pressure in order to adapt to 
environmental changes (Kool 2002). Low-fidelity enzymes insert correct nucleotides 
more slowly than higher fidelity polymerases (Beard & Wilson 2003).  

Several mechanisms ensure fidelity. First, the levels of dNTPs are balanced, because 
high levels of individual nucleotides favour misincorporation by a DNA polymerase 
(Kornberg & Baker 1992). Second, the active site of a polymerase accepts geometrically 
equivalent Watson-Crick base pairs. Structural studies have revealed that A-T and G-C 
base pair geometries are remarkably similar. Third, nucleotide selectivity involves a 
conformational change of the polymerase, and fourth, discrimination can result also from 
a slower rate of phosphodiester bond formation with the incorrect nucleotide (Kunkel & 
Bebenek 2000).  

Error rates vary from 10-0 to 10-6 depending on the polymerase. The lowest fidelity is 
observed for pol ι, which in vitro favours misinsertion of G opposite T, whereas an 
accurate polymerase like pol δ makes only one mistake in a million base pairs (Kool 
2002). 
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2.3.3.1  Proofreading 

Fidelity is further improved by the proofreading 3´-5´ exonuclease activity of a 
polymerase or an associated autonomous nuclease. Proofreading activity is used to 
remove mispaired nucleotides from the 3´ end of a growing DNA chain. A mismatched 
base pair at the primer terminus is the preferred substrate for the exonuclease activity 
over a correct base pair.  

The loss of proofreading activity leads to a strong mutator phenotype and thereby can 
be lethal or increase cancer susceptibility (Shevelev & Hübscher 2002). It has been 
estimated that proofreading raises the accuracy by a factor of 10 to 200 (Kunkel 1988). 
When taking account of DNA repair mechanisms, like mismatch repair, DNA is copied 
with less than one mistake in 1010 nucleotides in eukaryotic cells (Kunkel & Bebenek 
2000). 

Proofreading exonuclease activity catalyses the excision of deoxynucleoside 
monophosphates (dNMPs) from the 3´ end of DNA using a two-metal-ion-catalysed 
phosphoryl transfer, which is analogous to the polymerization reaction. The DNA 
occupies the same position adjacent to the thumb of the polymerase domain in both the 
editing and polymerizing modes (Figure 2), whereas the 3´ end is bound to either the 
exonuclease or polymerase active site (Shevelev & Hübscher 2002).  

Fig. 2. The functional modes of DNA polymerase. The figure is based on the structures of E. 
coli pol I Klenow fragment and Taq polymerase (Beese et al. 1993, Eom et al. 1996). Adapted 
from Joyce and Steitz (1994), and Steitz (1999). 

Proofreading efficiency depends on the balance between the rates of polymerization and 
excision. Several mechanisms have been shown to determine the functional stage of a 
polymerase. (1) The excision rate can be limited by the rate of how fast a terminal 
nucleotide slides into the exonuclease active site on the polymerase. The rate of sliding 
back to the polymerase active site is fast. This gives sufficient time for the removal of 
terminal nucleotide but prevents extensive excision of additional nucleotides. (2) Single-
stranded DNA preferentially binds to the exonuclease domain, while a correctly paired 
duplex binds to the polymerase domain (Kunkel & Bebenek 2000). (3) A mismatched 
base pair prevents the fingers from rotating towards the palm so that incoming 
nucleotides cannot bind. This leaves the mismatch available for binding to the 
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exonuclease active site (Shevelev & Hübscher 2002). It is also possible that (4) when a 
polymerase is incorporating nucleotides, the exonuclease active site is in a closed 
conformation (Kunkel & Bebenek 2000). 

Structural differences in DNA polymerases are not only responsible for coordination 
between synthesis and proofreading, but also for substrate specificity and processivity of 
the exonuclease activity (Shevelev & Hübscher 2002). Proofreading efficiency is affected 
by a high concentration of dNTPs which drives the reaction toward polymerization, but 
also by the composition of the mismatch and the surrounding sequence context. The end 
product of the nuclease reaction, dNMP, also inhibits the removal of nucleotides (Kunkel 
& Bebenek 2000, Khare & Eckert 2002). 

The proofreading mechanism requires that an exonuclease fulfils the following 
criteria: It (1) acts unidirectionally at the 3´ end, (2) acts in a non-processive manner, (3) 
releases dNMPs from its optimal single-stranded DNA substrate, (4) excises 
preferentially a mispaired primer terminus, and (5) interacts functionally with a 
polymerase to enhance the fidelity of DNA synthesis (Kunkel 1988, Shevelev & 
Hübscher 2002).  

The editing exonuclease and polymerase activities can be located in distinct subunits 
(e.g., E. coli pol III), one polypeptide (e.g., E. coli pol I and II, archaeal family B 
polymerases, bacteriophage polymerases, and eukaryotic pol δ, ε and γ) or a separate 
autonomous exonuclease can interact with proofreader deficient DNA polymerase (e.g., 
Ape1 for pol β) (Shevelev & Hübscher 2002). The separation of the two activities might 
allow independent regulation, which might be important in cellular control of replication 
fidelity. However, although the ε subunit of E. coli pol III is independently active as an 
exonuclease, its activity is enhanced by the polymerase subunit (Maki & Kornberg 1987). 
The ε subunit has not only effects on fidelity, but also on speed and processivity of the 
holoenzyme (reviewed in Kelman & O´Donnell 1995).  

A proofreader can function in an intra- or intermolecular way. In intramolecular 
proofreading the DNA polymerase is not released from the growing DNA chain when the 
enzyme switches from the polymerizing to editing mode or vice versa. This mechanism 
has been shown for several bacteriophage polymerases. In contrast, the intermolecular 
process involves dissociation of the enzyme from the DNA after misinsertion. In this 
mechanism the mismatch could be removed by either another polymerase molecule or by 
an autonomous proofreading exonuclease (Kunkel & Bebenek 2000, Shevelev & 
Hübscher 2002).  

2.4  The major differences in DNA replication in the  
three kingdoms of life 

The mechanistic principles of DNA replication were originally studied in E. coli. Past 25 
years have increased our knowledge of the eukaryotic DNA copying mechanism. 
However, still much less is known about the mechanism and regulation of chromosomal 
DNA replication in eukaryotes when compared with our understanding of the 
enzymology of DNA replication in bacteria. For example, the larger genome sizes, higher 
degree of DNA packing and larger protein complexes have made the study of the 
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eukaryotic copying machinery very difficult. Most of the knowledge has been derived 
from studies performed either using unicellular yeast models or cell extracts from 
mammalian cells that support the replication of plasmid DNA containing the Simian virus 
40 (SV40) DNA replication origin.  

However, novel replication assays have been published over the past years, providing 
new methods for examining the essential components of the replication machinery. 
Nowadays it is possible to use cell free systems to study replication in vitro in Xenopus or 
Drosophila egg extracts or in permeable human nuclei (Blow & Laskey 1986, Crevel & 
Cotterill 1991, Krude et al. 1997). Immunodepletion of Xenopus egg extracts has been 
successfully used to determine which components are necessary to form the replication 
competent nucleus. The validity of the SV40 DNA replication system as a model of 
cellular DNA duplication has been questioned by research done with cell-free systems.  

Recently the third kingdom of life, the Archaea, has widened our view of the 
differences and similarities between prokaryotes and eukaryotes. The basic mechanisms 
of DNA replication (Table 1) are generally accepted to fit all kingdoms.  

2.4.1  Overview to the archaeal kingdom 

After the discovery of the Archaea, life has been classified into three kingdoms: Archaea, 
Bacteria, and Eukarya (Woese & Fox 1977, Woese et al. 1990) (Figure 3). Although there 
is controversy regarding their geological time of appearance and evolutionary 
relationships, they are well defined in terms of cellular characteristics and gene 
repertoire.  

The Archaea and Bacteria are often referred to as prokaryotes due to the lack of a 
nucleus and organelles. They share similar genomic structure having usually a single 
circular chromosome, and the genes belonging to the same metabolic pathway are 
arranged into operons in order to coordinate their transcription (reviewed in Glansdorff 
1999). Like bacteria many archaeal species have been detected to harbour plasmids 
(reviewed in Brügger et al. 2002). Introns in protein-coding genes are ubiquitous to 
eukaryotic cells but are rarely found in prokaryotic cells and bacteriophages (reviewed in 
Edgell et al. 2000). They have been reported only for a few archaeal species (Watanabe et 
al. 2002).  

Although the two prokaryotic lineages share many structural and metabolic features, 
archaeal proteins involved in information processing – replication, transcription, and 
translation – are more similar to their eukaryotic counterparts (Edgell & Doolittle 1997). 
Interestingly, it has been noticed that several core components of DNA replication are 
unrelated or only distantly related to their functional counterparts from other kingdoms. 
This is contrast to the key proteins in transcription and translation. It has been proposed 
that the modern-type DNA replication evolved independently in the bacterial and 
archaeal/eukaryal lineages after they split from a common ancestor (Leipe et al. 1999). 

Phylogenetic analyses based on 16S rRNA divide the archaeal kingdom into two 
major phyla, the Euryarchaeota and Crenarchaeota (Woese et al. 1990), and two 
additional lineages, which are under consideration (Figure 3). The branch Korarchaeota 
has been proposed only on the basis of environmental sequences. It branches near the 
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root of the archaeal tree and therefore may increase our knowledge of the origin of life 
(Barns et al. 1996).  

Fig. 3. The three kingdoms of life. This schematic view of the relationship of the kingdoms is 
based on the phylogenetic trees by Kelman (2000), Ciaramella (et al. 2002), and Huber (et al. 
2003).  

Nanoarchaeota are small symbiotic organisms that are larger than viruses but smaller than 
any other described organism. These organisms are only found associated with other 
species belonging to the hyperthermophilic Crenarchaeota (Hohn et al. 2002, Huber et al. 
2002). Nanoarchaeota are dependent on the host for nutrients and metabolites, because 
they lack genes for lipid, cofactor, amino acid and nucleotide biosynthesis. In contrast, 
the only characterized species Nanoarchaeum equitans possess a large set of genes 
encoding proteins involved in information processing (Waters et al. 2003). So far it is not 
known if Nanoarchaeota represents an early branch that evolved before the 
diversification of the rest of the Archaea or if they are highly degenerated derivatives of 
more primitive species (Boucher & Doolittle 2002, Huber et al. 2003). 

The most diverse group, Euryarchaeota include hyperthermophiles, methanogens, 
thermoacidophiles and halophiles, whereas Crenarchaeota include hyperthermophiles, 
psychrophiles, and thermoacidophiles (Barns et al. 1996). There are some significant 
differences between the these two groups, e.g., Crenarchaeota lack bacterial cell division 
proteins, eukaryal-like histones, and replication protein A (RPA)-like proteins present in 
Euryarchaeota (Grabowski & Kelman 2003). 
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2.4.2  The stability of DNA in high temperatures 

An interesting, but less studied question is how DNA is maintained in hyperthermophilic 
archaeal species, whose optimum growth temperature is at least +80°C. For example the 
Crenarchaeota Sulfolobus acidocaldarius lives at +80°C at pH 5.5, which represents 
conditions harsher than those used in laboratories to depurinate dsDNA (Grogan 2000). 
Nevertheless this organism exhibits rates of spontaneous mutations nearly identical to 
those of E. coli (Jacobs & Grogan 1997). 

Archaeal genomes are apparently stabilized by more than just their high G-C content 
since the nucleotide composition of the DNA of hyperthermophiles does not correlate 
well with their optimal growth temperatures. Because of the lack of intrinsic 
thermostability, a variety of extrinsic factors have been proposed to stabilize duplex 
DNA. These include high intracellular salt concentrations, polyamines, small DNA-
binding proteins and reverse DNA gyrase (Grogan 1998, 2000, Daniel & Cowan 2000).  

The discovery of a novel ATP-dependent DNA topoisomerase I activity, so called 
reverse gyrase (Kikuchi & Asai 1984), generating positive supercoils only in 
hyperthermophilic bacterial and archaeal species led to a proposal of a true 
“hyperthermophilic characteristic” (reviewed in Daniel & Cowan 2000, Serre & Duguet 
2003). The examination of the genes surrounding bacterial reverse gyrase shows an 
accumulation of several genes of archaeal origin, suggesting a gene transfer from 
Archaea to Bacteria in response to thermoadaptation (Forterre et al. 2000). This finding 
supports the idea that reverse gyrase is a marker of hyperthermophily.  

However, subsequent studies have shown that negative supercoiling protects against 
heat as well as positive supercoiling (Marguet & Forterre 1994). Also some plasmids of 
hyperthermophilic bacteria are found to be negatively supercoiled similar to those in 
organisms growing at lower temperatures (Guipaud et al. 1997). The precise role of 
reverse gyrase in hyperthermophiles is currently still unclear.  

It has long been known that salts increase duplex stability at high temperatures. Some, 
but not all, hyperthermophilic species contain molar concentrations of potassium di-myo-
inositol-1-1´-phosphate (Scholz et al. 1992) or tripotassium cyclic-2,3-
diphosphoglycerate (Hensel & König 1988), which are used in stabilizing protein 
complexes and probably also nucleic acids. Hyperthermophiles also contain a greater 
diversity of polyamines, known to increase the melting temperature of DNA, than other 
organisms (Daniel & Cowan 2000).  

However, it is possible that the most important players in the stabilization of the 
genome are cationic histones (reviewed in Pereira & Reeve 1998) and unique archaeal-
type DNA-binding proteins like crenarchaeal Sul7d (White & Bell 2002). It increases the 
melting point of the duplex up to +40°C (McAfee et al. 1996, Guagliardi et al. 1997) and 
may surround duplex DNA with a protein coat (Krueger et al. 1999).  

Archaeal histones which have been found only from eury- and nanoarchaeal species 
(White & Bell 2002, Waters et al. 2003, White 2003) have been shown to compact DNA 
and increase its Tm in vitro. It is possible that in evolution the role of these proteins may 
have changed from DNA stabilization more toward DNA packing and nucleosome 
formations (Daniel & Cowan 2000). The high degree of packing has been thought to be a 
reason for the slower fork movement in eukaryotes compared to prokaryotes. In bacteria, 
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the speed is about 500-1000 nucleotides per second, whereas in eukaryotes, forks move 
only 50 nucleotides per second (Kornberg & Baker 1992, Myllykallio et al. 2000, Hjort 
& Bernander 2001).  

2.4.3  The replication origin 

Replication starts from the replication origin where to the initiator proteins attach. Their 
binding promotes the early steps of replication leading to the formation of replication 
forks. In E. coli replication starts at one unique initiation site, called oriC, where the 
minimal required region is 245 bp long (Oka et al. 1980).  

In contrast, multiple discrete sites are used in eukaryotes. The sequences required for 
an origin vary significantly between species. For example in Saccharomyces cerevisiae 
three to four sequences of 10-15 bp spread over 100-200 bp are sufficient to act as 
origins, whereas in Schizosaccharomyces pombe the sequences are spread over 500-1000 
bp (Kelly & Brown 2000, Bell & Dutta 2002). S. cerevisiae replicates its 16 
chromosomes from 332 origins (Raghuraman et al. 2001).  

In multicellular organisms origins are still less well defined and can extend over 
thousands of base pairs of DNA (Bell & Dutta 2002). It has been estimated that 10,000-
100,000 origins are in use in human somatic cells. The mechanisms that select these sites 
have remained unclear. 

Based on the genome size and the circular nature of the archaeal chromosomes, 
Archaea could be expected to have only one origin, similar to Bacteria. Attempts to 
identify archaeal origins by searching for similarities to known origins of other organisms 
failed. It seems that archaeal origins are not as simple as in Bacteria but not as complex 
as in eukaryotes. However, the usage of a technique called GC skew analysis led to a 
proposal of a single replication origin in Archaea (Grigoriev 1998). This technique has 
been used to detect replication origins and termini in Bacteria due to an excess of guanine 
over cytosine in the leading strand (Lobry 1996). 

Based on different predictions, a single origin has been found from several archaeal 
species (Grigoriev 1998, Salzberg et al. 1998, Lopez et al. 1999, Rocha et al. 1999, 
Myllykallio et al. 2000, Maisnier-Patin et al. 2002, Zhang & Zhang 2002, Berquist & 
DasSarma 2003, Grabowski & Kelman 2003). The use of a single origin in the 
Euryarchaeon Pyrococcus abyssi was confirmed by two dimensional agarose gel 
electrophoresis and the initiator proteins Orc1/Cdc6 and MCM bound to this origin 
(Matsunaga et al. 2001). Furthermore, recently short RNA-primed replication 
intermediates were observed to originate from the replication fork at the P. abyssi origin, 
oriC (Matsunaga et al. 2003).  

In contrast, two origins have been proposed both for some Euryarchaeal (Kennedy et 
al. 2001, Zhang & Zhang 2003) and Crenarchaeal species (Robinson et al. 2004). Even 
multiple replication origins have been predicted for Methanococcus jannaschii (Maisnier-
Patin et al. 2002) resembling more eukaryotic initiation. In the Crenarchaeon S. 
solfataricus both origins were recognized by three Orc1/Cdc6 initiator protein homologs 
(Robinson et al. 2004). 
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Several archaeal origins are located in regions encoding initiators proteins. Similar 
proximity is also found in Bacteria. The connection between origin(s) and replication 
factors is not clear. Grouping of replication genes near the origin possible ensures the 
effective assembly of replication forks onto the origin or minimize the loss of important 
genes. It has been noted that genomic rearrangements rarely occur in close proximity to 
the origins (Kelman & Kelman 2003). 

The presence of multiple replication origins in M. jannaschii can be due to its unusual 
features including an excess of chromosome copies in both exponential and stationary 
growth phases, asymmetric division, unequal distribution of chromosomal DNA to 
daughter cells, lack of clear initiator protein Orc1/Cdc6 homolog, and the presence of 
multiple MCM genes (Bernander 1998, 2000). These findings indicate that chromosome 
replication and genome segregation may follow unknown rules in this organism.  

Taken together, it seems that so far there is no consensus for the number of replication 
origins in Archaea. Both single and multiple replication initiation sites have been 
proposed and also verified from the two phyla of archaeal species. Further studies are 
needed before the initiation of replication in Archaea can be deduced to be more similar 
to Bacteria or Eukarya.  

2.4.4  The start of DNA synthesis 

Initiation of DNA replication can be divided into three steps. In the first step initiator 
protein(s) bind to the replication origin promoting the initiation process. In the second 
step the unwinding of DNA begins and the replication bubble is formed. In the last step 
the replicative polymerase starts the DNA synthesis (Kelman & Kelman 2003).  

When looking at the initiation phase in more detail in Bacteria, oriC is recognized by 
a single protein, DnaA, a member of the AAA+ family. DnaA utilizes ATP hydrolysis to 
promote DNA unwinding at the origin. DnaA, with the assistance of another AAA+ 
family member, DnaC, loads the replicative helicase, DnaB, on the ssDNA bubble 
(Kornberg & Baker 1992, Davey et al. 2002). The initiation in eukaryotes is more 
complex, since more proteins are involved. Despite a lack of sequence homology, the 
architectural organisation of initiator proteins is similar.  

2.4.4.1  The initiation in eukaryotes 

In eukaryotes, knowledge of initiation has been derived from studies using S. cerevisiae. 
It has become clear that most, if not all, of the proteins used to initiate DNA replication in 
S. cerevisiae are also employed in many or even in all other eukaryotes. Initiation can 
happen only after mitosis is completed and a nuclear structure is formed. Nuclear 
structure facilitates the assembly of replication forks, the coordination of bidirectional 
replication, and fork progression. Interestingly, it has also been suggested that nuclear 
structure can determine the site for the start of DNA copying (DePamphilis 2000).  

When DNA replication initiates, the pre-replicative complex (pre-RC) is formed at the 
origins during the G1 phase of the cell cycle by ordered assembly of the origin 
recognition complex (ORC), Cdc6, Cdt1, and Mcm2-7. ORC selects the sites for 
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subsequent initiation, whereas Cdc6 together with Cdt1 is needed for the loading of 
MCM proteins. After their loading, ORC and Cdc6 are released from the chromatin. In 
contrast, MCM proteins are thought to be involved in both initiation and elongation steps 
of DNA synthesis (reviewed in Bell & Dutta 2002). Genetic and biochemical studies have 
revealed that a dimeric complex of the Mcm4,6,7 heterotrimer is the replicative helicase 
in the eukaryotic replication fork, whereas the other MCM subunits may play a regulatory 
role (Tye & Sawyer 2000). The abundance and distribution of MCM suggest that it 
functions at the sites of active replication but is located preferentially on unreplicated 
DNA (Laskey & Madine 2003). 

At the onset of S phase, pre-RC must be converted into an initiation complex. This 
activation is achieved by the action of at least two kinases and ordered assembly of 
regulation factors as well as components of the replication fork. These factors include at 
least Mcm10, Cdc45, Sld3, RPA, Dbp11, pol α/primase, and pol ε. S. cerevisiae Mcm10 
has been shown to be required for continued replication fork progression when initiator 
factors are released (reviewed in Bell & Dutta 2002). Bell and Dutta (2002) speculate that 
Mcm10 may displace Cdt1 from Mcm2-7 in the first step of the transition from initiation 
to replication. Mcm10 can physically associate with the Mcm2-7 complex as shown by 
two hybrid and in vitro binding assays (Merchant et al. 1997). The loading of the Cdc45-
Sld3 complex together with Dpb11 is necessary for DNA unwinding and the association 
of DNA polymerase (Bell & Dutta 2002).  

When the initiation of DNA replication has been accomplished, the control over this 
process does not stop. Later checkpoint controls oversee the progression through S phase 
and link the completion of replication to entry into M phase. The mechanism controlling 
the timing for firing of an origin is still largely unknown. However, it has been observed 
that there is a strong correlation between the level of transcription of surrounding genes 
and control of replication timing. Early replicating origins are generally associated with 
transcriptionally active regions, whereas repressed genes surround late firing origins 
(Diller & Raghuraman 1994). It has also been noticed that an early origin can be changed 
to a late one or vice versa by changing the surrounding sequence context (Friedman et al. 
1996). 

2.4.4.2  The initiation in Archaea 

The most likely candidates for initiator proteins in Archaea are Orc1/Cdc6 homologs 
which are related to both the eukaryotic Orc1 subunit of the ORC complex and Cdc6. 
This relation proposes that archaeal Orc1/Cdc6 may combine origin recognition and 
MCM loading activities. To date, all the sequenced archaeal genomes encode Orc1/Cdc6 
homologs, with the exception of M. jannaschii and Methanopyrus kandleri. Interestingly, 
the number of Orc1/Cdc6 varies between species. So far one to ten proteins (Robinson et 
al. 2004) have been detected without any correlation between the number of proteins and 
the division of archaeal species.  

The reason for the difference in number of Orc1/Cdc6 homologs is currently 
unknown. It is possible that the protein can define the usage of certain replication origins 
if multiple origins are in use or individual Orc1/Cdc6 may play either Orc1- or Cdc6-like 
roles (Bernander 2003, Dionne et al. 2003). Alternatively, multiple Orc1/Cdc6 may form 
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a heterocomplex to function similar to eukaryotic ORC composed of six subunits 
(Kelman & Kelman 2003).  

Although the amount of the proteins used to initiate DNA replication is different, the 
three kingdoms of life rely on the AAA+ superfamily of ATPases. Bacterial DnaA and 
DnaC, eukaryotic Orc1, 4, 5 and Cdc6 as well as archaeal Orc1/Cdc6 are structurally and 
most probably also functionally related (Neuwald et al. 1999, Ogura and Wilkinson 2001, 
Davey et al. 2002). The crystal structures of archaeal Orc1/Cdc6 from Pyrobaculum 
aerophilum (Liu et al. 2000) and bacterial DnaA from Aquifex aeolicus (Erzberger et al. 
2002) are very similar. The only notable change is in the domain responsible for DNA 
binding supposing a difference in substrate recognition (Kelman & Kelman 2003). DnaA 
binds to specific DnaA-boxes (reviewed in Davey et al. 2002) while Orc1/Cdc6 from A. 
fulgidus has been shown to possess sequence independent DNA binding activity (Grainge 
et al. 2003). Thus far no sequence-specific binding has been reported for archaeal 
Orc1/Cdc6. 

The eukaryotic MCM composed of six non-identical subunits (reviewed in Tye & 
Sawyer 2000) has not only been implicated in initiation, but also in the elongation step 
acting as an ortholog of bacterial DnaB helicase. To date, one MCM homolog has been 
identified in all sequenced archaeal species showing the simpler composition than in 
eukaryotes. However, M. jannaschii with four MCM homologs, and M. kandleri and 
Methanosarcina acetivorans with two homologs are the exceptions to the rule (Kelman & 
Kelman 2003).  

The archaeal MCM seems to function similar to its eukaryotic counterpart, i.e., having 
ATP dependent 3´-5´ helicase activity (reviewed in Grabowski & Kelman 2003, Kelman 
& Kelman 2003). In contrast to eukaryotes, the amount of DnaB and archaeal MCM is 
much lower per cell indicating the presence of proteins mainly at the replication forks 
(Kelman & Kelman 2003).  

The hexameric ring structure has been deduced for e.g., E. coli DnaB and viral SV40 
large T antigen (reviewed in Patel & Picha 2000). A similar structure has been described 
for the human Mcm4,6,7 complex (Sato et al. 2000). However, in the presence of a fork 
structure, two hexamers associate with each other (Lee & Hurwitz 2001) resembling the 
situation of loading two replication forks into the origin. Similarly, the large T antigen 
forms double hexamers (dodecamers) (Mastrangelo et al. 1989). 

The structure of archaeal MCM is more confusing. With different techniques like 
sizing column, X-ray crystallography and electron microscopy, the structure of 
Methanobacterium thermoautotrophicum has been described as hexameric, dodecameric 
or heptameric, respectively (Kelman et al. 1999, Chong et al. 2000, Shechter et al. 2000, 
Yu et al. 2002, Fletcher et al. 2003, Pape et al. 2003). MCM from S. solfataricus has been 
shown to form hexamers in solution (Carpentieri et al. 2002). The hexameric and 
dodecameric structures are reminiscent of known helicases whereas the formation of 
heptamers is more uncommon. If the result is not due to technical artefact it supports the 
possibility that one subunit is released from the complex when the protein is bound to 
DNA (Yu et al. 2002). 

So far, the presence of homologs to other proteins needed in eukaryotic initiations 
(e.g., Cdc45, Cdt1, Mcm10) has not been reported. But due to the low sequence 
conservation, it may only be a matter of time before archaeal homologs to other initiator 
proteins are detected (Jenkinson & Chong 2003, Kelman & Kelman 2003). Archaea may 
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also have unique initiator factors as is the case for the replicative DNA polymerase 
(archaeal specific Pol D, see the chapter 2.4.7.4) (Kelman & Kelman 2003). 

2.4.5  The priming of DNA synthesis 

Once the origin of DNA is unwound, DNA primase functions by synthesizing the short, 
four to fifteen nucleotide long oligoribonucleotides which serve as primers for the 
replication of both leading and lagging strands (Frick & Richardson 2001).  

Based on the knowledge from Bacteria, bacteriophages and eukaryotes, DNA 
primases can be divided to two groups, which differ both in structure and in their 
relationship with other proteins in the replication fork. The first group contains the 
primases from Bacteria and their phages. They are separate one-subunit proteins that 
associate with the replicative helicase whereas the members of the second group, 
eukaryotic primases, are two-subunit enzymes and found to associate with pol α (Frick & 
Richardson 2001). 

So far, archaeal DNA primases have been characterized only from three species. 
Interestingly, they have been reported to be able to synthesize long DNA stretches by 
themselves (Bocquier et al. 2001, Liu et al. 2001, Lipps et al. 2003) suggesting that the 
same polypeptide could function as both primase and polymerase. The subunit structure 
of the primase differs clearly between species. DNA primase from Pyrococcus furiosus 
was shown to consist of two subunits (Liu et al. 2001) similar to its eukaryotic homolog 
which associates with pol α. In contrast, DNA primase from M. jannaschii consists of 
only one subunit, which is capable of synthesizing short RNA primers (Desogus et al. 
1999).  

Surprisingly, the plasmid of thermoacidophile Crenarchaeota S. islandicus encodes a 
novel, multifunctional enzyme with ATPase, primase and DNA polymerase activities. It 
uses preferentially deoxyribonucleotides for the synthesis of short primers, which are 
then extended to several thousands nucleotides by the polymerase action. This novel 
enzyme does not show sequence similarities to any known primase or polymerase (Lipps 
et al. 2003). The recently solved three-dimensional structure also does not implicate any 
similarity to other DNA polymerases. In contrast, the structure shows a distant 
relationship to archaeal and eukaryotic primases. The authors propose that this 
bifunctional replicase for small genomes could have been an evolutionary ancestor of 
archaeal and eukaryotic primases (Lipps et al. 2004). 

Pyrococcal p41, a homolog of the eukaryotic p48 catalytic primase subunit, is able to 
synthesize DNA fragments up to several kilobases in length, but no RNA (Bocquier et al. 
2001). The later identification of the archaeal p46, a homolog of the eukaryotic p58 
primase subunit, showed that RNA primed replication takes place. Surprisingly, the 
complex was still able to synthesize long DNA primers 10 times more efficiently than 
RNA primers (Matsui et al. 2000, Liu et al. 2001). Although the DNA made by the p41-
p46 complex was shorter in length (about 700 bp) than that by archaeal p41 alone (0.7-6 
kb) (Bocquier et al. 2001, Liu et al. 2001), it raises an interesting question, if the DNA 
synthesis of the lagging strand is started with DNA instead of RNA.  
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However, Liu et al. (2001) speculated that in P. furiosus the primer synthesis is started 
by RNA, because ATP stimulates the strand synthesis of the p41-p46 complex. On the 
other hand, E. coli primase (DnaG) can also incorporate both NTPs and dNTPs. The 
length of a primer is affected by pol III probably by competing with primase for the 3´ 
end of the primer (Frick & Richardson 2001). This seems not to be the case at least with 
the multifunctional enzyme from the crenarchaeal plasmid where primase and 
polymerase activities lie on the same polypeptide (Lipps et al. 2003). Liu and co-workers 
(2001) could not detect any interaction between pyrococcal primase subunits and pol B3 
by co-immunoprecipitation. However, the interaction with another replicative 
polymerase, pol D, remains to be studied.  

In the light of current knowledge, it may be possible that archaeal primase itself can 
extend the DNA strand from RNA primers without switching to any DNA polymerase. 
However, neither pyrococcal primase (Liu et al. 2001) nor crenarchaeal multifunctional 
enzyme (Lipps et al. 2003) has proofreading exonuclease activity, which suggests that the 
archaeal primases/primase-polymerases have very low fidelities.  

Recently, a finding supporting the unique type of DNA replication initiation was made 
by Higashibata and co-workers (2003). They reported that a Dna2 homolog from the 
hyperthermophilic Pyrococcus horikoshii was inhibited with RNA segments at the 5´ end 
of flap DNA. Eukaryotic Dna2 is an endonuclease, DNA helicase and ATPase playing an 
important role in Okazaki fragment maturation on the lagging strand whose nuclease 
activity is stimulated with RNA segments (Bae & Seo 2000). If archaeal DNA primase 
could synthesize a DNA primer in vivo, the property of archaeal Dna2 might be suitable 
for Okazaki fragment processing (see also the following chapter). 

2.4.6  The maturation of Okazaki fragments 

The lagging strand is synthesized as a series of Okazaki fragments, which must be 
accurately processed to form a continuous DNA strand. Although this discontinuous DNA 
synthesis is an analogous process in Bacteria and Eukarya, the mechanisms involved in 
processing Okazaki fragments show important differences. Due to the limited amount of 
information from Archaea, it is still difficult to say, if the archaeal system is more 
complex than in Bacteria and similar to eukaryotes.  

Okazaki fragments were discovered in 1966 when Okazaki and co-workers observed 
that newly synthesized DNA was made from small pieces which were later annealed 
(Sakabe & Okazaki 1966). Today it is know that for unknown reasons bacterial Okazaki 
fragments (1-2 kb, Kornberg & Baker 1992) are ten times longer than in eukaryotes (100-
150 bp, Kao & Bambara 2003).  

Recently, the presence of Okazaki fragments in Archaea was confirmed. Both 
euryarchaeal (P. abyssi) and crenarchaeal (S. acidocaldarius) Okazaki fragments 
contained RNA and were about 100 bp long (Matsunaga et al. 2003) indicating high 
similarity to eukaryotes. When taking account of the high speed of archaeal replication, 
the lagging strand processing system must be very efficient. The presence of RNA-
primed replication intermediates, which originated from P. furiosus oriC (Matsunaga et 
al. 2003), questions the unique features of archaeal primase and Dna2 identified earlier 
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(explained in more detail in chapter 2.4.5). It remains to be solved, how Okazaki 
fragments are primed and processed in different archaeal species.  

It is known that in eukaryotes the primase of pol α synthesizes an 8-12 nt long RNA 
primer, which is further extended with 20-30 deoxyribonucleotides by the polymerase 
part of pol α. Slow and inaccurate pol α/primase is displaced from the RNA-DNA primer 
by the clamp loader (RFC) which loads the sliding clamp (PCNA) on the DNA. This 
enables pol δ and/or pol ε to assemble and processive DNA synthesis can start. This 
phenomenon is called polymerase switching (Hübscher & Seo 2001, MacNeill 2001a) 
and it occurs although the length of Okazaki fragments is so short in eukaryotes. 
Synthesis continues until the 5´ end of the previously synthetized Okazaki fragment is 
reached. The ability of the polymerase to dislodge the primer is refered as displacement 
synthesis.  

The displaced primer is a substrate for 5´ single-stranded endo- and exonucleases. The 
RNA-DNA primer made by pol α/primase must be removed accurately because it may 
contain mutations due to inaccuracy of the polymerase/primase. In the last step, the 
newly synthesized fragment is joined to the previous DNA fragment by DNA ligase I 
(reviewed in Kao & Bambara 2003). 

It is not known for sure why DNA synthesis should be started with RNA or why it is 
first extended with inaccurate pol α in eukaryotes. In Xenopus the synthesis of RNA 
primers by primase has been shown to be a signal that activates the replication checkpoint 
(Michael et al. 2000). RNA primers are transient structures, which are removed in S 
phase during maturation of Okazaki fragments in a lagging strand. Therefore these 
structures could be a logical signal that activates the checkpoint preventing entrance to 
mitosis until S phase has been completed. 

In Bacteria the 10-60 nt long RNA primers are made by DnaG (Frick & Richardson 
2001), extended by pol III, and mainly removed by pol I. This enzyme has three 
activities: polymerase, 3´-5´ proofreading and 5´-3´ exonuclease. The 5´ exonuclease 
domain has been proposed to work with the polymerase domain in the removal of 
primers. In addition to pol I, RNaseHI has been shown to participate in the same process 
(Kornberg & Baker 1992). RNase H proteins are present in three kingdoms of life. They 
specifically cleave the RNA portion of an RNA/DNA hybrid (reviewed in Kao & 
Bambara 2003). 

In eukaryotes the removal of primers is a more complicated process. Based on current 
knowledge three alternative models have been proposed: (1) the RNase H/Fen-1, (2) the 
Dna2/RPA/Fen-1 and (3) the Fen-1-only model. In the first model RNase H cleaves the 
RNA leaving a single nucleotide which is then removed by the exonuclease activity of 
Fen-1. In the second model RPA coordinates the sequential action of Dna2 and Fen-1 
whereas the third option suggests that Fen-1 alone can remove the RNA/DNA primer 
(reviewed in Kao & Bambara 2003).  

Recent findings have given support to each of the three models for Okazaki fragment 
removal, but which ones are actually employed in the cell remains to be determined. It is 
possible that at least two ways to remove RNA primers are in use, probably so that one is 
the main pathway and the others are used in special situations. For example, the essential 
Dna2 could be involved only in situations when the single-stranded flap gets long and is 
covered with RPA which is known to inhibit Fen-1 (Kao & Bambara 2003). Kao and 
Bambara (2003) speculate that the maturation of Okazaki fragments may still involve 
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additional component(s) such as Werner (WRN) or Bloom syndrome (BLM) proteins, 
which are helicases similarly to Dna2. However, it is not known, how helicase activity is 
involved in the maturation of Okazaki fragments.  

2.4.7  The replicative DNA polymerases 

Cellular replicases from Bacteria, Archaea and eukaryotes are complex assemblies that 
have highly conserved structures. These complexes are so called tripartite assemblies that 
contain a replicative DNA polymerase, a sliding clamp and its loader whose properties 
were discussed earlier (see the chapter 2.3.2). Although the sequences of the last two 
components are not conserved, their structures and functions are. The ring structure, 
found from the clamps and their loaders, is very common in DNA metabolism. Thus, the 
structure and properties of the DNA chain have stimulated convergence to the toroidal 
form (Hingorani & O´Donnell 2000b). 

Current models of DNA replication are based on the assumption that two polymerase 
molecules associate in order to coordinate the synthesis of leading and lagging strands. 
However, despite intensive studies it is not known, if all kingdoms of life employ one or 
two types of replicative pols at their replication forks. It is fascinating to think, how the 
replications of two different kinds of strands are linked together. Continuous synthesis of 
the leading strand fits nicely to the picture of a highly processive pol, whereas the lagging 
strand pol must behave differently. It has to dissociate from the template repeatedly due 
to the short length of the Okazaki fragments, but still be able to keep up with the high 
speed of leading strand enzyme molecule. This diverse type of action has given support to 
the idea that the two pols at the replication fork could be different.  

An interesting aspect of replicative DNA polymerases is the diversity of enzymes as 
members from three different polymerase families perform the same function. Currently 
one or two pols have been linked to the chromosomal replication in Bacteria, whereas 
eukaryotes utilize three family B enzymes. In Archaea two different class pols (B and D) 
have been implicated in the process (Table 4). The presence of distinct types of pols 
suggests a complex evolution.  

2.4.7.1  Bacterial replicases 

E. coli utilises a replicase where all the activities needed for processive and accurate 
copying of DNA lie on separate subunits. Studies of E. coli DNA replication support a 
model in which pol III dimerizes and is used in the synthesis of both leading and lagging 
strand. The enzyme can efficiently replicate 4.6 million base pairs of the chromosome 
with an error frequency of less than 1 in 1010 nucleotides (McHenry 1991, Kornberg & 
Baker 1992).  

Initial purification of pol III using nicked and gapped DNA template led to 
identification of the core complex consisting of the α, ε, and θ subunits. The α subunit has 
a 5´-3´ polymerase activity and belongs to the family C pols, which do not have members 
outside the bacterial kingdom. The ε subunit is responsible for the editing 3´-5´ 
exonuclease function, whereas the role of the θ subunit has not yet been determined.  
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Later purifications, which were made by using primed circular single-stranded viral 
genomes as substrates have led to the isolation of the holoenzyme consisting of ten 
subunits (Table 5). The additional components include the processivity factors, the clamp 
(β) and its loader, DnaX complex (also called the γ complex). The χ and ψ subunits are 
not required for clamp loading, but they interact with single-stranded binding protein 
(SSB) (Kornberg & Baker 1992, Kelman & O´Donnell 1995, McHenry 2003). The χ-ψ-
SSB interaction is essential for the replicase activity in solution (Glover & McHenry 
1998).  

Table 5. The subunit assembly of E. coli DNA polymerase III (Adapted from Kelman & 
O´Donnell 1995, Benkovic et al. 2001). 

Subunit Gene Function 
α dnaE DNA polymerase 
ε dnaQ Proofreading 3´-5´ exonuclease  
θ holE Function uncertain, stimulates the activity of ε 

τ dnaX Dimerizes core, ATPase, recycling of pol III  
in lagging strand synthesis, interacts with 
DnaB and α 

γ dnaX ATP-requiring clamp loader 
δ holA Opens β ring 
δ´ holB Binds to β, stimulates γ 
χ holC Interacts with SSB 
ψ holD Bridge between γ and χ 

β dnaN Processivity factor 

In the family B replicative pols both the polymerase and proofreading exonuclease 
activities lie at the same polypeptide. In contrast, the ε subunit of E. coli pol III can 
function alone as an exonuclease. However, its activity is stimulated by the two other 
subunits of the core (Maki & Kornberg 1987) demonstrating the cooperative nature of 
these proteins in order to achieve the high fidelity. Functional separation of synthesis and 
editing might allow cellular control of replication fidelity and essential repair pathways, 
for example during the SOS response (Sutton et al. 2001, Shevelev & Hübscher 2002). 
Although at least 14 other exonucleases are active in E. coli, the inactivation of the ε 
subunit is lethal, whereas its overexpression results in a clear reduction of the 
spontaneous and UV induced mutation frequencies. At the sequence level the ε subunit of 
pol III belongs to the same family defined by six EXO motifs as the 3´-5´ exonuclease of 
e.g., pols I, δ, and ε (Shevelev & Hübscher 2002).  

The pol III holoenzyme binds primed DNA with high affinity as a result of a sliding 
clamp (β subunit). Due to the unique way the lagging strand is replicated, the polymerase 
must balance between synthesis and detachment about every 1-3 s (Kelman & O´Donnell 
1995). Recent findings have shed light on, how pol III remains its high processivity and 
how it is recycled in lagging strand synthesis. In this process the τ subunit plays an 
important role.  

Core

DnaX 
complex 

Loading of 
sliding clamp 

Sliding clamp 
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In E. coli and some other bacteria, the dnaX encodes two products, a shorter γ subunit 
and a longer τ subunit due to the programmed transcriptional frameshifting (Blinkova & 
Walker 1990, Flower & McHenry 1990, Tsuchihashi & Kornberg 1990). The C-terminal 
part, unique to the τ subunit, binds to both the core and DnaB helicase (Dallmann et al. 
2000, Gao and McHenry 2001a, b). This region is involved in the recycling which occurs 
by a processivity switch mechanism. The polymerase retains high affinity to its clamp as 
long as the Okazaki fragment has not been finished. However, when the fragment is 
ready, the switch is turned “on “, and the τ subunit separates the polymerase from the 
clamp (Leu et al. 2003). This happens because the τ and the clamp bind to the same part 
of the polymerase (López de Saro et al. 2003b). 

In contrast to E. coli, the situation in low GC gram-positive bacteria (e.g., Bacillus 
subtilis) seems to be more complicated since two essential family C pols (pol C and Dna 
E) have been reported to function in the replication fork (Flett et al. 1999, Bruck & 
O´Donnell 2000, Dervyn et al. 2001, Inoue et al. 2001, Barnes et al. 2002). Pol C, which 
was the first identified DNA polymerase from these two,, has long been known to be 
required for replication of the chromosome. Despite of its homology to the α subunit of 
E. coli pol III, in pol C both the polymerase and 3´-5´ exonuclease activities lie on the 
same polypeptide. The later identified Dna E contains only polymerase activity similar to 
the α subunit of E. coli pol III (McHenry 2003).  

Since both polymerases are essential for viability of low GC gram-positive bacteria, it 
raises an important question, if these organisms have distinct enzymes for leading and 
lagging strand synthesis. Both pol C and Dna E function with the sliding clamp and its 
loader (Bruck & O´Donnell 2000). In B. subtilis, a temperature-sensitive mutant of Dna E 
showed affected lagging strand synthesis (Dervyn et al. 2001). However, it is not known, 
if Dna E is truly involved as a replicase due to its low intrinsic speed in the experimental 
conditions (Bruck & O´Donnell 2000) which could be due to missing accessory proteins. 
Surprisingly, B. subtilis does not contain a clear homolog of the E. coli the ε proofreader 
subunit. Another low GC gram-positive bacteria Streptococcus pyogenes has a homolog 
of the ε subunit, but it does not associate with Dna E (Bruck et al. 2003). Furthermore, 
UV-induced mutagenesis is abolished when Dna E is depleted (Le Chatelier et al. 2004). 
This raises a possibility that Dna E could be the first essential error-prone family C pol 
leaving questionable its role as a replicative enzyme.  

2.4.7.2  Eukaryotic replicases 

Models to describe chromosomal DNA replication in eukaryotes implicate the usage of 
three distinct DNA polymerases, namely pol α, δ, and ε. They all belong to the family B 
sharing many similar properties. These replicative enzymes are multisubunit complexes 
(Table 6) where the biggest, so called A-subunit, is responsible for both polymerase and 
proofreading exonuclease activities, excluding pol α which does not have the 
exonuclease activity. In addition they all contain three other smaller subunits (B, C and 
D) which have other enzymatic activities (e.g., primase), mediate protein-protein 
interactions or stabilize the holoenzyme (reviewed in Burgers 1998, Waga & Stillman 
1998, Hübscher et al. 2000, 2002). 
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Table 6. The subunit assembly of eukaryotic DNA polymerases (adapted from MacNeill et 
al. 2001, Hübscher et al. 2002, Pospiech & Syväoja 2003). 

Pol/ 
Subunit 

Human S. cerevisiae S. pombe Comments 

DNA polymerase α 
A p180 Pol1 Pol1 Polymerase  
B p68 Pol12 Pol12 ? 
C p58 Pri2 Pri2 Primase 
D p48 Pri1 Pri1 Primase (catalytic center) 

DNA polymerase δ 
A p125 Pol3p Pol3 Polymerase + exonuclease 
B p50/p55 Pol31p/Hys2p Cdc1 ? 
C p66 Pol32p Cdc27 Multimerization, interacts with PCNA 
D p12 - Cdm1 ? 

DNA polymerase ε 
A p261 Pol2 Pol2/Cdc20 Polymerase + exonuclease 
B p59 Dpb2 Dpb2 Interacts with A-subunit 

C p12 Dbp3 ? 
Interacts with A- and D-subunits, 
Histone-fold 

D p17 Dpb4 Dpb4 
Histone-fold, subunit of chromatin 
remodelling complex CHRAC 

Although the subunits C and D are specific for each family B pol, the B-subunits are 
conserved from Archaea to humans (Aravind & Koonin 1998, Mäkiniemi et al. 1999). 
Interestingly, the B-subunit is not found to associate with the archaeal family B pol like in 
eukaryotes, but instead it is tightly bound to the family D enzyme (Cann et al. 1998). The 
conservation of the B-subunits of different pols argues for a common function. It has 
been proposed that the B-subunits could be required for the regulation of DNA 
polymerase activity, guiding the polymerases to the replication fork or being a scaffold 
for protein-protein interactions (Mäkiniemi et al. 1999). 

2.4.7.2.1 DNA polymerase α 

Pol α is generally believed to function in the priming of DNA replication. The lack of 
proofreading exonuclease from pol α suggests a role other than bulk DNA replication. In 
vitro pol α has approximately a 16 times greater error rate than pol δ (Roberts & Kunkel 
1996).  

The human primase complex synthesizes a short RNA/DNA hybrid of 6-10 RNA 
nucleotides, which is elongated by 20-30 DNA nucleotides by the intrinsic polymerase 
action of the A-subunit (Hübscher et al. 2000, 2002, Frick & Richardson 2001). The 
oligonucleotide formed is further extended by pol δ or ε for processive elongation both on 
lagging and leading strands (Waga et al. 1994). 

The B-subunit as well as the other three subunits is essential for viability in yeast 
(Johnson et al. 1985, Lucchini et al. 1988, Foiani et al. 1989, 1994). It appears to have no 
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enzyme activity, but it exerts other functions. The B-subunit accelerates translocation of 
the A-subunit into the nucleus (Mizuno et al. 1998) and when phosphorylated in cell 
cycle-dependent manner by Cyclin A-Cdk2, the holoenzyme reaches maximal activity 
(Nasheuer et al. 1991, Foiani et al. 1995, Ferrari et al. 1996, Kuroda & Ueda 1999, 
Voitenleitner et al. 1999, Schub et al. 2001).  

Characterization of temperature-sensitive mutants of the S. cerevisiae B-subunit 
indicated that it executes an essential function at the initial stage of DNA replication 
(Foiani et al. 1994). It is well possible that the B-subunit is involved either in the loading 
of pol α into the initiation complex or has a regulatory role (Srivastava & Busbee 2003). 
It can also function as a mediator of protein-protein interactions since it has been shown 
to interact with e.g., Cdc45 involved in the initiation (Kukimoto et al. 1999). 

2.4.7.2.2 DNA polymerase δ 

In contrast to pol α, DNA polymerase δ is a highly accurate enzyme due to its intrinsic 
proofreading exonuclease activity. Pol δ is a good candidate for a replicative DNA 
polymerase due to its high processivity which is achieved by its interaction with 
processivity factors PCNA and RFC (Tan et al. 1986, Prelich et al. 1987, Pan et al. 1993).  

In addition to polymerase domains, pol δ has five conserved EXO-motifs involved in 
proofreading exonuclease activity similar to E. coli pol III (Shevelev & Hübscher 2002). 
Mutations of conserved residues coordinating exonucleolytic catalysis cause a strong 
mutator phenotype in S. cerevisiae (Simon et al. 1991, Morrison et al. 1993). 
Homozygous mice having a similar point mutation in the EXO II motif develop 
lymphomas early in their life, and the risk for epithelial cancers grows later in life 
(Goldsby et al. 2001, 2002). These observations indicate that unrepaired DNA 
polymerase errors lead to carcinogenesis.  

Pol δ has been proposed to replicate both the leading and lagging strand. This proposal 
was initially based on the results of in vitro DNA replication studies of the viral SV40 
genome. In that system, two molecules of pol δ were needed in addition to pol α/primase 
(Waga & Stillman 1994) leading to a proposal of dimerization of pol δ similar to E. coli 
pol III.  

Based on gel filtration results and dimerization of the C subunit in two hybrid analysis, 
S. cerevisiae and S. pombe pol δ were proposed to function as dimeric enzymes in the 
replication fork (Burgers & Gerik 1998, Gerik et al. 1998, Zuo et al. 2000). However, 
later investigations have shown that pol δ is monomeric in solution (Johansson et al. 
2001, Bermudez et al. 2002, Xie et al. 2002). Analytical equilibrium centrifugation 
studies showed that the shape of the C subunit is extremely elongated leading to 
unexpectedly early elution of the pol δ holoenzyme from a gel filtration column 
(Johansson et al. 2001, Bermudez et al. 2002). These results propose a second model for 
eukaryotic DNA replication where two different pols are involved in the copying of 
leading and lagging strand bulk DNA.  

So far it is not known, if pol δ is involved in the replication of the leading or lagging 
strand. The high processivity of pol δ may indicate it acts on the leading strand. On the 
other hand, pol δ but not pol ε is required during DNA synthesis of the telomere, which is 
a lagging strand reaction (Diede & Gottschling 1999). Pol δ possesses also a strand 
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displacement activity, which is needed in the maturation of Okazaki fragments (Podust et 
al. 1995, Maga et al. 2001). It has been recently suggested that pol δ not only completes 
the gaps between Okazaki fragments but may also displace downstream RNA-DNA 
primers and refill the gaps so that no DNA products polymerized by pol α are left on 
newly synthesized replicated strand (Bae et al. 2001). 

The subunit number of pol δ varies between species from three to four (Table 6). The 
A-subunit is responsible for polymerase and exonuclease activities, whereas other 
subunits are devoid of an enzyme activity. The subunits A, B and C are essential in S. 
pombe (Nurse et al. 1976, Nasmyth & Nurse 1981, Francesconi et al. 1993, Park et al. 
1993, MacNeill et al. 1996, Reynolds et al. 1998), whereas only the A- and B-subunits 
are needed for cell viability in the budding yeast S. cerevisiae (Boulet et al. 1989, Sitney 
et al. 1989, Sugimoto et al. 1995, Huang et al. 1997, 1999a, Gerik et al. 1998). However, 
deletion mutants of the budding yeast C-subunit show defects in DNA replication, DNA 
repair, and mutagenesis (Gerik et al. 1998, Huang et al. 1999a).  

The B-subunit has been thought to be important for the stability of holoenzyme and 
act as a mediator of protein-proteins interactions. The interaction between the A- and C-
subunit is mediated by the B-subunit (MacNeill et al. 1996, Gerik et al. 1998), whereas 
the C-subunit was shown to connect pol α to pol δ (Huang et al. 1999a, Johansson et al. 
2004). An interaction between these two polymerases may indicate the connection of the 
regulation of initiation and elongation in the lagging strand synthesis.  

Despite the fact that PCNA was identified as a processivity factor for pol δ a long time 
ago, the site(s) on pol δ that interacts with PCNA is still unresolved. The trials aiming to 
identify the subunits that interact with PCNA have given contradictory results. In several 
studies either the A- or B-subunit has been detected to mediate the interaction, whereas in 
others no direct connection to PCNA has been observed (Brown & Campbell 1993, 
Zhang et al. 1995, Eissenberg et al. 1997, Tratner et al. 1997, Zhou et al. 1997, Gerik et 
al. 1998, Zhang et al. 1999, Reynolds et al. 2000, Ducoux et al. 2001, Shikata et al. 
2001, Lu et al. 2002). In addition, studies in S. pombe have shown that the C-subunit 
interacts directly with PCNA through its PCNA-binding motif (PIP-box) (Gerik et al. 
1998, Reynolds et al. 2000). The truncation of the PIP-box of the C-subunit makes pol δ 
less processive (Bermudez et al. 2002). A recent study (Johansson et al. 2004) proposes 
that in S. cerevisiae at least two subunits are involved in binding PCNA, the C-subunit 
being the main mediator of the interaction.  

2.4.7.2.3 DNA polymerase ε 

The function of pol ε in DNA replication is not yet clear. A role in the replication of both 
the leading and lagging strands has been proposed for this enzyme similar to pol δ. 
Several observations suggest that pol ε could be involved in an early stage of replication 
participating in euchromatin replication. Pol ε is also linked both to initiation and 
elongation showing that either pol ε has several roles during DNA replication or its real 
function is difficult to define due to the limitation of experimental procedures.  

The structure of pol ε is typical for the B family of pols, except that the catalytic A-
subunit possesses a large C-terminal domain of unclear function (Figure 4). This domain 
which locates between the pol domain and the putative zinc fingers accounts for half of 
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the protein (Huang et al. 1999b, Pospiech & Syväoja 2003). In addition to the essential 
A-subunit (Morrison et al. 1990, D´Urso & Nurse 1997, Sugino et al. 1998), pol ε 
contains three other subunits (Table 6). The B-subunit is also essential for viability in 
yeast (Araki et al. 1991a, Feng et al. 2003), whereas the C- and D-subunits are not (Araki 
et al. 1991b, Ohya et al. 2000). However, they are needed to maintain fidelity of DNA 
replication, since their deletion increases the spontaneous mutation rate (Araki et al. 
1991b, Ohya et al. 2000). 
 
 
 
 
 
 
 

Fig. 4. The schematic subunit structure of DNA polymerase ε. The subunits are indicated 
with letters. The catalytic activities of the holoenzyme are assigned to the exo- and pol-
domains of the A-subunit. 

No catalytic function has been assigned so far to the B-subunit of pol ε. The protein has 
been implicated in protein-protein interactions. It mediates homodimerization of the 
enzyme and interacts with the C-terminal part of the A-subunit as well as with the two 
smallest subunits (Dua et al. 2000). The cell cycle-dependent manner phosphorylation of 
the S. cerevisiae B-subunit facilitates the interaction or the overall activity of the 
holoenzyme (Kesti et al. 2004).  

The B-subunit of mouse pol ε has been shown to interact with SAP18 (Wada et al. 
2002), which is a component of a protein complex possessing histone deacetylase activity 
and functions in transcriptional repression (Ng & Bird 2000). The interaction with the 
histone deacetylase complex can be linked to the unpacking and repacking of chromatin 
during DNA replication. On the other hand, the recruitment of the histone deacetylase 
complex may be important in modification of the two smallest subunits possessing a 
histone fold (Araki et al. 1991b, Li et al. 2000, Ohya et al. 2000, Pospiech & Syväoja 
2003). Interestingly, the C-subunit has been identified also as an integral subunit of 
chromatin-remodelling complex (CHRAC) which regulates chromatin accessibility and 
nucleosome spacing (Corona et al. 2000, Poot et al. 2000). In CHRAC, the C-subunit of 
pol ε forms a dimer with a protein closely related to the D-subunit of pol ε and which can 
interact with DNA and histones (Bolognese et al. 2000). 

The role of pol ε in chromosomal DNA replication is not clear. Although it is not 
essential in the SV40 replication system (reviewed in Pospiech & Syväoja 2003), pol ε 
has been linked to cellular DNA replication through several experimental techniques. 
First, pol ε has been UV-crosslinked to cellular chromatin in mammalian cells similar to 
pols α and δ (Zlotkin et al. 1996). Similar crosslinking studies in S. cerevisiae indicate 
that pol ε resides at or close to replication forks in S phase cells (Aparicio et al. 1999). 
Second, neutralizing antibodies against the catalytic A-subunit inhibit DNA synthesis in 
nuclei of growing cells and in isolated nuclei, indicating that pol ε is involved in DNA 
synthesis of mammalian chromosomes (Pospiech et al. 1999). Third, the removal of pol ε 
from a Xenopus extract causes a reduction of overall DNA synthesis (Waga et al. 2001). 
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Furthermore, temperature-sensitive mutants of the A-subunit fail to replicate DNA at 
restrictive temperatures (D´Urso & Nurse 1997, Sugino et al. 1998, Araki et al. 1992, 
Budd & Campbell 1993), whereas exonuclease-deficient mutants of pol ε display mutator 
phenotype (Morrison & Sugino 1994) indicating a role in chromosomal DNA replication.  

Surprisingly, the deletion of the polymerase and exonuclease domains of pol ε is not 
lethal and does not block chromosomal DNA replication (Dua et al. 1999, Kesti et al. 
1999, Feng & D´Urso 2001) raising an important question regarding the essential role of 
this replicative enzyme in DNA synthesis. It is possible that another polymerase, most 
probably pol δ, can substitute for the polymerase function of pol ε.  

However, mutant cells undergo premature senescence and have shorter telomeres 
(Ohya et al. 2002) indicating that another polymerase cannot fully replace pol ε. In 
addition, this mutation is synthetically lethal when combined with an exonuclease-
deficient mutant of pol δ suggesting that the catalytic activity of pol ε functions in the 
same pathway as pol δ (Ohya et al. 2002). Thus, it can be concluded that the polymerase 
and exonuclease domains of pol ε play important roles in maintenance of high fidelity of 
chromosomal DNA replication (Ohya et al. 2002). 

The C-terminal putative zinc finger domain of the A-subunit is essential for viability 
of budding yeast, for interaction with the B-subunit as well as for dimerization (Dua et al. 
1998, 1999, 2000) suggesting the possibility that pol ε can be a dimeric enzyme at the 
replication fork. A recent study shows the function of a putative zinc finger in binding 
zinc, which is coordinated by conserved cysteine residues (Dua et al. 2002). A similar 
zinc finger has been identified from eukaryotic pols α, δ, ζ, and also from the archaeal 
family D pol (Hübscher et al. 2000). Also in the case of pol α and δ a zinc finger region 
has been shown to be important for the interaction with the B-subunit (Giot et al. 1997, 
Mizuno et al. 1999, Smith & Nasheuer 2002). 

If both pol δ and ε replicate chromosomal DNA, they might synthesize different 
strands. Although pol ε is much more processive without processivity factors than pol δ 
(reviewed in Pospiech & Syväoja 2003), pol ε has also been identified as a holoenzyme 
complex with PCNA and RFC (Lee et al. 1991, Podust et al. 1992). Moreover, 
biochemical and kinetic analyses have shown that these accessory factors are indeed able 
to stimulate pol ε (Burgers 1991, Hamatake et al. 1990, Lee et al. 1991, Maga & 
Hübscher 1995) supporting the role for pol ε in the replication fork.  

Human pol ε co-localizes with PCNA and the sites of BrdU incorporation, which are 
the marks of ongoing DNA synthesis, only late in S phase suggesting that pol ε could take 
part in the replication of heterochromatin (Fuss & Linn 2002). These highly condensed 
structures contain transcriptionally inactive chromosomal regions, which are replicated 
late in S phase. The observed result indicates that the chromatin structure could determine 
the choice of polymerase. Support for this view comes from analysis of the primary 
structure of pol ε that provides several links to chromatid structure and remodelling 
(Pospiech & Syväoja 2003) as well as from the link to sister chromatid cohesion. Pol ε 
was found to interact physically and functionally with proteins (e.g., pol σ) involved in a 
process where newly synthesized DNA duplexes are held together between the end of S 
phase and the beginning of mitosis to ensure faithful transfer of parent genes to daughter 
cells (Edwards et al. 2003).  

In contrast, the temperature-sensitive mutant of S. pombe A-subunit of pol ε has a 
block at the onset of DNA replication implicating a role in early steps of DNA copying 
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(D´Urso & Nurse 1997). Recently, the B-subunit from the same organism was shown to 
bind to the origin DNA early in S phase by using the chromatin immunoprecipitation 
method (Feng et al. 2003). The authors observed that cells having a temperature-sensitive 
mutant of the B-subunit arrested in late G1/early S phase upon shifting to the restrictive 
temperature. This phenotype has never been observed for temperature-sensitive mutants 
of either pol α or δ, suggesting that pol ε plays a novel role during DNA replication 
(Hughes et al. 1992, D´Urso et al. 1995, MacNeill et al. 1996, Iino & Yamamoto 1997, 
Reynolds et al. 1998, Reynolds & MacNeill 1999, Feng et al. 2003).  

2.4.7.3  Archaeal family B replicases 

Although it is likely that the function performed by archaeal processivity factors, PCNA 
and RFC, is directly comparable to their eukaryotic counterparts, the precise identity of 
replicative DNA polymerase(s) has remained unclear. In crenarchaeal species two or 
three family B pols can be the components of the replication fork, whereas in 
euryarchaeal species the replicase can be formed from two different types of enzymes, 
namely from the families B and D.  

Crenarchaeal family B pols have mainly been studied from hyperthermophilic species 
like S. acidocaldarius, S. solfataricus and P. aerophilum. The number of pols varies from 
two to three, all being single-subunit proteins. The polymerases are designated B1, B2 
and B3 according their chronological order of discovery (Böhlke et al. 2002). The 
sequences of pol B1 and B3 contain all known signatures of replicative DNA 
polymerases with a few exceptions in the case of pol B3, whereas the sequence of pol B2 
is shorter lacking part of the exonuclease motifs (Böhlke et al. 2002, Sartori & Jiricny 
2003).  

Recently, P. aerophilum pol B2 was shown to possess enzyme activities which highly 
resemble the properties of eukaryotic pol β which is also devoid of an exonuclease 
activity (Sartori & Jiricny 2003). Despite sequence dissimilarities crenarchaeal pol B2 
could be the enzyme involved in gap-filling in base excision repair. Unlikely pol B1 and 
B3, pol B2 is not stimulated by PCNA and is less prone to carry out strand displacement 
synthesis, a property needed in the lagging strand synthesis (Sartori & Jiricny 2003). So 
far no homolog to pol β has been identified at the sequence level from crenarchaeal 
species.  

The naming of euryarchaeal pols has been confusing, because originally these species 
were thought to have only one family B enzyme which was named pol B1. Since then it 
has been recognized that some species have also a second similar type of enzyme. 
Sequence alignment places the first identified euryarchaeal pol in the same group as 
crenarchaeal pol B3 which is the most closely related to eukaryotic pol ε, whereas the 
second euryarchaeal pol is more closely related to pol B2 of crenarchaeal species and 
eukaryotic pol δ (Edgell et al. 1998). In this review I will call euryarchaeal family B pols 
with names based on the sequence similarities (see table 3). So far the existence of 
euryarchaeal pol B2 is based only on sequence alignments, since it has not been 
characterized from any species. 

The investigation of euryarchaeal pols has been focused on B3 enzymes from 
hyperthermophilic species like P. furiosus. These enzymes are interesting because of their 
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applications in PCR. Euryarchaeal pol B3 has polymerase and 3´-5´exonuclease activities 
at the same polypeptide, similar to its crenarchaeal counterparts. Interestingly, these 
polypeptides are often invaded by one to three inteins, which are located in highly 
conserved regions (Cann & Ishino 1999, MacNeill 2001b, Böhlke et al. 2002, Grabowski 
& Kelman 2003). Inteins are genetic elements that are efficiently removed from the 
polypeptide by themselves. Their actual role is not known, but they are thought to be 
ancient and serve as natural indicators for critical proteins and important regions inside of 
them (reviewed in Pietrokovski 2001, Gogarten et al. 2002).  

Euryarchaeal pols have a unique property to recognize the deamination of cytosine to 
uracil, which is greatly increased at high temperatures. Usually these uracils are excised 
by uracil-DNA-glycosylases which initiate a base excision repair pathway (Lindahl 1974, 
Seeberg et al. 1995, Lasken et al. 1996). However, pol B3 from hyperthermophilic 
Archaea has a “read-ahead” function, which checks the single-stranded template in front 
of the replication fork for uracil. DNA polymerization is stalled if uracil is detected 
(Greagg et al. 1999). The following events are not well understood but may involve a 
recombinational repair process.  

Based on crystal structures of several archaeal family B pols and site-directed 
mutagenesis the ability to recognize uracil was positioned to a pocket in the N-terminal 
domain. Most of the residues forming the pocket are highly conserved suggesting that 
this ability can be in all archaeal hyperthermophilic family B enzymes (Fogg et al. 2002). 

The crystal structures of the euryarchaeal family B pol show the classic finger-palm-
thumb polymerase fold in addition to distinct 3´-5´ exonuclease and N-terminal domains 
(Hopfner et al. 1999, Zhao et al. 1999, Rodriguez et al. 2000, Hashimoto et al. 2001). 
The N-terminal domain is interesting because its structure is related to the RNA-binding 
domain found in a wide range of RNA-binding proteins. The presence of this domain has 
led to the suggestion that it could be involved in an autoregulatory system where the 
polymerase could bind to its own mRNA (Zhao et al. 1999, Rodriguez et al. 2000). 
Autogenous gene regulation is well documented in Bacteria and in few cases also in 
Archaea. Although there is no direct evidence that archaeal DNA polymerase can bind to 
RNA, the presence of an RNA-binding domain raises a possibility that the polymerase 
can also interact with an RNA primer (MacNeill 2001b). This further supports the view 
that DNA replication is initiated with RNA primers in Archaea as in the two other 
kingdoms of life (see the chapters 2.4.5 and 2.4.6). This hypothesis is strengthened by the 
observation that the RNA binding domain is not unique to archaeal pols since the 
essential aromatic character of the domain is conserved also in eukaryotic pol δ and ε 
(Zhao et al. 1999). 

2.4.7.4  Archaeal family D replicases 

Analysis of the complete genome sequence of Euryarchaea M. jannaschii predicted the 
existence of only one DNA polymerase gene (Bult et al. 1996) suggesting that the 
organism should survive with only one enzyme that makes DNA. This would have been 
unusual in nature. However, further studies showed the presence of a second type pol, 
which is unique to Archaea (Uemori et al. 1997). This novel type enzyme was named pol 
D (Cann & Ishino 1999).  
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Pol D is composed of two subunits: a small DP1 (also referred as the B-subunit) and 
a large DP2 subunit (Cann et al. 1998). In Pyrococcus, but not in other genera, the genes 
encoding DP1 and DP2 are in an operon located in close proximity to the replication 
origin. In addition, the Orc1/Cdc6 homolog and RadB, a protein with similarity to the 
eukaryotic Rad51 protein implicated in DNA recombination, are encoded from the same 
operon (Uemori et al. 1997, Ishino et al. 1998, Ishino & Cann 1998, Cann & Ishino 1999, 
Myllykallio et al. 2000, Gueguen et al. 2001). Since two other replication genes encoding 
RFC and a putative DNA helicase are also located close to the genes for pol D, it raises 
the possibility that pol D could be the main replicase in Euryarchaeota (Shen et al. 2001). 

It has been suggested that DP2 is the catalytic subunit although only very limited 
polymerase activity has been detected for this subunit (Uemori et al. 1997). However, the 
mutation of two key aspartates from the C-terminal region of DP2 abolished the 
polymerase activity of the holoenzyme (Shen et al. 2001) suggesting that DP2 is 
responsible for the polymerase activity, whereas DP1 serves as an accessory factor 
(Uemori et al. 1997, Cann et al. 1998). However, the interaction of the two subunits has 
been reported to be essential for both the polymerase and 3´-5´ proofreading exonuclease 
activities (Uemori et al. 1997, Ishino et al. 1998).  

The efficient catalytic activities of pol D suggest that it plays a role in chromosomal 
DNA replication. Archaeal PCNA was shown to interact with DP2 of pol D as well as 
with pol B3 from P. furiosus (Cann et al. 1999). In addition, PCNA and RFC stimulate 
the activity of both pol types (Cann et al. 1999, 2001) strengthening their role in 
chromosomal DNA replication. Due to the lack of an archaeal genetic model, it is not 
known, if both B and D polymerase types are essential for viability, and the division of 
labour between the two types of enzymes has remained unclear.  

As mentioned earlier the B-subunits are conserved from Archaea to humans. In 
addition, they belong to the large calcineurin-like phosphoesterase superfamily defined 
with a common active site harbouring two divalent metal ions involved in catalysis 
(Goldberg et al. 1995, Lohse et al. 1995, Aravind & Koonin 1998). However, the 
functions of the members are very diverse including phosphatases, hydrolases, 
nucleotidases as well as nucleases, like Mre11. Based on sequence analysis, the seven 
residues involved in metal coordination and catalysis are conserved in the archaeal DP1 
of family D pols, but disrupted in their eukaryotic counterparts. Due to high conservation, 
the archaeal DP1 has been hypothesized to function as a phosphoesterase or 3´-5´ 
exonuclease, whereas the absence of catalytic residues in the eukaryotic B-subunits 
would reflect their loss of nuclease activity (Aravind & Koonin 1998, Gueguen et al. 
2001).  



 

 

3 Aims of the present work 

The accurate copying of DNA from generation to generation is vital to prevent 
accumulation of mistakes, which eventually can lead to uncontrolled growth of cells, and 
to cancer. In order to understand the mechanisms behind the process, it is important to 
know, how cellular DNA is copied and repaired at the molecular level. The first step is to 
characterize the structures and functions of proteins involved in these processes.  

DNA polymerases are the enzymes that synthesise DNA and are therefore the key 
components in DNA metabolism. In many cases replicative DNA polymerases are 
multifunctional and composed of several associated subunits. Although the existence of 
these subunits has been discovered some time ago, their actual role is unknown.  

This work focussed on one central subunit of replicative pols, the B-subunit. The goal 
was to study the subunit at the DNA, RNA and protein levels. This work was also 
designed to shed light on how replication machinery is conserved in evolution by 
studying proteins from both Archaea and Eukarya.  
 
The specific aims of the present work were: 

1. To determine the primary structure for human and mouse pol ε B-subunits. 
2. To analyze the promoter region of the gene encoding the human pol ε B-subunit. 
3. To produce the B-subunits of replicative pols in E. coli for structural and functional 

studies.  
4. To examine the function of the B-subunit of archaeal pol D. 

 



 

 

4 Materials and methods 

4.1  Cloning of cDNAs and plasmid construction (articles I, III, IV) 

The cDNA clones for the human and mouse pol ε B-subunits were obtained by screening 
thymus and erythroleukemia cDNA libraries respectively, with 32P-labelled DNA probes. 
The 5´ ends of the cDNAs were further extended by 5´-RACE from human placenta 
mRNA using a Marathon™ cDNA Amplification kit or from mouse embryo 7-day 
Marathon-Ready™ cDNA (Clontech). Positive λ clones and 5´-RACE products were 
subcloned into pBluescript KS+ and pUC18 vector respectively. 

The expression constructs of the B-subunits were cloned either into a pET3a or a 3d 
vector (Novagen) using PCR amplification and restriction enzyme digestions. Tags were 
introduced either by ligating oligonucleotides or by amplifying the C-terminus with 
oligonucleotides containing the desired C-terminal and tag specific sequences.  

4.2  Bacterial expression of the recombinant B-subunits  
(articles III, IV) 

E. coli strains BL21 (DE3)pLysS (Novagen), BL21 Star™ (DE3)pLysS (Invitrogen), and 
BL21-Codon plus (DE3)-RIL (Stratagene) were used for the expression of the B-
subunits. The expression cultures were inoculated with 2% v/v Luria-Bertani broth (LB) 
overnight culture. The cells were grown in M9ZB medium at 37°C to an optical density 
of ~0.6 at 600 nm prior to induction with IPTG. After an induction period, the cells were 
harvested, washed with PBS, frozen rapidly in liquid nitrogen, and stored at -70°C.  

The frozen bacterial pellets were suspended in the selected lysis buffers at 1/10 to 1/20 
of the original culture volume. For the cell lysis and degradation of nucleic acids the 
suspension was supplemented with 2 mM benzamidine HCl, 20 µg/ml RNase A, 25 U/ml 
benzonase or 20 µg/ml DNase I, 200 µg/ml lysozyme, 20 mM MgCl2 and Complete™ 
Mini, EDTA-free Protease Inhibitors. The suspension was incubated for 20 min at RT in a 
platform shaker. The cell lysate was clarified by centrifugation and the the supernatant 



 

 

51

was used in subsequent steps of purification. For the B-subunits of hyperthermophilic 
species, the lysate was further treated by heating to +80°C for 15 min to denature E. coli 
proteins. After heating, the extract was incubated on ice for 20 min and clarified by 
centrifugation.  

4.3  Protein purification (articles I, III, IV) 

Human pol ε holoenzyme was purified from a 100 l culture of HeLa S3 cells as 
previously described (Syväoja & Linn 1989), except that ammonium sulphate 
precipitation was omitted. The purification of pol ε was followed by activity assays 
(Syväoja & Linn 1989, Syväoja et al. 1990) and silver stained SDS-PAGE gels. 

Recombinant His-tagged B-subunits were purified initially with a 1 ml HiTrap™ 
chelating HP column (Amersham Biosciences) charged with Ni2+-ions. The proteins were 
eluted from the column with imidazole.  

The purification of M. jannaschii DP1 (MjaDP1) was continued by applying the 
pooled fractions to a 1 ml HiTrap™ Q Sepharose® Fast Flow (Amersham Biosciences) 
and then either with a 1 ml DEAE Sepharose™ Fast Flow (Amersham Biosciences) anion 
exchanger or a 24 ml Superdex™ 200 10/300 GL (Amersham Biosciences) gel filtration 
column. The purification was monitored after each step by Coomassie brilliant blue 
(CBB) stained SDS-PAGE gels. 

4.4  In-gel digestion, mass spectrometry and amino acid sequencing 
(articles I, III, IV) 

The purified human pol ε was concentrated by the methanol/chloroform/H2O method 
(Wessel & Flügge 1984) and visualized on CBB stained SDS-PAGE-gels. The B-subunit 
was excised from the gels for subsequent in-gel digestion with trypsin as described 
(Hellman 1997). The internal peptides generated were extracted from the gel pieces and 
isolated by narrow bore reversed phase liquid chromatography. The individual peptides 
were sequenced with Applied Biosystems 470A or 494A sequencer, whereas the tryptic 
peptides of MjaDP1 were analyzed with a Voyager-DE™ STR matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer (Applied 
Biosystems) in order to verify the identity of the expressed protein.  

For N-terminal sequencing, purified recombinant MjaDP1 and S. cerevisiae pol δ B-
subunit were blotted onto an Immobilon P-membrane (Millipore) which was stained with 
Ponceau S. The protein band was excised and sequenced with a Procise™ 492 protein 
sequencer (Applied Biosystems).  
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4.5  Production of antibodies and Western analysis (article I) 

The rabbit polyclonal antibodies against the B-subunit of human pol ε were raised against 
an LEDPTGTVQLDLS peptide (aa 197-209) conjugated to keyhole limpet hemocyanin 
(Sigma). Rabbits were immunized with 1 mg of coupled peptide by conventional 
methods (Harlow & Lane 1988). The antibodies were purified from rabbit serum with 
Protein-A-Sepharose® (Amersham Biosciences) and used for detection of the B-subunit 
in Western analysis, while the A-subunit was detected with mouse monoclonal antibodies 
93H3B, 93G1A and 93E24C (Uitto et al. 1995). 

4.6  Chromosomal mapping (article I) 

The chromosomal localization of the POLE2 gene encoding the B-subunit of human pol ε 
was determined by fluorescence in situ hybridisation as described (Pinkel et al. 1988, 
Stephanova et al. 1996). 

4.7  Computational analysis of sequences (articles II, IV) 

The putative binding elements for transcription factors from the promoter region of 
POLE2 gene were identified with the MatInspector V2.2 program (Quandt et al. 1995) in 
conjunction with the Transfac Matrix Table V3.3 database except for variant E2F 
elements (a) and (d).  

The sequences of the B-subunits obtained with BLAST (Altschul et al. 1990) were 
analysed by ProtParam of the Swiss Institute of Bioinformatics (Appel et al. 1994) to 
predict hydrophilicity of the proteins. The hydrophilicity was given as GRAVY (Grand 
Average of Hydropathicity) score, which is calculated as the sum of hydropathy values of 
all the amino acids, divided by the number of residues in the sequence (Kyte & Doolittle 
1982).  

4.8  Ribonuclease protection assay (article II) 

A ribonuclease protection assay was performed with a RPA III RNase Protection Assay 
Kit (Ambion) hybridising 10 µg total RNA with a 32P-labelled in vitro transcribed RNA 
probe. The cDNA templates used for the probes were from the A- and B-subunits of 
human pol ε, β-actin and histone H3.  
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4.9  Determination of gene structure (article II) 

The human BAC clone BACH-247 (Genome Systems) containing the POLE2 gene was 
used to determine the gene structure. Exon-intron boundaries were obtained by 
sequencing, whereas the sizes of the introns were determined by sequencing, PCR 
amplification and/or restriction mapping.  

4.10  Identification of transcription initiation site (article II) 

Transcription initiation sites were identified with an AMV Reverse Transcriptase Primer 
Extension System (Promega) using 32P-labelled primer annealed to HeLa S3 mRNA. The 
initiation sites observed were verified by comparing the extension products to a sequence 
ladder and by RT-PCR. 

4.11  Synchronization of cells (article II) 

Synchronization of cells by nocodazole and double thymidine block as well as serum 
starvation of IMR-90 cells were performed as described (Tuusa et al. 1995). For 
determination of promoter activity in serum-starved and growth-induced cells, NIH 3T3 
cells were transfected with selected promoter contructs and starved for 70 h in a medium 
containing 0.5% foetal bovine serum. Cells were re-stimulated to proliferate by elevating 
the serum concentration to 15%. DNA synthesis in the synchronized cells was monitored 
by incorporation of [3H]thymidine in parallel cultures (Tuusa et al. 1995).  

HeLa S3 cells were fractionated into cell cycle specific fractions by counterflow 
centrifugal elutriation (Beckman). Aliquots of cells were stained with propidium iodine 
(Vindelöv et al. 1983) and analysed by flow cytometry (Becton Dickinson). The 
distribution of cells into different stages of the cell cycle was estimated using the 
rectangular method (Baisch et al. 1975). 

4.12  Analysis of promoter activity (article II) 

To determine the promoter activity, the full 5´ flanking region of POLE2 and its deletion 
constructs were subcloned into a pGL3-Basic luciferase reporter vector (Promega) and 
transfected to HeLa CCL2 cells. A pSV-β-galactosidase vector (Promega) was included 
as an internal control in each transfection. The luciferase and β-galactosidase activities 
were measured using reporter assay systems (Boehringer Mannheim) by normalising 
luciferase activity to the values of β-galactosidase.  
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4.13  Electrophoretic mobility shift assay (EMSA) (article II) 

EMSA was performed with asynchronous/synchronous HeLa S3 and IMR-90 nuclear 
extracts, and 32P-end-labelled restriction fragment probes derived from the 5´ flanking 
region of POLE2. A 20 µl binding reaction contained 3 µg of nuclear extract, 10 mM 
Tris-HCl, pH 7.5, 50 mM NaCl, 5 mM MgCl2, 0.5 mM DTT, 4% glycerol and 0.5 µg of 
poly(dI-dC)-poly(dI-dC) as a non-specific DNA. The reaction mixtures were incubated at 
RT for 5 min before addition of 0.65 ng of the probe. The mixtures were then incubated 
for an additional 30 min and stopped by the addition of 10x loading buffer (250 mM Tris-
HCl, pH 7.5, 0.2% BPB, 40% glycerol).  

For competition experiments, unlabelled double-stranded oligonucleotides were 
added 15 min before addition of the probe. A supershift assay was made by adding 0.5-
2.0 µg of antibody to the reaction mixture after the probe and incubating at +4°C for 2 h. 
All reactions were resolved in a 4% non-denaturating polyacrylamide gel in 0.25x TBE 
buffer.  

4.14  DNase I footprinting assay (article II) 

DNase I footprinting analysis was performed using a Sure-Track Footprinting Kit 
(Amerham Biosciences) by incubating the single-end 32P-labelled POLE2 DNA with 10 
µg of nuclear extract from asynchronous HeLa S3 cells or with BSA (negative control). 
All binding reactions contained poly(dI-dC)-poly(dI-dC) as a non-specific competitor, 
whereas unlabelled probe was used for specific competition. The reactions were digested 
with 1 to 4 U of DNase I and separated in an 8% denaturating polyacrylamide gel. The 
protected cis-acting elements were determined by comparison with the sequencing G + A 
ladder.  

4.15  Site-directed mutagenesis and truncation of MjaDP1  
(articles III, IV) 

Mutated MjaDP1 proteins were made using the QuikChange® site-directed mutagenesis 
kit (Stratagene). The sites for N-terminal truncations were natural proteolytic sites. 
Mutated and truncated proteins containing C-terminal His-tags were overexpressed in 
BL21 Star™ (DE3)pLysS strain and purified as the wild type MjaDP1. 

4.16  Exonuclease assays (articles III, IV) 

The exonuclease assay mixtures contained either 5 pmol of 3H-labelled poly(dA)200-500 - 
oligo(dT)12-18 or 0.05 pmol of 32P-labelled oligonucleotide substrate, and 0.5-8 pmol of 
MjaDP1 in 20 µl of reaction buffer (50 mM Hepes-KOH, pH 7.5, 1 mg/ml BSA, 10% 
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glycerol) supplemented with 0.1 or 5 mM MnCl2. The reactions were incubated at the 
+65°C for 20 min. The release of labelled nucleotides from the 3H-labelled poly(dA)-
oligo(dT) substrate was measured with a liquid scintillation counter (Perkin Elmer), 
whereas the shortening of 32P-labelled oligonucleotides was detected by 20% denaturing 
polyacrylamide gel in 1xTBE.  
 



 

 

5 Results 

5.1  Cloning of cDNAs for human and mouse pol ε B-subunits   
(article I) 

DNA polymerase ε was purified from HeLa S3 cells in order to obtain peptide sequences 
from the B-subunit for cloning the cDNA. The protein was purified from lysed cells by 
serial applications to DEAE-Sephacel, phosphocellulose and hydroxylapatite columns. 
Finally ~ 4 mg of total protein was separated by glycerol gradient centrifugation (Figure 
5). The purified protein fractions were concentrated and separated on 8% SDS-PAGE 
gels. Approximately 30-40 µg of the B-subunit was in-gel digested with trypsin. Tryptic 
peptides eluted from gel pieces were separated by reverse phase chromatography. Several 
fractions containing single peptides were used for N-terminal amino acid sequencing.  

Fig. 5. The purification of human pol ε from HeLa cells by glycerol gradient centrifugation. 
The enzyme was purified from 100 l HeLa S3 cells by DEAE Sephacel, phosphocellulose and 
hydroxylapatite columns and applied to a 25-45% (v/v) glycerol gradient in K-phosphate 
buffer as described (Syväoja & Linn 1989). Purification was analysed by a silver-stained SDS-
PAGE gel. The A- and B-subunits of pol ε are indicated by an arrow and arrowhead, 
respectively, the B-subunit being the lowest band of the four bands.  
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The peptide sequences obtained were used to search a non-redundant database of the 
GenBank EST Division. When no matches were obtained the amino acid sequences of 
the peptides were used to synthesize degenerate primers for RT-PCR. However, the 
technique resulted only in amplification of unspecific cDNA clones from HeLa cell 
mRNA.  

When the amount of EST clones increased due to the genome sequencing projects, a 
probe for the screening of cDNA libraries was obtained by identifying a mouse embryo 
cDNA clone homologous to S. cerevisiae pol ε B-subunit. The positive clones from both 
human and mouse cDNA libraries were found to miss the 5´ ends of the cDNAs. The 
missing ends were further extended by 5´ RACE. However, the mouse cDNA of pol ε B-
subunit remained incomplete lacking only the initial A of the ATG start codon. The 
putative translation start codon was identified by comparing the sequence with the S. 
cerevisiae pol ε B-subunit. The nucleotide content surrounding the translation site 
fulfilled the Kozak rules for translation initiation well (Kozak 1991).  

The cDNA for the human pol ε B-subunit encodes a protein of 527 aa with a 
calculated molecular mass of 59.469 kDa. This is in good agreement with the size of 55 
kDa estimated from a SDS-PAGE gel (Syväoja & Linn 1989). The sequence shows 90% 
and 22% identity to the mouse and budding yeast proteins respectively, indicating 
evolutionary conservation. Surprisingly, a significant similarity was also found to the B-
subunit of human pol α, a protein thought to be unrelated.  

Antiserum raised against a synthetic peptide from the human pol ε B-subunit 
confirmed that the derived peptides were from a 55 kDa protein co-eluting with the 
catalytic A-subunit of pol ε. The gene encoding the human pol ε B-subunit was assigned 
to chromosome 14q21-q22 by fluorescence in situ hybridization.  

5.2  The expression of POLE2 gene encoding human pol ε B-subunit is 
proliferation dependent (article II) 

In order to study the B-subunit of pol ε at the transcriptional level, we cloned the 
corresponding human gene and studied its regulation in cells induced to proliferate. The 
analysis of transcription initiation sites in POLE2 gene revealed the presence of multiple 
transcription start sites. However, only ~1.8 kb mRNA was detected in northern analysis 
suggesting that alternatively spliced forms differing significantly in size do not exist. The 
gene is divided into 19 exons and 18 introns spanning at least 37 kb. The 5´ flanking 
region lacks a TATA box, but contains many potential binding sites for several 
transcription factors.  

The expression of POLE2 was shown to be dependent on proliferation by analysing 
mRNA levels of quiescent and proliferating cells. However, in cycling cells the gene is 
almost constantly expressed with only minor induction at the G1/S boundary when the 
cells were synchronized with chemicals or fractionated by counterflow centrifugal 
elutriation. Thus, the expression pattern of the B-subunit mRNA is similar to the profile 
of the pol ε A-subunit (Tuusa et al. 1995). 
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5.3  The POLE2 gene is regulated by two E2F-pocket complexes 
(article II) 

Detection analysis within the putative promoter region of POLE2 suggests that the 
minimal core promoter region is 74 nt long (nt +101-+175) and is located within exon 1. 
However, the promoter activity analysis reveals the presence of down-regulation 
elements also in the region following the core promoter (nt +176-+254). These two 
regions contain putative binding sites for transcription factors Sp1, E2F and NF-1 which 
are in close proximity to the translation start site (Figure 6).  

Fig. 6. The structure of human pol ε B-subunit promoter. The transcription factor binding 
sites verified experimentally are shown above the promoter, whereas the initiation sites for 
transcription and translation are indicated by arrowheads and an asterisk, respectively.  

The functionality of Sp1 and E2F/NF-1 elements in POLE2 gene was shown by co-
transfection with an Sp1 expression plasmid, element mutation analysis, electrophoretic 
mobility shift (EMSA) and DNase I footprinting assays. The co-transfection with an Sp1 
plasmid induced the promoter activity of all constructs examined, whereas the mutations 
in the putative Sp1 element significantly reduced the promoter activity confirming the 
importance of the element in POLE2 regulation. The mutations in E2F/NF-1 element(s) 
had a less severe effect, but when combined with mutations in the Sp1 element, the 
promoter activity was reduced almost to zero.  

The formation of two independent protein complexes were identified by EMSA and 
DNase I footprinting assays. The antibodies against E2F1, NF-1, pRb, p107 and Sp1 
caused supershifts of these complexes. These results suggest that the human POLE2 gene 
is regulated by two E2F complexes, one associated with Sp1 in the core promoter region 
and the other with NF-1 in the downstream region.  

5.4  The B-subunit of archaeal replicative pol D is a nuclease    
(articles III, IV)  

The B-subunits of replicative pols are conserved from Archaea to humans belonging to 
the large calcineurin-like phosphoesterase superfamily. The seven residues involved in 
metal coordination and catalysis in the family members have been conserved in the 
archaeal B-subunit (DP1) of family D pols, but disrupted in their eukaryotic counterparts 
(Aravind & Koonin 1998, Mäkiniemi et al. 1999, Gueguen et al. 2001). The high 
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conservation suggests that archaeal DP1 is a 3´-5´ exonuclease, whereas the absence of 
key residues in the eukaryotic B-subunits reflects their loss of activity (Gueguen et al. 
2001).  

In order to study the functions and structures of the B-subunits we screened through 
the expression of 13 different recombinant B-subunits from eukaryotic pols δ and ε, as 
well as from archaeal pol D in E. coli. In general the expression levels of the B-subunits 
were low or they accumulated in inclusion bodies. Furthermore soluble pol δ B-subunits 
co-purified with E. coli chaperone suggesting incorrect folding. However, by optimizing 
the expression and purification we were able to produce the DP1 of M. jannaschii pol D 
(MjaDP1) in a soluble form and purify it to apparent homogeneity.  

We observed that a manganese dependent nuclease activity co-purified with the 
protein through all purification steps tested. The activity was the highest at +60°C, 
whereas the enzyme was inactive at temperatures lower than +45°C or higher than 
+85°C. However, the optimal temperature range for the enzyme was broad since it 
functioned almost as efficiently at temperatures between +55 and +75°C.  

The observed nuclease activity was confirmed to be the property of MjaDP1, and not 
a contaminating protein by mutating single conserved amino acids from the calcineurin-
like phosphoesterase domain. Furthermore, by truncating the MjaDP1 protein we show 
that the first 134 amino acids are not required for the activity, thus the region containing 
both the OB-fold and the phosphoesterase domain is sufficient. 

5.5  Characterization of the exonuclease activity of M. jannaschii 
replicative pol D DP1 subunit (article III) 

The observed nuclease activity of MjaDP1 is dependent on 0.1 to 0.5 mM MnCl2, 
whereas high manganese concentrations inhibited the enzyme. Magnesium ion could not 
replace the manganese ion. However, Ni2+ and Co2+ could also activate the enzyme to 
varying degrees. 

The directionality of the nuclease was studied by using single-strand substrates 
labelled with 32P either at the 5´ or 3´ end. The formation of a product ladder from the 5´ 
end-labelled substrate and the removal of the 3´ end label from the other substrate 
indicated that MjaDP1 functions as a 3´-5´ exonuclease. The enzyme could efficiently cut 
partially double-stranded substrates with 5´ overhangs, whereas blunt-end DNA was a 
poor substrate. The minimum length for the substrate was shown to be 16 nucleotides. 
When analysing the preferred partially double-stranded substrates in more detail, we 
observed that MjaDP1 digests mispaired nucleotides more efficiently than paired ones 
suggesting that MjaDP1 could function as a proofreader for the pol D holoenzyme.  

 



 

 

6 Discussion 

6.1  The conservation of the DNA polymerase associated B-subunits 

DNA polymerases play a crucial role in keeping the genome intact. To ensure the copying 
of DNA nature has evolved safety mechanisms by employing different pols for similar 
functional tasks. For example in eukaryotic cells chromosomal DNA replication requires 
three pols (α, δ, ε). Although the division of labour between pol δ and ε has remained 
unsolved, both enzymes are linked to the replication of lagging and leading strands.  

In many cases the subunit structure of replicative pols is complex since the 
holoenzyme is made of multiple subunits (Figure 7). In addition, each polypeptide is 
often composed of several functional domains (see Figure 4). Sequencing of the A-
subunits of eukaryotic replicative pols revealed amino acid similarity to each other, but 
also to bacterial pol II as well as to viral and archaeal pols. Collectively, these pols are 
classified now as family B DNA polymerases (Ito & Braithwaite 1991).  

Phylogenetic analysis of the A-subunits suggested that the three eukaryotic pols (α, δ, 
ε) were formed by gene duplications which occurred before the divergence of eukaryotic 
lineages. Of these enzymes, pol ε represent the most ancestral form (Edgell et al. 1998). 

The polymerase and exonuclease activities of eukaryotic replicative pols are assigned 
to the A-subunit, which tightly binds 2 or 3 smaller subunits depending on the organism 
(Table 6). The common function for the essential B-subunits has remained unknown. Due 
to the lack of obvious sequence conservation, the B-subunits of different pols were 
thought to specify the roles of the enzymes in the processes involving DNA synthesis.  

By cloning the cDNAs of human and mouse pol ε B-subunits we show that the 
corresponding proteins are not only homologous to the B-subunit of budding yeast pol ε, 
but also to the second largest subunit of pol α. The sequence information revealed that 
the subunit structure of human and S. cerevisiae pol ε might be similar. This hypothesis 
was further supported by the finding of two smaller subunits from human cells. These 
subunits possess a histone-fold and form a stable dimer that interacts with the A- and B-
subunits (Li et al. 2000). 

Furthermore, a more detailed sequence analysis showed that the B-subunit of pol ε is 
also similar to the B-subunit of pol δ as well as to the DP1 subunit of euryarchaeal pol D 
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(Aravind & Koonin 1998, Mäkiniemi et al. 1999). Interestingly, the corresponding A-
subunits of the pols in archaea and eukaryotes are not related (Uemori et al. 1997, Ishino 
et al. 1998). The only common feature is the presence of two putative zinc finger regions, 
which are implicated in the interaction with the B-subunit of pol α, δ and ε (Giot et al. 
1997, Dua et al. 1998, 2000, Mizuno et al. 1999, Smith & Nasheur 2002). Surprisingly, 
the deletion of the second C-terminal zinc finger region from the archaeal pol D did not 
prevent the subunit interaction, but abolished completely the 3´-5´ exonuclease activity of 
the holoenzyme (Shen et al. 2003).  
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Fig. 7. The assignment of activities to the subunits of replicative DNA polymerases. The 
sequence similarity is shown by the colours and shaping of the subunits. The B-subunit is 
indicated with a grey circle. The localization of the polymerase and exonuclease activities is 
indicated with Pol and Exo nomenclatures, respectively. 

So far the full length sequences from 45 eukaryotic and 14 archaeal B-subunits have been 
deposited in the public database. Their size varies from ~43 to ~92 kDa. In Archaea the 
B-subunits were earlier thought to be specific to only euryarchaeal species, which are 
more closely related to eukaryotes than crenarchaeal organisms. Interestingly, the 
recently found Nanoarchaeum equitans belonging to the novel branch of Nanoarchaeota 
(Figure 3) possess a large set of components for DNA replication and repair, although it 
lacks genes required for the biosynthesis of amino acids, nucleotides, cofactors and lipids 
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(Hohn et al. 2002, Huber et al. 2002, Waters et al. 2003). It is surprising that the 
replication of the small genome of the organism requires both the B and D class pols as 
well as histones (Waters et al. 2003) which are lacking from crenarchaeal and bacterial 
species. The presence of pol D in Nanoarchaeota raises the possibility that the enzyme 
has ancestral origin.  

Interestingly, despite of the presence of eukaryotic-like DNA replication proteins 
euryarchaeal P. abyssi can efficiently remove nucleosomes from DNA although the speed 
of copying is as high as in bacteria and the length of Okazaki fragments as short as in 
eukaryotes (Kornberg & Baker 1992, Bielinsky & Gerbi 2001, Myllykallio et al. 2000, 
Matsunaga et al. 2003).  

6.2  The expression and transcriptional regulation of the human pol ε 
B-subunit gene 

DNA polymerase ε is a multisubunit complex which has been implicated in chromosomal 
DNA replication by both genetic and biochemical methods. However, the exact role of 
the holoenzyme as well as the function of individual subunits has remained unclear. Yeast 
studies have shown that the B-subunit is essential for cell viability and normal S phase 
progression (Araki et al. 1991a, Feng et al. 2003). Inactivation of the protein arrests cells 
in late G1/S phase (Feng et al. 2003).  

The role for the B-subunit in DNA replication was further strengthened by studying 
the expression and transcriptional regulation of the gene encoding the human pol ε B-
subunit (POLE2). Like the genes encoding the A-subunits of mammalian pols α, δ and ε, 
the expression of the B-subunit is similarly dependent on cell growth whereas in cycling 
cells the genes are almost constitutively expressed (Wahl et al. 1988, Yang et al. 1992, 
Miyazawa et al. 1993, Tuusa et al. 1995, article II).  

By analysing the structures and transcriptional regulation of the promoters for the 
subunits a striking similarity is obvious. All promoters studied are TATA-less and contain 
binding sites for Sp1 and E2F transcription factors (Pearson et al. 1991, Sala et al. 1994, 
Chang et al. 1995, Zhao & Chang 1997, Huang et al. 1999b, c, Nishikawa et al. 2000, 
article II). However, each of them contains some unique features. For example, critical 
regulatory elements of POLE2 are located downstream from transcription initiation sites.  

Our results suggest that the POLE2 gene is regulated by two E2F-pocket protein 
complexes associated with Sp1 and NF-1, respectively (Figure 6). The core promoter 
region containing the binding sites for Sp1 and for the first E2F-complex is necessary for 
both full promoter activity and serum response, whereas the downstream region with the 
second E2F-binding site can modulate assembly of the core promoter complex in vitro. 

The comparison of the two detailed promoter analyses available (Nishikawa et al. 
2000, article II) raises the possibility that the genes for the B-subunits are generally 
regulated through E2F-complexes whereas the adjustment of the basal activity may be 
achieved by different transcription factors.  
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6.3  The function of DNA polymerase associated B-subunits 

No enzymatic activity has been assigned for the B-subunits of replicative pols. 
Furthermore, the three-dimensional structure has remained unsolved. Interestingly, a 
detailed sequence analysis places the family of DNA polymerase associated B-subunits to 
the large calcineurin-like phosphoesterase superfamily defined by five conserved motifs 
(Aravind & Koonin 1998). The seven residues involved in metal binding and catalysis are 
conserved in the B-subunits of archaeal family D pols, while in eukaryotes they are 
dispersed indicating the loss of function (Aravind & Koonin 1998, Gueguen et al. 2001, 
Figure 8).  

Since the calcineurin-like phosphoesterase family consists of proteins with a wide 
variety of functions, roles as phosphoesterase and exonuclease have been proposed for 
the archaeal B-subunits (Aravind & Koonin 1998, Gueguen et al. 2001). The latter 
proposal is more prominent since the archaeal pol D has very high proofreading activity 
without the conventional EXO-motifs.  

To clarify the function of the B-subunits, we screened through the expression of 13 
different recombinant B-subunits from eukaryotic pols δ and ε, as well as from archaeal 
pol D. Although the B-subunits were mainly expressed poorly or as insoluble proteins in 
E. coli, we were able to optimize the expression and purification for the DP1 of M. 
jannaschii pol D (MjaDP1).  

Interestingly, MjaDP1 acts alone as a moderately active manganese dependent 3´-5´ 
exonuclease. This is contrary to other studies, where both polymerase and exonuclease 
activities have been detected only in the presence of a two subunit-holoenzyme (Uemori 
et al. 1997, Ishino et al. 1998, Shen et al. 2001, Gueguen et al. 2001, Motz et al. 2002). 
However, the mutations in two key aspartates of the DP2 abolished the polymerase 
activity, whereas exonuclease activity was intact, suggesting that DP2 is responsible for 
the polymerase activity (Shen et al. 2001). 

Only very recently Shen et al. (2004a) demonstrated similar to our result that the 
phosphoesterase domain of P. horikoshii DP1 (PhoDP1) was responsible for Mn2+ 
dependent exonuclease activity. A similar dependence on manganese ions has been 
reported for Mre11 and its bacterial and archaeal homologs (Connelly et al. 1997, Furuse 
et al. 1998, Trujillo et al. 1998, Hopfner et al. 2000) which belong to the same 
superfamily of phosphoesterases.  

The truncation of the MjaDP1 shows that the N-terminus (aa 1-134) is not needed for 
the catalysis. In contrast, the C-terminal part of the protein containing both the 
calcineurin-like phosphoesterase domain and the OB-fold (Figure 9) is sufficient for the 
nuclease activity. Furthermore, the mutation of the key conserved residues in the 
phosphoesterase domain of DP1 strongly reduced or abolished the activity (Figure 8, 
Shen et al. 2004a, article III). However, in contrast to MjaDP1, PhoDP1 was not 
sufficient to perform full catalysis alone. Besides DP1, efficient exonuclease activity was 
dependent on a peptide of at least 21 amino acids from the DP2 subunit (Shen et al. 
2004a).  

The differences between the two proteins can be due to the different experimental 
conditions, e.g., Mn2+ concentrations, or due to dissimilar properties of the enzymes. It is 
well possible that the moderate exonuclease activity of MjaDP1 is also activated by the 
presence of the DP2 subunit similar to E. coli pol III, where the ε subunit can alone act as 
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an exonuclease but is stimulated by the addition of the other core subunits (reviewed in 
Kelman & O´Donnell 1995). 

 
 

              Motif I                               Motif II 
 

Hsa Pol α CGPYTTSDSITYDPLL   PDVCILFGPFLESKHEQV 
Hsa Pol δ RFVLLVSGLGLGGGGG   VSRVILCGNLLSHSTQSR 
Hsa Pol ε AMFVFLSDVWLDQVEV   PTCFILCGNFSSAPYGKN 

    
MjaDP1  IYMAFLSDIHVGSKEF   LKYICIAGDLVDGVGVYP 
PhoDP1  VYAVLTSDIHVGSKEF   IRYLIIAGDVVDGIGIYP 
MthDP1  FSVAFISDVHIGSQTH   VKYLVVAGDIVDGIGIYP 
AfuDP1  FYIVFLSDTHFGSKEF   VKYIVIAGDIVDGIGVYP 
PfuMre11  MKFAHLADIHLGYEQF   VDFILIAGDLFHSSRPSP 

 
Relative activity (%)   
MjaDP1     -    -           1     - 
PhoDP1     0   0          12  100 

 
            Motif III                         Motif IV                          Motif V  
 
Hsa Pol α SHLVFVPSLRDVH   GVIFGLTS----TDLL   PDVLIIPSELR 
Hsa Pol δ VPVDVMPGEFDPT   GVRFLGTSGQNVSDIF   PHVYFCGNTPS 
Hsa Pol ε SRFVFVPGPEDPG   TQEITVFR----EDLV   PDLLVIADKYD 

   
MjaDP1  ISIIISPGNHDAV   GFDTLLYHGRSFDDLV   IDILHTGHIHI 
PhoDP1 ITIFIGPGNHDAA   GRDFLIAHGRGIEDVV   PDLVQMGHVHV 
MthDP1  IKIVMIPGNHDSS   GVRTLIYHGRSFDDMA   PDVLHTGHVHI 
AfuDP1  IKIIVSPGNHDAV   GVKVLIYHGRSIDDII   PDILHCGHIHT 
PfuMre11  IPVFAIEGNHDRT   DNAILMLHQGVREVSE   PDYYALGHIHK 

 
Relative activity (%)    
MjaDP1 - 12              -                        -   - 
PhoDP1 0  0              0                        0 25 

Fig. 8. Sequence alignment of the calcineurin-like phosphoesterase domain. The residues 
involved in Mn2+ coordination and ester hydrolysis in Mre11 are highlighted with black and 
grey respectively. Species abbreviations are Hsa – Homo sapiens; Mja – Methanococcus 
jannaschii; Pho – Pyrococcus horikoshii; Mth – Methanobacterium thermoautotrophicum; Afu 
– Archaeoglobus fulgidus; Pfu – Pyrococcus furiosus. The relative exonuclease activities of 
mutant DP1 proteins are shown under the sequences. The activity of the wild type was taken 
as 100%. The activities of MjaDP1 mutants were measured by using poly(dA)200-500 - 
oligo(dT)12-18 as a substrate, whereas the activities of PhoDP1 mutants were obtained from the 
reactions containing a 25/84 oligonucleotide substrate and the DP2 subunit (article III, Shen 
et al. 2004a). 
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We observed that MjaDP1 has a preference for single-stranded DNA and mispaired 
nucleotides at the 3´ end indicating proofreading property. However, the effect of the DP1 
subunit on the fidelity of the polymerase remains to be studied. So far, pol D is the only 
pol family utilising an enzyme of the calcineurin-like phosphoesterase family as a 
proofreader. It seems that during evolution the domains of early pols have been later 
mixed to create new enzymes capable of making DNA in an accurate way.  

A number of hypotheses have been proposed for possible evolutionary relationships 
between the three kingdoms of life: (1) independent divergence from a common ancestor, 
(2) archaea and eukaryotes, but not bacteria, have a common evolutionary history and (3) 
the eukaryotes originated from a fusion event between an archaeon and a bacterium 
(Bernander 2000). In addition, absence of the last common ancestor (LCA) has been 
recently suggested (Woese 2002).  

Leipe and co-workers (1999) have proposed that DNA replication likely evolved 
independently in the bacterial and archaeal/eukaryotic lineages since replicative pols are 
not conserved. Our observation supports the hypothesis that E. coli pol III and archaeal 
pol D represent the two early evolutionary lineages, since in both enzymes polymerase 
and exonuclease activities lie in separate subunits (Figure 7). During evolution, the 
exonuclease activity has moved as part of a polypeptide also responsible for polymerase 
activity.  

Due to the lack of sequence conservation of the critical residues in the 
phosphoesterase domain (Figure 8), the functions of the eukaryotic B-subunits remain 
unsolved. The conservation of B-subunits argues for a similar fold, but also a conserved 
function. However, the study of eukaryotic B-subunits might be difficult. We observed 
that eukaryotic B-subunits easily accumulated in inclusion bodies of E. coli or co-purified 
with a chaperone raising the possibility that they require co-expression of the catalytic A-
subunit and/or chaperone(s) to be correctly folded into active proteins.  

At the moment no common role has been found for the B-subunits. So far the only 
common function seems to be in mediating protein-protein interactions, whereas links to 
telomere length regulation and to the unpacking and repacking of chromatin during DNA 
replication have been proposed only for the B-subunits of pol α and ε, respectively (Wada 
et al. 2002, Grossi et al. 2004). These recent findings raise the possibility that the 
eukaryotic B-subunits can specify the function(s) of the pols despite the sequence 
conservation.  

6.4  The domain structure of replicative DNA polymerase associated 
B-subunits 

The functional analysis of the archaeal DP1 subunit of pol D reveals the presence of at 
least two important domains (Figure 9) (Shen et al. 2003, 2004a, articles III and IV). The 
calcineurin-like phosphoesterase domain is implicated in Mn2+ dependent hydrolysis of 
nucleotides (Shen et al. 2004a, articles III and IV), whereas the N-terminus regulates the 
exonuclease activity of the holoenzyme (Shen et al. 2003). N-terminal truncation of P. 
horikoshii DP1 clearly enhanced the exonuclease activity of the pol D holoenzyme, 
whereas it did not influence the polymerase activity. In contrast, we did not observe 
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activation of exonuclease activity by truncating MjaDP1. It is possible that regulation of 
exonuclease activity requires the presence of the DP2 subunit or that the region between 
protease sensitive sites and the OB-fold (Figure 9) might be involved in the process. 

Fig. 9. The schematic structure of archaeal pol D B-subunit (DP1) (articles III and IV, Shen et 
al. 2003, 2004a, b). The conserved motifs of the calcineurin-like phosphoesterase domain are 
indicated with Roman numerals. 

The third domain of the B-subunits, the OB-fold (Murzin 1993), is a compact structural 
motif regularly used for binding RNA, DNA and sugars. In addition, it has been 
implicated in mediating protein-protein interactions. For example, human trimeric RPA 
includes six OB-folds, four of which are involved in single-stranded DNA binding 
(reviewed in Arcus 2002, Agrawal & Kishan 2003, Theobald et al. 2003). Among the B-
subunits of replicative pols, the domain has been conserved in evolution (Figure 10). It is 
well possible that the OB-fold is involved in the binding of single-stranded DNA. 
However, its functionality in the B-subunits remains to be studied. 

Interestingly, the combination of the OB-fold and calcineurin-like phosphoesterase 
domain is not unique to the B-subunits of replicative pols. Based on sequence analysis 
the same combination of domains can be found also in uncharacterized proteins of 
several Bacillus species. Apart from the domains mentioned these proteins also contain a 
5´-nucleotidase domain, a clear signal sequence for secretion as well as, in some cases, a 
staphylococcal nuclease domain and a domain implicated in attachment of the protein to 
the cell wall of gram-positive bacteria. Although these proteins probably function as 
secreted nucleases their relationship to the B-subunits of replicative pols is striking. It 
emphasizes again the complex evolution of replicative pols from the three kingdoms of 
life. 
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Fig. 10.  (Following pages) The sequence alignment of the OB-fold. Amino acids are coloured 
according to the degree of conservation (≥ 90%, black; > 70%, dark grey; >50%, light grey). 
The consensus includes residues conserved in the majority (>50%) of the aligned sequences [h 
= V, L, I, M; o = S, T]. Based on the seven sequences with known structures included, 
conserved β-strands (S, >80%; s, >50% of aligned sequences) and α-helices (h, >50% of 
aligned sequences) are shown above the sequences. Species abbreviations are Mja – 
Methanococcus jannaschii; Pfu – Pyrococcus furiosus; Hn1 – Halobacterium NRC-1; Afu – 
Archaeoglobus fulgidus; Hsa – Homo sapiens; Sce – Saccharomyces cerevisiae; Eco – 
Escherichia coli; Bsu – Bacillus subtilis; Aae – Aquifex aeolicus; Tma – Thermotoga maritima; 
Sso – Sulfolobus solfataricus; Spo – Schizosaccharomyces pombe; Pko – Pyrococcus 
kodakaraensis. The sequence alignment is based on the Pfam (Bateman et al. 2004) alignment 
PF01336 and Mäkiniemi et al. 1999 with manual inspection. The figure is courteously donated 
by Dr. Helmut Pospiech (Department of Biochemistry, University of Oulu, Oulu, Finland). 
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7 Conclusions 

This thesis includes studies of the DNA polymerase associated B-subunits at the DNA, 
RNA and protein levels supporting and clarifying their vital role in DNA replication. By 
cloning the cDNAs of human and mouse pol ε B-subunits we were able to show that the 
encoded proteins are not only homologous to the B-subunit of budding yeast pol ε, but 
also to the second largest subunit of pol α. The sequence information revealed that the 
subunit structure between the human and S. cerevisiae pol ε might be similar, but also 
shows similarities between different pols.  

The expression of the human pol ε B-subunit gene (POLE2) at the mRNA level was 
dependent on cell growth, whereas in cycling cells, the gene was almost constitutively 
expressed. A similar phenomenon has been observed earlier for the A-subunits of pol α, δ 
and ε. By analysing the promoter region of the POLE2 gene, we observe that the gene is 
regulated by two E2F-pocket protein complexes associated with Sp1 and NF-1, 
respectively. The comparison of the promoter regions of two B-subunits analysed raises 
the possibility that the genes are generally regulated through E2F-complexes whereas the 
adjustment of the basal activity may be achieved by different transcription factors.  

The presence of the calcineurin-like phosphoesterase domain in the replicative pol 
associated B-subunits has led to the hypothesis that the archaeal B-subunit of pol D is 
responsible for the 3´-5´exonuclease activity of the holoenzyme. In contrast, eukaryotic 
B-subunits are deduced to be devoid of the activity since the critical residues of the 
domain are dispersed. For functional analysis, we screened the expression of 13 different 
recombinant B-subunits. Although they were mainly expressed as insoluble proteins in E. 
coli, we were able to optimize the expression and purification of the B-subunit (DP1) of 
M. jannaschii pol D (MjaDP1). We show that MjaDP1 alone is a manganese dependent 
3´-5´ exonuclease with a preference for mispaired nucleotides and single-stranded DNA, 
suggesting that MjaDP1 functions as the proofreader of archaeal pol D. So far, pol D is 
the only pol family utilising an enzyme of the calcineurin-like phosphoesterase 
superfamily as a proofreader.  
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