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Abstract
Analysis of the primary structure of DNA polymerase ε B subunit defined similarities to B subunits
of eukaryotic DNA polymerases α, δ and ε as well as the small subunits of DNA polymerase DI of
Euryarchaeota. Multiple sequence alignment of these proteins revealed the presence of 12 conserved
motifs and defined a novel protein superfamily. The members of the B subunit family share a
common domain architecture, suggesting a similar fold, and arguing for a conserved function among
these proteins.
The contribution of human DNA polymerase ε to nuclear DNA replication was studied using the
antibody K18 that specifically inhibits the activity of this enzyme in vitro. This antibody
significantly inhibited DNA synthesis both when microinjected into nuclei of exponentially growing
human fibroblasts and in isolated HeLa cell nuclei, but did not inhibit SV40 DNA replication in
vitro. These results suggest that the human DNA polymerase ε contributes substantially to the
replicative synthesis of DNA and emphasises the differences between cellular replication and viral
model systems.
The human DNA polymerases ε and δ were found capable of gap-filling DNA synthesis during
nucleotide excision repair in vitro. Both enzymes required PCNA and the clamp loader RFC, and in
addition, polymerase δ required Fen-1 to prevent excessive displacement synthesis. Nucleotide
excision repair of a defined DNA lesion was completely reconstituted utilising largely recombinant
proteins, only ligase I and DNA polymerases δ and ε provided as highly purified human enzymes.
This system was also utilised to study the role of the transcription factor II H during repair.
Human non-homologous end joining of model substrates with different DNA end configurations
was studied in HeLa cell extracts. This process depended partially on DNA synthesis as an
aphidicolin-dependent DNA polymerase was required for the formation of a subset of end joining
products. Experiments with neutralising antibodies reveal that DNA polymerase α but not DNA
polymerases β or ε, may represent this DNA polymerase activity. Our results indicate that DNA
synthesis contributes to the stability of DNA ends, and influences both the efficiency and outcome
of the end joining event. Furthermore, our results suggest a minor role of PCNA in non-homologous
end joining.

Keywords: DNA replication, DNA polymerase, DNA repair, nucleotide excision repair,
non-homologous end joining, protein family, antibody
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SDS
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TCR

transcription coupled repair

TFIIH

transcription factor IIH

TTD

trichothiodystrophy

UTP

uridine triphosphate

UV

ultraviolet

XP

Xeroderma pigmentosum

List of original articles
This thesis is based on the following articles, which are referred to in the text by their
Roman numerals:
I Mäkiniemi M, Pospiech H, Kilpeläinen S, Jokela M, Vihinen M, & Syväoja JE
(1999) A novel family of DNA-polymerase-associated B subunits. Trends Biochem
Sci 24:14-16.
II Pospiech H, Kursula I, Abdel-Aziz W, Malkas L, Uitto L, Kastelli M, Vihinen-Ranta
M, Eskelinen S & Syväoja JE (1999) A neutralizing antibody against human DNA
polymerase ε inhibits cellular but not SV40 DNA replication. Nucleic Acids Res
27:3799-3804.
III Araújo SJ, Tirode F, Coin F, Pospiech H, Syväoja JE, Stucki M, Hübscher U, Egly JM & Wood RD (2000) Nucleotide excision repair of DNA with recombinant human
proteins: definition of the minimal set of factors, active forms of TFIIH, and
modulation by CAK. Genes Dev 14:349-359.
IV Pospiech H, Rytkönen AK & Syväoja JE (2001) The role of DNA polymerase
activity in human non-homologous end joining. Nucleic Acids Res 29:3277-3288.

Contents
Acknowledgements
Abbreviations
List of original articles
Contents
Acknowledgements ............................................................................................................ 5
Abbreviations ..................................................................................................................... 6
List of original articles ....................................................................................................... 8
Contents ............................................................................................................................. 9
1 Introduction................................................................................................................... 13
2 Review of the literature ................................................................................................. 15
2.1 DNA polymerases .................................................................................................. 15
2.1.1 Characteristics and classification .................................................................... 15
2.1.2 Eukaryotic DNA polymerases ......................................................................... 18
2.1.3 Archaeal DNA polymerases ............................................................................ 29
2.2 DNA replication ..................................................................................................... 30
2.2.1 Overview ......................................................................................................... 30
2.2.2 Initiation of DNA replication .......................................................................... 31
2.2.3 DNA replication in eukaryotic model systems ................................................ 33
2.3 DNA repair ............................................................................................................. 36
2.3.1 Overview ......................................................................................................... 36
2.3.2 Excision repair ................................................................................................ 38
2.3.3 Recombinational repair ................................................................................... 47
3 Aims of the present work .............................................................................................. 52
4 Materials and methods .................................................................................................. 53
4.1 Proteins (II, III, IV) ................................................................................................ 53
4.2 Antibodies (II, IV).................................................................................................. 53
4.3 Computational analysis of the family of DNA polymerase-associated
B subunits (I)............................................................................................. 54
4.4 Microinjection of IMR-90 human fibroblasts and measurement of
bromodeoxyuridine incorporation (II)................................................................... 54
4.5 DNA replication assay in isolated nuclei (II) ......................................................... 54

4.6 SV40 DNA replication assay (II) ........................................................................... 55
4.7 Nucleotide excision repair dual incision assay (III) ............................................... 55
4.8 Nucleotide excision repair synthesis assay............................................................. 56
4.9 Non-homologous end joining assay (IV) ............................................................... 56
4.10 Measurement of non-homologous end joining in vivo (IV) ................................. 56
4.11 Transformation of recovered NHEJ substrate DNA and sequence
analysis of repair products (IV)........................................................................... 57
4.12 Southern hybridisation (IV) ................................................................................. 57
4.13 Cell fractionation and PCNA depletion (IV) ........................................................ 57
5 Results........................................................................................................................... 59
5.1 A novel family of DNA polymerase-associated B subunits (I)............................... 59
5.2 Antibody K18 inhibits specifically the activity of DNA polymerase ε (II) ........... 60
5.3 Nuclear microinjection of antibody K18 inhibits replicative DNA synthesis
in human IMR-90 fibroblasts (II)......................................................................... 60
5.4 Antibody K18 inhibits replicative DNA synthesis
in isolated HeLa cell nuclei (II)............................................................................. 61
5.5 Antibody K18 does not affect SV 40 DNA replication in vitro (II)........................ 61
5.6 Reconstitution of dual incision in nucleotide excision repair with recombinant
factors – the role of transcription factor II H (III) ................................................. 62
5.7 Nucleotide excision repair activity of purified transcription factor
II H containing mutated subunits (III)................................................................... 62
5.8 Complete reconstitution of repair synthesis with purified human factors (III) ...... 63
5.9 Characterisation of non-homologous end joining in HeLa cells in vitro (IV) ........ 63
5.10 The effect of DNA repair synthesis on end joining products (IV)........................ 64
5.11 Antibodies against DNA polymerase α inhibit non-homologous end
joining in vitro (IV)............................................................................................. 65
5.12 Non-homologous end joining of model substrates in HeLa cells in vivo (IV) .... 65
5.13 The influence of PCNA on non-homologous end joining (IV) ............................ 66
6 Discussion ..................................................................................................................... 67
6.1 Implications of the new family of DNA polymerase-associated B subunits (I) ..... 67
6.2 The role of DNA polymerase ε in DNA replication (II) ......................................... 68
6.3 Active TFIIH forms in reconstituted nucleotide excision repair and
modulation of repair activity by CAK (III) ........................................................... 70
6.4 XPB, XPD, and p44 TFIIH mutants in the defined repair system (III).................. 71
6.5 DNA polymerases in nucleotide excision repair (III)............................................. 72
6.6 DNA synthesis during human non-homologous end joining (IV).......................... 73
6.7 A role of PCNA in non-homologous end joining (IV)............................................ 74
7 Conclusions................................................................................................................... 75
8 References..................................................................................................................... 76

1 Introduction
The genetic information of all organisms and many viruses is stored in form of DNA.
Since loss of DNA signifies loss of genetic information, DNA has to be maintained. This
is in contrast to other biological macromolecules, which can be degraded and replaced by
newly synthesised molecules.
DNA is subjected to continuous modification and damage. Genetic regulation requires
a dynamic DNA organisation. This is achieved both by changes in the chromatin structure
as well as covalent modification of the DNA. Furthermore, DNA is damaged incessantly
as a result of its intrinsic instability, or caused by the assault of damaging agents. These
agents may be products of cellular metabolism like oxidative intermediates, or they may
be environmentally derived like the UV component of sunlight. In order to maintain
genetic integrity, all organisms have developed sophisticated mechanisms to prevent and
to repair the DNA damage. Several DNA repair pathways operate in parallel and often
redundantly, to address the different types of damage efficiently.
Furthermore, DNA is copied faithfully during the process of replication that has to
precede every cell division. In eukaryotic cells, the S phase of the cell division cycle is
dedicated to replication. Confinement to the S phase permits the cell to strictly regulate
replication in order to guarantee that the genetic material is copied completely and not
more than once per cell cycle.
DNA repair and replication are flanked by a continuous surveillance of genome
integrity. When DNA damage or a replication block is detected, checkpoints are activated
that delay cell cycle progression. At the same time, DNA repair genes and other factors
are activated to remove the damage or replication block, or, in case the DNA damage is
too extensive, to initiate programmed cell death. In this way, premature progression into
the next phase of the cell cycle is prevented, and changes in the genetic material in form
of heritable mutations is obviated.
Among the large number of factors that are involved in the complex interplay between
DNA repair, replication and cell cycle control, DNA polymerases (Pols) have a central
role, as they are the enzymes that actually synthesise DNA. The present study addressed
several aspects of the function of Pols in the maintenance of human genome integrity. It
was shown that the polymerase activity of Pol ε is important for replicative DNA
synthesis in human cells. Human nucleotide excision repair was reconstituted from
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recombinant or highly purified protein to study the repair pathway in a defined system,
and Pols ε and δ were shown to be redundant in the synthesis step. When analysing repair
of DNA double strand breaks by non-homologous end joining in vitro, DNA synthesis
was identified as an important factor influencing efficiency and outcome of the repair.
Further studies suggested that Pol α, but not Pols β or ε are involved in this pathway.
Finally, a novel family of DNA polymerase-associated B subunits that is common to
replicative Pols both in eukaryotes and archaea was identified. The conservation in
structure suggests a basic function of the B subunits during replication.

2 Review of the literature
2.1 DNA polymerases

2.1.1 Characteristics and classification
DNA-dependent DNA polymerases (DNA nucleotidyl transferases) catalyse the chemical
reaction of DNA synthesis:
template-primer-(dNMP)n + dNTP ↔ template-primer-(dNMP)n+1 + PPi
The reaction requires a 3´ hydroxyl group of the primer for the nucleophilic attack on
the α phosphate of the incoming dNTP, releasing pyrophosphate as the leaving group,
whose subsequent hydrolysis helps to drive the reaction energetically. In this way, the
DNA chain grows in 5´→3´ direction, and polymerisation may be processive, when
several nucleotides are incorporated without release of the enzyme from the primertemplate. The necessity of a 3´ hydroxyl prevents DNA polymerases from initiating DNA
synthesis on a template strand. Initial primers are therefore typically provided by an RNA
polymerase activity (primase) or, in rare cases, by a side chain hydroxyl of a priming
protein.
Incoming dNTPs are positioned by hydrogen bonding to the appropriate nucleotide of
the template strand according to Watson-Crick pairing to prevent misincorporation. At
several points during the dNTP selection and phosphodiester bond formation, there are
conformational and kinetic barriers that preclude the incorporation of incorrect
nucleotides (Kunkel 1992). Therefore, DNA polymerases synthesise DNA with high
accuracy and fidelity. Error rates for the polymerisation step are in the range of 10-3 –
10-5, depending on the polymerase.
Fidelity is further improved by an associated 3´→5´ exonuclease activity that is
present in many DNA polymerases. This proofreading activity removes an incorrectly
incorporated nucleotide from the primer end, before it can be elongated by the
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polymerase activity. Proofreading increases the fidelity by another factor of 100. Further
mechanisms like mismatch repair are utilised to achieve the fidelity of DNA synthesis
required for the replication of large eukaryotic genomes.
DNA polymerases from all organisms were originally classified into families A, B, and
C according to their sequence similarity to the polA, polB and polC genes, coding for
Escherichia coli Pols I, II, and III, respectively (Ito & Braithwaite 1991, Braithwaite &
Ito 1993, Table 1). Eukaryotic Pol β and related DNA polymerases have no homologue in
E. coli and form instead a separate family X with the structurally related terminal
transferases. More recently, the E. coli genes umuC and dinB were found to encode for
the catalytic subunits of two previously unidentified DNA polymerases (Tang et al. 1999,
Wagner et al. 1999). These represent a separate, fast growing DNA polymerase family Y
(Ohmori et al. 2001). Still another new family of DNA polymerases, family D, was
identified, represented by the catalytic subunit of Pol D1 (Pol II) in the subgroup
Euryarchaeota among the Archaea (Uemori et al. 1997, Ishino et al. 1998, Cann &
Ishino, 1999). DNA polymerases of family D have thus far not been identified in any
other group of organisms.
The diversity of the DNA polymerase families is also reflected a variability in size: the
smallest representative of the DNA polymerase X family is a single peptide with a
molecular weight of approximately 20 kDa, whereas the catalytic subunit of human Pol ζ
has a molecular weight of 344 kDa, and the Pol III holoenzyme of E. coli has at least 20
subunits and a molecular weight of close to 900 kDa (Oliveros et al. 1997, Gibbs et al.
1998). Despite the difference in size, the mechanisms underlying the chemical reactions
appear to be universal for all DNA polymerases. In particular, two acidic residues, usually
aspartates, are among the highest conserved residues in all DNA polymerase families, and
essential for the catalytic function (Joyce & Steitz 1994, Steitz et al. 1994, Shen et al.
2001). The carboxylate side chains are involved in the coordination of two divalent
cations, usually Mg2+, that facilitate the polymerisation reaction. Structural analyses of
several DNA polymerases have not only supported this two-metal-ion mechanism, but
have also shown that DNA polymerases share a structure akin a partially closed right
Table 1. Distribution of DNA polymerases in Archaea, Bacteria, Eukarya and Viruses
DNA polymerase family
C
D

Domain

A

B

X

Y

Archaea

–

Pol BI, Pol BII*,

–

Pol DI***

+

DinB

Bacteria

Pol I

(Pol BIII)**
(Pol II)

Pol III

–

+

Pol IV/DinB
Pol V/UmuC/

Eukarya

Pols γ and θ

Pols α, δ, ε and ζ,

–

–

(Pol V)****
Viruses

+

+

–

–

Pols β, λ, µ

Pols η, ι and

and σ

κ, REV1

(+)

–

DNA polymerases are listed by name, or, if not available, their presence is indicated by a ‘+’.
* Only in Crenarchaeota
** Types of polymerases that are only found sporadically in a domain are indicated by brackets
*** Only in Euryarchaeota
**** Only in yeasts
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hand with subdomains identified as palm, thumb and finger (Davies et al. 1994, Joyce &
Steitz 1994, Sawaya et al. 1994, Wang et al. 1997, Brautigam & Steitz 1998, Trincao et
al. 2001). In fact, the catalytic core of DNA polymerase families A, B and Y are
evolutionarily conserved and form a distantly related protein superfamily that also
includes reverse transcriptases, RNA replicases, and even DNA-dependent RNA
polymerases (Delarue et al. 1990, Blanco et al. 1991, Trincao et al. 2001, Zhou et al.
2001). Despite the structural similarities, Pol β is not homologous to this superfamily
(Davies et al. 1994, Pelletier et al. 1994, Brautigam & Steitz 1998). Members of the other
DNA polymerase families still await structural elucidation.
Table 2. Nomenclature and properties of mammalian DNA polymerases.
Name

Family

Subunit
composition

Associated
activities

Function

Pol α (alpha)*
Pol β (beta)

B
X

165,67,58,48**
39

primase
dRP lyase

replication, repair
repair

Pol γ (gamma)

A

125,35

3´→5´ exonuclease

mitochondrial replication

Pol δ (delta)

B

125,66,50,12

3´→5´ exonuclease

replication, repair

Pol ε (epsilon)

B

261,59,17,12

3´→5´ exonuclease

Pol ζ (zeta) [Rev3]

B

344

Pol η (eta) [Rad30A, XPV]

Y

78

& repair
replication, repair
translesion synthesis,
somatic hypermutation
translesion synthesis,
somatic hypermutation,
sister chromatid
cohesion
Pol θ (theta) [Mus308]

A

198

Pol τ (iota) [Rad30B]

Y

80

translesion synthesis

Pol κ (kappa) [DinB, Pol

Y

99

translesion synthesis

helicase?

repair

θ]
Pol λ (lambda)

X

66

Pol µ (mu)

X

55

somatic hypermutation

Pol σ [Trf4/5, Pol κ]***

X

42/55

sister chromatid

Rev1****

Y

138

translesion synthesis

dRP lyase

meiotic repair?

cohesion
* By convention, eukaryotic DNA polymerases are designated by the lowercase letters of the Greek alphabet in
order of their description (Burgers et al. 1990, 2001).
** Molecular weights in kDa.
*** In different organisms, various numbers of Pol σ orthologues are present (Burgers et al. 2001).
**** REV1 is a DNA-dependent deoxycytidyl transferase, since it only incorporates dCMP, but no other
nucleotides into DNA.
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2.1.2 Eukaryotic DNA polymerases
2.1.2.1 Overview
Classical biochemical methods allowed the isolation and characterisation of a limited
number of DNA polymerases from eukaryotic organisms, in particular from the budding
yeast Saccharomyces cerevisiae and from mammalian sources. Until recently, only six
mammalian DNA polymerases had been identified: Pols α, δ, ε, and ζ that belong to
family B, Pol β of family X, and the mitochondrial Pol γ of family A (Table 2). Since this
review concentrates on nuclear processes, Pol γ will not be discussed in detail. The
eukaryotic DNA polymerases of family B have been of particular interest since they
include the three major nuclear replicative Pols α, δ, and ε in eukaryotes. Interestingly, in
the yeasts S. cerevisiae and Schizosaccharomyces pombe, a fifth family B enzyme with
unknown function was found that is not detectable in higher eukaryotes (Sugino 1995,
unpublished observation). The identification of the E. coli umuC and dinB genes as well
as the yeast and human RAD30/XPV products as novel DNA polymerases on the one
hand (Johnson et al. 1999a, Masutani et al. 1999a, b, Tang et al. 1999, Wagner et al.
1999), and the availability of multiple complete genome sequences including several
eukaryotes on the other hand, fuelled research on eukaryotic DNA polymerases in recent
years and led to the discovery of several new DNA polymerases. Currently, nine DNA
polymerases have been identified in the budding yeast, and at least 13 distinct DNA
polymerase activities are present in human cells, a number that is likely to increase in the
near future (Table 2).

2.1.2.2 DNA polymerase α
The discovery of Pol α as the first eukaryotic DNA polymerase occurred more than 40
years ago (reviewed in Kornberg & Baker 1992, Hübscher et al. 2000). It has been
characterised as a DNA polymerase of moderate processivity that is particularly sensitive
to inhibition by butylphenyl-dGTP but not ddNTPs (Rochowska et al. 1982, Khan et al.
1984, reviewed in Wang 1996). As other eukaryotic DNA polymerases of family B, Pol α
is inhibited by aphidicolin (Ikegami et al. 1978, Pedrali-Noy & Spadari 1979, Oguro et
al. 1979, Krokan et al. 1981).
Pol α has been isolated from a wide range of organisms and generally consists of a
complex of four subunits. The enzyme is composed of a 165-kDa polypeptide containing
the catalytic activities, one polypeptide of about 70 kDa with no detectable enzymatic
activity that is thought to have regulatory functions (Collins et al. 1993, Foiani et al.
1994), and two polypeptides of 48 and 58 kDa that contain the DNA primase activity. The
essential catalytic primase activity is contained in the 48-kDa subunit, although full
activity is only attained when both primase subunits come together (Nasheuer & Grosse
1988, Santocanale et al. 1993, Schneider et al. 1998). Initially, there were controversial
reports on whether Pol α possesses an intrinsic 3´→5´ exonuclease activity, but the bulk
of the experimental data indicate that Pol α is devoid of proofreading ability (reviewed in
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Fry & Loeb 1986, Wang 1991). This does not exclude the possibility that Pol α may
transiently associate with an independent proofreading 3´→5´exonuclease activity in
vivo. In fact, such an activity has been found to co-purify with Pol α from mammalian
sources (Skarnes et al. 1986, Bialek et al. 1989, Bialek & Grosse 1993). Other potential
candidates for external proofreading exonucleases in mammalian cells are the nuclease
activity of p53 and mammalian DNase III activities (Mummenbrauer et al. 1996, Höss et
al. 1999, Mazur & Perrino 1999, 2001).
The DNA primase activity of Pol α is the only eukaryotic enzyme capable of initiating
DNA synthesis de novo, synthesising short RNA primers of about 10 nucleotides first,
which are then extended by Pol α to yield RNA-DNA primers, termed initiator DNA, of
approximately 30-40 nucleotides in length (Eliasson & Reichard 1978, Nethanel &
Kaufmann 1990, Bullock et al. 1991). Based on these results, the major function of Pol α
is proposed to be the initiation of leading strand DNA replication as well as the
continuous priming of Okazaki fragments on the lagging strand (Nethanel & Kaufmann
1990, Waga et al. 1994, Waga & Stillman 1994). Consistent with this role, all four
subunits of budding yeast Pol α were found to be essential for viability, mutants arresting
in early S phase before onset of DNA synthesis (Johnson et al. 1985a, Foiani et al. 1989,
1994, Francesconi et al. 1991). Pol α activity appears to be also essential in mammalian
cells in vivo (Eki et al. 1986, Kaczmarek et al. 1986), and its function in SV40 DNA
replication in vitro cannot be replaced by other DNA polymerases (Tsurimoto et al.
1990).
Although expression of Pol α is almost constitutive, its activity is strictly regulated
during the cell cycle. The p180 and p68 subunits of human Pol α are phosphorylated by
cyclin A-dependent kinases during S phase, and the phosphorylated form of Pol α is
dephosphorylated by protein phosphatases 2A and again phosphorylated by Cyclin ECdk2 during the G1 phase (Cripps-Wolfman et al. 1989, Nasheuer et al. 1991,
Voitenleitner et al. 1997, 1999, Chen et al. 2000a, Schub et al. 2001). Phosphorylation by
Cyclin E-Cdk2 apparently renders Pol α initiation-competent, whereas further
phosphorylation by the cyclin A-dependent kinase creates the form of the enzyme that
synthesises primers for the lagging strand (Hübscher et al. 2000, Dehde et al. 2001). In
budding yeast, cell cycle-dependent phosphorylation of the B subunit appears to be
particular important for the regulation of Pol α, and the data available suggest that a
phosphorylation cycle similar to that in mammalian cells is operative (Foiani et al. 1995,
Ferrari et al. 1996, Desdouets et al. 1998). The role of phosphorylation of Pol α and its
fluctuation during the cell cycle in fission yeast is still controversial (Bouvier et al. 1993,
Park et al. 1995).
The importance of Pol α during DNA replication and its initiation is also reflected in
direct protein-protein interactions. Pol α interacts with the initiator proteins of different
papovaviruses, which have served as the most important models for mammalian DNA
replication (Brückner et al. 1995, Kautz et al. 2001, reviewed in Hassell & Brinton 1996,
Waga & Stillman 1998). In Simian virus 40 (SV40) DNA replication, the most
extensively studied of these models, all four subunits of Pol α interact with the large T
antigen to form a ternary complex that also includes human single-stranded DNA binding
protein, replication protein A (RPA) (Dornreiter et al. 1990, 1992, 1993, Collins et al.
1993, Stadlbauer et al. 1996, Weisshart et al. 2000). This complex formation is essential,
and in the presence of topoisomerase activity, sufficient for initiation of SV40 replication
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(Dornreiter et al. 1993, reviewed by Waga & Stillman 1998). The interaction with RPA is
thought to stabilise the Pol α-primer complex and to increase processivity and fidelity of
the enzyme (Braun et al. 1997, Maga et al. 2001a). Pol α interacts in a similar manner
with several factors involved in the initiation of cellular DNA replication such as Mcm3
Cdc 45 in a variety of organisms (Figure 1, Collins et al. 1993, Kimura et al. 1994,
Mimura & Takisawa 1998, Kukimoto et al. 1999, Uchiyama et al. 2001).
The essential role of Pol α in initiation makes it a principal target both for regulation
and checkpoint control of DNA replication. Association of the growth suppressor
p12DOC-1 with Pol α inhibits initiation of DNA replication, probably by preventing
phosphorylation of Pol α by Cdk 2 (Matsuo et al. 2000). The primase subunits of Pol α
are implicated in the replication checkpoint in different eukaryotes (Longhese et al. 1996,
Marini et al. 1997, Michael et al. 2000, Tan & Wang 2000, reviewed in Arezi & Kuchta
2000). In fact, both in fission yeast and Xenopus, it was shown that RNA synthesis by
primase is required for the activation of this checkpoint (Michael et al. 2000, Tan & Wang
2000). The signal of this pathway is transduced via the downstream protein kinase
Rad53/Cds1/Chk2 both in budding and fission yeasts, whereas another protein kinase,
Chk1, has been implicated in Xenopus. However, the latter studies did not address a

Fig. 1. Schematic structure of Pol α. Interactions with other proteins both in mammalian cells
and in yeast as referred to in the text are presented by arrows. The figure was in part adapted
from Mäkiniemi (2001).
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possible additional involvement of Chk2 (Michael et al. 2000). Intriguingly, Pol αprimase appears not only to execute an early step of the replication checkpoint, but is at
the same time a downstream target of regulation, since Rad53 controls phosphorylation of
Pol α in response to the checkpoint activation (Pellicioli et al. 1999). The interactions of
human Pol α with poly (ADP-ribose) polymerase (PARP) and with p53 underline the role
of this enzyme in checkpoint control during S phase (Dantzer et al. 1998, Kuhn et al.
1999).
A new exciting facet of Pol α function was revealed recently when the enzyme was
linked to telomere maintenance and epigenetic control of transcriptional silencing. Pol α
was found to bind the telomeric single stranded DNA binding protein Cdc13 in budding
yeast (Qi & Zakian 2000). Although this interaction probably promotes lagging strand
synthesis in the telomeric region, a mutant of Pol α additionally lost the transcriptional
silencing of telomere-proximal genes (Adams Martin et al. 2000). Transcriptional
silencing was also lost in the mating type region in mutants of budding and fission yeast
Pol α (Smith et al. 1999, Nakayama et al. 2001). It was proposed that the effect is due to
the loss of imprint by the chromodomain protein Swi6 that interacts with Pol α. Linking
Pol α further with chromatin structure, the nuclear factors Spt16/Cdc68 and Pob3,
originally identified as binding to Pol α, combine with Nhp6 to form the nucleosomeorganising factor SPN (Wittmeyer & Formosa 1997, Wittmeyer et al. 1999, Formosa et
al. 2001). This factor is required both for transcription and replication in budding yeast as
well as in higher eukaryotes (Orphanides et al. 1999, Okuhara et al. 1999, Schlesinger &
Formosa 2000).

2.1.2.3 DNA polymerase β
In the early 1970s, Pol β was isolated from several mammalian as well as invertebrate
sources as a DNA polymerase of low molecular size (reviewed in Fry & Loeb 1986). Pol
β from mammalian sources is a single polypeptide of 39 kDa (reviewed in Wang et al.
1996). The first cDNA for Pol β was cloned from rat, and encodes for an enzyme that is
related to terminal deoxynucleotidyltransferase (Zmudzka et al. 1986). A budding yeast
homologue of Pol β was identified and assigned Pol IV (Prasad et al. 1993, Shimizu et al.
1993). This enzyme is nonetheless more similar to Pol λ, in terms of size, sequence
homology, as well as the proposed functions (Aoufouchi 2000). Therefore, Pol IV will
not be discussed here.
The small size and simple structure makes Pol β an ideal polymerase for studies. Pol β
lacks accessory proteins, and can be readily expressed as a recombinant protein from
human or rodent cDNAs, which has hastened the biophysical and kinetic characterisation
of this polymerase (reviewed in Wilson 1998, Beard & Wilson 1995, 2000). Pol β
consists of two domains, each of which has its own biochemical activity (Kumar et al.
1990a, Casas-Finet et al. 1992, Beard & Wilson 1995). An eight kDa N-terminal domain
carries a deoxyribose phosphate lyase activity (Matsumoto & Kim 1995). This activity
removes deoxyribose phosphate from DNA via a β-elimination mechanism, if the
deoxyribose is not linked to a base and the DNA is cleaved at the 5´ position of this
moiety (Matsumoto & Kim 1995, Piersen et al. 1996). This is an intermediate step in the
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DNA base excision repair (BER) pathway (Wilson 1998). The same domain also binds
very specifically to single stranded DNA gaps of five nucleotides with a 5´-phosphate at
the margin of the gap (Prasad et al. 1994). The C-terminal 31 kDa domain carries the
DNA polymerase activity of Pol β (Kumar et al. 1990b). The synthesis of DNA is highly
distributive on normal template-primers, that is, the enzyme adds only one nucleotide at a
time, and then dissociates from the template again. In contrast, on gapped substrates
containing up to six nucleotides with a 5´-phosphate at the margin of the gap as described
above, synthesis is processive, exhibiting also higher fidelity and efficiency (Singhal &
Wilson 1993, Chagovetz et al. 1997). Pol β is insensitive to aphidicolin, but is strongly
inhibited by ddTTP and other ddNTPs, which act as competitive inhibitors of the natural
nucleotide triphosphates. This is in contrast to family A DNA polymerases like Klenow or
Taq Pol that readily incorporate dideoxynucleotides causing chain termination, and
family B polymerases that discriminate against the binding of ddNTPs compared to the
dNTP substrate (reviewed in Fry & Loeb 1986).
The features of Pol β make this enzyme well suited for a small gap-filling function in
BER (Wilson 1998). Although there is some indication that Pol β may have additional
roles associated with DNA nucleotide excision repair (NER) and recombination during
meiosis (Nowak et al. 1990, Oda et al. 1996, Plug et al. 1997), there is overwhelming
evidence for the importance of this enzyme in BER (Singhal et al. 1995, Nealon et al.
1996, Sobol et al. 1996). In support of this, mutated forms of Pol β occur in numerous
cancers (reviewed by Memisoglu & Samson 2000).
Targeted deletion of the mouse Pol β gene indicates that the enzyme is not essential for
mammalian cell viability (Gu et al. 1994). But although Pol β-/- embryos from
intercrosses of heterozygous mice were present at a Mendelian ratio, they were smaller
than wildtype littermates during late development and died of a respiratory failure
immediately after birth (Gu et al. 1994, Sugo et al. 2000). Histological examination of
the embryos revealed defective neurogenesis characterized by apoptotic cell death in the
developing central and peripheral nervous systems (Sugo et al. 2000).
Pol β is the only eukaryotic DNA polymerase for which there is a high resolution
crystal structure, and structural analysis of Pol β in different complexes with substrates
and cofactors provide detailed insight into the molecular mechanisms of the DNA
polymerase reaction (Davies et al. 1994, Pelletier et al. 1994, 1996, Sawaya et al. 1994,
1997, Beard & Wilson 2000, Arndt et al. 2001). The overall structural commonality of
Pol β with other DNA polymerases is surprising considering that it is not evolutionarily
related to DNA polymerases of other families (Brautigam & Steitz 1998). Although the
topology of the palm domain, which harbours the polymerase active site, is different from
the other DNA polymerase structures, its architecture is mostly composed of β-sheets
flanked on one site by two α-helices, as in other polymerases. The thumb and finger
domains are positioned similarly in the structure, but when projected onto the primary
structure, their position is reversed compared to DNA polymerases of other families
(Davies et al. 1994, Pelletier et al. 1994, Brautigam & Steitz 1998, Beard & Wilson
2000). Binding of the primer-template and the correct dNTP substrate induces movement
of the thumb domain to a closed conformation as in other DNA polymerases, effectively
assembling the active site (Sawaya et al. 1997). This induced fit mechanism is thought to
enhance the fidelity of the polymerase reaction. In Pol β, the DNA is bent about 90° at the
templating residue. This probably provides the space necessary to permit filling a gap in
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the DNA to completion. Further on, two helix-hairpin-helix motifs bind the sugarphosphate backbone on both sites of a gapped DNA substrate and therefore provide the
structural explanation for the biochemical characteristics of Pol β (Pelletier & Sawaya
1996, Sawaya et al. 1997).

2.1.2.4 DNA polymerase δ
Mammalian Pol δ has been originally identified as an aphidicolin-sensitive DNA
polymerase capable of proofreading (Lee et al. 1980, 1984). Although the 3´→5´
proofreading exonuclease is very inefficient in vitro (Thomas et al. 1991a, Chen et al.
2000b), its importance in mutation avoidance in vivo has been proven in yeast and
mammals (Simon et al. 1991, Morrison et al. 1993, Flohr et al. 1999, Goldsby et al.
2001, Jin et al. 2001). Pol δ has been isolated from numerous sources, and a large amount
of comparative information on the primary structure is available (Cullmann et al. 1993,
reviewed in Hindges & Hübscher 1997a, Burgers et al. 1998, Waga & Stillman 1998,
Hübscher et al. 2000). Although there appeared to be considerable heterogeneity in the
subunit composition of enzymes from different sources, more recent work has shown that
the structure and subunit composition of Pol δ is rather conserved among eukaryotes
(Table 3). The A subunit of about 125 kDa contains the catalytic activity for both the
polymerase and the proofreading 3´→5´ exonuclease activity (Boulet et al. 1989, Sitney
et al. 1989, Chung et al. 1991, Pignede et al. 1991, Zhang et al. 1991, Yang et al. 1992,
Cullmann et al. 1993, Park et al. 1993). The B subunit that is devoid of any catalytic
activity is thought to be important for the enzyme stability as well as for protein-protein
interactions (Zhang et al. 1995a, MacNeill et al. 1996, Giot et al. 1997, Hindges &
Hübscher 1997b, Zou et al. 1997, Gerik et al. 1998, Hashimoto et al. 1998). The C
subunit of Pol δ shows far less conservation than the A and B subunits (Zuo et al. 1997,
Gerik et al. 1998, Hughes et al. 1999, Mo et al. 2000), as is already indicated by the
heterogeneity in size (Table 3). Clear homology is only apparent in the carboxy-terminal
part of the proteins from different sources, including a well-conserved PCNA consensus
binding site at the carboxy-terminus (Gerik et al. 1998, Hughes et al. 1999). Burgers
Table 3. The subunit composition and designations of Pol δ in mammals and yeasts
(adapted from MacNeill et al. 2001). The molecular weights of the subunits as predicted
from the corresponding cDNAs are given in parentheses.
Subunit
designation

human

S. cerevisiae

S. pombe

Comments

A

p125

Pol3p

Pol3

Catalytic subunit; interacts with B-

B

(124 kDa)
p55

(125 kDa)
Pol31p/Hy2p

(125 kDa)
Cdc1

subunit and with PCNA
Interacts with A- and C-subunit

(51 kDa)

(55 kDa)

(55 kDa)

p66/KIAA0039

Pol32p

Cdc27

Interacts with B- and C-subunit and

(51 kDa)

(40 kDa)

(54 kDa)

with PCNA

Cdm1

Interacts with A- and/or B-subunit

C
D

p12/THC112256
(12 kDa)

–

(22 kDa)
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(1998) noticed that, although not conserved at the primary level, the C subunits share
several additional common features including their highly charged nature and extremely
high lysine content. In contrast to the S. pombe cdc27+ gene, the S. cerevisiae POL32
gene is not essential for cell viability (Nasmyth & Nurse 1981, MacNeill et al. 1996,
Gerik et al. 1998). The mammalian and fission yeast D subunits, p12 and Cdm1,
respectively, are not matched in budding yeast (Zou et al. 1997, Reynolds et al. 1998, Liu
et al. 2000). It has been suggested that the physiological form of Pol δ in budding and
fission yeast, and probably also in mammalian cells, is a dimer of a heterotrimer or
heterotetramer (Burgers & Gerik 1998, Gerik et al. 1998, Mo et al. 2000, Zou et al.
2000). The C subunit mediates the dimerisation of the enzyme. Nevertheless, more
extensive analyses in budding yeast indicate that at least in this organism, Pol δ exists as a
monomer (Johansson et al. 2001).
To fully understand the function of Pol δ, it has to be seen in the context of the two
factors RFC and PCNA. These proteins provide the moving platform that mediates the
dynamic functions of the enzyme (reviewed by Hindges & Hübscher 1997a, Hübscher et
al. 2000). PCNA is a eukaryotic sliding clamp that is structurally and functionally related
to the β subunit of E. coli Pol III holoenzyme. Three PCNA molecules form a closed ring
able to encircle duplex DNA (Krishna et al. 1994). Once loaded onto DNA by RFC in an
ATP-dependent manner (Tsurimoto & Stillman 1991a, Cai et al. 1996), PCNA cannot
dissociate but can freely translocate on double-stranded DNA (reviewed by Jónsson &
Hübscher 1997). PCNA then associates with Pol δ at the primer-template junction and
supports processive DNA synthesis by the polymerase, and at the same time prevents
nonproductive binding of Pol δ to single-stranded DNA (Tsurimoto & Stillman 1991b,
Prelich et al. 1987a, b, Bauer & Burgers 1988). Pol δ in conjunction with PCNA and RFC
is therefore generally referred to as the Pol δ holoenzyme (Burgers 1991). Pol δ exhibits a
complex interaction with PCNA. Two functional interaction sites with PCNA have been
mapped in Pol δ, one residing in the N-terminus of the catalytic subunit, the other being a
consensus PCNA interaction site in the C-terminus of the C subunit (Zhang et al. 1995b,
Hughes et al. 1999, Mo et al. 2000, Shikata et al. 2001, Xu et al. 2001). What is more,
the B subunit is required for the productive interaction of PCNA with the catalytic
subunit, since stimulation of Pol δ activity by PCNA can only be observed in the presence
of both A and B subunits (Goulian et al. 1990, Hindges & Hübscher 1995, Zhang et al.
1995c, Zhou et al. 1996, 1997, Tratner et al. 1997).
As will be discussed in more detail below, Pol δ is implicated to be the major DNA
polymerase required for DNA replication. This is mainly based on studies of SV40
replication in vitro (reviewed by Waga & Stillman 1998, Hübscher et al. 2000).
Consistently, the A and B subunits have been found to be essential for cell viability both
in budding and in fission yeast (Boulet et al. 1989, Sitney et al. 1989, Sugimoto et al.
1995, MacNeill et al. 1996, Hashimoto et al. 1998). Mutants have a cell cycle arrest
phenotype, but surprisingly, a major amount of DNA is synthesised during replication
before arrest in these mutants (Budd & Campbell 1993, Conrad & Newlon 1983,
Franscesconi et al. 1993, Sugimoto et al. 1995, MacNeill et al. 1996).
The expression of mammalian Pol δ is mitogenically stimulated and shows a moderate
increase at the G1/S boundary of the normal cell cycle, similar to Pol α and many other
proteins involved in replication (Zeng et al. 1994a, Zhao & Chang 1997). Pol δ is highly
phosphorylated during S phase, and the enzyme has been found to be the substrate for G1-
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specific cdk4-cyclin D3 and cdk2-cyclin E complexes in co-transfection studies in insect
cells (Wu et al. 1998). Since the N-terminus of Pol δ also interacted with cdk2, this
kinase might also be important for regulation of Pol δ in vivo. The interaction of Pol δ
with the retinoblastoma protein and with Werner syndrome helicase indicates that
additional modes of functional regulation of the enzyme are present in mammalian cells
(Kamath-Loeb et al. 2000, 2001, Szekely et al. 2000).

2.1.2.5 DNA polymerase ε
Pol ε was first isolated as a nuclear DNA polymerase from yeast as early as 1970
(Wintersberger & Wintersberger 1970). Soon after, the corresponding DNA polymerase
was purified from rabbit bone marrow as an enzyme associated with 3´→5´ exonuclease
activity (Byrnes et al. 1976). It has been isolated and characterised from several
mammalian sources as an enzyme with varying molecular weight, 170 kDa from human
placenta (Lee & Toomey 1987), ~260 kDa from human HeLa cells (Nishida et al. 1988,
Syväoja & Linn 1989, Lee et al. 1991a), 140 kDa from calf thymus (Crute et al. 1988,
Focher et al. 1988). At least for calf thymus Pol ε, it was shown that the 140 kDa form
represents a proteolytic fragment, and that a similar fragment can be formed specifically
during apoptosis by caspase-3 and calpain (Uitto et al. 1995, Liu & Linn 2000). Although
it was discovered earlier, Pol ε was originally considered to be a form of Pol δ that is
processive in the absence of PCNA and RFC at low ionic strength (reviewed in Syväoja
1990). Pol ε was eventually proven to represent an independent DNA polymerase and the
catalytic subunit was cloned from several species (Wong et al. 1989, Morrison et al.
1990, Syväoja et al. 1990, Lee et al. 1991b, Kesti et al. 1993, D’Urso & Nurse 1997,
Sugino et al. 1998, Oshige et al. 2000). Pol ε has a structure similar to that of other
eukaryotic family B DNA polymerases (Figure 2), but notably, the catalytic subunit
possesses a large C-terminal domain of unclear function that accounts for half of the
molecular weight of ~260 kDa (Huang et al. 1999). It is located between the DNA
polymerase domain and the putative zinc-finger. The catalytic subunit is essential for
viability in budding and fission yeast, and temperature-sensitive mutants fail to replicate
chromosomal DNA at the restrictive temperature (Morrison et al. 1990, Araki et al. 1992,
Budd & Campbell 1993, D’Urso & Nurse 1997, Sugino et al. 1998). It is rather
surprising that in fact the carboxy-terminal domain is sufficient for cell viability, whereas
the polymerase and exonuclease domains are dispensable (Dua et al. 1999, Kesti et al.
1999, Feng & D’Urso 2001). The putative zinc fingers appear to be particularly
important, since several mutants in this domain or the adjacent C-terminus have growth
defects (Budd & Campbell 1993, Dua et al. 1998). Furthermore, some of these mutants
are defective in their response to DNA damaging agents during S-phase in budding yeast
(Navas et al. 1995, 1996, Dua et al. 1998). It can be seen as consistent with the results
from yeast that Pol ε, in contrast to Pol δ, is not required for DNA replication of SV40
(Lee et al. 1991a, Waga et al. 1994, Waga & Stillman 1994, Zlotkin et al. 1996).
Apart from the catalytic subunit, Pol ε contains three more subunits that differ in size
but are conserved in their primary structure from yeast to human (reviewed in Hübscher
et al. 2000). The B subunit of 60-86 kDa is also essential for viability in yeast and is
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implicated in homodimerisation of the enzyme (Araki et al. 1991a, Li et al. 1997, Jokela
et al. 1998, Dua et al. 2000).
The DPB3 and DPB4 genes encode the two smallest, non-essential subunits of
budding yeast Pol ε (Araki et al. 1991b, Ohya et al. 2000). The fourth subunit p17 of
human Pol ε, homologous to DPB4, has been cloned, and the probable DPB3 homologue
p12 has been identified by homology searches (Li et al. 2000). These subunits possess a
histone-fold of the H2A/H2B type and are closely related to the histone-fold subunits of
the CCAAT binding factor (Li et al. 2000, Ohya et al. 2000). They form a stable dimer
that interacts with the other two larger subunits (Dua et al. 2000, Li et al. 2000).
Interestingly, p17 has been independently identified as an integral subunit of the
Chromatin-remodelling factor CHRAC (Poot et al. 2000). In CHRAC, p17 forms a dimer
with a protein closely related to p12. Such a homologue of DPB3 was also identified in
yeast (Vandelbol & Portetelle 1999).
The DPB11 gene was originally identified as a multicopy suppressor of the
temperature-sensitive Pol2 and DPB2 mutants of Pol ε (Araki et al. 1995). The gene
product is homologous to fission yeast Cut5, both having four copies of the BRCA1 Cterminal (BRCT) domain. Dpb11 and Cut5 are required for the onset of S-phase, DNA
replication and cell cycle checkpoints (Saka & Yanagida 1993, Araki et al. 1995, Reid et
al. 1999). Dpb11 also interacts physically with Pol ε, but this interaction appears to be
transient and may be restricted to initiation of replication (Masumoto et al. 2000). The
topoisomerase II binding protein 1 (TopBP1) has been identified as a probable structural
and functional human homologue of Dpb11 (Mäkiniemi et al. 2001).
The functional interaction between Pol ε and PCNA has been the subject of a detailed
study. Like Pol δ, Pol ε forms a highly processive holoenzyme complex with RFC and
PCNA under physiological conditions (Lee et al. 1991a, Podust et al. 1992, Maga &
Hübscher 1995). But in contrast to Pol δ, where the interaction with the interdomain loop
appears to be most important, Pol ε interacts with the front side of PCNA including its

Fig. 2. The domain structure of human DNA polymerase ε compared with the structure of
other eukaryotic family B DNA polymerases. Although DNA polymerases α and ζ do not
exhibit any proofreading exonuclease activity, regions of similarity to the exonuclease domain
can be detected in their primary structure.
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very C-terminus (Eissenberg et al. 1997, Kelman et al. 1999a, Maga et al. 1999). A
second interaction with the back is important for PCNA stimulation of the primer binding
by Pol ε (Maga et al. 1999).
As is the case for Pol α and several other replication factors, Pol ε has a role in the
silencing of ribosomal DNA as well as the mating type locus in budding yeast
(Ehrendorf-Murray et al. 1999, Smith et al. 1999). The underlying mechanisms that link
replication to transcriptional silencing are not yet understood.

2.1.2.6 Other eukaryotic DNA polymerases
Apart from Pols α, β, δ and ε, which are considered the classical nuclear DNA
polymerases, it became apparent that a number of additional DNA polymerases are
present in many organisms. These enzymes often show specific requirements for activity
and are therefore proposed to fulfil specialised roles in the cell (Friedberg et al. 2000,
Goodman & Tippin 2000). This may be the reason why these DNA polymerases have
escaped detection by traditional biochemical approaches of protein purification.
These novel DNA polymerases can be best considered in their functional context. One
of the most prevalent roles for several of these enzymes is to allow replicative DNA
synthesis opposite to sites of damage in the template strand, which block the normal
replication apparatus (Friedberg & Gerlach 1999, Woodgate 1999). The first report on
such a function, called translesion synthesis, in eukaryotic cells derived from budding
yeast, when Nelson and colleagues found that the Rev3 and Rev7 proteins form a DNA
polymerase, Pol ζ, capable of DNA synthesis past a UV-induced thymidine cyclobutane
dimer in vitro (Nelson et al. 1996a). Pol ζ is the fourth widely distributed eukaryotic
DNA polymerase of family B (Morrison et al. 1989, Gibbs et al. 1998, Lin et al. 1999a,
Van Sloun et al. 1999, Eeken et al. 2001). Translesion synthesis by Pol ζ is mutagenic,
and this enzyme is responsible for most of the damage-induced mutagenesis in S.
cerevisiae (Friedberg et al. 1995, Harfe & Jinks-Robertson 2000a, Lawrence & Maher
2001). More recent work indicates that the major importance of Pol ζ lies in its ability to
extend from poorly paired primers and to use distorted templates. For different types of
DNA lesions, it has been shown that one specific DNA polymerase is required for the
insertion of a nucleotide opposite to the damage. Pol ζ then uses this inserted nucleotide
for limited extension beyond the lesion where the normal replication apparatus can take
over again (Johnson et al. 2000a, 2001, Nelson et al. 2000, Haracska et al. 2001a,
Lawrence & Maher 2001). Although deletion of the REV3 gene in budding yeast confers
only a very mild UV-sensitive phenotype, inactivation of the corresponding gene rendered
mice inviable, resulting in early embryonic lethality (Friedberg et al. 1995, Esposito et al.
2000a, Wittschieben et al. 2000, Kajiwara et al. 2001). This indicates that DNA
translesion synthesis is of higher importance in eukaryotes with larger genomes, or
mammalian Pol ζ may perform an essential task in mammalian development that is not
required in yeast.
It is probably mainly the DNA polymerases of family Y that incorporate nucleotides
opposite to damaged DNA (reviewed by Woodgate 1999, Lehmann 2000, McDonald et
al. 2001). Budding yeast Rev1 was the first enzyme of this family shown to possess DNA
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polymerase-related activity. It incorporates dCMP opposite to an abasic site in vitro, i.e.
DNA with an intact sugar phosphate backbone, where the DNA base is missing (Nelson et
al. 1996b). Although the human homologue exhibits the same activity, Rev1 appears to
possess a second, poorly understood function that is important for DNA translesion
synthesis in general (Lin et al. 1999b, Gibbs et al. 2000, Nelson et al. 2000, Haracska et
al. 2001a, Lawrence & Maher 2001, Masuda et al. 2001).
The yeast RAD30 gene, identified by sequence homology to E. coli UmuC and DinB,
was found to encode a DNA polymerase, Pol η that is able to synthesise efficiently past a
thymidine-thymidine cis-syn cyclobutane dimer, the principal UV damage on DNA
(Roush et al. 1998, Johnson et al. 1999a, b). What is more, this translesion synthesis is
apparently error-free. Human Pol η has very similar properties and is encoded by the
XPV gene affected in xeroderma pigmentosum variant patients (Johnson et al. 1999c,
2000b, Masutani et al. 1999a, b, 2000, Yuan et al. 2000, Washington et al. 2001).
Translesion synthesis by Pol η appears to be tightly linked to DNA replication (Haracska
et al. 2001b, Kannouche et al. 2001).
In higher eukaryotes, a second RAD30 orthologue, designated Pol ι, is present
(McDonald et al. 2001, Ohmori et al. 2001). It shares several features with Pol η,
including highly distributive DNA synthesis and the ability to bypass certain DNA
lesions, but in contrast to Pol η, Pol ι is highly inaccurate during DNA synthesis
(McDonald et al. 1999, Johnson et al. 2000a, Zhang et al. 2000, 2001a, Tissier et al.
2000). A fourth human DNA polymerase of family Y was recognised as a homologue of
E. coli DinB and designated Pol κ (Gerlach et al. 1999, Ogi et al. 1999). As expected, Pol
κ is capable of mutagenic DNA lesion bypass, but differs from other family members in
respect to DNA lesion substrate preference and mutational spectrum (Johnson et al.
2000c, Ohashi et al. 2000a, b, Gerlach et al. 2001, Levine et al. 2001, Zhang et al. 2001b,
c, reviewed in Wang 2001).
A process that is related to DNA translesion synthesis is somatic hypermutation, the
process by which affinity maturation of antibodies occurs. Here, specific segments of the
expressed immunoglobulin genes undergo nearly a million-fold increase in mutation rates
compared to spontaneous background (reviewed in Ruiz et al. 2001, Tippin & Goodman
2001). In addition to the DNA translesion polymerases, the novel family X Pol µ is a
good candidate for a role in this process, since it is specifically expressed in lymphoid
tissues (Aoufouchi et al. 2000, Dominguez et al. 2000). In fact, several DNA polymerases
are probably involved simultaneously (Diaz et al. 2001, Poltorsatsky et al. 2001, Rogozin
et al. 2001, Zan et al. 2001, Zeng et al. 2001).
Another human DNA polymerase of family X related to Pol β that has been identified
recently was assigned Pol λ (Aoufouchi et al. 2000, Garcia-Diaz et al. 2000). The high
expression of this yet poorly characterised enzyme in testis, in particular pachytene
spermatocytes, suggests a potential role in DNA repair in meiotic cells.
The latest family X DNA polymerase member that has been uncovered was first
termed Pol κ, but has now been reassigned as Pol σ (Aravind & Koonin 1999, Wang et al.
2000a, Carson & Christman 2001). This enzyme is the product of the TRF4 gene in S.
cerevisiae and is one of several recent clues that link cohesion between sister chromatids
with replication. Pol σ/TRF4 belongs to a family with two members in S. cerevisiae, six
in S. pombe, 11 in C. elegans, and at least four in human cells (Wang et al. 2000b). The
function of the family members is at least in part redundant. For example in budding
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yeast, single deletion of TRF4 or TRF5 has a mild phenotype, whereas inactivation of
both members TRF4/TRF5 renders the cell inviable (Wang et al. 2000a). The discovery
of a cohesion-specific sliding clamp loader, RFC(Ctf18p, Ctf8p, Dcc1p), led to the
suggestion that there could be a DNA polymerase switch facilitating sister chromatid
cohesion (Hanna et al. 2001, Mayer et al. 2001, Naiki et al. 2001, reviewed by Uhlmann
2000, Carson & Christman 2001). In fission yeast, the Pol η homologue Eso1 is also
involved in this process (Tanaka et al. 2000a). It appears that the components required to
establish cohesion are tightly linked to the replication checkpoint (Wang et al. 2000b,
Naiki et al. 2001).
Since the mitochondrial Pol γ is the only family A DNA polymerase that was identified
in S. cerevisiae, it was rather surprising when the Drosophila mus308 gene was found to
code for an enzyme of this family (Harris et al. 1996). A polymerase activity
corresponding to this gene product was also purified from fruit fly embryos (Oshige et al.
2000). This DNA polymerase, Pol θ, is found in higher eukaryotes and is unique in that it
contains a putative helicase, a 3´→5´exonuclease and a DNA polymerase domain in one
polypeptide chain (Harris et al. 1996, Sharief et al. 1999). Pol θ is probably involved in
the repair of DNA interstrand cross-links since mus308 mutants are particularly sensitive
to this damage. At least in mammals, another potential family A DNA polymerase awaits
characterisation (Sonnhammer & Wootton 1997).

2.1.3 Archaeal DNA polymerases
Archaea form one domain of life, Bacteria and Eukarya forming the other main
evolutionary lineages (Woese & Fox 1977). The Archaea are divided into three kingdoms,
Crenarchaeota comprising mainly hyperthermophilic organisms with archaic features,
Euryarchaeota, a more divergent group comprising halophilic, methanogenic and some
thermophilic organisms, and Korarchaeota, a group of organisms that is not yet well
defined (Barns et al. 1996). Archaea and Bacteria share several features in their primary
metabolism, and are both described as prokaryotes since they lack a defined nucleus. But
surprisingly, the archaeal replication apparatus looks more like its eukaryotic counterpart
(Edgell & Doolittle 1997). Most of the archaeal DNA polymerases identified to date
belong to family B, accordingly to eukaryotic replicative DNA polymerases (reviewed in
Ishino & Cann 1998, Cann & Ishino 1999). Archaeal family B DNA polymerases are
single-subunit enzymes with a strong intrinsic proofreading activity that synthesise DNA
with moderate processivity in the absence of any cofactors. Therefore, several enzymes
from hyperthermophilic archaea are commercially available as PCR enzymes. Their high
fidelity of synthesis and extreme heat stability makes them superior to other such
enzymes (Ishino & Cann 1998).
Archaeal family B DNA polymerases have similar amino acid sequences, however
they can be divided into two groups (Edgell et al. 1997, 1998, Cann & Ishino 1999). All
archaea possess one aphidicolin-sensitive enzyme (Pol BI) that represents group I. In
crenarchaeota, a second, usually aphidicolin-resistant family B DNA polymerase of group
II (Pol BII) is present. Some crenarchaeota possess still a third enzyme of group I that
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actually may not be an active DNA polymerase (Edgell et al. 1997, Cann & Ishino 1999,
Iwai et al. 2000).
Detailed phylogenetic analyses indicate that Pol BI is actually the orthologue to
eukaryotic Pol ε, but not to Pols α, δ, or ζ (Edgell et al. 1998, Iwai et al. 2000), a fact that
is also reflected by several similarities in the primary sequence of these enzymes (Huang
et al. 1999). Therefore, several independent gene duplications and deletions must have
occurred prior to and after the separation of the eukaryotic from the archaeal lineage early
in evolution (Edgell et al. 1998).
It seemed unlikely that in Euryarchaeota, all DNA synthesis could depend on only one
DNA polymerase. In fact, a novel family D of DNA polymerases (Pol D) that is confined
to Euryarchaeota, was identified (Uemori et al. 1997, Cann et al. 1998, Ishino et al.
1998). Pol D consists of two subunits of about 140 and 70 kDa, and possesses strong
proofreading activity (Uemori et al. 1997). Both subunits are expressed in one operon
with the replication initiation protein Cdc6 and the RecA-like recombination protein
RadA.
The division of labour between the two families of DNA polymerases in euryarchaeota
is not clear, although Pol D has several features of a replicate DNA polymerase (Ishino &
Cann 1998), both types of DNA polymerases are activated by PCNA, leaving open the
possibility that both are required for DNA replication (Cann et al. 1999, De Felice et al.
1999).

2.2 DNA replication

2.2.1 Overview
DNA replication is the process of duplication of the complete genome that has to precede
each cell division. The basic principles of DNA replication are conserved in all
organisms, and studies with several eukaryotic organisms have shown that the major
biochemical activities are conserved at least within this kingdom (Waga & Stillmann
1998).
DNA replication is generally divided into three phases (Kornberg & Baker 1992).
During the initiation phase, the assembly of the prereplication complex leads to the local
unwinding of the DNA double helix and the formation of the replication fork (reviewed
by Kelly & Brown 2000, Ritzi & Knippers 2000, Takisawa et al. 2000). During the
elongation phase, the replication fork progresses to synthesise the bulk DNA (Waga &
Stillman 1998). Finally, the termination phase, which is not been studied in detail yet,
corresponds to the merging of two replication forks (Zhu et al. 1992).
Genetic studies in the yeasts S. cerevisiae and S. pombe allowed the identification of
factors involved in replication and its regulation (reviewed by Newton 1996). On the
other hand, biochemical analysis of DNA replication has largely relied on model systems
based on mammalian viruses like Simian virus 40 or other Papilloma viruses (Waga &
Stillmann 1998). Replication elongation of these viruses depends largely on the
replication apparatus of their host cells. For the study of the initiation of DNA replication,
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Xenopus egg extracts have been widely used (reviewed by Pasero & Gasser 1998). In this
embryonic model system, any DNA is replicated rapidly without particular sequence
requirements.

2.2.2 Initiation of DNA replication
Generally, DNA replication initiates at defined sequences known as the origins of
replication in most organisms and viruses studied (Kelly & Brown 2000). The bestcharacterised eukaryotic origins of replication are those of the budding yeast S.
cerevisiae. These origins were at first identified as so-called autonomously replicating
sequences (ARS), and like prokaryotic origins, they are composed of several short welldefined sequence blocks that determine exactly the site of initiation of DNA synthesis
(DePamphilis 1999, Kelly & Brown 2000). In fission yeasts as well as in metazoan
organisms, origins of replication appear to be more complex, and cannot be recognised by
their sequence elements (DePamphilis 1999). Furthermore, many of the mammalian
origins studied initially appeared to be characterised by multiple potential initiation sites
for DNA synthesis, which led to the initiation zone model (DePamphilis 1999). This
model assumes the presence of redundant potential initiation sites only some of which are
selected by multiple parameters in a highly flexible process. Nevertheless, several
recently identified mammalian origins possess specific initiation sites rather than
initiation zones. This suggests that initiation in metazoans is not as different as it was first
thought to be (Todorov et al. 1999, Abdurashidova et al. 2000, Bielinsky et al. 2000,
Giacca 2000, Kamath & Leffak 2001). Furthermore, origins of replication have been
mapped to the promoter region of several genes, indicating a role of transcription in the
initiation process (Murakami & Ito 1999, Todorov et al. 1999).
The initiation reaction itself can be understood as a two-step process (Figure 3).
Eukaryotic origins of replication are bound by a conserved protein complex consisting of
origin recognition complex (ORC1-6) factors (Fujita 1999, Quintana & Dutta 1999, Kelly
and Brown 2000). Whereas the yeast ORC complex appears to bind to origins throughout
the cell cycle, some of the ORC proteins are apparently released from the chromatin in
metazoans during S phase of the cell cycle (Quintana & Dutta 1999, Kelly & Brown
2000, Kreitz et al. 2001). ORC then recruits Cdc6 to the origin. Similar to the Orc
proteins, Cdc6 is a member of the large AAA+ ATPase superfamily and has structural
resemblance to the PCNA clamp loader RFC. Both ORC and Cdc6 can be understood as
molecular switches (Lee & Bell 2000, Ritzi & Knippers 2000). ATP binding induces
structural changes that trigger recruitment and loading of new factors, ATP hydrolysis in
turn is required for the release of the molecular switch. As ORC controls Cdc6 loading,
Cdc6 in turn controls loading of the six minichromosome maintenance proteins (MCM27) onto the origins (Lee & Bell 2000). Cdt1, a presumptive coiled-coil protein and
Mcm10, which is not structurally related to MCM2-7, represent two other conserved
proteins loaded onto chromatin under the control of ORC, and required for recruitment of
the MCM2-7 proteins (Hofmann & Beach 1994, Homesley et al. 2000, Kawasaki et al.
2000, Maiorano et al. 2000, Nishitani et al. 2000). It was shown that Cdt1 represents the
replication licensing factor RLF-B and MCMs represent the replication licensing factor
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RLF-M, which had been postulated based on early cell fusion experiments and studies
with Xenopus egg extracts (Rao & Johnson 1970, Blow & Laskey 1988, Chong et al.
1995, Kubota et al. 1995, Madine et al. 1995, Thommes et al. 1997, Tada et al. 2001).
The primary function of the MCMs is in unwinding the DNA (Tye 1999, Kelly & Brown
2000). MCMs were first identified due to the reduced efficiency of their mutants to
replicate centromer plasmids (Maine et al. 1984, Rowles & Blow 1997). They are not
only important for local opening of the DNA at the origin, but are also considered good
candidates for the replicative helicase in eukaryotes (Labib & Diffley 2001, see below).
Loading of MCM2-7 establishes the pre-replication complex that is the replication
competent state of the chromatin (Ritzi & Knippers 2000, Kelly & Brown 2000).

Fig. 3. Schematic model for the assembly and activation of the pre-replication and initiation
complex. This model is based on presentations from Kelly & Brown (2000), Takisawa et al.
(2000) and Blow (2001), and is adapted from Tuusa (2001).
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In the second phase of initiation, an activity called the S-phase-promoting factor (SPF)
is required at each origin to establish a pair of replication forks. Both cyclin-dependent
kinases and the Cdc7/Dbf4 kinase constitute this SPF and are required for initiation of the
licensed origin (Tanaka et al. 1997, Bousset & Diffley 1998, Donaldson et al. 1998,
Tanaka & Nasmyth 1998, Zou & Stillman 1998, 2000 Masai et al. 1999, Pasero et al.
1999, Jiang et al. 1999, Blow 2001). The major target of Cdc7/Dbf4 activity appears to be
the MCMs, especially MCM2 (Jiang et al. 1999, Masai et al. 1999). Only after
phosphorylation of MCM2-7 by Cdc7/Dbf4, can Cdks execute their essential function of
DNA replication (Jares & Blow 2000, Walter 2000, Zou & Stillman 2000). This does not
exclude the possibility that Cdc7 itself requires an activation step by Cdks, as is
suggested from studies in yeast (Nougarède et al. 2000). SPF triggers the loading of
several factors that promote the initiation itself. Among these, Cdc45 is significant.
Cdc45 was identified as a factor essential for initiation of DNA replication in S.
cerevisiae that interacted with Mcm5 (Hopwood & Dalton 1996, Zou et al. 1997). Cdc45
was subsequently shown to be loaded onto the pre-replicative complex directly before
origin firing and to migrate with the progressing replication fork (Aparacio et al. 1997,
1999, Zou & Stillman 1998). Cdc45 is critical for unwinding of DNA at the origin and
establishment of the early replication fork (Walter & Newport 2000). Its crucial role lies
in the recruitment of RPA as well as Pols α and ε. Cdc45 also mediates interaction
between MCM2-7 and other replication factors (Aparacio et al. 1997, 1999, Mimura &
Takisawa 1998, Kukimoto et al. 1999, Mimura et al. 2000, Walter & Newport 2000, Zou
& Stillman 2000, Uchiyama et al. 2001). Several other factors are required for the proper
establishment of the early replication fork, many of which may be species-specific. In S.
cerevisiae, Dpb11, a BRCT repeat-containing protein that interacts with Pol ε and Cdc45,
forms a larger complex that contains several other proteins that interact with Dpb11 or
Cdc45 (Araki et al. 1995, Kamimura et al. 1998, 2001, Wang & Elledge 1999, Masumoto
et al. 2000). This complex is not only essential for DNA polymerase loading, but also
seems to link initiation of replication to checkpoint control in order to guarantee tight and
efficient regulation of initiation and replication. The Dbp11 homologue TopBP1 may
fulfil a similar function in higher eukaryotes (Mäkiniemi et al. 2001).

2.2.3 DNA replication in eukaryotic model systems
In the course of initiation, two replication forks are established that permit the coordinated replication of the leading and lagging strands. The introduction of SV40 as a
model for mammalian DNA replication by Thomas Kelly and his co-workers (Li & Kelly
1984) allowed the rapid identification and characterisation of cellular factors involved in
replication. Only ten years later, this research culminated in the reconstitution of SV40
DNA replication as the first eukaryotic system from highly purified or recombinant
factors (Waga et al. 1994). The SV40 replisome can be considered the prototypic core
replication apparatus in the eukaryotic cell, with the exception that the viral large T
antigen serves both as initiator and as replicative DNA helicase (Figure 4A, Kelly 1988).
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Two DNA polymerases are involved both in leading and lagging strand DNA synthesis
in the SV40 DNA replication system reconstituted with purified proteins (Weinberg &
Kelly 1989, Nethanel & Kaufmann 1990, Weinberg et al. 1990). A switching from Pol α
to Pol δ occurs after initiation of the leading strand as well as after priming of each

Fig. 4. SV40 DNA replication in vitro as a model of the eukaryotic replication fork. (A)
Schematic model of the SV40 replication fork. (B) Mechanism of DNA polymerase switching
during lagging strand replication. Adapted from Waga & Stillman 1994, Burgers 1998, Tuusa
2001.
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Okazaki fragment on the lagging strand (Tsurimoto et al. 1990, Waga & Stillman 1994).
The mechanisms for initiation of the leading strand and initiation for each Okazaki
fragment are apparently very similar (Figure 4). DNA is unwound by the replicative
helicase and coated by the eukaryotic DNA single-stranded DNA binding protein, RPA.
Displacing RPA from the template strand, Pol α/primase synthesises a short RNA-DNA
primer of 30-40 nucleotides called initiator DNA (Nethanel et al. 1988, Nethanel &
Kaufmann 1990, Bullock et al. 1991, 1994, Mass et al. 1998, 2001). Pol α is then
displaced by RFC, which binds tightly to the primer-template junction, and loads PCNA
onto the DNA (Tsurimoto & Stillman 1990, 1991a, b). Pol δ then associates with PCNA
to form the processive Pol δ holoenzyme that extends the DNA strand. This central step in
eukaryotic DNA replication is termed “polymerase switching” (Tsurimoto et al. 1990,
Waga & Stillman 1994), and RFC appears to have a critical role in the control of this
reaction (Yuzhakov et al. 1999a, b, Maga et al. 2000). On the leading strand, DNA
synthesis by Pol δ is continuous. On the lagging strand, synthesis continues until the
DNA polymerase encounters the previous primer. The primer RNA and possibly part of
the initiator DNA is removed and the DNA strands are ligated to form a continuous
strand.
There are two different models proposed for synthesis of Okazaki fragments (Salas et
al. 1996). The initiation zone model was introduced by Anderson & DePamphilis (1979)
and resembles the model for Okazaki fragment synthesis in E. coli. In this model, RNA
primer synthesis is rate limiting, and priming sites are selected every 100-200 nucleotides
on average. DNA synthesis occurs on the single stranded template DNA that is covered by
several RPA molecules. Only a small fraction of the potential priming sites are selected
(Salas et al. 1996), and it has been proposed that chromatin structure could account for
this, since the eukaryotic Okazaki fragment size corresponds well to the average length of
internucleosomal DNA (Herman et al. 1981, Ishimi et al. 1988). The size of the Okazaki
fragment could be determined by the anatomy of the replication fork (Salas et al. 1996).
Kaufmann and co-workers proposed a second model in which Okazaki fragments by
themselves are synthesised discontinuously (Nethanel et al. 1988, 1992). Here, Okazaki
fragments result from an assembly of a nested series of initiator DNA primers (nested
discontinuity model) that displace RPA rapidly from the unwound lagging strand (Mass et
al. 1998, 2001). This is consistent with the low cooperativity in single-stranded DNA
binding of RPA compared to bacterial single-stranded binding proteins. Although this
model leaves open the question of why the first RNA-DNA primer is delayed in giving
rise to the Okazaki fragments, the reasons could lie in the chromatin structure as in the
initiation zone model or in the intrinsic architecture of the replication fork.
Early studies with highly purified proteins on model lagging strand substrates
suggested that two nucleases, RNase H and Fen-1, are required for maturation of the
lagging strand (reviewed in Waga & Stillman 1998). The interaction of Fen-1 with PCNA
further suggests that this process is coordinated with DNA lagging strand synthesis (Li et
al. 1995a). More recent studies indicate that the conserved helicase and nuclease Dna2 as
well as RPA are also involved in this process (Budd et al. 1995, Bae et al. 1998, 2001,
Maga et al. 2001b). Okazaki fragment maturation may occur via two alternative pathways
(Waga & Stillman 1998, Qiu et al. 1999). The potential major pathway involves
exonucleolytic removal of the RNA primer by RNase H. The last ribonucleotide and
possibly part of the adjacent DNA is then removed by Fen-1 exonuclease activity (Waga
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& Stillman 1994, Waga et al. 1994, Qiu et al. 1999). Alternatively, the RNA-DNA primer
is displaced by a concerted action of Pol δ, PCNA and RPA, and the displaced flap
structure is removed by the action of Fen-1, Dna2 and/or Pol δ 3´→5´ exonuclease (Kang
et al. 2000, Bae et al. 2001, Jin et al. 2001, Maga et al. 2001b).
Since the large T antigen provides the replicative DNA helicase activity in SV40
replication, the cellular activity required for this function remained enigmatic. Recent
evidence, however, implicates a role for MCM2-7 as a replicative helicase in addition to
its function in initiation. While MCM2-7 seems to have no helicase activity in vitro, the
MCM4/6/7 subcomplex forms a hexameric ring of two trimers and shows 3´→5´ helicase
activity (Ishimi 1997, You et al. 1999, Lee & Hurwitz 2000, Sato et al. 2000).
Furthermore, this helicase requires forked DNA structures for processive activity (Lee &
Hurwitz 2001). The fact, that the single MCM2-7 related protein of the archaeal
Methanobacterium thermoautotrophicum forms a double hexamer and possesses
processive 3´→5´ helicase activity also supports the hypothesis that MCM2-7 represents
the replicative helicase (Kelman et al. 1999b, Chong et al. 2000, Shechter et al. 2000).
Immunoprecipitated MCM2-7 complexes contain all subunits in equimolar quantities and
all subunits are required for the elongation phase of replication in budding yeast (Adachi
et al. 1997, Tye 1999, Labib et al. 2000). Consistently, at least some of the MCM proteins
also appear to migrate with the replication fork (Aparicio et al. 1997). Although the
MCM2-7, and not any subcomplex, likely represents the replicative DNA helicase, its
tight and complex regulation during the initiation complex, or the lack of important
cofactors prevented the reconstitution of this activity in vitro (Tye & Sawyer 2000).

2.3 DNA repair

2.3.1 Overview
The size and chemical constitution of DNA impose an intrinsic instability of the genome
of all organisms. Changes in the genetic information, mutations, are the direct
consequence of this instability (reviewed in Friedberg et al. 1995). A diversity of DNA
lesions arises from different causes (Friedberg et al. 1995, Hoeijmakers 2001).
Environmental agents such as UV light, ionising radiation or genotoxic agents from
dietary intake induce alterations in DNA structure that may lead to mutations. DNA
damage may also result from normal cellular metabolism. Reactive metabolic
intermediates or by-products like hydroxyl radicals or superoxide anions have the
potential to modify DNA, and lesions can be the direct result of DNA metabolism, e.g.
during programmed genetic rearrangements or by erroneous DNA replication. Finally,
DNA carries an intrinsic instability under physiological conditions. Predominantly,
deamination of the natural bases leads to changed or ambivalent genetic information, and
hydrolysis of nucleotide residues leaves non-instructive abasic sites (Lindahl 1994).
All organisms have therefore invented mechanisms to maintain the integrity of their
genome by either preventing damage to the DNA or correcting the damaged DNA. The
diversity of DNA lesions is matched by a multiplicity of avoidance and repair pathways
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(Eisen & Hanawalt 1999, Wood et al. 2001). Many of the mechanisms to avoid mutations
are ancient in evolutionary history whereas others are specific to some lineages or even to
small groups of organisms (Eisen & Hanawalt 1999). Although the number of gene
products that are involved in DNA repair is large in many organisms, nature makes use of
a rather limited number of protein domains for DNA repair processes (Aravind et al.
1999, Wood et al. 2001). These domains are used as modules that can be combined in
several ways to best suit a particular repair mechanism (Aravind et al. 1999). The
plasticity of DNA repair is also reflected by the occurrence of horizontal transfer of repair
genes between unrelated groups of organisms that has been documented several times
(Aravind et al. 1999, Eisen & Hanawalt 1999).
Damage avoidance such as detoxification of reactive oxidative intermediates or
hydrolysis of faulty DNA precursors are not discussed further here. DNA repair pathways
fall into four categories dependent on the underlying mechanisms: (1) direct reversal of
the damage is a simple and important way of dealing with certain DNA lesions. Examples
for this mechanism are the removal of alkyl groups by the ubiquitous enzyme
alkyltransferase, reversal of the UV-induced pyrimidine dimer formation by the enzyme
photolyase, or direct ligation of DNA single strand breaks (Friedberg et al. 1995, Eisen &
Hanawalt 1999).
In (2) excision repair, a patch of single stranded DNA flanking the damage is excised
and replaced by newly synthesised DNA using the undamaged strand as a template.
(Wood 1996) There are distinct excision repair pathways with partly overlapping
functions that operate in most organisms studied thus far: Base excision repair (BER),
which deals with small modifications of the nucleotides as well as with abasic sites.
Nucleotide excision repair (NER) removes predominantly bulky DNA adducts and
damage that distorts the DNA structure considerably. DNA mismatch repair (MMR)
mainly corrects base mispairs, i.e. bases that do not obey Watson-Crick pairing after DNA
replication and recombination. These fundamental repair pathways are described in more
detail below.
(3) Recombinational repair is required for the repair of DNA double strand breaks
(DSBs) as well as DNA interstrand cross-links (reviewed in Haber 2000a, b, Karran
2000). It has several additional important tasks in the cell. Several recombinational
pathways operate simultaneously in the cell, and they are generally categorised as
homologous recombinational repair (HRR) that requires a repair substrate with extensive
homology, or as non-homologous end joining (NHEJ), which imposes no particular
requirements for homology.
(4) DNA post-replication repair (PRR) converts DNA damage-induced single-stranded
gaps into large molecular weight DNA without actually removing the replicationblocking lesions (reviewed in Broomsfield et al. 2001). In yeast, the single stranded DNA
binding protein Rad18 and the ubiquitin-conjugating enzyme Rad6 are required for
initiation of PRR (Friedberg et al. 1995). PRR may be channelled to DNA translesion
synthesis where one of the family Y translesion DNA polymerases or Pol δ incorporates a
nucleotide opposite to the damaged template in an error-free or error-prone manner
(Halas et al. 1997, Torres-Ramos et al. 1997, Woodgate 1999, Friedberg et al. 2000,
Haracska et al. 2001a). Pol ζ and Rev1 are then required for extension of the DNA
beyond the lesion (Lawrence & Maher 2001). Alternatively, PRR can also be channelled
to an error-free branch that utilises the ubiquitin-conjugating Ubc13/Mms2 complex
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(Broomsfield et al. 2001). This branch diverges into two poorly understood pathways,
one relying on the single-stranded ATPase Rad5 and apparently utilising extensive
ubiquitination. The other error-free pathway depends on Pol δ and PCNA (Xiao et al.
2000). Error-free PRR also utilises some form of homologous recombination for which
exact mechanisms are not yet understood (Broomsfield et al. 2001). Since many PRR
genes are structurally and functionally conserved from yeast to man, PRR appears to be
common in eukaryotes. MMR and some forms of BER are also linked to replication, but
are not considered to be PRR in the strict sense.

2.3.2 Excision repair
2.3.2.1 Base excision repair
BER repairs DNA base damage that causes only minor disturbances in the helical
structure of DNA such as oxidised, alkylated, deaminated or even absent bases (reviewed
in Krokan et al. 2000, Memisoglu & Samsom 2000). It is initiated by DNA glycosylases,
small single subunit enzymes that recognise the damaged, or in some cases, mispaired
bases. They cleave the N-glycosidic bond between the sugar-phosphate backbone and the
base to leave an abasic site (reviewed by Krokan et al. 1997). Multiple DNA glycosylases
with varying substrate specificity are continuously scanning the DNA. For example, eight
human nuclear glycosylases have been cloned to date (Schärer & Jiricny 2001). Four of
these, UDG, TDG, hSMUG1 and MBD4 are active in cleaving bases that arise from
deamination of cytosine and 5-methyl-cytosine. UDG and hSMUG cleave predominantly
uracil residues, and UDG also appears to be the main enzyme for rapid removal of uracil
falsely incorporated into DNA during replication (Otterlei et al. 1999). TDG and MBD4
are specialised for removal of deaminated bases in methylated DNA (Neddermann et al.
1996, Hendrich et al. 1999). hOGG, hNTH1 and MYH address principally oxidative
DNA base damage (reviewed in Schärer & Jiricny 2001). TGD and MBD4 are unique
among the human glycosylases since they are bifunctional. After base removal, the
apurinic/apyrimidinic (AP) lyase activity of these enzymes cleaves the DNA sugar
phosphate backbone 3´ of the abasic site by a β-elimination mechanism. Only one
glycosylase with a broad spectrum of activity, AAG/MPG, appears to suffice in human
cells to cope with alkylation damage of the DNA (reviewed in Krokan et al. 1997,
Schärer & Jiricny 2001). Structural analysis revealed that glycosylases fall into two main
structural families: The UGD family includes the human UDG, TDG and hSMUG
proteins, the helix-hairpin-helix family includes the human enzymes hOGG1 MYH,
hNTH1 and MBD4, whereas AAG seems to form a separate family (reviewed in Krokan
et al. 2000). A common mechanism has been observed in all glycosylase families: The
enzymes scan DNA along the minor groove. After initial recognition, faulty bases are
flipped out of the DNA into the active site pocket of the enzyme that guarantees the high
specificity in substrate recognition (Mol et al. 1995, Savva et al. 1995, Slupphaug et al.
1996, Lau et al. 1998, Bruner et al. 2000). It is noteworthy that many glycosylases exist
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as alternatively spliced nuclear and mitochondrial forms (Krokan et al. 2000, Schärer &
Jiricny 2000).
The major human AP endonuclease, HAP1/APE1, is at the intersection of all BER
pathways (reviewed by Seeberg et al. 1995, Nilsen & Krokan 2001). It introduces a nick
in the sugar phosphate backbone 5´ of the abasic site to provide the primer end for the
DNA polymerase. When BER has been initiated by a bifunctional DNA glycosylase, this
reaction already creates a single nucleotide gap that is predominantly filled by Pol β in
short patch BER (Dianov et al. 1998, Fortini et al. 1999).
BER initiated by a monofunctional glycosylase proceeds via an intermediate with a
nick at the 3´-hydroxyl and the 5´-deoxyribose 5-phosphate (dRp) end after incision by
HAP1. In this case, either a short-patch or a long-patch repair pathway may be utilised
(Kubota et al. 1996, Klungland & Lindahl 1997, Nicholl et al. 1997, Fortini et al. 1999).
In the short-patch repair pathway, Pol β is recruited to the repair site through its direct
interaction with HAP1 (Bennett et al. 1997, Fortini et al. 1998). The dRp lyase activity of
Pol β removes the dRp moiety, and the gap is subsequently filled by its polymerase
activity. Repair is completed by sealing the remaining nick utilising the complex of DNA
ligase III and XRCC1 (Cappelli et al. 1997, Nash et al. 1997). Ligase I may possibly
substitute for XRCC1/ligase III in some instances (Prasad et al. 1996, Nicoll et al. 1997).
According to recent reports, Pol β also initiates regular long-patch BER, which
involves synthesis of 2-8 nucleotides beginning at the damage site (Frosina et al. 1996,
Klungland & Lindahl 1997, Stucki et al. 1998, Matsumoto et al. 1999, Dantzer et al.
2000, Podlutsky et al. 2001, Prasad et al. 2001). Poly(ADP-ribose) polymerase-1 (PARP1) is required for a switch to initiate long-patch BER when the repair product cannot be
ligated after incorporation of the first nucleotide by Pol β (Dantzer et al. 2000, Podlutsky
et al. 2001, Prasad et al. 2001). In this case, Pol β is replaced by Pols δ or ε, which then
conduct strand displacement synthesis (Fortini et al. 1998, Stucki et al. 1998). DNA
synthesis is directed by the DNA sliding clamp PCNA and the clamp loader RFC, and the
displaced DNA, including the dRp moiety, is removed as an oligonucleotide by the flap
endonuclease Fen-1 (Kim et al. 1998, Gary et al. 1999). Repair is completed by ligase I
or alternatively by XRCC1/ligase III. PCNA probably has an important role in
coordination of this pathway since it interacts with Pol δ/ε, Fen-1 and ligase (Frosina et
al. 1996, Jónsson & Hübscher 1997, Gary et al. 1999, Levin et al. 2000).
There has been considerable discussion on the importance and overall contribution of
the two different BER pathways. It seems that the repair pathway is mainly determined
by the specific type of damage. Whereas generally, uracil-directed BER is repaired via
the short-patch pathway, the same damage is most likely removed by long-patch BER
after replication (Nealon et al. 1996, Sobol et al. 1996, Otterlei et al. 1999). BER that
results in an intermediate with a modified dRp moiety refractory to the Pol β lyase is
transferred into the long patch pathway (Klungland & Lindahl 1997, Gary et al. 1999,
Fortini et al. 2000).

2.3.2.2 Nucleotide excision repair
NER is a highly sophisticated and versatile DNA damage removal pathway. NER is able
to cope with a multitude of DNA lesions, the most relevant of which may be the damage
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inflicted on DNA by the UV component of sunlight (reviewed by de Laat et al. 1999). In
contrast to BER, NER does not recognise specific damage to the DNA, but detects
distortion of the DNA caused by a variety of damaging agents (reviewed by Sancar 1996,
Wood 1997). In this way, NER can handle various lesions with a single set of repair
factors by the same mechanism.
Much of what is known about eukaryotic NER is due to the fact that mammalian cell
lines and yeast mutant strains with defects in NER are available. The rare inherited
disorder Xeroderma pigmentosum (XP) is characterised by a predisposition to cancer in
sun-exposed skin, photodermatoses and, in some cases, neurological abnormalities
(reviewed in Chu & Mayne 1996, de Boer & Hoeijmakers 2000, Rapin et al. 2000).
Seven complementation groups (XP-A to XP-G) of regular XP have been identified,
which all have reduced NER in vivo. Patients with Cockayne’s Syndrome (CS) show
growth retardation (dwarfism), loss of adipose tissue, skeletal abnormalities, acute sun
sensitivity and severe neurological deficiencies. Cancer predisposition, nevertheless, is
rarely found (reviewed in Chu & Mayne 1996, Friedberg 1996, de Boer & Hoeijmakers
2000, Rapin et al. 2000). There are five complementation groups of CS (CS-A and CS-B,
CS/XP-B, CS/XP-D and CS/XP-G), and interestingly, defects in the same genes that
underlie XP can also cause CS, or a combined disease (de Laat & Hoeijmakers 1999,
Lehmann 2001). A third inherited disorder connected with NER, trichothiodystrophy
(TTD) is characterised by brittle, sulphur-deficient hair, fish-like scales on the skin,
accompanied with growth and mental retardation. About half of the affected patients are
sun sensitive, but no predisposition for cancer has been reported (de Boer & Hoeijmakers
2000, Bergmann & Egly 2001). Of the three complementation groups known (TTD-A,
TTD/XP-B and TTD/XP-D), most defects map to genes, which also underlie XP. In
addition, numerous rodent cell lines with defective NER belonging to 11
complementation groups have been identified (Collins 1993, Lehmann et al. 1994a).
In the late 80s, Wood and his colleagues designed an experimental system to measure
eukaryotic NER in vitro (Wood et al. 1988). Fractionation of cell extracts as well as
biochemical and genetic complementation of NER deficient cell lines permitted the
characterisation of a large number of factors involved in NER. By 1995, these research
efforts cumulated in the reconstitution of both human and yeast NER in vitro, using
highly purified or recombinant proteins (Aboussekhra et al. 1995, Guzder et al. 1995). A
set of approximately 30 gene products is required for eukaryotic NER (Table 4), in
contrast to E. coli, where only 6 gene products are needed (Sancar 1996).
There has been considerable debate on what is the initial DNA damage recognition
factor. Although XPA was originally considered to be this factor, more recent results
indicate that the human XPC-hHR23B complex initially recognises the distortion of
damaged DNA (Sugasawa et al. 1998, Batty & Wood 2000, Batty et al. 2000, Volker et
al. 2001). Another UV DNA damage binding factor (UV-DDB) is a dimer of a 127 kDa
and a 48 kDa peptide (Batty & Wood 2000). The smaller subunit corresponds to the XP-E
correcting activity, since mutations of several XP-E families have been mapped to the
corresponding gene (Cleaver et al. 1999). Several XP-E cell lines without mutations in
this gene retain the UV-DDB activity and should therefore be reinvestigated. UV-DDB
probably facilitates the identification of lesions especially those that are poorly
recognised by XPC-hHR23B (Hwang et al. 1999).
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After binding the distorted DNA, XPC-hHR23B sequesters a larger protein complex
containing the DNA damage binding XPA protein, single-stranded DNA binding protein
RPA and the general transcription factor TFIIH. The DNA around the lesion is opened,
which in turn facilitates local unwinding around the lesion by the helicases XPB and
XPD in an ATP-dependent manner (Wood 1997, Araújo & Wood 2000). This open
complex acquires the endonucleases XPG and XPF-ERCC1 that incise the damaged DNA
3´ and 5´ to the lesion, respectively (Wood 1997). XPG cuts about 2-9 nucleotides 3´ to
the lesion, whereas the XPF-ERCC1 dimer is required for the incision 16-25 nucleotides
5´ to the lesion (O’Donovan et al. 1994, Moggs et al. 1996, Mu et al. 1996, Sijbers et al.
1996). Although the two incisions are nearly simultaneous, the 3´ incision mediated by
XPG occurs normally first (O’Donovan et al. 1994, Mu et al. 1996). Dual
Table 4. Factors involved in nucleotide excision repair.
Human
repair factor

S. cerevisiae
homologue

Function

XPC-hHR23B

RAD4–RAD23

Damage recognition, in mammalian cells only in GGR

UV-DDB (p127–

Not known

DNA UV damage binding, stimulates NER

Not known

RAD7–RAD16

Damage recognition in yeast GGR

XPA

RAD14

Binding damaged DNA

RPA

RPA

Single stranded DNA binding protein (3 subunits)

TFIIH

THIIH/TFB

General transcription factor for RNA Polymerase II mediated

p48/XPE)

transcription (mRNAs)
XPB (ERCC3)

RAD25/SSL2

DNA helicase

XPD (ERCC2)

RAD3

DNA helicase

p34

TFB4

DNA binding?

p44

SSL1

DNA binding?

p62

TFB1

p52

TFB2

Cdk7

KIN28

CycH

CCL1

CAK subcomplex

Mat1

TFB3

CAK subcomplex

CAK subcomplex

CSA (ERCC8)

RAD28

CSB (ERCC6)

RAD26

Associated with CSB and TFIIH p44 subunit
Associated with CSA and TFIIH p44 subunit

TTDA

Not known

Gene not identified, transcription-coupled repair?

XPG (ERCC5)

RAD2

Nuclease, incision at 3´ to the lesion

ERCC1-XPF

RAD10/RAD1

Nuclease, incision at 5´ to the lesion

(ERCC4/11)
IF-7

Not known

Stimulates repair

Not known

MMS19

Not known

RFC

RFC

PCNA clamp loader (5 subunits)

PCNA

PCNA

DNA sliding clamp

Pol δ/ε

Pol δ/ε

DNA repair synthesis

Ligase I

Ligase I

Ligation of the nick after DNA repair synthesis
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incision releases an oligonucleotide containing the lesion, leaving a gap of ~24-32
nucleotides in the DNA. RFC and PCNA are required to fill this gap, indicating that the
responsible polymerase activities are Pols δ and/or ε (Shivji et al. 1992, Aboussekhra et
al. 1995). Repair is completed by ligation of the remaining nick in the DNA that is likely
performed by DNA ligase I (Barnes et al. 1992).
The participation of the basal transcription factor TFIIH as integral part of the NER
machinery is remarkable. During transcription, TFIIH has apparently a dual function. Its
helicase activity is involved in unwinding the DNA to form the open complex in which
the transcription initiation site is accessible for RNA polymerase II (reviewed by Egly
2001). Three subunits of TFIIH, Cdk7, Cyclin H and Mat1, constitute the mammalian
cyclin-dependent kinase-activating kinase, CAK (Feaver et al. 1994, Mäkelä et al. 1995,
Serizawa et al. 1995, Shiekhattar et al. 1995). CAK activity is not only important for cell
cycle regulation by catalysing the activating threonine phosphorylation in the T loop of
several cell cycle cdks (reviewed in Kaldis 1999), but also phosphorylates the C-terminal
repeat domain of the large subunit of RNA polymerase II during the transition from the
initiation state to the elongation state of transcription (Gebara et al. 1997, Rossi et al.
2001, reviewed by Egly 2001).
Although the whole genome is maintained by NER in the process called global
genome repair, DNA damage is removed more efficiently in actively transcribed genes,
and, within these genes, more efficiently on the template strand for transcription
(Hanawalt 1994). This transcription coupled repair (TCR) guarantees the preferential
repair of important areas of the genome and thereby prevents blockage of transcription in
essential genes. During TCR, NER is initiated when the actively transcribing RNA
polymerase II complex encounters DNA damage, without the requirement for the XPChHR23B damage recognition factor (Hanawalt 1994). It has been shown that TFIIH, the
XPG nuclease and the CSA and CSB factors are important for TCR (reviewed by Balajee
& Bohr 2000, de Boer & Hoeijmakers 2000). TFIIH switches from the RNA polymerase
II elongation complex to the NER complex without disassembly of the transcription
apparatus. After completion of repair, the CSA and CSB factors are required for
resumption of transcription by the RNA polymerase II complex, and it appears that
Cockayne’s syndrome may be caused by a defect in resumption of transcription rather
than NER itself (van Oosterwijk et al. 1996, reviewed by de Laat & Hoeijmakers 1999,
Balajee & Bohr 2000). TCR is not restricted to lesions repaired by NER. At least
oxidative damage repaired by BER is subject to preferential repair (Cooper et al. 1997).
In addition, mismatch repair proteins have been implicated in the coupling between
transcription and repair (reviewed by Leadon 1999).
Patients suffering from TTD, the third NER syndrome, show combined deficiencies in
NER and transcription giving rise to pleiotropic photosensitivity and developmental
defects (Bergmann & Egly 2001, Vermeulen et al. 2001). These defects are linked to
malfunction or reduced levels of TFIIH. Cockayne’s syndrome and trichothiodystrophy
can therefore be best understood as transcription rather than DNA repair diseases.
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2.3.2.3 Mismatch repair
The main functions of MMR in eukaryotes are the correction of errors made during
replication and the processing of recombinational intermediates. Additionally, MMR
regulates recombination by precluding recombination between sequences that are not
identical (reviewed by Modrich & Lahue 1996, Kolodner & Marsischky 1999). MMR
also supports NER in the repair of some types of damage and takes part in cell cycle
control (Modrich 1997).
In addition to the fidelity mechanisms of replicative DNA polymerases and
proofreading exonucleases, MMR is the third process by which mutation rates during
replication are reduced to an acceptable level, and it decreases the level of replication
errors 100-1000 fold (Strand et al. 1993, Modrich & Lahue 1996). MMR is particular
important for the correction of short insertion or deletion loops (IDLs) in the context of
repetitive sequences, microsatellite repeats or mononucleotide runs (Marra & Schär
1999). IDLs arise by slippage of one DNA strand along the other during replication and
are rather refractory to the error avoidance by the DNA polymerase or by proofreading
(Marra & Schär 1999, Kunkel & Bebenek 2000). Loss of MMR is accompanied by
increased mutation rates and often causes microsatellite instability (MSI) (Aaltonen et al.
1993, Parsons et al. 1993, Strand et al. 1993, Bhattacharyya et al. 1994).
The MMR pathway and many proteins involved appear to be conserved from bacteria
to human (Eisen & Hanawalt 1999). The methyl-directed MMR in E. coli can be
considered prototypic for this repair pathway (Modrich & Lahue 1996). The E. coli MutS
protein binds to all mismatches except C-C, and also recognises short IDLs of up to three
nucleotides. MutL binds to MutS, and in the presence of ATP, the MutS/MutL/mismatch
complex activates MutH, an endonuclease that incises one strand of the DNA at specific
sequences. The transient undermethylation of newly synthesised DNA serves as a signal
to recognise the daughter strand. Helicase II in connection with exonucleases creates a
gap extending from the mismatch in either direction. This gap is filled by the replicative
Pol III holoenzyme and sealed by DNA ligase. MutS forms a homodimer adopting a Ushaped structure in the absence of DNA (Lamers et al. 2000, Obmolova et al. 2000). The
structure closes around DNA upon binding to form a θ-shaped clamp that can translocate
along DNA to scan for and bind to mismatches or IDLs (reviewed by Hopfner & Tainer
2000, Jiricny 2000, Hsieh 2001, Sixma 2001). A dimer of MutL is thought to recruit and
assemble the functional repair complex. It probably operates as an ATPase switch in
MMR in which nucleotide binding modulates the interactions of MutL with other
proteins (reviewed by Hsieh 2001). MutH is specific for E. coli and related bacteria, and
is evolutionarily related to type II restriction endonucleases (Hsieh 2001).
In eukaryotes, several homologues of MutS and MutL share the load of MMR, and
permit more versatile repair. The best-characterised eukaryotic MMR system is that of S.
cerevisiae, which also appears to be very similar to the mammalian system (Harfe &
Jinks-Robertson 2000b). Six MutS homologues have been identified in yeast (Table 5).
Yeast Msh1, which has not been identified in mammals, appears to be involved in
mitochondrial MMR. Msh2 is required for all nuclear MMR, whereas Msh3 and Msh6
are only required for distinct subsets of repair (Acharya et al. 1996, Johnson et al. 1996a,
Marsischky et al. 1996). A heterodimer of Msh2 and Msh6, MutSα, forms the major
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nuclear mismatch binding activity that is able to bind base mispairs as well as IDLs of up
to 12 nucleotides (Drummond et al. 1995, Palombo et al. 1995, Alani 1996, Iaccarino et
al. 1996, Genschel et al. 1998, Marsischky & Kolodner 1999). A second heterodimer
composed of Msh2 and Msh3, MutSβ, binds only to IDLs of at least 2 nucleotides
(Habraken et al. 1996, Palombo et al. 1996, Genschel et al. 1998). Both the nature of the
mismatch and the surrounding sequence context are important determinants for the
binding specificity. Another heterodimer of eukaryotic MutS homologues, Msh4/Msh5,
was discovered in yeast because of its effect on meiotic recombination. This complex has
Table 5. Eukaryotic MutS and MutL homologues (adapted from Harfe & Jinks-Robertson
2000b).
E. coli

S. cerevisiae

Human

MutS

Msh1
Msh2

n.i.**
Msh2

Function*
Mitochondrial MMR
Forms heterodimers with Msh3 and Msh6 to:
Recognise and repair base mismatches and small IDLs after
replication and during recombination
Inhibit recombination between non-identical sequences
Respond to DNA damage (human)
Remove non-homologous tails

Msh3

MSH3
(Duc-1)

Forms heterodimer with Msh2 to:
Recognise and repair IDLs after replication and during
recombination
Remove non-homologous tails
Inhibit recombination between non-identical sequences
Respond to DNA damage (human)

Msh4

MSH4

Forms heterodimer with Msh5 to promote crossing-over in meiosis

Msh5

MSH5

Forms heterodimer with Msh4 to promote crossing-over in meiosis

Msh6

MSH6

Forms heterodimer with Msh2 to:

(GTBP)

Recognise and repair base mismatches and small IDLs after
replication and during recombination
Inhibit recombination between non-identical sequences
Respond to DNA damage (human)

MutL

Pms1

PMS2

Forms heterodimer with Mlh1 to:
Repair base mismatches (and IDLs) after replication and during
recombination
Inhibit recombination between non-identical sequences
Respond to DNA damage (human)

Mlh1

MLH1

Mlh2

PMS1

Forms heterodimers with Pms1, Mlh2 and Mlh3
Forms heterodimer with Mlh1 to repair IDLs after replication and
during recombination

Mlh3

MLH3

Forms heterodimer with Mlh1 to:
Repair IDLs after replication and during recombination
Promote crossing-over in meiosis

*The S. cerevisiae nomenclature is used for the assignment of functions.
**Not identified.
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no detectable effect on MMR, but has an important role in promotion of meiotic
recombination (reviewed in Harfe & Jinks-Robertson 2000b). The yeast Hsm3 protein
that shares limited homology with other MutS homologues in involved in an alternative
MMR pathway, possibly for correction of mismatches during recombination (Fedorova et
al. 1998, 2000).
Mlh1 (MLH1) is considered to be the central MutL homologue in eukaryotes that can
form heterodimers with one of the three other MutL homologues identified in budding
yeast and human (Wang et al. 1999, reviewed by Harfe & Jinks-Robertson 2000b). A
heterodimer of Mlh1 (MLH1) and Pms1 (PMS2 in human) called MutLα plays the major
role in MMR (Prolla et al. 1994a, b, Li & Modrich 1995). Pms1 was the first MMR gene
identified in yeast. Mutants of Pms1 exhibit increased levels of post-meiotic segregation
due to a defect in MMR of meiotic recombination intermediates, and consequently, these
mutants have a decrease in meiotic gene conversion events. Two other complexes of
MutL homologues, Mlh1–Mlh2 (PMS1 in humans) and Mlh1–Mlh3, have more
specialised functions in MMR of IDLs and in recombination (Flores-Rozas & Kolodner
1998, Räschle et al. 1999, Harfe et al. 2000). In humans, additional potential MutL
homologues have been described that await characterisation (Horii et al. 1994). The
eukaryotic MutL complexes bind to the MutS mismatch complexes analogous to the
situation in E. coli.
Research on human MMR has intensified since it became apparent that mutations in
MutS and MutL homologues underlie hereditary, non-polyposis colon cancer (HNPCC),
the most common cancer predisposition that accounts for 1-5 % of all cases of colon
cancer (reviewed in Jiricny & Nyström-Lahti 2000, Peltomäki 2001a, b). Predisposed
individuals from HNPCC families have a high risk of colorectal and endometrial
carcinomas as well as other cancers. HNPCC tumours typically exhibit a high degree of
MSI due to the MMR defect in cancer cells, and although the onset of cancers is rather
early in life, prognosis for the treatment is generally positive (Gryfe et al. 2000). The
MSH2 and MLH1 loci are most commonly affected, reflecting their importance in MMR,
but mutations in one of the PMS1, PMS2, MSH6 or probably MSH3 loci can also
predispose for the disease. Susceptibility to HNPCC is autosomally dominantly inherited.
Somatic cells from HNPCC are usually MMR proficient. Inactivation of the second, nonaffected allele typically results from loss of heterozygosity or somatic mutation
(Peltomäki 2001b). This second hit causes an MMR deficient mutator phenotype that
allows accelerated selection of mutations leading to a malignant transformation of the
cell. Several target genes for these secondary mutations have been identified. Many of
these acquire frame shift mutations in mononucleotide runs due to MSI (Peltomäki
2001a). As can be expected, there are differences in the etiology of MMR deficient
tumours depending on the predisposing gene locus, as well as the selection of secondary
mutations in target genes depending on the tissues affected (Myeroff et al. 1995,
Markowitz et al. 1995, Parsons et al. 1995, Duval et al. 1999, Schweizer et al. 2001).
About 15 % of sporadic colon cancers also exhibit MSI due to defective MMR
(Peltomäki 2001a). Inactivation of the MMR is, in this case, predominantly caused by
epigenetic silencing in the MLH1 locus due to hypermethylation of the promoter region
(Veigl et al. 1998, Kuismanen et al. 2000).
Far less is known about the events following the mismatch recognition in MMR. It has
been demonstrated that PCNA is required for MMR at a step preceding DNA repair
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synthesis (Johnson et al. 1996b, Umar et al. 1996, Chen et al. 1999). Although PCNA has
been reported to interact directly with multiple MutS and MutL homologues, the
interaction with the PCNA consensus binding sites of Msh3 and Msh6 appear to be
essential for MMR and its direction to sites of DNA replication (Umar et al. 1996, Gu et
al. 1998, Clark et al. 2000, Flores-Rozas et al. 2000, Kleczkowska et al. 2001). It is not
clear yet, if PCNA is directly involved in mismatch binding or whether it interacts with
the preformed Msh-Mlh-mismatch complex, but recent results indicate that PCNA may
guide the MMR machine to free termini in newly replicated DNA strands (Flores-Rozas
et al. 2000, Bowers et al. 2001, Kleczkowska et al. 2001). These free termini are thought
to provide the information for the strand discrimination of MMR in eukaryotes (Holmes
et al. 1990, Thomas et al. 1991b). Both the 3´-exonucleases Fen-1 and Exo1 and the 5´exonucleases of Pols δ and ε have been implicated in MMR during genetic studies in
yeast (reviewed by Hsieh 2001). However, Fen-1 and Pol δ proofreading exonuclease
mutants appear to be defective in a mutation avoidance processes different from MMR
(Tishkoff et al. 1997a, Datta et al. 2000). In contrast, genetic analysis in S. cerevisiae and
S. pombe strongly support a role of Exo1 in MMR. Exo1 also interacts with Msh2 and
MutLα in yeast, and recent results implicate human mutations in the EXO1 gene in
HNPCC (Szankasi & Smith 1994, Tishkoff et al. 1997b, Rudolph et al. 1998, Tran et al.
2001, Wu et al. 2001). It has been shown that Pol δ is specifically required for human
MMR in vitro (Longley et al. 1997). Depletion of inhibition of Pol ε in HeLa cell extracts
did not affect MMR in vitro, supporting the specific requirements for MMR DNA
synthesis (H. Pospiech & J.E. Syväoja, unpublished results). Clearly more work is
necessary to better understand the later steps in MMR.
MMR is required to correct mismatches in recombinational intermediates in a manner
similar to that in post-replicative MMR (reviewed in Harfe & Jinks-Robertson 2000b).
Furthermore, MMR is required to suppress recombination between non-identical
sequences both in mitosis and in meiosis (reviewed in Harfe & Jinks-Robertson 2000c).
Even one mismatch may be sufficient to inhibit homologous recombination in an MMRdependent manner. Finally, the Msh2–Msh3 complex in yeast interacts with the RAD1RAD10 endonuclease (the yeast homologue of ERCC1-XPF) to remove non-homologous
3´ DNA tails during homologous recombination and single strand annealing (reviewed in
Harfe & Jinks-Robertson 2000b).
MMR is required for mammalian G2 cell cycle control after treatment with several
DNA damaging agents (Hawn et al. 1995, Duckett et al. 1996). Upon exposure to such
agents, MMR factors trigger cell cycle arrest or apoptosis in a p53-dependent manner
(Duckett et al. 1999, Hickman & Samson 1999, Toft et al. 1999). In MMR-deficient cells,
this response is abrogated, which explains why loss of MMR renders cells tolerant to
alkylation and some other DNA damage (Karran & Bignami 1994, Ceccotti et al. 1996,
Swann et al. 1996, reviewed in Bignami et al. 2000).
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2.3.3 Recombinational repair
2.3.3.1 Homologous recombination
Both DNA double strand breaks and interstrand cross-links are unusual lesions since they
alter both strands of the DNA molecule (Thompson & Schild 1999). If left unrepaired,
DSBs lead to broken chromosomes and cell death, and if repaired incorrectly, they can
lead to chromosome rearrangements and cancer (Chu 1997). DSBs are the principle
damage inflicted on DNA by ionising radiation and by the action of radiomimic
chemicals such as bleomycin. They also occur accidentally or intentionally during normal
DNA metabolism (Friedberg et al. 1995). In mammals, the rearrangement of
immunoglobulin and T-cell receptor genes, named V(D)J recombination, as well as
mating type switching in yeast proceed via DSB intermediates. Eukaryotes possess,
together with HRR and NHEJ, two major pathways that address DSB lesions (reviewed
in Haber 2000a). The basics understanding of these processes has been derived from
genetic analyses of the effect of DSBs in rodent cell lines and in S. cerevisiae (reviewed
in Kanaar et al. 1998). These initial studies indicated that IR-sensitive budding yeast
mutants were defective in HRR, whereas the mutant rodent cell lines were defective in
NHEJ. However, recent studies have shown the both pathways compete and contribute to
the repair of DSB in yeast and mammals, although their relative contribution can vary
(reviewed by Pâques & Haber 1999, Haber 2000b, Karran 2000, Thompson & Schild
2001). In higher eukaryotes, the ratio between NHEJ and HRR appears to be modulated
during the cell cycle as well as during development (Lee et al. 1997, Takata et al. 1998,
Essers et al. 2000).
Pivotal for all homologous recombinational processes are activities that mediate DNA
strand exchange and annealing. The prototype for the strand exchange activity is the E.
coli RecA protein that is of central importance for bacterial recombination (reviewed in
Eggleston & West 1996). Rad51 is probably the most important homologue of RecA in
eukaryotes. Like RecA, both yeast and mammalian Rad51 forms oligomeric filaments on
single-stranded or double-stranded DNA and will catalyse strand exchange between a
circular single-stranded and a linear double-stranded molecule in an ATP-dependent
manner (reviewed by Baumann & West 1998). In yeast, two more Rad51 paralogues,
Rad55 and Rad57, appear to have overlapping, non-redundant functions in homologous
recombinational repair, whereas 5 human paralogues, Rad51B, Rad51C, Rad51D,
XRCC2, and XRCC3, have been identified (reviewed Pâques & Haber 1999, Thompson
& Schild 1999, 2001, Sonoda et al. 2001). In addition, DMC1 appears to be a eukaryotic
RecA homologue specific for meiotic recombination. Rad52, which is required for
virtually all homologous DSB repair in yeast, mediates annealing of two single-stranded
DNA molecules in a reaction stimulated by RPA (Mortensen et al. 1996, Shinohara et al.
1998, Sugiyama et al. 1998, Van Dyck et al. 1998). Rad52 has been demonstrated to
interact with Rad52, and one important role of Rad52 in the cell is apparently to
overcome the inhibitory effect of RPA on Rad51-dependent strand exchange (reviewed by
Pâques & Haber 1999). Furthermore, Rad52 protein from different species has been
shown to form heptameric rings that preferentially binds to DNA ends (Shinohara et al.
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1998, Van Dyck et al. 1998, Stasiak et al. 2000). It has therefore been suggested that
Rad52 binding may direct DSB towards HRR in a similar way as Ku directs DSBs to
NHEJ (Thompson & Schild 2001). Another protein that assists Rad51-mediated strand
exchange is Rad54, a helicase-related ATPase of the Snf2 family that catalyses transient
unwinding of duplex DNA driven by ATP hydrolysis (Ristic et al. 2001, Thompson &
Schild 2001). In budding yeast, a second Rad54 homologue, Rdh54/Tid1, is specifically
required for interchromosomal HRR events (Shinohara et al. 1997, Arbel et al. 1999,
Petukhova et al. 2000). The specific role of the corresponding human RAD54B has not
been elucidated yet (Hiramoto et al. 1999, Tanaka et al. 2000b).
The initial event of HRR is always 5´ to 3´ shortening of one strand of the DSB ends
by the MRE11 complex, leading to 5´ overhangs at both ends (Cao et al. 1990, White &
Haber 1990, Haber 1998). From this intermediate, there are at least three different
mechanisms of homologous DSB repair operating in eukaryotic cells, gene conversion,
single strand annealing and break-induced replication (Haber 2000a).
Gene conversion is defined as the nonreciprocal transfer of genetic material from one
molecule to its homologue (Pâques & Haber 1999). It is the prevailing HRR mode in
eukaryotic cells (Pâques & Haber 1999, Johnson & Jasin 2000). Two types of models are
used to explain gene conversion mechanistically. The major difference between the model
of Szostak et al. (Szostak et al. 1983, Sun et al. 1991) and synthesis-dependent strand
annealing models (reviewed in Pâques & Haber 1999) is that the DNA synthesis is semiconservative in the former but conservative in the latter. Furthermore, most synthesisdependent strand annealing models do not permit crossover. Efficient gene conversion
relies on the complete set of strand exchange activity described above (reviewed in
Pâques & Haber 1999). Both leading and lagging strand polymerases are required for
DNA repair synthesis during gene conversion (Holmes & Haber 1999).
Whereas gene conversion represents short-patch events, break-induced replication is
characterised by a very long conversion tract of even several 100 kb, spanning complete
arms of chromosomes (Kraus et al. 2001). Break-induced replication is initiated by a
recombination event involving only one side of the DSB. Although break-induced
recombination may be explained in several ways, models that involve the formation of a
replication fork are most likely (Haber 1999). These models closely resemble the
mechanisms for recombination-induced late replication of T4 phage and recombinationdependent replication in E. coli (Mosig 1987, Kogoma 1997, Kraus et al. 2001). It
appears that break-induced recombination is particularly important for the maintenance of
telomeres in the absence of telomerase, and for the restart of DNA replication at broken
replication forks (Arnaudeau et al. 2001, Kraus et al. 2001, Michel et al. 2001). In
contrast to gene conversion, most break-induced replication is neither dependent on
Rad51 or its homologues, nor on Rad54, although Rad52, Rad59 and Rdh54/Tid1 appear
to be essential for this process (Signon et al. 2001).
If a DSB occurs between two flanking homologous regions, single strand annealing is
an efficient pathway of homologous recombinational repair (Sugawara & Haber 1992,
Sugawara et al. 2000). Single strand annealing has first been suggested in mammalian
DNA repair, but is best characterised in budding yeast (Lin et al. 1984, 1985). During
single strand annealing, the ends of the DSBs are resected by an exonuclease to produce
long single-stranded tails. When homologous sequences are exposed in both tails, these
can reanneal, leading to the deletion of the sequence between the two homologies. In

49
yeast, homologies as short as 30 bp can be utilised, albeit with low efficiency. With
homologous regions of 400 bp, single strand annealing has almost 100 % efficiency
(Sugawa et al. 2000). Yeast single strand annealing requires the strand annealing protein
Rad52 and its homologue Rad59, but Rad51 or other RecA homologues appear not to be
involved. The Rad1-Rad10 (ERCC1-XPF) endonuclease is required to remove the nonhomologous 3´ends after annealing, and the mismatch repair MutSβ complex is required
to stabilise the ends of the annealed region, especially when the homology is short
(Fishman-Lobell & Haber 1992, Sugawara et al. 1997).
In mammalian cells, several HRR proteins have been found in nuclear foci. Upon
introduction of DSBs, histone 2AX is phosphorylated rapidly at the break sites by ATM
or a related kinase, and accumulates in nuclear foci (Rogakou et al. 1998, Paull et al.
2000). p53 binding protein, ATM and BRCA1 can subsequently be detected in the same
foci (Paull et al. 2000, Andegeko et al. 2001, Rappold et al. 2001, Schulz et al. 2001).
Eventually, focus formation of the recombination proteins MRE11/RAD50/NBS1,
RAD52 and RAD51 can be detected (Maser et al. 1997, Nelms et al. 1998, Liu et al.
1999, Raderschall et al. 1999). Interestingly, both BRCA1 and RAD52 have been
reported to co-localise with either the MRE11 complex, or RAD51, but foci of the
MRE11 complex and RAD51 appear to be mutually exclusive (Scully et al. 1997, Liu et
al. 1999, Zhong et al. 1999, Liu & Maizels 2000). This phenomenon could be explained
by an ordered sequestration of the recombination factors. First, the MRE11 complex
would act on the DSBs after which RAD52 is loaded. Only after the release of the
MRE11 complex, could RAD51 assemble at the recombination site. This view is
supported by the fact that MRE11 foci form rather rapidly whereas RAD51 foci form
slowly and are long-lasting (Haaf et al. 1995, Nelms et al. 1998). On the other hand, it
has been suggested that Rad51 foci may represent sites of irreversible damage rather than
recombination factories (Haaf et al. 1999). BRCA1 is probably required for the
regulation of recombination (Moynahan et al. 1999, Scully et al. 2000, Scully 2001).

2.3.3.2 Non-homologous end joining
NHEJ has been considered the more important DSB repair pathway in vertebrates
(Kanaar et al. 1998, Karran 2000). This is underlined by the fact that loss of components
of this pathway leads to dramatic genomic instability in mammalian cells (Karanjawala et
al. 1999, Ferguson et al. 2000, Gao et al. 2000). In recent years the understanding of the
processes underlying NHEJ has advanced, so that the role of NHEJ during development
and the cell cycle can be better evaluated (Lee et al. 1997, Takata et al. 1998, Essers et al.
2000). Both NHEJ and HRR have apparently overlapping as well as specialised functions
in higher eukaryotes.
The heterodimeric DNA end-binding activity Ku plays a key role in NHEJ (reviewed
in Critchlow & Jackson 1998). Ku binds efficiently to DNA ends, protecting them from
excessive nucleolytic degradation (reviewed in Featherstone & Jackson 1999, Feldmann
et al. 2000). The recently determined crystal structure shows that Ku binds DNA in a
preformed channel bridged by a handle (Walker et al. 2001). The structure suggests that
about 12 base pairs at the DNA end could remain accessible for other processing enzymes
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(Jones et al. 2001). The catalytic subunit of DNA-dependent protein kinase (DNA-PKCS),
a large 470 kDa protein of the phosphatidylinositol 3-kinase superfamily, is recruited to
the DNA ends by Ku, and activated by the DNA ends. The kinase activity, which is
essential for efficient NHEJ, is required for translocation of Ku along the DNA helix
(Calsou et al. 1999, Kurimasa et al. 1999).
Another factor identified in genetic studies with rodent mutants is XRCC4 (Li et al.
1995b). XRCC4 forms a stable complex with DNA ligase IV both in humans and in the
yeast S. cerevisiae (Critchlow et al. 1997, Hermann et al. 1998). The XRCC4/ligase IV
complex is required for the ligation step in NHEJ, and cannot be replaced by other
cellular ligases (Critchlow & Jackson 1998, Frank et al. 1998, Gao et al. 1998, 2000).
Recent functional and structural studies demonstrate that XRCC4/ligase IV can interact
with Ku and the catalytic subunits of DNA-PK at DNA ends to form a functional
complex. Within this complex, XRCC4 may bridge two DNA ends to coordinate the
rejoining of the broken DNA (Chen et al. 2000c, Junop et al. 2000, Lee et al. 2000,
McElhinny et al. 2000). In fact, complementary DNA ends are joined by DNA-PK and
XRCC4/ligase IV in the absence of other repair factors, albeit with low efficiency (Chen
et al. 2000c, Lee et al. 2000). A further complex interacting with Ku and participating in
NHEJ is composed of the MRE11, RAD50, and the NBS1 or XRS2 proteins in human
and yeast, respectively (Goedecke et al. 1999). As mentioned above, the MRE11 complex
is unique in that it is involved both in HRR and NHEJ and is implicated in the trimming
of DNA ends for subsequent repair (Haber 1998, Paull & Gellert 1998, 2000). MRE11 is
a double stranded DNA 3´-to-5´ exonuclease and single stranded DNA endonuclease,
whereas RAD50 is a coiled coil protein with ATP-dependent DNA binding activity that
shares homology with SMC proteins (reviewed in Haber 1998). Furthermore,
MRE11/RAD50/NBS fulfils a crucial function in the cellular DNA damage response after
DSBs (reviewed in Petrini 1999). Interestingly, the MRE11 complex as well as the Ku
proteins have been implicated in maintenance and silencing of telomeres (Haber 1998,
Martin et al. 1999, d’Abba di Fagagna et al. 2001). The versatility of NHEJ is illustrated
by the fact that still another nuclease, the 5´-specific Fen-1, appears to be involved in
NHEJ in yeast (Wu et al. 1999). The general outline of NHEJ and the factors involved
appear to be conserved from yeast to human, but there are significant differences in the
importance of NHEJ in different organisms, and in the exact molecular mechanism of this
repair pathway (Lewis & Resnick 2000, Manolis et al. 2001). For example, budding yeast
is missing a direct homologue for the catalytic subunit of DNA-PK.
Insight into the basic mechanisms of NHEJ have mainly originated from the use of
restriction-digested plasmids as defined DSB substrates in cell-free systems, and more
recently, the controlled expression of highly specific endonucleases such as HO
endonuclease or I-SceI endonuclease (reviewed in Labhart 1999). Early studies in cell
free systems demonstrated that several mechanisms probably representing several
pathways of NHEJ operate simultaneously.
Analysis of end joining products indicate that short microhomologies of a few base
pairs are preferentially utilised as sites for the rejoining of broken DNA ends (Thode et al.
1990, Thacker et al. 1992) This has led to the suggestion that NHEJ requires the exposure
of single stranded DNA regions by the action of nucleases and/or helicases (Nicolás et al.
1995, Mason et al. 1996). This process is accompanied by the occurrence mainly of small
deletions, and occasionally larger deletions and insertions, both in vitro (Thacker et al.
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1992, Lehmann et al. 1994b, Nicolás & Young 1994) and in vivo (Phillips & Morgan
1994, Sargent et al. 1997, Liang et al. 1998). More rarely, DNA ends with various
protruding overhangs are processed to form blunt end DNA intermediates by a
combination of nuclease and DNA polymerase activity. The blunt end can then be either
ligated to a second blunt end (“blunting”), or serve as a primer for DNA repair synthesis
across the DNA break (“fill-in”) (Mason et al. 1996, Labhart 1999).

3 Aims of the present work
DNA polymerases are the enzymes that synthesise DNA and constitute therefore the key
components in DNA metabolism. At least 13 of these enzymes are present in human cells
(reviewed in Burgers et al. 2001). Before we can understand the choreography of the
maintenance and propagation of the human genome, we have to define the functional
roles of each of these enzymes in detail. This work initially aimed to identify the roles of
Pol ε in different aspects of DNA repair and replication utilising functional assays and
analysis in silico. In addition, the role of DNA synthesis during repair of DNA double
strand breaks by non-homologous end joining was addressed. The specific aims of the
present work were as follows:
1. Characterisation of the superfamily of DNA polymerase-associated B subunits and its
functional implications.
2. Characterisation of the role of human Pol ε in replicative DNA synthesis.
3. Characterisation of the DNA polymerase requirement of mammalian NER.
4. Characterising the role of DNA synthesis during NHEJ and identification of DNA
polymerases involved.

4 Materials and methods
4.1 Proteins (II, III, IV)
DNA polymerase α and ε were purified to step V (hydroxylapatite) as described (Syväoja
& Linn 1989). Pol ε was further purified by glycerol gradient centrifugation in 20 mM
potassium phosphate, pH 7.5, to provide highly purified enzyme (III). Pol δ was purified
from calf thymus or HeLa cells as described (Weiser et al. 1991). Recombinant Pol β was
a generous gift from Samuel H. Wilson. DNA polymerase activities for Pols β, δ, and ε
were measured on poly(dA)/oligo(dT) essentially as described (Syväoja & Linn 1989,
Weiser et al. 1991, Beard et al. 1996). Pol α activity was measured under conditions
identical to Pol ε assays, except that the MgCl2 concentration was lowered to 1 mM.
PCNA was purified from HeLa cells or in recombinant form from E. coli as described
(Downey & So 1995, Biggerstaff & Wood 1999). RFC and recombinant RPA were
purified from HeLa cells and E. coli, respectively (Henricksen et al. 1994, Hübscher et al.
1999). Recombinant DNA ligase I (Mackenney et al. 1997) and Fen-1 (DNase IV)
(Robins et al. 1994) were provided by T. Lindahl (ICRF, UK).
His-tagged recombinant XPA (Jones & Wood 1993) and ERCC1-XPF (Sijbers et al.
1996) produced in E. coli, and recombinant XPG (Evans et al. 1997a) and XPC-hHR23B
complex (Masutani et al. 1997) expressed in insect cells were purified as described.
TFIIH was purified from HeLa cells (Marinoni et al. 1997) or in recombinant form from
insect cells (Tirode et al. 1999).

4.2 Antibodies (II, IV)
Polyclonal antiserum against Pol ε was prepared by immunisation of a rabbit with an
antigen corresponding to amino acids 269-503 of the human Pol ε catalytic subunit
expressed as a GST-fusion protein in E. coli as described (Uitto et al. 1995). Rabbit
antiserum against Pol β (Singhal et al. 1995) was a generous gift by Samuel H. Wilson
and antiserum AHP317 against Ku86 was from Serotec. Polyclonal antibodies were
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purified by protein A-Sepharose (Amersham-Pharmacia) affinity chromatography.
Monoclonal antibodies 93G1A, 93H3B and 93E24C against human Pol ε (Uitto et al.
1995), and SJK-132-20 and SJK-287-138 against Pol α (Tanaka et al. 1982) were
purified from hybridoma cell culture supernatant by protein G-Sepharose (AmershamPharmacia) affinity chromatography.

4.3 Computational analysis of the family of DNA polymeraseassociated B subunits (I)
A comprehensive list of members of the novel protein family was compiled by initial
search of the non-redundant protein database at NCBI using the program PSI-Blast
(Altschul et al. 1997) and the B subunit of Pol ε as bait. The similarities were confirmed
by reciprocal searches with other B subunits and by using the program
PROFILESEARCH (Wisconsin Package™, Genetics Computer Group Inc., Gribskov et
al. 1990). Initial alignments produced by PSI-Blast were refined using the global and
local multiple alignment tools Clustal X (Thompson et al. 1994, 1997), PIMA (Smith &
Smith 1992), and MACAW (Schuler et al. 1991) followed by manual inspection guided
by secondary structure predictions produced by the PhD program (Rost & Sander 1994).
The phylogenetic analysis was performed using the Neighbour-Joining option (Saitou &
Nei 1987) of Clustal X with correction for multiple substitutions, the PHYLIP package
(Felsenstein 1993) and MOLPHY (Adachi & Hasegawa 1994).

4.4 Microinjection of IMR-90 human fibroblasts and measurement of
bromodeoxyuridine incorporation (II)
Nuclei of proliferating, ~50 % confluent IMR-90 human fibroblasts growing on Bellco
photo-etched coverslips were injected with antibodies at a concentration of 4-5 mg/ml.
After injection, the cells were cultured in fresh medium containing 100 µM BrdU for 20
hours. The cells were then fixed, and the BrdU incorporation of the injected cells
quantified by immunohistochemical staining with FITC-conjugated mouse anti-BrdU
(Roche) followed by fluorescence microscopy. The intensities of nuclear fluorescence
were compared to those of neighbouring, non-injected control cells.

4.5 DNA replication assay in isolated nuclei (II)
Nuclei and cytoplasmic extract were prepared from HeLa S3 spinner cells as described
(Stoeber et al. 1998). Nuclei were permeabilised with lysolecithin immediately before
use, washed and suspended by 10 strokes with a loose-fitting pestle. Standard DNA
replication reactions in isolated nuclei were performed in 50 µl mixtures containing 20 µl
cytoplasmic extract (200-250 µg of protein), 100 µM dNTPs, 100 µM each of GTP, CTP
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and UTP, 4 mM ATP, an ATP-regenerating system, 2 µCi of [α-32P]dCTP, 30 mM HEPES,
pH 7.8, 7 mM MgCl2, and 4-9 x 105 nuclei/reaction. After 2 hours of incubation at 37°C,
reactions were stopped by the addition of 300 µl lysis buffer (100 mM NaOH, 10 mM
EDTA, 0.5 % SDS and 0.1 mg/ml of salmon sperm DNA). DNA was released and RNA
degraded by incubation at 65°C for 30-60 minutes. DNA was precipitated with cold
trichloroacetic acid and the precipitate collected on GF/C glass fibre filters (Whatmann)
as described (Syväoja & Linn 1989). Incorporation of radioactivity was measured by
liquid scintillation counting of the dried glass fibre filters.

4.6 SV40 DNA replication assay (II)
SV40 DNA replication in vitro was measured utilising the DNA synthesome fraction
isolated from human leukaemia cells (HL-60) as described (Appelgren et al. 1995),
except that 30 mM HEPES (pH 7.5) was used as the reaction buffer. Replication reactions
including 2.5-3 µg SV40 large T-antigen (Simanis & Lane 1985), 20 µg synthesome
protein fraction (Lin et al. 1997), and 50 ng plasmid pSVO containing the SV40
replication origin (Stillman & Gluzman 1985) were incubated at 37 °C for 4 hours,
stopped by adding 100 µg yeast RNA in 1 % SDS, followed by proteinase K digestion.
After phenol/chloroform extraction, the DNA replication products were separated by
agarose gel electrophoresis and analysed by autoradiography of the dried gels.

4.7 Nucleotide excision repair dual incision assay (III)
Covalently closed circular DNA containing a single 1,3-intrastrand d(GpTpG) cisplatinDNA crosslink (Pt-GTG) was prepared as described (Shivji et al. 1999). Repair was
carried out in 8.5 µl reaction mixtures in a buffer containing 45 mM HEPES-KOH, pH
7.8, 70 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.3 mM EDTA, 10% glycerol, 2.5 µg of
BSA, and 2 mM ATP. Where indicated, reactions were supplemented with an ATPregenerating system. Each reaction contained RPA, XPA, XPC-hHR23B complex, XPG,
ERCC1-XPF complex, and HeLa cell or recombinant TFIIH fractions. Following
preincubation for 10 minutes at 30°C, 50 ng Pt-GTG was added and the reactions were
continued for 90 minutes at 30°C. Rapid freezing stopped the reactions. An
oligonucleotide complementary to the excised DNA fragment (and containing four extra
G residues at the 5´ end) was annealed to the excision products. Sequenase v. 2.0
polymerase (0.1 unit) and 1 µCi of [α-32P]dCTP were used to add four radiolabelled C
residues to each excision product. Products were separated on a denaturing 14%
polyacrylamide gel and visualised by autoradiography as described (Shivji et al. 1999).
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4.8 Nucleotide excision repair synthesis assay
A single lesion (Pt-GTG) plasmid was used as in the previous section for the formation of
dual incisions. Synthesis was performed simultaneously with the incision step in fully
reconstituted reactions (12.5 µl) in the presence of 2 µCi of [α-32P]dCTP (3000 Ci/mmol),
5 µM dCTP, and 20 µM of each: dATP, dGTP, and dTTP. Proteins involved in the dual
incision step are the same as described above and proteins involved in the synthesis step
were recombinant PCNA, recombinant DNA ligase I, RFC, and Pol ε or Pol δ. Reactions
performed with Pol δ also contained recombinant Fen-1. Following preincubation for 15
minutes at 30°C, 50 ng of Pt-GTG was added and the reactions were continued for 3
hours at 30°C. DNA was digested with BstNI prior to electrophoresis in denaturing 14%
polyacrylamide gels as described (Shivji et al. 1998).

4.9 Non-homologous end joining assay (IV)
The substrates for the NHEJ reaction were either M13mp18 or derivatives M13dsb1 and
M13dsb2, containing a novel MluI site, or M13dsb4, containing a novel AatII site. The
purified plasmids were digested with SmaI, with XmaI or its schizoisomer Cfr9I followed
by MluI, or with KpnI and AatII to give the substrate S, XM and AK, respectively.
Digested DNA was separated from the insert and undigested plasmid by agarose gel
electrophoresis and purified with a GeneClean II kit (Bio101).
The standard repair reaction (25 µl) contained 30 mM HEPES-KOH, pH 7.8, 7 mM
MgCl2, 50 µg/ml BSA, 4 mM ATP, 100 µM dNTPs, 40 mM phosphocreatine, 1 µg
creatine phosphokinase, 50-100 µg HeLa S3 spinner cell extract protein (prepared
essentially as described by Krude et al. 1997), and 100 ng substrate DNA. A negative
control containing heated cell extract was included. The reactions were incubated for 2-4
hours at 25°C, then stopped by addition of an equal volume of stop buffer (40 mM
EDTA, 1 % SDS) followed by proteinase K digestion. After extensive phenol/chloroform
extraction, DNA was precipitated with ethanol and resuspended in 50 µl TE buffer.

4.10 Measurement of non-homologous end joining in vivo (IV)
Exponentially growing HeLa S3 spinner cells were collected by centrifugation (200 g, 5
minutes) followed by two washes with fresh F13 medium containing 2.5 % fetal calf
serum. Cells were resuspended in the same medium at 5 x 107 cells/ml and 400 µl cells
suspension transformed with 50-100 ng pBluescript II SK+ (Stratagene) plasmid and 1 µg
DSB repair substrate (4 mm gap, 150 V and 70 ms pulse using an ECM830 square wave
electroporator, BTX Genetronics, San Diego, CA, USA). Cells were cultivated in
conditioned F13 medium containing 5 % fetal calf serum for the indicated times after
electroporation, after which the plasmid DNA was isolated from the cells by the method
of Sadiev & Taylor (1996).
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4.11 Transformation of recovered NHEJ substrate DNA and sequence
analysis of repair products (IV)
Appropriate aliquots of recovered substrate DNA were transformed into E. coli XL1blue
by using standard procedures (Inoue et al. 1990) and plated with X-Gal and IPTG on
tetracycline plates. The transformations were repeated at least three times and repair
efficiency was measured as the number of plaques formed after transformation. The
sequences of the repair joints were determined from transformed repair products by
isolation of M13 single stranded or replicative form DNA according to standard protocols
(Ausubel et al. 1989) and subsequent sequencing on an ABI PRISM 377 automated DNA
sequencer (Applied Biosystems).

4.12 Southern hybridisation (IV)
For direct analysis of NHEJ products by Southern hybridisation, recovered substrate
DNA was resolved by electrophoresis in 0.8% agarose and transferred to a Hybond-N
neutral Nylon membrane (Amersham) according to standard protocols (Ausubel et al.
1989). DNA was detected either using the Rad-free system (Schleicher & Schüll) or DIG
chemiluminescent detection and DIG high prime DNA labeling (Roche) with M13mp18
single stranded DNA as probe according to the manufacturers' instructions.

4.13 Cell fractionation and PCNA depletion (IV)
HeLa cell extract was fractionated essentially as described previously (Prelich et al.
1987b, Shivji et al. 1992) to separate PCNA from other NHEJ factors. Briefly, the cell
extract adjusted to 0.1 M NaCl was first applied to a phosphocellulose column (Whatman
P11) resulting in fractions I (flow through) and II (bound and eluted with 1 M NaCl),
respectively. Fraction I was adjusted to 0.18 M NaCl and separated on a DEAE-Sephacel
column (Pharmacia) resulting in fractions IA (flow through) and IB (bound and eluted as
above). When necessary, fractions were concentrated by dialysis against PEG 22 000 and
all samples were dialysed to remove salt. The fractions were used immediately since they
rapidly lost activity upon freezing and thawing.
PCNA was removed from cell extracts using a 20 amino acid peptide
(KRRQTSMTDFYHSKTTLIFS) from the PCNA interaction site of p21 (amino acids
141-160) and containing biotin in its amino terminus. This peptide strongly interacts with
PCNA (Warbrick et al. 1995). A control peptide in which the critical residues Q, M, F,
and Y (underlined) were mutated to alanine was unable to precipitate PCNA. For PCNA
removal, 1 µg of peptide was linked to 80 µl streptavidin-coated paramagnetic beads
(Dynabeads M-280 Streptavidin, Dynal) in IP-buffer (50 mM Tris HCl, pH 7.5, 100 mM
NaCl) at + 4°C for 40 minutes. Coupled magnetic beads (16 µl) were then used for
depletion of 350 µg of cell extract protein in IP buffer in a total volume of 100 µl for 90
minutes at 4°C. Multiple rounds of depletion were required to achieve efficient removal
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of PCNA. Removal of PCNA was monitored by Western analysis. Proteins were
separated by SDS-polyacrylamide gel electrophoresis, transferred to a PVDF membrane
(Immobilon-P, Millipore) and PCNA was detected by using the monoclonal antibody
PC10 (Roche) as described (Uitto et al. 1995).

5 Results
5.1 A novel family of DNA polymerase-associated B subunits (I)
Iterative searches of the non-redundant database at the NCBI using the amino acid
sequence of the human Pol ε B subunit (Li et al. 1997, Jokela et al. 1998) and PSI-Blast
(Altschul et al. 1997) revealed similarities to the B subunits of eukaryotic Pols α, δ and ε,
as well as to the small subunit of Pol DI (Pol II) of Euryarchaeota. Reciprocal searches
with other B subunits, and profile-based searches established the similarities and defined
a new protein superfamily. Refinement of the initial PSI-Blast alignments, using PIMA
(Smith & Smith 1992) and MACAW (Schuler et al. 1991) revealed the presence of 12
conserved motifs. Furthermore, a proline-rich region was identified between motifs III
and IV (I, Figure 1). Since these motifs cover most of the primary structure of the B
subunits, these apparently share a similar fold, as is also supported by secondary structure
predictions for each family member, for the four subfamilies and for the entire protein
family. Notably, the mutations described for B subunits coincide in most cases with
conserved residues or regions of conserved structure (Foiani et al. 1994, NacNeill et al.
1996, Giot et al. 1997, Hashimoto et al. 1998).
Aravind and Koonin (1998b) observed that the B subunits are members of the vast
superfamily of calcineurin-like phosphoesterases (Koonin 1994, Goldberg et al. 1995,

Fig. 5. General structure of the DNA polymerase-associated B subunits. The location of the
conserved motifs is indicated on top and marked with roman numbers as in (I). PRR
designates the proline-rich region between motifs III and IV. Below, the domain architecture
of the B subunits is depicted.

60
Lohse et al. 1995). In the B subunit family, the calcineurin-like domain spans the Cterminal half of the protein, corresponding to conserved motifs IV-XII (Figure 5).
Recently, an OB(oligonucleotide/oligosaccharide binding)-fold nucleic acid binding
domain has also been recognised in archaeal B subunits (Murzin. 1993, Koonin et al.
2000, Figure 5). In fact, the conserved motifs I-III of the B subunit family correspond to
this domain (Figure 5). The result of Koonin and coworker together with our results
indicate a unique domain architecture for B subunits, combining a nucleic acid binding
OB-fold and a calcineurin-like domain separated by a short proline-rich region that could
serve as a hinge (Figure 5).
Phylogenetic analysis of the family indicates that the B subunits fall into two
subgroups, the more conserved comprising archaeal subunits and Pol δ, whereas the
other, comprising Pols α and ε, is more divergent (I, Figure 2). The same general
topology was inferred by distance, parsimony, and maximum likelihood analysis, and
supported by high bootstrap values for the distance and parsimony analysis. Since no
appropriate outgroup is available, the root of the phylogenetic tree could not be
determined.

5.2 Antibody K18 inhibits specifically the activity of
DNA polymerase ε (II)
Rabbits were immunised with fragments of the Pol ε catalytic subunit and their antisera
screened for the ability to specifically neutralise Pol ε DNA polymerase activity. The
purified IgG fraction from one antiserum, designated K18, inhibited more than 90 % of
the activity of purified human Pol ε in vitro at a concentration of 16 µg/ml (II, Figure 1).
In contrast, no inhibition of purified human Pol α, recombinant human Pol β or calf
thymus Pol δ was observed at antibody concentrations as high as 64 µg/ml. Purified IgG
fraction from pre-immune serum of the same rabbit did not inhibit the activity of any of
the Pols.

5.3 Nuclear microinjection of antibody K18 inhibits replicative DNA
synthesis in human IMR-90 fibroblasts (II)
When exponentially growing IMR-90 human fibroblast cells were microinjected with
neutralising polyclonal antibody K18 against human Pol ε, DNA synthesis was reduced
by 38 % on average (II, Figure 2 & Table 1). No inhibition was detected after
microinjection of K18 preimmune antibodies or injection buffer alone. Non-neutralising
monoclonal antibodies 93G1A, 93H3B and 93E24C against the catalytic subunit of Pol ε
(Uitto et al. 1995) had no significant effect on DNA synthesis when microinjected into
growing fibroblasts. These results indicate that the inhibitory effect on DNA synthesis is
specific for antibody K18 and can be best explained by its neutralising activity.
Microinjection of the neutralising monoclonal antibody SJK-132-20 against human
Pol α (Tanaka et al. 1982) into nuclei of growing IMR-90 cells caused on average a 33 %
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inhibition of DNA synthesis, which is comparable with the level of inhibition by K18
antibodies. This antibody has been shown to inhibit replicative DNA synthesis in
permeabilised human fibroblasts, and after nuclear microinjection into several
mammalian cell lines (Miller et al. 1985, Kaczmarek et al. 1986).

5.4 Antibody K18 inhibits replicative DNA synthesis
in isolated HeLa cell nuclei (II)
In order to assess the effect of K18 antibodies on DNA replication in a different system,
we studied DNA replication in isolated permeabilised nuclei. As has been shown earlier
(Heintz & Stillman 1988, Krude et al. 1997), both nuclei and cytoplasmic extract were
required for efficient incorporation of nucleotides into precipitable DNA (II, Figure 3).
The fact that low concentrations of aphidicolin inhibited DNA synthesis indicated that we
were indeed measuring replicative DNA synthesis in nuclei and not mitochondrial
replication or DNA repair synthesis by Pol β. The neutralising antibody SJK-132-20
against Pol α inhibited DNA synthesis in this system, confirming earlier results by Heintz
and Stillmann (1988). As in the microinjection experiments, antibody K18 inhibited
replicative DNA synthesis almost as efficiently as SJK-132-20 (48 % and 55 % inhibition
by K18 and SJK-132-20 at an antibody concentration of 100 µg/ml, respectively).
Inhibition at lower antibody concentrations was less pronounced for K18 than for SJK132-20 (II, Figure 3). This is not surprising since SJK-132-20 appears to have a higher
capability to inhibit the activity of purified polymerase compared to K18 antibodies
(Tanaka et al. 1982). K18 preimmune antibodies had no effect in this assay. Furthermore,
addition of the purified Pol ε fragment that was used to raise the K18 antibody restored
the level of the DNA synthesis from 52 % in the presence of 100 µg/ml antibody up to 84
%. Hence, the inhibition of DNA synthesis by the antibody K18 appears to be due to its
specific binding to Pol ε rather than nonspecific interaction with some other replication
factor.

5.5 Antibody K18 does not affect SV 40 DNA replication in vitro (II)
SV40 DNA replication in vitro was studied utilising the isolated DNA synthesome
fraction (Malkas et al. 1990). The formation of full length nicked and supercoiled DNA
daughter molecules indicates that the DNA synthesome fraction supports origin-specific
T-antigen-dependent viral DNA replication. Although Pol ε is present in the DNA
synthesome fraction (Coll et al. 1996), the antibody K18 against Pol ε had no effect on
the SV40 in vitro replication at concentrations ranging from 2 to 32 µg/ml (II, Figure 4).
However, SJK-132-20 anti-Pol α antibody significantly inhibited SV40 DNA replication
at a concentration of 16 µg/ml, as previously shown by Malkas et al. (1990). Thus, our
results confirm that Pol ε does not play an important role in SV40 DNA replication in
vitro, as shown earlier by the reconstitution of this process from highly purified
replication factors (Waga & Stillman 1994).
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5.6 Reconstitution of dual incision in nucleotide excision repair with
recombinant factors – the role of transcription factor II H (III)
A closed-circular plasmid containing a single 1,3 intrastrand d(GpTpG) cisplatin-DNA
cross-link was combined with the purified recombinant proteins to monitor the dual
incision reaction of NER. When recombinant XPA, RPA, ERCC1-XPF, XPG and XPChHR23B factors were complemented with TFIIH purified from HeLa cells, the peak NER
dual incision activity coincided with the peak of protein detected by immunoblotting, and
the peak of transcription activity (III, Figure 2B & C, Marinoni et al. 1997, Tirode et al.
1999). To rule out the possibility that another polypeptide is needed and copurifies with
TFIIH, recombinant TFIIH produced in insect cells was utilised (Tirode et al. 1999). Both
a nine subunit complex, designated rIIH9, and a six subunit complex, rIIH6, lacking the
cdk-activating kinase (CAK) subunits cdk7, cyclin H and MAT1, were active in NER (III,
Figure 4). Therefore, CAK activity is not required for NER. Although both complexes are
also active in transcription initiation, rIIH9 has a higher transcription activity than rIIH6
due to the presence of the CAK components (Tirode et al. 1999). In contrast, addition of
recombinant CAK to reactions containing rIIH6 inhibited the reconstituted NER, when an
ATP-regenerating system was present (III, Figure 5A & B). This suggested an inhibitory
effect of CAK kinase by phosphorylation of a component of the reaction, in contrast to
the activation effect on transcription. We therefore studied the effect of the CAK inhibitor
H-8 (Dubois et al. 1994) on NER. The addition of H-8 overcame part of the inhibition
caused by the presence of CAK (III, Figure 5C). The same inhibitor also stimulated NER
activity up to fivefold in reactions containing HeLa cell TFIIH, but only when ATP
concentrations were maintained by ATP regeneration (III, Figure 5D).

5.7 Nucleotide excision repair activity of purified transcription factor
II H containing mutated subunits (III)
Several human syndromes are associated with changes in subunits of TFIIH. In addition
to the association of XPB and XPD with the disorders XP, CS, and TTD, the human
syndrome spinal muscular atrophy (SMA) has been associated with alterations in the p44
TFIIH subunit gene (Burglen et al. 1997). This gene is duplicated in the human
chromosome 5q13 region. The more telomeric of the genes (p44t) is part of a larger
region deleted in Werdnig-Hoffman disease, SMA type 1, whereas the more centromeric
(p44c) is not. The two p44 gene products differ by three amino acids (Burglen et al. 1997;
Tirode et al. 1999).
We took advantage of the reconstituted NER system to examine the activity of TFIIH
purified from cell lines carrying alterations in various subunits. To analyse the activity of
TFIIH containing known mutations, the complex was immunopurified using an antibody
against the p44 subunit (Coin et al. 1999). The activity of TFIIH from the repairproficient cell lines HeLa and MRC5 (an SV40-transformed human fibroblast) was
compared with TFIIH from an XP-B cell line, an XP-D cell line, a TTD group A cell line,
and two cell lines derived from patients with SMA.
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As expected, TFIIH purified from HeLa or MRC5 cells was active in dual incision.
TFIIH from the XP-B cell line GM2252 (patient XP11BE) was completely defective in
dual incision (III, Figure 6), whereas TFIIH from GM1855, a cell line derived from the
asymptomatic mother of patient XP11BE (Hwang et al. 1996), was active in NER. TFIIH
from HD2 cells with an XPD mutation supported only a very low level of NER. On the
other hand, SMA cell lines DJ and RA showed normal repair (III, Figure 6). Therefore,
TFIIH activity in NER was not affected by the absence of p44t in the SMA cell line RA.
Finally, reactions containing TFIIH from TTD1BR cells from the TTD-A group formed
low levels of dual incisions consistent with what was observed previously with a whole
cell extract from TTD1BR (Evans et al. 1997a).

5.8 Complete reconstitution of repair synthesis with purified human
factors (III)
To determine whether Pol δ or Pol ε functions in NER, we reconstituted NER in systems
containing all of the proteins anticipated to be needed, combined in the same reaction,
and supplemented with Pol δ or Pol ε. For this purpose the same DNA molecule
containing a single adduct was used as in the incision assays presented above, but the
reaction mixtures included a 32P-labelled deoxynucleotide so that patches would be
radiolabelled during repair synthesis. The synthesis arising specifically from filling the
24- to 32-nucleotide gap during NER can be analysed specifically, since it is largely
confined to a unique 33-nucleotide fragment after specific restriction digestion (III,
Figure 7). The reaction mixtures included the recombinant factors required for dual
incision, PCNA, DNA ligase I, with RFC and human DNA Pol δ or Pol ε purified from
human cells.
Both Pol δ and Pol ε could function in repair (III, Figure 7). Activity was observed
with TFIIH purified from HeLa cells as well as with 6-subunit and 9-subunit recombinant
TFIIH. No repair was observed when TFIIH was omitted. Reaction mixtures with Pol δ
also included Fen-1 (DNase IV), as this was found useful in limiting strand-displacement
during NER synthesis (Shivji et al. 1995). Under the specific conditions (~70 mM salt),
both the Pol δ and Pol ε reactions required PCNA and the ATP-dependent PCNA loading
factor RFC.

5.9 Characterisation of non-homologous end joining in HeLa cells in
vitro (IV)
The experiments described here were performed to investigate the role of DNA synthesis
in NHEJ. Treatment of plasmids cleaved with restriction enzymes to produce noncomplementary ends with a HeLa cell extract resulted in the conversion of the substrate
into various mono- and multimeric products (IV, Figure 2). For the study of NHEJ, the
important products were the circular monomers which arose by self-joining of the non-
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homologous ends. Formation of these circular monomers could readily be detected after
transfection of the isolated end joining products into E. coli. Furthermore, the cleavage
site of the DNA substrate is located in the α-complementing lacZ reporter gene fragment.
Therefore, transfection of end joining products gave rise to either blue or white plaques
depending on the reading frame and possible deletions. The plaque colour therefore
provided additional information on the end joining event.
We tested whether the NHEJ activity described here is also dependent on DNA-PK
activity. Addition of wortmannin and LY294002, chemical inhibitors of DNA-PK,
inhibited NHEJ in vitro in a dose-dependent manner (IV, Figure 3A-C). As revealed by
Southern analysis, formation of linear dimers and multimeric forms was also strongly
reduced (IV, Figure 3B). Furthermore, a polyclonal antibody against the Ku86 subunit of
DNA-PK inhibited NHEJ in vitro excluding the possibility that inhibition of NHEJ is due
to inhibition of another enzyme of the phosphatidylinositol 3-kinase family (IV, Figure
3D & E). In this case, only formation of circular monomers was inhibited, whereas in
formation of multimeric forms by direct ligation appeared to be even increased.
We next addressed the nucleotide requirement of NHEJ measured in vitro. NHEJ was
absolutely dependent on ATP, as would be expected, since it requires a DNA ligation step
(IV, Figure 4). Although NHEJ did not depend absolutely on the presence of dNTPs in
the reaction, we detected a significant reduction in the NHEJ efficiency for all three
substrates tested, when dNTPs were omitted from the reaction (IV, Figure 4). The
reduction in circular monomer products was more apparent for the DNA substrates with
the 5´ and 3´ protruding ends compared to the blunt end substrate. In particular for the
substrate XM, a subpopulation of end joining products that give rise to white plaques was
substantially reduced.
Since the stimulatory effect of dNTPs was suggestive for DNA synthesis during NHEJ,
we studied the effect of chemical inhibitors of Pols on NHEJ in vitro. In the presence of
aphidicolin, an inhibitor of the family B DNA polymerases like Pols α, δ, and ε,
formation of transformable end joining products was reduced (IV, Figure 5). The
inhibition was not complete, but reached levels similar to those found when dNTPs were
omitted. Notably, the subpopulation of end joining products giving rise to white plaques
was again particularly affected when utilising the substrate XM. The inhibition
corresponds to the need for incorporation of dCMP into the three substrates, and can be
explained by the mainly competitive mode of inhibition by aphidicolin with respect to
dCMP (Fry & Loeb 1986).

5.10 The effect of DNA repair synthesis on end joining products (IV)
Omission of dNTPs or addition of aphidicolin not only influenced the overall rate of
NHEJ but also appeared to influence the type of end joining products formed as indicated
by a change in the ratio of white to blue plaques. We therefore isolated and sequenced
end joining products from the substrate XM that appeared to be joined most efficiently.
For this substrate, two end joining products were predominant (IV, Figure 6A). Most
abundant was the product with the length 0, i.e. the two protruding ends were joined
without deletion or insertion of nucleotides, (“direct mode”). The product with the length

65
+1 was also regularly recovered. In both cases, partial homologies between the protruding
DNA ends were utilised to align the sequence (IV, Figure 6B). Deletions at the DNA ends
accounted for less than 5 % of joining products, indicating that the end joining activity
described here minimises loss of DNA.
When dNTPs were omitted, there was a significant decrease in the products forming
white plaques with the length +1 and a concurrent increase in the products forming blue
plaques with the length 0 (IV, Figure 6A). Furthermore, shorter products, in particular the
-1 product, were found more regularly. We observed a similar effect on the distribution of
product in the presence of aphidicolin, although this effect was not as pronounced as in
the absence of dNTPs.
The end configuration of the “overlap mode” suggested that dCMP alone could be
sufficient to support formation of the products with the length +1. Analysis of products
from reactions to which only dCTP or only the other three nucleotides had been added,
confirmed the importance of dCTP for the +1 product formation (IV, Figure 6A).
However, dCTP alone did not support NHEJ efficiently since end joining activity was
only marginally higher than in the absence of dNTPs.

5.11 Antibodies against DNA polymerase α inhibit non-homologous
end joining in vitro (IV)
We studied the effects of antibodies neutralising DNA polymerase activities on NHEJ in
vitro to identify the enzyme required for the DNA repair synthesis step. Antibodies SJK287-138 and SJK-132-20 against Pol α (Tanaka et al. 1982) inhibited the end joining
process in a concentration dependent manner (IV, Figure 7 and data not shown).
Interestingly, the antibodies inhibited the formation of white and blue repair products to
the same extent, and no effect on the distribution of end joining products was found as
analysed by sequencing. Southern analysis revealed that the antibodies specifically
inhibited the formation of the circular monomers, whereas the formation of multimeric
forms was stimulated (IV, Figure 7B). In contrast, antibody K18 neutralising the activity
of Pol ε and an antibody neutralising the activity of Pol β (Singhal et al. 1995) as well as
a purified mouse IgG fraction had no effect on NHEJ of substrate XM even at high
concentrations (IV, Figure 7). Taken together, these results indicate that Pol α is
specifically required for joining of non-complementary DNA ends but not for joining of
complementary DNA ends.

5.12 Non-homologous end joining of model substrates
in HeLa cells in vivo (IV)
To study in how far the NHEJ observed in the cell free system reflects the situation in
vivo, the substrate XM was introduced into HeLa cells by electroporation. At different
times, plasmid DNA was recovered and analysed by transformation. Circular pBlueScript
vector served as an internal control to assess the efficiency of transformation and
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recovery. The majority of the NHEJ products from substrate XM in vivo could be
detected already 30 minutes after electroporation (IV, Figure 8). Only a small further
increase was observed up to 2 hours of culture after which a decrease in products
occurred, possibly due to the instability of the substrate DNA within the cells. The
distribution of the end joining products formed in transfected HeLa cells in vivo was
similar to that in cell extracts in vitro. Therefore, NHEJ measured in vitro well reflects the
conditions in vivo.

5.13 The influence of PCNA on non-homologous end joining (IV)
PCNA serves as a DNA sliding clamp that mediates contact of proteins to DNA (Warbrick
2000). PCNA takes part in replication as well as in many DNA repair pathways,
particularly as a processivity factor for Pols δ and ε. Since our results indicated a role of
aphidicolin sensitive Pol α, δ or ε in NHEJ, an involvement of PCNA was studied to aid
identification of the DNA polymerase associated with NHEJ.
When the cell extract was fractionated by passage through two ion exchange columns,
all three resulting fractions were required to obtain efficient end joining. One of these
contained PCNA separated from most other cellular factors (IV, Figure 9A, Prelich et al.
1987b, Shivji et al. 1992). Omission of this fraction decreased end joining by 21 %, and
the activity could be fully restored by the addition of purified PCNA (IV, Figure 9B).
Since we detected only a moderate effect of PCNA using fractionation, and since the
NHEJ activity of combined fractions decreased rapidly upon fractionation, we depleted
HeLa whole cell extract of PCNA. PCNA depleted cell extracts showed decreased NHEJ
activity, although the reduction was only 15% (IV, Figure 9C). The addition of purified
PCNA to the depleted cell extract restored the activity. Taken together, PCNA influences
NHEJ in vitro, although the modest effect argues for a minor or redundant role in this
process.

6 Discussion
6.1 Implications of the new family of DNA polymerase-associated B
subunits (I)
The conservation of B subunits of different DNA polymerases argues for a conserved
function for these subunits. DNA replication is a good candidate for such a function, since
all DNA polymerases with conserved B subunits are implicated in this process (Ishino &
Cann 1998, Hübscher et al. 2000). Consistently, all B subunits appear to be essential for
cell viability (Burgers 1998). Although the B subunits are conserved from Archaea to
Eukaryotes, the corresponding catalytic subunits belong to family B in Eukaryotes and
family D in Euryarchaeota that are not related (Ishino et al. 1998). Nevertheless,
Euryarchaeote Pol DI appears to possess putative zinc finger motifs that are similar to
those observed in the eukaryotic family B DNA polymerases, in particular Pol ε. Genetic
and biochemical studies indicate that the putative zinc finger regions of Pols δ and ε are
important for the interaction with the B subunit (Giot et al. 1997, Dua et al. 1998, 2000).
The fourth common eukaryotic DNA polymerase of family B, Pol ζ, is not directly
involved in replication, and although it possesses a similar zinc finger motif (Lin et al.
1999a), its small subunit is not related to the B subunit family (Aravind & Koonin
1998a).
Although no enzymatic function has been reported for the B subunits, the presence of
calcineurin-like domain suggests that an enzymatic activity was originally intrinsic to B
subunits and may still be found in some members of the family (Koonin 1994, Goldberg
et al. 1995, Lohse et al. 1995, Aravind & Koonin 1998b). The calcineurin-like
phosphoesterase family consists of enzymes with diverse substrate specificities and
functions, including phosphoserine/threonine phosphatases, purple acid phosphatases,
cAMP phosphodiesterases, sphingomyelin phosphodiesterases, nucleotidases, UDP-sugar
hydrolases, as well as nucleases such as MRE11 or the related bacterial SbcD proteins
(Koonin 1994, Lohse et al. 1995). This superfamily shares five short signature motifs that
contain several conserved histidine and aspartate residues involved in coordination of the
dinuclear metal centre in the active site (Goldberg et al. 1995, Lohse et al. 1995). Only in
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the archaeal B subunits, are these residues well conserved, which distinguishes the B
subunit family from other groups of the calcineurin-like phosphoesterases. Aravind and
Koonin (1998b) proposed that the archaeal B subunits could possess phosphoesterase
activity. Eukaryotic B subunits with their disrupted catalytic motifs have probably lost
such an activity, although still sharing the same fold. These authors proposed that the
archaeal B subunits could hydrolyse pyrophosphate to facilitate the polymerisation
reaction. But since archaeal Pol D has very high proofreading activity without possessing
the conventional proofreading exonuclease signature in the primary sequence, the B
subunits may rather represent the proofreading exonuclease of this DNA polymerase
family (Gueguen et al. 2001).
Nucleic acid binding OB-fold domains similar to the ones of B subunits are also
present in the anti-codon binding domain of lysyl-, aspartyl-, and asparaginyl-tRNA
synthetases, in eukaryotic and archaeal RPA, in the C-terminus of eubacterial Pol III α(catalytic-) subunit, as well as some eubacterial RecG helicases and some nucleases.
Nucleic acid binding may therefore be a common feature of DNA polymerase B subunits.
The closest homologues of the B family are archaeal members of the Icc family of
cAMP phosphodiesterases that are required for response to nutritional stress in Eubacteria
(Imamura et al. 1996, Macfadyen et al. 1998). Both groups share a related calcineurinlike domain. Therefore, B subunits and Icc-like proteins probably derived from a
common ancestor by gene duplication followed by acquisition of the OB-fold domain by
the B subunit prior to the separation of the eukaryotic from the archaeal lineage. The
original B subunit has undergone subsequent gene duplications and losses in different
lineages to the give rise to the present representatives. The complex evolutionary history
of family B DNA polymerase catalytic subunits (Edgell et al. 1998) does not allow
correlating it to that of the B subunits.

6.2 The role of DNA polymerase ε in DNA replication (II)
The inhibition of nuclear DNA synthesis by K18 antibodies is most likely attributed to the
specific neutralisation of Pol ε activity by these antibodies, since several other Pol εspecific antibodies did not influence replicative DNA synthesis. These results not only
confirm the important central role of Pol ε in nuclear DNA replication, but also suggest
that the enzyme actually synthesises a significant fraction of new DNA in proliferating
human cells. In S. cerevisiae and S. pombe, Pol ε is required for replication of
chromosomal DNA (Araki et al. 1992, Budd & Campbell 1993, D’Urso & Nurse 1997,
Sugino et al. 1998). On the other hand, it has been demonstrated in both yeasts that the
N-terminal portion of Pol ε carrying the polymerase and exonuclease domains is
dispensable for viability (Dua et al. 1999, Kesti et al. 1999, Feng & D’Urso 2001). DNA
replication still takes place in the absence of the N-terminal portion of the enzyme, albeit
delayed and apparently with an increased error rate. The biochemical approach used in
this study does not address whether the Pol ε polymerase activity is essential for viability
of mammalian cells since inhibition of Pol α or ε by the addition of neutralising
antibodies is probably not complete. Therefore, some DNA synthesis by cognate DNA
polymerases may still take place although at a reduced rate. Interestingly, yeast mutants
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in the catalytic centre located in the N-terminal portion are deficient in replication and
therefore lethal (Dua et al. 1999), as are temperature sensitive mutants that map to the
catalytic domain at the restrictive temperature (Araki et al. 1992). This raises the
possibility that the N-terminal part of Pol ε blocks or disrupts the replication fork when
present but inactive, but may be substituted for when it is completely absent.
It is not clear whether the inhibition of DNA synthesis observed in this work is due to
the specific loss of DNA synthesis by Pol ε or to impaired replication fork function due to
the inhibition of Pol ε. The fact that K18 antibodies inhibited replicative DNA synthesis
as effectively as neutralising antibodies against Pol α favours the latter alternative, but
does not rule out the former.
Several approaches have been utilised to address the specific roles of Pols δ and ε in
cellular DNA replication. S. cerevisiae Pol ε associates with origin DNA before initiation
of DNA replication. Upon initiation, it dissociates from the origin and associates with
nonorigin DNA, with similar kinetics as Cdc45 and MCM proteins, probably following
the replication fork (Aparicio et al. 1997). Furthermore, Pol ε can be cross-linked to
newly synthesised, nascent DNA in proliferating mammalian cells, supporting the idea
that Pol ε actually synthesises DNA (Zlotkin et al. 1996). In line with this, removal of Pol
ε from a Xenopus egg extract resulted in aberrant chromosomal DNA replication (Waga et
al. 2001).
Based on the biochemical properties, a role in elongation and maturation of the
lagging strand was proposed for Pol ε (Lee et al. 1991a). Analysis of the phenotype of
exonuclease deficient mutants of Pols δ and ε showed that both Pols function
consecutively with MMR, i.e. in DNA replication. These finding led A. Sugino to propose
that Pol ε could function in leading strand synthesis, whereas Pol δ would perform the
bulk lagging strand synthesis (Morrison et al. 1990, Sugino 1995). This view was
supported by more detailed analysis of the exo- mutants placing marker genes in opposite
directions in the vicinity of a replication origin in yeast (Shcherbakova et al. 1996). In
this elegant approach, mutational analysis of the marker gene in different Pol exobackgrounds indicates that only one, but not both strands, is encountered by the defective
DNA polymerase (Shcherbakova & Pavlov 1996). This again placed the two enzymes on
different DNA strands. However, Datta and coworkers (2000) demonstrated that the Pol δ
exo- mutator phenotype depends on the S phase damage checkpoint pathway, and is not a
direct consequence of inaccurate DNA synthesis. This finding casts considerable doubt
over the validity of the whole approach as well as the conclusions. Burgers (1998)
proposed, as a modification of his earlier model, that Pol δ would elongate DNA both on
the leading and lagging strands, whereas Pol ε would only be required for lagging strand
maturation. This model assumes that Pol ε synthesises less DNA than Pol δ, based
predominantly on the less severe phenotype of Pol ε compared to Pol δ exo- mutants.
Since this assumption is no longer supported, and since Pol δ has been shown to be
actively involved in lagging strand maturation (Jin et al. 2001, Maga et al. 2001b), the
Burgers model lacks conclusive evidence.
An explanation of the role of Pol ε should take into account differences between
cellular DNA replication and the SV40 system. The larger eukaryotic genome
necessitates more complex cell cycle and DNA damage checkpoint control. Pol δ appears
to have an important role in replicative damage bypass by translesion synthesis (Datta et
al. 2000, Haracska et al. 2001a). On the other hand, Pol ε is not only important during
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initiation of DNA replication (Aparicio et al. 1997), but also in the recombinational
processes during S-phase (Zou & Rothstein 1997, Holmes & Haber 1999, Bérnard et al.
2001). Therefore, it is likely that Pols δ and ε cannot substitute for the role of the other in
these specific functions.
The recent finding that Pol ε forms nuclear foci that colocalise with sites of DNA
replication in late, but not early S phase, provides another potential solution for the
division of labour between Pols δ and ε (Fuss & Linn 2002). These results indicate that
the chromatin structure could determine which DNA polymerase replicates certain DNA:
Pol δ would be responsible for the replication of more open chromatin in early S phase
whereas Pol ε would replicate more compact heterochromatin in late S phase. These
results, however, do not explain why Pol ε associates similarly with early and late firing
origins in budding yeast, and is associated with the very open embryonic chromatin in
Xenopus egg extract in a replication-dependent manner (Aparicio et al. 1999, Mimura et
al. 2000). Clearly, more work is required to understand the specific roles of Pols δ and ε
in cellular DNA replication.

6.3 Active TFIIH forms in reconstituted nucleotide excision repair
and modulation of repair activity by CAK (III)
The exclusive use of recombinant proteins in conjunction with the specific and sensitive
method that detects dual incision in a plasmid containing a single cisplatin lesion allowed
unequivocal identification of the minimum number of factors involved in the dual
incision reaction of NER. Recombinant RPA, XPA, XPC-hHR23B, XPG, and TFIIH
complex were sufficient for the reconstitution of the first stage of NER, and thus one can
conclude that only these six factors comprising 15 or 18 polypeptides, depending on
whether TFIIH with CAK subunits is used, are needed. Although other factors may
facilitate repair in the context of chromatin, these are not required in the NER reaction on
naked DNA in vitro.
Since the NER repair activity eluted in a peak coinciding with the TFIIH protein and
transcription activities during purification, the same form of TFIIH can function in both
transcription and in repair. In support of this, we found that a 9-subunit form of
recombinant TFIIH containing the CAK subunits is active in dual incision. However,
CAK is dispensable for NER in vitro, as shown here with the 6-subunit form of
recombinant TFIIH and as shown by complementation of S. cerevisiae cell lysates
(Svejstrup et al. 1995) or of partially purified human proteins (Mu et al. 1996). In yeast,
evidence has been presented that TFIIH without the corresponding CAK subunits may be
specialised for repair, as it is found physically associated with some of the other NER
components in a preassembled repairosome (Svejstrup et al. 1995). But although
mammalian TFIIH easily separates into several subcomplexes upon purification (Drapkin
et al. 1996, Reardon et al. 1996, Rossignol et al. 1997), it is uncertain whether these
forms are the natural ones in cells or are created during purification. Using gentle
methods of purification, all detectable TFIIH is present in the nine-subunit form
containing CAK (Le Roy et al. 1998, Araújo et al. 2001). Furthermore, microinjection of
an anti-cdk7 antibody can inhibit NER in cells (Roy et al. 1994), suggesting either that
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the 9-subunit version normally participates in repair. Therefore, at least in mammalian
cells there is no evidence for the presence of a repairosome complex (Araújo et al. 2001).
We made the unexpected finding that although the physical presence of the CAK
subunits is not necessarily detrimental to NER, inclusion of CAK inhibited repair when
reaction mixtures included an ATP regenerating system. Consistent with this effect,
inhibition of CAK activity by the H-8 kinase inhibitor could stimulate repair reactions
and partially reverse the inhibitory effect of CAK. It seems likely that CAK inhibits repair
by phosphorylating one or more components of the reaction when ATP levels are
sufficiently high. It is clear that excessive phosphorylation can inhibit repair, as shown by
the fact that inhibitors of protein phosphatases caused dramatic suppression of repair
activity in cell extracts (Ariza et al. 1996). The targets of such kinase inhibition are
unknown; a potential substrate is the XPG protein, which is readily phosphorylated (S.J.
Araújo and R. Ariza, unpubl.). It is noteworthy that the kinase activity of TFIIH decreases
after UV irradiation of mammalian cells, suggesting that cells may have a mechanism to
suppress CAK activity when DNA repair is urgently required (Adamczewski et al. 1996).
The present result emphasises the potential for regulation of NER by phosphorylation.
TFIIH may have another ATP-dependent, regulatory function, since TFIIH inhibits
incision of model substrates by the structure-specific endonucleases XPG and ERCC1XPF (Winkler et al. 2001). Inhibition is reversed by addition of ATP. It cannot be ruled
out that CAK has both an inhibitory as well as an activating role, but it is more likely that
ATP induces conformational changes in the TFIIH-nuclease-DNA complex to provide
access for the nucleases in the incision step.

6.4 XPB, XPD, and p44 TFIIH mutants in the defined repair system
(III)
The defined in vitro system provides an ideal tool to study the influence of different
TFIIH mutations on dual incision formation. TFIIH from GM1855 cells of an XPB
individual XP11BE and from the immortalised cell line HD2 derived from XP102LO XPD cells, respectively, supported no or only very little repair, consistent with the XP
phenotype and NER defects described earlier for these cell lines (Johnson et al. 1985b,
Evans et al. 1997b). TFIIH from both cell lines also show reduced transcription activity
(Coin et al. 1998, 1999). The residual NER activity in the HD2 hybrid might be
contributed by a low level of normal TFIIH, since it was derived by fusing XP102LO XPD cells with HeLa cells and selection of a hybrid clone with low repair capacity (Johnson
et al. 1985b).
In the SMA cell lines, the helicase activity of XPD was previously shown to be
normal, and TFIIH from both cell lines had equivalent transcription activity (Coin et al.
1999). Furthermore, recombinant TFIIH containing either p44c or p44t supports
transcription (Tirode et al. 1999). The data presented here show that TFIIH containing
only p44c is also active in repair, a result consistent with the absence of clinical
symptoms related to NER in SMA patients (Burglen et al. 1997).
TFIIH from TTD1BR cells of TTD group A is capable of functioning in NER, albeit
with lower activity. The defect giving rise to TTD group A is thought to reside in a
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TFIIH-associated factor, because the TTD1BR repair defect can be complemented by
microinjection of the TFIIH complex (Bergmann & Egly 2001). However, unlike other
TTD cell lines, mutations in a known TFIIH subunit have not been found in TTD1BR.
Recently, it was reported that the TTD-A phenotype appears to result from sublimiting
amounts of TFIIH, probably due to a mutation in a gene determining the complex
stability. This is consistent with the reduced repair activity observed here. The reduction
of TFIIH mainly affects its repair function and hardly influences transcription (Vermeulen
et al. 2000).

6.5 DNA polymerases in nucleotide excision repair (III)
Nucleotide excision repair synthesis has been examined with UV-irradiated DNA and a
mixture of purified and recombinant proteins cells (Aboussekhra et al. 1995). It was
found that calf thymus DNA Pol ε could function in repair in conjunction with the
recognition-incision proteins, although the complete reaction proceeded only with low
efficiency. The availability of highly purified recombinant incision components and
highly purified human DNA polymerases allowed us to re-examine the role of both Pol δ
and Pol ε in filling NER-generated incision gaps.
Repair synthesis on a singly adducted DNA substrate with all repair proteins in the
same reaction mixture occurred with both Pol δ and Pol ε, and depended on PCNA and
RFC for both enzymes under these reaction conditions. This is consistent with previous
studies using model DNA substrates containing short gaps (Podust and Hübscher 1993;
Shivji et al. 1995, 1998). Furthermore, human Pol ε was originally isolated as a factor
required for repair of UV damage (Nishida et al. 1988), whereas a neutralising antibody
against Pol δ could inhibit NER in vitro (Zeng et al. 1994b).
In contrast to most earlier works, the DNA Pol ε preparation used here was purified
from human HeLa cells containing at least the full-length 261-kD catalytic subunit and a
59-kD small subunit. Previously, preparations containing a stable 140-kD fragment of the
catalytic subunit of the enzyme have been utilised (Focher et al. 1989, Aboussekhra et al.
1995). A similar form of Pol ε is also found from other sources (Hamatake et al. 1990,
Chui & Linn 1995, Uitto et al. 1995) and can be obtained by partial digestion of the large
form of the enzyme (Kesti & Syväoja 1991). The large and small forms of Pol ε differ in
their enzymatic characteristics (Kesti & Syväoja 1991, Maki et al. 1998). It is therefore
important to demonstrate that the holoenzyme form also functions in the DNA synthesis
step of NER.
The powerful genetics of yeast have been used extensively to analyse the DNA
polymerase requirement of UV damage repair. These studies suffer in part from the fact
that several DNA repair pathways operate in parallel in yeast to correct this type of
damage. Wang et al. (1993) found a role for Pol ε in repair of UV damaged plasmids in S.
cerevisiae nuclear extracts in an experimental setup very similar to the one described
here. The authors could demonstrate that their repair depended on BER rather than NER
(Wang et al. 1992). Analysis of changes in the molecular weight of cellular DNA after
UV irradiation in various mutant backgrounds was used to determine the DNA
polymerase requirement of the repair (Budd & Campbell 1995, Halas et al. 1999). In both
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studies, Pol δ and Pol ε were implicated in the filling of repair gaps that were formed in a
Rad1 (NER) dependent manner, but whereas the former study indicated redundancy of
the two DNA polymerases, the latter suggested that the presence of both enzymes is
required for repair of the UV lesions.

6.6 DNA synthesis during human non-homologous end joining (IV)
The results presented here identify DNA synthesis as an unrecognised factor contributing
to the stability of the DNA ends. The shortening of end joining products in the absence of
dNTPs could reflect a disturbance in the balance between nuclease and polymerase
activity involved in NHEJ. Since omission of dNTPs also reduced the amount of NHEJ
products, DNA repair synthesis influences not only the outcome, but also the efficiency of
the repair event in NHEJ in vitro.
The configuration of the DNA ends largely determines the outcome of the repair and
therefore appears to be decisive for the role of DNA synthesis (Johnson & Fairman 1996,
Labhardt 1999, Feldmann et al. 2000). In some studies joining of non-complementary
DNA ends occurred in the absence of dNTPs, and consequently in the absence of DNA
synthesis (Fairman et al. 1992, Mason et al. 1996). In partially purified calf thymus
extracts, dNTPs were only required for fill-in DNA synthesis opposite to a 5´ overhang to
allow subsequent blunt end ligation (Mason et al. 1996). This reaction was inhibited by
ddTTP, but not by aphidicolin. These results are not in contradiction with our results
since we noticed that repair via blunt end ligation occurred extremely rarely in our
experimental system. On the other hand, Lehmann et al. (1994b) found that aphidicolin
inhibited end joining in activated Xenopus germinal vesicle extracts. Small homologies
were utilised for end joining as in our study, but in contrast to our study, deletions were
generated during end joining. The “overlap mode” NHEJ by partial alignment of nonidentical DNA overhangs was inhibited by ddNTPs in Xenopus egg extracts (Pfeiffer &
Vielmetter 1988, Thode et al. 1990), an effect that we also observed in a HeLa cell
extract. The DNA ends could no longer be ligated after incorporation of the chain
terminator into gaps resulting from overlaps. The sensitivity of NHEJ to ddTTP
emphasises the importance of DNA repair synthesis, but cannot be taken as a direct
indication that Pol β is involved in this process. In fact, deficiency in Pol β in mouse
fibroblasts does not render the cells more sensitive to gamma irradiation (Sobol et al.
1996), and V(D)J recombination proceeds normally in the absence of Pol β in mouse
cells (Esposito et al. 2000b), arguing that Pol β is not involved in mammalian NHEJ.
Göttlich et al. (1998) described the partial purification of an NHEJ activity from Xenopus
egg extracts that contained Pol ε, ligase III, and Fen-1, in addition to 3´ and 5´ directional
exonuclease activities. Since neither Ku nor DNA-PKCS could be detected, this activity
probably represents a minor pathway of NHEJ.
Considering the very specific role of Pol α in producing RNA-DNA primers during
DNA replication, the apparent involvement of this enzyme in NHEJ is surprising. When
compared to other Pols, there are only a few studies suggesting a role for Pol α in DNA
repair processes (Oda et al. 1996, Holmes & Haber 1999). On the other hand, Pol α
seems to fit well to this process. It is an aphidicolin-sensitive enzyme with moderate
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processivity independent of auxiliary factors (Wang 1996), as could be expected from a
DNA polymerase needed for synthesis of relatively short DNA repair patches (WhisnantHurst & Leadon 1999). Unlike nuclear Pols β, δ, and ε, Pol α is capable of performing
DNA synthesis on discontinuous, unlinked DNA templates (Islas et al. 1998), a process
resembling NHEJ.

6.7 A role of PCNA in non-homologous end joining (IV)
In cells, several alternative NHEJ pathways with different requirement for DNA repair
synthesis may operate simultaneously (Moore & Haber 1996). These authors found that
predominant end joining products contained either short insertions or short deletions
when studying HO endonuclease-induced NHEJ in S. cerevisiae. The deletion, but not the
insertion mechanism depended on the RAD50/MRE11/XRS2 gene products. When
breaks were induced in the G1 phase of the cell cycle, end joining became less efficient,
and, in particular, formation of the insertion products was affected. In this case, additional
products with large deletions appeared. The mechanistic similarities between our study
and the study described above suggest that multiple alternative NHEJ pathways are
conserved in different organisms.
Since removal of PCNA decreased NHEJ activity only moderately, the DNA sliding
clamp may be involved in a minor alternative pathway of NHEJ. In contrast to
Drosophila, where PCNA is required in conjunction with Ku and DmRAD54 for the
repair of DSBs in a homology-dependent process (Henderson et al. 1994, Beall & Rio
1996, Henderson & Glover 1998, Kooistra et al. 1999), it may not be critical for human
NHEJ. Furthermore, PCNA depletion did not affect the product distribution. Therefore, it
probably serves as an auxiliary factor for a repair component other than a DNA
polymerase, for example in association with the PCNA-interacting nuclease Fen-1 (Wu et
al. 1999, Göttlich et al. 1998).

7 Conclusions
In this study, we have identified and further characterised several functional aspects of the
eukaryotic replicative Pols α, δ and ε. The B subunits of these DNA polymerases form a
novel superfamily that also includes the small subunits of Pol DI of Euryarchaeotes. The
associated catalytic subunits from Eukarya and Archaea belong to different DNA
polymerase families. The members of the B subunit family share a common domain
architecture and a common fold, arguing also for a conserved function among these
proteins. The comprehensive analysis at the sequence level provides the basis for further
structural and functional characterisation.
The generation of a polyclonal antibody that specifically inhibits the DNA polymerase
activity of Pol ε allowed the evaluation of the role of the enzyme in human nuclear and
SV 40 viral DNA replication. The ability of this antibody to inhibit nuclear DNA
replication indicates that Pol ε plays an important role in this process and suggests that
Pol ε itself contributes substantially to the synthesis of DNA. The fact that the
neutralising antibody did not inhibit SV 40 viral replication not only validates previous
results from reconstitution of SV 40 DNA replication, but also emphasises the differences
between cellular replication and viral model systems.
Pol δ and Pol ε are capable of performing the DNA synthesis step in human NER. We
present here unequivocally the minimum set of factors required for human NER, based on
the complete NER of a defined DNA lesion reconstituted in vitro largely from
recombinant factors. Furthermore, we demonstrate for the first time that the Pol ε
holoenzyme is well suited for the gap-filling function, as is Pol δ. The latter enzyme, but
not Pol ε, requires the presence of Fen-1 to prevent excessive displacement DNA
synthesis.
We demonstrate a partial dependence of NHEJ in vitro on DNA synthesis using DSB
model substrates with different end configurations. An aphidicolin-dependent DNA
polymerase is required for the formation of a subset of end joining products. Results from
experiments with neutralising antibodies reveal that Pol α, but not Pols β or ε, may
possess this DNA polymerase activity. Our results indicate DNA synthesis as a yet
unrecognised factor contributing to stability of the DNA ends, and influencing both the
efficiency and outcome of the end joining event. Furthermore, our results suggest a minor
role of PCNA in NHEJ.
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