IMPACT OF CHEMICAL ADDUCTS ON TRANSLESION SYNTHESIS
IN REPLICATIVE AND BYPASS DNA POLYMERASES: FROM

STRUCTURE TO FUNCTION

Robert L. Eoff, Martin Egli, and F. Peter Guengerich

From the Department of Biochemistry and Center in Molecular Toxicology, Vanderbilt

University School of Medicine, 2200 Pierce Avenue, Nashville, Tennessee 37232-0146

Address correspondence to:
Prof. F. Peter Guengerich
Department of Biochemistry and Center in Molecular Toxicology
Vanderbilt University School of Medicine
638 Robinson Research Building
2200 Pierce Avenue
Nashville, Tennessee 37232-0146
Telephone: (615) 322-2261
FAX: (615) 322-3141

E-mail: f.guengerich@vanderbilt.edu

Running title: Translesion Polymerase Structure and Function



OVERVIEW:

It has become increasingly apparent that most, if not all, biological systems
possess multiple forms of DNA polymerases and that these differences allow organisms
or cells to survive a multitude of insults to the genetic code. An important aspect of
understanding genomic maintenance involves studying how DNA polymerases process
altered forms of DNA. A summary of the DNA polymerase literature is presented with
the aim of discussing salient features of catalysis during bypass of covalently modified,
or “damaged”, DNA. Comparisons between different polymerase families help illustrate
some of the mechanistic differences that determine substrate selectivity, conformational
dynamics, and bypass characteristics. Tighter geometric constraints surrounding the
incipient base pair, electrostatic contacts between the enzyme and the purine/pyrimidine
ring, and an inability to adopt multiple productive conformations during lesion bypass are
some of the general features that confer high-fidelity and poor translesion synthesis
properties to “replicative” polymerases. Bypass polymerases tend to have larger active
sites, are more dependent upon hydrogen bonding for substrate selectivity, can often
accommodate multiple substrate conformations when DNA adducts are encountered, and
show less pronounced dependence upon large structural changes during catalysis.
Continued study of these fascinating enzymes will undoubtedly provide us with a more
detailed understanding of DNA replication, genomic stability, and mechanisms of

mutagenesis.



INTRODUCTION

DNA polymerases can be organized into at least seven families based on sequence
and structural similarities: A, B, C, D, X, Y, and reverse transcriptases [1, 2]. The first
DNA polymerase to be isolated and shown to possess DNA synthesis capabilities was
DNA polymerase I from Escherichia coli [3, 4]. Since Arthur Kornberg’s initial studies,
countless researchers have focused upon the biological roles and catalytic properties of
DNA polymerases [5-9]. Substrate selection by polymerases involves several distinct
steps and determines the accuracy of DNA replication. Checks upon base pair geometry,
hydrogen bonding patterns, metal ion coordination, and conformational changes all
contribute to the efficiency of each nucleotidyl transfer reaction [9-11]. Subsequent work
by Kornberg and others revealed that some DNA polymerases possess 3’ to 5’
exonuclease activity, which serves as a means of proofreading the accuracy of DNA
synthesis [12-17]. The kinetic benefit toward accurate DNA synthesis is 10- to 100-fold
when proofreading activity is present, which results in some polymerases making a
mistake once in every 10° incorporation events [11]. Accessory proteins may be
important in the stabilization of complexes that undergo proofreading [18-20], and some
polymerases, e.g. pol III from E. coli, rely upon subunits within the holoenzyme complex
for exonuclease activity [14]. The Y-family DNA polymerase Dpo4 from the
crenarchaeote Sulfolobus solfataricus can remove incorporated nucleotides through
pyrophosphorolysis [21, 22], and the X-family member pol 3 has been shown to possess
5’-deoxyribose phosphate lyase activity [23]. Each one of these mechanisms converges

upon finding the most thermodynamically stable form for the DNA double-helix [24].



The large number of genomic sequencing projects has led to the discovery of
many new polymerases from various organisms. E. coli possess five DNA polymerases
[25], pols I through V (I and II are both A-family members and are thought to play roles
in assisting replication/repair). DNA pol III is a member of the C-family and is the major
replicative polymerase in E. coli [26, 27]. The final two polymerases in E. coli, pols IV
and V, are both Y-family members that are thought to help bypass DNA damage and
facilitate adaptive mutation [28]. The absolute number of polymerases in archaea and
eukaryotes is less certain. The S. solfataricus has at least four DNA polymerases (three
B-family members and the model Y-family member Dpo4) [29]. Some other
extremophiles, e.g. Methanosarcina mazei (strain Gol) and Methanosaeta thermophila,
possess putative homologues of the X-family pol 3. Eukaryotes vary in their number of
polymerases. Humans possess at least 19 enzymes that catalyze some type of nucleotidyl
transfer [30]: pols a, 9, €, and T are B-family members; mitochondrial pol yand pols
v and 0 are members of the A-family; pols 3, A, and u are X-family members; pols
1M, L, K, and REV1 comprise the Y-family; the remaining enzymes include pols ol, 02, ¢,
terminal deoxynucleotidyl transferase, and telomerase (the sole human reverse
transcriptase).

The domain organization and structural features of DNA polymerases are largely
conserved across species and families (Fig. 1) [31, 32]. The modular domain
organization has been likened to a right hand with fingers, thumb, and palm subdomains.
The palm domain universally contains the active site aspartate residues that coordinate
two divalent metal ions. The thumb and finger domains, which differ substantially across

polymerase families, are more closely associated with nucleotide selection and DNA



binding/translocation, respectively. The little-finger (or palm-associated) domain is
unique to the Y-family and is involved in DNA binding and the lesion bypass properties
of these enzymes.

The catalytic mechanisms of DNA polymerases have been studied in great detail
[9, 33-35]. From these analyses many inferences have been made regarding the accuracy
of nucleotide incorporation and the relevance of in vitro fidelity toward the biological
functions of different polymerases. All polymerases require a single-stranded DNA
template. A few notable deviations from the typical primer/template substrate include
telomerase, which carries an RNA template in its active site, and A-family pol 0, which
possesses ATPase driven helicase activity such that it can catalyze polymerization on
nicked double-stranded DNA by displacing a strand ahead of DNA synthesis [36]. The
minimal kinetic description of polymerase catalysis includes binding of DNA, divalent
metal ions, and the incoming ANTP [37]. Generally a non-covalent step is then included
in the cycle just prior to the phosphoryl transfer step (i.e. phosphodiester bond formation,
or “chemistry”). The non-covalent step has often been referred to as the “rate-limiting”
step in the polymerase catalytic cycle (at least for correct base pairs) [9]. The physical
basis of for the non-covalent step has been a topic of some debate and is often attributed
to a conformational transition from an “open” to “closed” state. Indeed, several crystal
structures have shown large conformational changes when comparing “binary” (no
dNTP) to ternary (with incoming dNTP) complexes [38, 39]. However, subsequent
studies have cast doubt upon the view that the large conformational changes observed in
some crystal structures limits the rate of catalysis [10, 40]. Nevertheless, these changes

are undoubtedly important mechanistic features of polymerase activity.



Substrate selection by polymerases determines, to a large extent, the accuracy of
genomic replication. The efficiency of nucleotidyl transfer is dependent upon several
interrelated factors. The two-metal ion dependent mechanism of polymerase catalysis
appears to be universally conserved in most respects, with deprotonation of the 3’-
hydroxyl group being an important initial step in the catalytic cycle, but the exact
mechanism used to facilitate nucleophilic attack upon the a.-phosphate may differ among
enzymes [41, 42]. Transfer of the 3’-hydroxyl proton and the subsequent formation of
the transition state intermediate is subject to the dynamics of a given polymerase active
site and the physico-chemical characteristics of the nascent base pair. Deviation from the
normal Watson-Crick pattern is often the result of chemical modification to some portion
of either the template strand or the pool of nucleotide triphosphate molecules.

Polymerase fidelity is a measure of how frequently the enzyme makes a “mistake”
(i.e. inserts a ANTP that does not result in a canonical Watson-Crick pair). Often steady-
state (multiple catalytic turnovers) analysis is used to compare dNTP insertion activities.
While steady-state kinetic analysis does often correlate well with insertion frequencies
observed in sequencing-based cellular analyses (e.g. shuttle vectors or M13 replication
assays), it cannot discern mechanistic features that define the fidelity being measured.
Transient-state kinetic analysis can provide a direct measure of distinct steps in the
catalytic cycle and therefore is a more informative measure of polymerase fidelity. Both
approaches involve providing a single nucleotide to the polymerase and then measuring
the kinetic constants that define incorporation. The catalytic efficiency of polymerase
activity is defined as the rate constant defining nucleotide incorporation (kcat O kpol)

divided by the dependence of the rate upon dNTP concentration (K, or K4). These terms



are frequently used to understand the effect of covalent DNA modifications upon
polymerase action. Misinsertion frequency (f' = (kpol/Kda)incorrect/ (kpol/Kd)correct, O more
precisely f'= (kpo/Ka)incorrect!/ [ (kpot/ Kd)incorrect T (Kpot/ Kd)correct]), 1S often used as quantitative
measure of polymerase fidelity for specific lesions. Recently, a mass spectrometry-based
method has been developed for analyzing in vitro polymerase fidelity in the presence of
all four dNTPs, as opposed to single nucleotide comparisons [43]. We will summarize
what is currently known concerning how DNA polymerases perform catalysis with
modified DNA substrates in an effort to highlight mechanisms that balance accurate

replication and mutagenesis.

Bypass of abasic sites

Loss of the purine/pyrimidine moiety from the DNA backbone is probably the
most frequent form of DNA damage encountered in living cells and results in the
generation of non-instructional abasic sites within the genetic code (estimated at 10* per
cell per day) [44, 45]. Abasic sites may be produced by spontaneous depurination (e.g.
hydrolysis or nucleophilic attack upon the N7 position of guanine by reactive chemicals),
by UV or y-irradiation, or through the action of lesion specific DNA glycosylases (e.g.
uracil DNA glycosylase, 7,8-dihydro-8-oxo-deoxyguanosine (8-0xoG) DNA glycosylase,
etc) during enzymatic repair of modified bases [46]. Naturally occurring abasic sites
exists in equilibrium between the ring-closed a- and f3-hemiacetals (99%) and ring-
opened aldehyde or hydrated aldehyde (<1%). Oxidized abasic sites, resulting in a
lactone moiety, can be formed upon C4’ proton abstraction by hydroxyl radicals and/or

antitumor agents such as bleomycin [47].



If an abasic site is encountered by the replication machinery then the DNA
polymerase bypassing the lesion must either select a nucleotide from the dNTP pool
without instruction from the template or must rely upon the bases adjacent to the abasic
site for guidance. In general, abasic sites and abasic site analogues inhibit catalysis by
DNA polymerases [46, 48-51]. Most polymerases balance insertion of adenosine (the
“A-rule”) with the generation of -1 frameshift mutations [51]. In vitro experiments with
E. coli polymerases have shown that the A-family member pol II can bypass abasic sites
more efficiently than either pol I or pol III at physiologic salt concentrations [49].
Catalysis by all three enzymes is substantially reduced. Exonuclease-deficient mutants of
pols I, II, and III display an increased ability to bypass abasic lesions, consistent with the
idea that insertion opposite the lesion leads to a futile cycle of insertion/excision when
“proofreading” is active. The action of the Y-family polymerase pol V (UmuD’,C
complex) is the most efficient means of bypassing abasic sites in E. coli, with insertion of
dATP being the most favored product and accessory proteins (e.g. RecA recombinase)
increasing the efficiency of pol V catalysis ~3000-fold [52]. The DinB homologue pol
IV is rather inefficient at bypass of abasic lesions, although inclusion of the [3,y-complex
(clamp and clamp loader, respectively) increases DNA synthesis efficiency ~15,000-fold
[52].

Eukaryotic bypass of abasic lesions is more complex. Studies with yeast
polymerases suggest that bypass of abasic moieties can result from the action of several
enzymes, including pols & and T and REV1 [53, 54]. Similar to prokaryotic enzymes, the
addition of accessory factors can stimulate eukaryotic polymerase bypass of abasic

moieties [55]. In the proposed model, the replicative polymerase (pol d or pol €) inserts



dATP opposite an abasic site but cannot extend beyond the lesion. The C-terminal
portion of REV1 may then serve to recruit pol T, which can extend from the newly
inserted dATP with reasonable efficiency. Consistent with a role for replicative pols in
catalysis opposite abasic sites, inhibition of the B-family pols with aphidicolin decreases
bypass ~4-fold in cell culture assays [56]. The Y-family pol 1 is strongly inhibited by
abasic sites and genetic studies indicate little involvement in the bypass of abasic sites
[53, 54, 56, 57]. Any contribution from the eukaryotic DinB homologue pol x is
probably also negligible because pol k is inefficient at both insertion and extension steps
opposite abasic lesions [58, 59]. Some studies are suggestive of a role for the Y-family
member REV1 in the accurate bypass of natural abasic sites [60, 61]. Involvement of
REV1 in the bypass of abasic sites is an attractive model since guanine is most
susceptible to spontaneous depurination events [46, 62, 63], and the strict deoxycytidyl
transferase activity of REV1 would prove the most “accurate” means of reconstituting the
information lost at the abasic site.

Significant insight into the mechanism of nucleotide selection opposite abasic
lesions has been achieved from structural studies. Crystal structures of the B-family
polymerase from bacteriophage RB69 and the Y-family pol Dpo4 from S. solfataricus
have increased our understanding of the “A-rule” and mechanistic determinants of abasic
bypass [64-66]. Both of these polymerases are inefficient at bypass of abasic sites.
RB69 can insert dATP opposite an abasic site but extension is completely inhibited.
Dpo4 catalysis is inhibited several hundred fold when it encounters the abasic
tetrahydrofuran (THF) analogue and shows little kinetic difference between following the

“A-rule” and skipping to the next template base to generate a -1 frameshift [67, 68]. A



series of crystal structures with Dpo4 in complex with template DNA containing a THF
moiety showed that the abasic site can be accommodated in an extrahelical or intrahelical
conformation [65]. The extrahelical conformation is easily accommodated in the gap
between the finger and little finger domains. Neither the structural nor mechanistic basis
for the “A-rule” is apparent from the crystal structures of Dpo4.

A series of very informative crystal structures with the model B-family DNA
polymerase from bacteriophage RB69 have been solved [64, 66]. The initial work
revealed a very unusual crystal structure that possesses four distinct molecules in the
asymmetric unit [64]. Insertion of dATP opposite the THF moiety results in a distortion
of the template DNA near the lesion and RB69 fails to translocate past the abasic site,
consistent with previous studies showing that replicative polymerases can incorporate
dATP opposite abasic sites but then fail to extend from the incorporated base. Further
mechanistic elucidation of the A-rule was achieved by comparing dATP incorporation
opposite the THF to what is observed with 5-nitro-1-indolyl-2’-deoxyriboside-5’-
triphosphate (5-NITP). B-family polymerases incorporate the non-natural purine
analogue 5-NITP opposite the THF moiety ~1000-fold more efficiently than dATP [69].
The 5-NITP base analogue can pair with all natural bases and is known to stabilize DNA,
presumably because of the superior base stacking capacity conferred by the nitro moiety.
In a ternary complex with RB69 and THF-modified DNA, 5-NITP does not distort the
phosphate backbone as strongly as the dATP opposite the THF ring, but extension of the
5-NITP:THF complex is much slower than the dATP:THF complex. These results

suggest that base stacking is the most important feature of nucleotide selection when
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RB69 is faced with a non-instructional lesion, and local distortion of the DNA backbone

is a less influential factor in the “A-rule”.

Lesions generated by oxidative damage to DNA

Oxidative damage to DNA is thought to be a contributing factor to cellular
dysfunction [70-73]. Reactive oxygen species can be generated from environmental
toxins, uncoupling the electron transport chain, ionizing radiation, and/or metal-catalyzed
reactions [74-76]. In some instances reactive oxygen species are generated by
endogenous mechanisms, as means of defense (e.g. cytotoxic macrophage generation of
superoxide/nitric oxide) and/or signaling [77, 78]. These oxidants can react with DNA
directly to generate adducts such as 8-0xoG and N-(2-deoxy-D-pentofuranosyl)-N-(2,6-
diamino-4-hydroxy-5-formamidopyrimidine) (Fapy-dG) [79, 80]. The pyrimidine
glycols 5,6-dihydro-5,6-dihydroxythymine (Tg) and 5,6-dihydro-5,6-dihydroxycytosine
(Cg) are also common forms of oxidative damage [79, 80], though only Tg is stable
under physiological conditions as Cg undergoes deamination to form uracil derivatives
[81].

Polymerase bypass of the mutagenic lesion 8-0xoG has been studied in
considerable detail. All DNA polymerases studied to date insert either dCTP or dATP
opposite 8-0xoG [82-90]. Relatively modest decreases in catalytic efficiency have been
observed for some polymerases (e.g. ~30-fold decrease for E. coli pols I and II (ex0’),
~10-fold for calf thymus pol 8), whereas the catalytic efficiency of the model B-family
polymerase from bacteriophage T7 (pol T7) was inhibited ~270-fold as judged by pre-

steady-state measurements [83, 85, 86, 91, 92]. Only the Y-family polymerases pol n
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(from Saccharomyces cerevisiae) and Dpo4 (from S. solfataricus) show unaltered or
enhanced efficiency when bypassing 8-0xoG [90, 93]. Both of these enzymes bypass 8-
ox0G in a highly accurate manner, with a 20-fold preference for dCTP over dATP. The
eukaryotic DinB homologue pol k¥ is very error-prone when catalyzing nucleotide
incorporation opposite 8-0xoG, showing much greater preference for dATP insertion
[58].

The ratio of dCTP to dATP incorporated opposite 8-0xoG varies for other
polymerases. Some polymerases, such as E. coli pol I (KF") and pol IT and bacteriophage
pol T7 insert dCTP and dATP with almost equal efficiency, although all three enzymes
can extend a dATP:8-0x0G pair with greater efficiency than a dCTP:8-0x0G pair [85, 86,
92]. Mitochondrial pol y and pol f both favor dATP incorporation slightly, with
upstream mutations occurring when pol 3 performs short gap-filling reactions opposite 8-
oxoG [94, 95]. The DNA polymerase I fragment from the thermostable organism
Bacillus stearothermophilus (BF) and HIV-1 Reverse Transcriptase (HIV-1 RT) both
preferentially inserted dATP opposite 8-0xoG [85, 86, 96].

The mechanism of miscoding by 8-oxoG has been studied from several
perspectives. In order to alleviate a steric clash between the C8 oxygen and the O4’ atom
of deoxyribose, 8-0xoG adopts a syn conformation, as opposed to the normal anti
configuration observed in duplex DNA, allowing dATP to form two stable hydrogen
bonds with the Hoogsteen face of 8-0xoG (Fig. 3) [97]. Hoogsteen-type pairing between
A and 8-0x0G has been observed for oligonucleotides in isolation (e.g., NMR studies)
and in the active sites of several DNA polymerases including pol T7°, BF, Dpo4, pol 3,

and RB69 [82, 90, 96, 98, 99]. The dATP:8-0x0G pair is geometrically similar to a
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dTTP:dATP pair and, as such, can evade the proofreading activity of some polymerases.
In order to incorporate dCTP opposite 8-0xoG a polymerase must somehow overcome
the thermodynamic barrier that favors the syn configuration of the lesion. At least two
polymerases, Dpo4 and pol n, have mechanisms that favor accurate bypass of 8-oxoG. A
recent report provides evidence that pol 1 plays an important role during accurate bypass
of 8-0x0G in human cells [100]. In the case of Dpo4, stabilization of the anti
configuration is achieved through an electrostatic contact between the C8 oxygen and a
charged side chain in the little finger [84, 90]. Superimposition of the ternary Dpo4+8-
0x0G+dCTP structure with yeast pol m reveals that both enzymes possess a positive
center (Arg”* for Dpo4 and Lys*® for yeast pol 1) that can contact the C8 oxygen (Fig.
3). By way of comparison, the positive center is moved further from 8-0xoG in pol k
(Arg™"), and could explain the more error-prone nature of pol k-catalyzed bypass of 8-
oxoG (Fig. 3).

Less is known concerning the Fapy-dG lesion. Like 8-0x0G, Fapy-dG is
mutagenic in simian kidney cells, resulting in mainly G to T transitions. However, the
lesion appears to be only weakly mutagenic in bacteria [101]. E. coli DNA polymerase I
(Klenow Fragment, KF exo’) strongly preferred incorporation of dCTP opposite Fapy-
dG, and unlike studies with 8-0x0G, extension of the FapydG:dATP pair was also
inhibited [101]. Structural studies with DNA polymerases and FapydG are lacking.
Molecular modeling with pol [ suggests that pairing modes may be similar for FapydG
and 8-oxoG and that base stacking with neighboring base pairs may influence

mutagenicity [102].
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The pyrimidine adduct Tg is formed at levels of ~400 lesions per cell per day
[103]. Tg is not particularly mutagenic, but it does produce significant distortion to the
double helix because the addition of hydroxyl groups to the 5 and 6 positions of
thymidine results in a non-planar (i.e. non-aromatic) ring [104]. Tg is a strong block to
polymerase catalysis; both KF exo™ and the bacteriophage T4 polymerase gp43 can insert
dATP opposite Tg but extension is strongly impeded [105]. Likewise, Y-family pol n
can incorporate dATP opposite Tg with ~60-fold decrease in catalytic efficicncy, but
extension of the dATP:Tg pair is inhibited ~300-fold [106, 107]. The low-fidelity B-
family pol C shows little to no kinetic inhibition at either the insertion and extension steps
of Tg bypass (~7- and 2-fold, respectively), and genetic studies with mice suggest a role
for pol T in bypass of Tg in vivo [106]. Pol k exhibits a 20- to 50-fold decrease in
catalytic efficiency when inserting dATP opposite Tg, with slightly less efficient
incorporation when the 5R stereoisomers represent a greater proportion of the isomeric
mixture [108]. During extension of dATP:Tg pairs, pol « is inhibited ~230-fold, similar
to what is observed with pol 1. Given the tissue and developmentally specific nature of
pol x expression, as well as its induction in response to agents that induce oxidative
damage, it is quite possible that both pols k and T are important during bypass of Tg in
vivo, but pol C is by far the most efficient extender of dATP:Tg pairs in vitro.

The structural basis for the ability of Tg to block DNA polymerase activity was
elucidated by solving the crystal structure of the RB69 polymerase in complex with Tg
modified DNA [109]. Tg is intrahelical in the binary complex, in contrast to what was
observed with Tg-modified oligonucleotides [110], and forms a Watson-Crick pair with

the terminal dATP of the primer. Extension of a dATP:Tg pair is impaired because the
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C5 methyl group prevents stacking of the base to the 5’ side of the lesion by protruding
axially from the ring of the damaged base. While Tg is blocking in most contexts, bypass
can occur more readily when a cytosine is positioned 5° of Tg [111, 112]. The reason for
enhanced bypass is not entirely clear but may stem from the ability of cytosine to better

accommodate the axial methyl group.

Exocyclic DNA Adduct Bypass

Reactions between the purine/pyrimidine ring systems and various bis-
electrophiles can result in the extension of the normal ring system. These exocyclic DNA
adducts differ in ring size, planarity, and substitution. They often block the Watson-
Crick side of the base, masking the coding potential for the damaged site. The etheno-dG
adduct 1,N*-ethenodeoxyguanosine (1,N*-e-dG) is mutagenic in multiple cell lines from
both prokaryotic and eukaryotic organisms, producing a wide range of products that
included base substitutions, deletions, and rearrangements [113-116]. Polymerase bypass
of 1,N*-e-dG is error-prone, regardless of which polymerase is being studied, with a
general preference for inserting purines when the lesion is encountered [43, 117, 118].
The lesion is also quite blocking to several polymerases, reducing the catalytic efficiency
considerably. Human pol m can insert dGTP and dATP opposite 1,N*-e-dG with an
efficiency value (kca/Kmante) that is higher than pol ([117]. However, the actual
decrease in catalytic efficiency that occurs relative to unmodified DNA is smallest for pol
t, which is consistent with the argument that pol v is important for the insertion step

opposite 1,N*-e-dG [117, 119]. It is difficult to establish which polymerase is most
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important for in vivo bypass, but a general conclusion is that 1,N*-e-dG presents a strong
block to all polymerase families.

Crystal structures of Dpo4 in complex with 1,N*-e-dG-modified DNA show that
the modified base is stacked between adjacent bases during and after generation of a -1
frameshift deletion, with only slight buckling of the base pair to the 3’-side of the lesion
[43]. Dpo4 catalysis is strongly impeded by 1,N*-e-dG (100- to 1000-fold), although
bypass does occur more readily than with an enzyme such as pol T7 [118]. In vitro
insertion/extension products include insertion of dATP and -1 and -2 frameshift deletions
and appear to be somewhat dependent upon the sequence context. The sequence
dependence observed for Dpo4-catalyzed bypass of 1,M>-¢-dG might be due to the
interconversion between syn and anti conformations observed for modified
oligonucleotides when dTTP is 5° of 1,N*-e-dG [120, 121].

Attack upon DNA to generate base propenals and the reaction of DNA with lipid
peroxidation byproducts such as acrolein, crotonaldehyde, malondialdehyde, and 4-
hydroxynonenal can generate secondary forms of damage including exocyclic dG adducts
such as 3-(2'-deoxy-B-D-erythro-pentofuranosyl)-pyrimido[1,2-a]purin-10(3H)-one
(MdG) and y-hydroxy-1,N*-propano-2’-deoxyguanosine (HOPdG) adducts [73, 122].
These exocyclic DNA adducts can exist in equilibrium between ring-opened and ring-
closed forms. For example, the major malondialdehyde-derived deoxyguanosine adduct
can exist in either the ring-closed (M;dG) or the ring-opened form (N°-(3-oxo-1-
propenyl)-dG; N>-OPdG). Ring opening to from N*-OPdG is stabilized in duplex DNA
when cytosine is placed opposite the lesion [123]. Normal Watson-Crick pairing is

observed between dC and N*-OPdG when the oligonucleotides are in isolation. A crystal
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structure with a dCTP:M;dG pair in the active site of Dpo4 captured a non-productive
complex in which the dCTP was flipped down into the growing minor groove and M;dG
exists in the ring-closed form, well-stacked between the adjacent bases (Eoff, R.L.,
Guengerich, F.P., Egli, M., and Marnett, L.J. submitted). Dpo4 catalysis is strongly
impeded by M;dG (200- to 2000-fold as judged by steady-state analysis), with a slight
kinetic preference for dATP incorporation. Analysis of insertion and extension products
revealed highly error-prone bypass of M;dG (52 to 83% non-accurate bypass). Products
included base substitutions, frameshifts, and untargeted mutations. Similar to the results
observed with 1,N*-e-dG [43], more error prone bypass was observed when dTTP was 5’
of M1dG. In contrast to the permanently ring-closed 1,N*-e-dG (but see [124]), Dpo4 can
perform a substantial amount of dCTP incorporation opposite M;dG, perhaps indicating
that accurate synthesis can occur when M,dG converts to the ring-opened N*-OPdG. A
study with human pol 1 also showed mutagenic bypass of M;dG by insertion of dATP
and generation of -1 frameshifts (Stafford, J.B. and Marnett, L.J. submitted). The level of
pol m inhibition during bypass of M;dG (~8-fold for dATP insertion) was not as strong as
that observed with Dpo4. Pol 1) shows a preference for dATP insertion over generation
of -1 frameshifts both kinetically and as judged by analysis of full-length incorporation
products by LC-MS/MS.

Similar to M;dG, the acrolein-derived exocyclic deoxyguanosine adduct y-
HOPAG can exist in either a ring-closed or a ring-opened forms [125]. Pol n appears to
bypass y-HOPdG more accurately and efficiently when the ring-opened form is present,
because the ring-closed structural analogue 1,N*-propanodeoxyguanosine (PdG) presents

a strong block to pol m catalysis [126]. The mutation frequency observed during
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replication of site-specifically modified vectors containing y-HOPdG in human
fibroblasts and xeroderma pigmentosum type V (XPV) derived cells indicate that pol 1 is
not the only polymerase responsible for bypass of the lesion [126]. The Y-family
member REV1 can bypass the permanently ring-closed PdG adduct by ejecting the
modified template residue from the active site and using Arg®** to pair with the incoming
dCTP [127]. Presumably, REV1 should bypass ring-closed y-HOPdG in an accurate
manner, so REVI1-mediated bypass of y-HOPdG would not account for the mutations
observed in pol m-deficient XPV cells. Steady-state analysis indicates that pol v can
bypass y-HOPdG in a highly accurate and efficient manner, while pol k appears to be
blocked by the lesion [119, 128]. Dpo4-catalyzed bypass of PdG appears to be similar to
that observed with 1,N*-e-dG, based on crystal structures of the enzyme in complex with
PdG-modified DNA [129]. Permanently ring-closed exocyclic adducts can be considered
strong blocks to replication and result in error-prone bypass, while those adducts that can
ring open result in higher levels of accurate synthesis by Y-family polymerases.
1,N°-g-Deoxyadenosine and 3,N'-e-deoxycytidine had been investigated earlier
than 1,N*-e-dG in oligonucleotides [130] and using site-specific mutagenesis [131],
although no reports of bypass properties with individual DNA polymerases have been
published. Another etheno adduct of interest is N?.3-e-dG, which exists in DNA treated
with certain bifunctional electrophiles [132]. The only evidence of misincorporation
involves a study with mispairing of N*,3-e-dGTP [133]. A problem with this latter
adduct is the inherent instability of the glycosidic bond [134], and we are unaware of

efforts to address details of misincorporation mechanisms.
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Alkylated DNA

The addition of alkyl or aryl (or aralkyl) groups to DNA occurs mostly as a result
of exposure to exogenous compounds that occur in cigarette smoke, chemotherapeutic
agents, and industrial chemicals [135, 136]. All four bases are subject to alkylation, but
the N7 position of guanine is by far the most susceptible to attack [137]. However,
alkylation at the N7 position weakens the glycosidic bond and this often leads to
depurination (i.e. formation of an abasic site). Nevertheless, the possibility that N7-
alkylG adducts could be directly miscoding (at some level) has not been tested carefully
and cannot be dismissed. The alkylation changes the pK, of the pyrimidine ring atoms of
the purine and could induce mispairs via minor tautomers [138].

Modification at the O6 position is not as frequent as attack at N7 but O°-alkylG is
one of the most mutagenic forms of DNA damage [139]. One of the best-studied forms
of alkylated DNA is O°-methylguanine (O°-MeG). DNA polymerase bypass of O°-
MeG has been the subject of many studies because it is observed in many organisms
(including human DNA), is highly mutagenic, and is a principal basis of cell toxicity in
chemotherapeutic regimes [140, 141]. Alkylation at the O6 position of guanine is
principally recognized and repaired by O°-alkylguanine DNA-alkyltransferase (AGT;
also called methyl guanine methyl transferase, MGMT) in prokaryotes and eukaryotes
[142-144]. Epigenetic silencing of the human AGT promoter region has been implicated
in the formation of neoplasms in the colon, further illustrating the transformative
potential of O°-alkylguanine lesions [145]. The most common mutation observed in cells
is a C to T transversion [146-148], and most polymerases tend to insert a mixture of

dCTP and dTTP in vitro [149-152].
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Examination of the chemical structure of O°-MeG provides a rationale for its
mutagenic potential (Fig. 3), in that alkylation at the O6 position alters the hydrogen
bonding capability of guanine by deprotonating the N1 position and provides a potential
steric block in the form of the alkyl group. Crystallographic and NMR studies of
oligonucleotides containing O°-MeG suggested that the O°-MeG:dTTP pair adopts a
pseudo-Watson-Crick geometry, while the O°-MeG:dCTP pair was found to adopt three
configurations including a “wobble” pair, a bifurcated pairing, and a protonated Watson-
Crick type pairing [153-156]. Compared with unmodified bases, where the energetic cost
of mispairing is ~5 kcal/mol, the thermodynamic difference between dCTP and dTTP:
0°-MeG pairs is predicted to be small (<1 kcal/mol) [157]. Two studies with model
DNA polymerases have revealed different modes of O®-MeG bypass. In one study the
model B-family polymerase BF was crystallized in complex with O°-MeG and either a
dCTP or dTTP pair [158]. The second study solved the crystal structure of the Y-family
member Dpo4, also in complex with dC or dT:0°-MeG pairs [150]. The replicative
polymerase BF is strongly inhibited by the O°-MeG lesion (~10- to 10°-fold for dTTP
and dCTP insertion, respectively). Both dCTP and dTTP were found to pair in the
Watson-Crick type mode when constrained by the BF active site (Fig. 3). BF is found in
an “open” (i.e. non-catalytic) conformation when the dC:0°-MeG and dT:0°-MeG pairs
are moved into the post-insertion register. Notably, the O4 position of thymine forms a
weak electrostatic interaction with the protons of the methyl group, as evidenced by
convincing electron density maps. The dCTP:0°-MeG pair adopts the wobble mode once
it exits the constraints of the BF active site and moves into the -10 position (with 0

position being insertion of ANTP).
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The extreme level of BF inhibition is in contrast to steady-state analysis of human
pol §. The degree of inhibition by O°-MeG observed for both the replicative polymerase
0 (with the sliding clamp) and three recombinant Y-family polymerases (n, 1, and K) was
found to be relatively modest (10- to 100-fold) [149]. With one exception, all of the
human enzymes tested in the aforementioned study incorporated dCTP and dTTP equally
well opposite O°-MeG. The exception to this pattern was human pol v, which performed
insertion of dTTP opposite 0°-MeG ten times better than dCTP opposite the lesion and
with greater efficiency than dCTP opposite G (~2-fold). It is entirely possible that
inclusion of accessory proteins and/or post-translational modifications to the Y-family
members could influence the catalytic efficiency of O°-MeG bypass. In vitro studies with
all polymerases studied to date verify the mutagenic potential of the O°~-MeG adduct.

Dpo4 utilizes a means of bypassing O°-MeG that is mechanistically distinct from
BF. In the post-insertion context, a wobble dCTP:0°-MeG pair was observed in the
Dpo4 active site (Fig. 3). Dpo4 is also more accurate at O°-MeG than other polymerases,
inserting dCTP ~70% of the time. Transient state-kinetic analysis of Dpo4-catalyzed
bypass of 0°-MeG indicated that the enzyme is inhibited ~14-fold during accurate bypass
of the lesion, and steady-state analysis indicates a ~3-fold kinetic preference for dCTP
over dTTP. Similar kinetic and structural results were obtained when Dpo4-catalyzed
bypass of the larger O°-benzylguanine (O°BzG) was studied [159]. Increasing the size of
the O°-alkylG group from methyl to benzyl decreased the catalytic efficiency of Dpo4 5-
to 10-fold. Similar to 0°-MeG, the dCTP:0%-BzG pair adopts a wobble conformation in
the Dpo4 active site. A crystal structure of Dpo4 in complex with a dTTP:0%-BzG pair

showed that the mispair is in a pseudo-Watson-Crick geometry, suggesting a similar
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mode of 0%-alkylG bypass for Dpo4 and BF during misincorporation of dTTP opposite
the lesion. Overall, the major difference between bypass of O°-alkylG by BF and Dpo4
appears to be the relaxed active site of Dpo4, which allows more facile and accurate
bypass of the lesion.

Work with pol T7 and HIV-1 RT revealed that these enzymes form non-
productive complexes with O°-MeG modified substrates [151, 152]. Transient-state
kinetic experiments showed that transition from a non-productive to a productive
complex can occur in a single binding event, without dissocation of the pol*DNA
complex. In contrast, Dpo4 catalysis opposite O°-MeG is slower, which drives kinetic
partitioning between kyoi and ko toward dissociation and results in a reduced burst
amplitude for product formation. The different effect of O°-MeG upon the catalytic
activities of pol T7 and Dpo4 highlights an important mechanistic difference between
polymerase families. While conformational changes do occur during Dpo4 catalysis,
they do not appear to be large changes and therefore the free energy landscape defining
different conformational states should be relatively uniform. The open and flexible
active site of Dpo4 is tolerant of the conformational adjustments required for catalysis to
occur during bypass of the dCTP:0°-MeG wobble pair. Therefore, Dpo4 is less likely to
stall when it encounters O°-MeG. The more solvent-exposed active site of Dpo4 most
likely contributes to higher than normal fidelity opposite O°-alkylG by allowing the
06:04 repulsion between O°-alkylG and dTTP to drive the binding equilibrium of an
incoming dTTP towards dissociation. In contrast, the large structural changes observed
for enzymes such as BF and pol T7 should create more pronounced alterations in the free

energy landscape, making it difficult (in a thermodynamic sense) to escape from a free-
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energy minimum that may not be catalytically competent (i.e. the non-productive state).
In other words, both enzymes probably enter non-productive states during bypass of O°-
alkylG lesions, but these catalytically incompetent states are more problematic for

replicative enzymes.

Polycyclic Aromatic Hydrocarbons and the Effect of Adduct Size Upon Polymerase
Catalysis

There are numerous types of bulky DNA lesions. Many of these lesions arise
from exposure to exogenous chemicals such as automotive exhaust, cigarette smoke,
environmental contaminants, and from cooked foods [135, 139]. The aromatic
hydrocarbon benzo[a]pyrene (B[a]P) is one of the most studied carcinogenic compounds
and has served as a prototype for the other polycyclic aromatic hydrocarbons [160].
Activation of B[a]P to epoxide intermediates during cytochrome P450-catalyzed
detoxication yields the (+)-7R,8S,95,10R enantiomer of the benzopyrene diol expoxide
(BPDE), 77,t8-dihydroxy-19,10-epoxy-7,8,9,10-dihydroxybenzo[a]pyrene, which can
react with DNA to form N>-deoxyguanosine adducts, with a major adduct being (+)-
trans-anti-BPDE-N*-dG ([BP]dG) [161, 162]. BP-adducts, in general, present strong
blocks to most polymerases tested including both the high-fidelity and translesion
enzymes [163-169].

A crystal structure of the model replicative polymerase BF in complex with
[BP]dG was solved and reveals several features that explain the blocking nature of the
lesion [167]. When placed in a post-insertion complex opposite dC, [BP]dG forms a

relatively normal Watson-Crick geometry. However, placement of the BP moiety into
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the minor groove blocks binding of the next dNTP and disrupts coordination between
Asp™ and the 3°-hydroxyl group at the primer terminus, effectively preventing extension
of the dC:[BP]dG pair (Fig. 4). Furthermore, minor groove contacts between the
template base and BF that normally contribute to selection of Watson-Crick geometry are
blocked by the BP ring system. Finally, the normally underwound A-form duplex
observed near the active site of BF is widened further from position -1 (post-insertion
site) to -4 (four residues into the duplex), which is in contrast to the B-form duplex
observed for [BP]dG modified oligonucleotides in isolation [161, 170].

The Y-family polymerase Dpo4 has been crystallized in complex with two BP
adducts, [BP]dG [171] and an N°-BPDE-adenine adduct [BP]dA [172]. In contrast to
what is observed for BF, the crystal structure of Dpo4 bound to [BP]dG-modified DNA
reveals two orientations. [BP]dG adopts a syn orientation and intercalates the BP moiety
between the base pair at the primer/template junction and the nascent base pair to the 5’
side of the lesion, which is effectively a non-productive, or blocking, conformation
because the a-phosphate of the incoming dNTP is 9.0 A removed from the 3’-hydroxyl
group at the primer terminus. This conformation also results in overwinding of the DNA
helix and buckling of the primer/template base pair. A second conformation results in the
[BP]dG group being “flipped” into a cleft between the finger and little finger domains of
Dpo4 (Fig. 4). Moving the [BP]dG group into the gap between domains minimizes the
distortion to the DNA helix and allows the incoming dATP to pair with dTTP to the 5°-
side of [BP]dG with a distance of 3.9 A between the 3’-hydroxyl group and the o.-

phosphate of dATP. This second conformation represents one mode of generating a -1
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frameshift mutation, but it also indicates that base substitutions would be non-
instructional when [BP]dG is flipped out of the Dpo4 active site.

Similar to [BP]dG, the [BP]JdA adduct is found in two conformations when in
complex with Dpo4 [172]. In one complex [BP]dA is intercalated between base pairs,
blocking nucleotidyl transfer. In the second conformation, [BP]dA is in the solvent
exposed major groove. Stabilization of [BP]dA in the major groove shifts the purine
moiety toward the major groove and is more favorable for pairing the exocyclic amino
groups of either dCTP or dATP with the N1 position of the modified adenine ring. Both
Dpo4 and pol x insert dATP most frequently opposite [BP]dA, consistent with the crystal
structures [173, 174].

The BP adducts represent very large, bulky additions to DNA bases, and as such,
the fact that they are generally blocking to polymerase catalysis is not surprising. Adduct
size and steric interference with polymerase catalysis has been studied using a series of
N*-dG adducts of increasing size [175-179]. Simple addition of a methyl or ethyl group
to the N2 position of guanine to form N>-methylguanine (N>-MeG) or N*-ethylguanine
(N*-EtG), respectively, can strongly impede catalysis by some polymerases (e.g. N*-MeG
inhibit pol T7 and HIV-1 RT ~400- and ~2000-fold, respectively) [176]. Bulkier
modifications further decrease catalytic efficiency to the point of effectively blocking
replicative polymerases [176, 180]. Human pol x is perhaps the most efficient
polymerase for bypassing bulky minor groove adducts. The catalytic efficiency and
fidelity of nucleotide incorporation parameters are only reduced slightly even when
bypassing bulky N*-CH,-anthracenyl-dG (N*-AnthdG) and N°-[BP]dG, and in some cases

(e.g. N*-isobutyl-dG and N*-benzyl-dG) the efficiency of bypass is slightly better than
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unmodified substrates [175]. Pol n) shows a slightly greater sensitivity to bulk at the N2
position of guanine compared to pol k, with increasing loss of fidelity with adduct size
[177]. Catalysis by pol v and pol  is inhibited by N*-dG adducts to a similar extent (i.e.
the efficiency is decreased maximally only ~60-fold), but pol v is much more error-prone
[178].

In general, most polymerases do not accommodate bulky adducts efficiently;
although specific examples of efficient bypass, such as that observed with pol ¥ and N°-
dG adducts do exist. Pol k may be important during accurate bypass of bulky minor
groove adducts in that diets high in cooked meats have been associated with colorectal
adenoma (a precursor to colon cancer) [181-183], and 2- to 4-fold down-regulation of pol
K expression (through down-regulation of the CRE-binding protein and/or inhibition of

deacetylation pathways) has been observed in colorectal biopsies of tumors [184].

Cyclobutane Pyrimidine Dimers and UV Photoproducts

Exposure to UV radiation is the most important environmental factor contributing
to skin cancer. Cyclobutane pyrimidine dimers (CPDs) are the most abundant lesion
found in whole skin following exposure to UVA radiation (320-400 nm) [185]. UVB
radiation (290-320 nm) results primarily in the formation of pyrimidine-pyrimidone (6-4)
photoproducts (6-4 lesions) [186]. CPDs are bypassed accurately and efficiently by Y-
family pol n [187] and loss of pol m activity in vivo results in XPV [188], a syndrome
that is characterized by an increased propensity to develop skin cancer. Replication in
XPV cells is defective and hypermutable following UV-irradiation and treatment with

some DNA damaging agents [189-195]. Other polymerases may delay onset of skin
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cancer in the absence of pol n [196], but pol 1 is clearly the most important factor in
bypass of UV damage. Both yeast and human pol nj can bypass CPDs accurately and
with high efficiency by inserting dATP opposite both 3’ and 5’ thymines of the dimer,
with only a slight reduction in dATP binding affinity for each step [187]. The crystal
structure of Dpo4 in complex with a cis-syn CPD has shown that this Y-family
polymerase can accommodate both thymines of the CPD in its active site (Fig. 4) [197].
For Dpo4, insertion of dATP opposite the first (3”) thymine occurs through normal
Watson-Crick geometry but the second adenine adopts a syn orientation to form a
Hoogsteen pair with the 5’-dTTP of the CPD. Whether pol 1 uses a similar means of
bypassing CPDs is not known. The replicative pol T7 cannot accommodate the 3’-T in a
CPD, flipping the lesion out of the active site and failing to adopt a closed conformation
in the crystal structure [198]. The unfavorable equilibrium for forming a nascent base
pair with the 3’-T in a cis-syn thymine dimer is reflective of the restrictive nature of the
pol T7 active site, which is an important feature of high-fidelity enzymes.

6-4 lesions generated by exposure to UVB radiation strongly perturb duplex DNA
[199]. Both yeast and human pol 1 can insert dGTP opposite the 3°-T in a 6-4 lesion,
albeit 50- to 100-fold less efficiently than with an undamaged template [200]. The low-
fidelity B-family member pol T can apparently insert dATP opposite the 5’-T of a 6-4
lesion with very little reduction in catalytic efficiency [200]. In contrast to pol 1, pol v
prefers to accurately insert dATP opposite the 3’-T of a 6-4 lesion [201]. Therefore,

accurate bypass of 6-4 lesions may be achieved by the combined action of pols v and C.

Inter- and Intra-strand DNA Crosslinks
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Fusion of the purine/pyrimidine rings either as intra- or inter-strand cross-links
can occur upon exposure to ionizing radiation, chemotherapeutic agents (e.g. cis-
platinum (IT) diaminodichloride; cisplatin), or photosensitization reactions (psoralens) or
from endogenous generation of bisfunctional enals mentioned earlier (e.g. acrolein,
crotonaldehyde, and 4-HNE) [122, 139]. Interstrand cross-links (ICLs) present an
obvious block to the replication fork because they prevent strand separation by helicases
and the subsequent generation of ssDNA template. Recognition and repair of cross-
linked DNA is not completely understood and a summary of the relevant literature is
beyond the scope of this chapter. Polymerase bypass of some cross-linked DNA
substrates has been investigated. For example, pol ¥ can apparently bypass a model
acrolein-derived N*-dG-N*-dG crosslink better than pol ¢ or REV1 [202]. E. coli pol IV
can incorporate dCTP opposite N>-dG-N>-dG crosslinks in vitro, and pol IV-deficient
cells show a decreased ability to replicate a crosslink-containing vector [203]. Still,
much remains unknown concerning translesion synthesis past cross-linked DNA.

In bacteria, ICLs can be repaired through a combination of nucleotide excision
repair and homologous recombination-dependent pathways [204]. The A-family member
DNA pol I plays an important role in repair of ICLs in E. coli [205]. Recently, two
human A-family members have been identified, pols 6 and v [36, 206, 207]. Mutations
in the coding region for the mouse ortholog of these enzymes (mus308) can result in an
increased sensitivity to cross-linking agents [208]. The mus308 gene is predicted to
encode a polypeptide that possesses both polymerase and helicase activities. The N-
terminal portion of pol 6 encodes seven helicase motifs and the C-terminal region

encodes an A-family DNA polymerase [36]. There is substantial evidence to support the
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idea that pol 0 plays an important, if not dominant role in somatic hypermutation [209].
The ability of a polymerase to catalyze strand displacement ahead of DNA synthesis
makes pol O an obvious candidate for bypass of unrepaired ICLs, but kinetic and
structural analysis of either pol 0— or pol v—mediated bypass of ICLs is lacking.

Recently two crystal structures of yeast pol nj bound to an intra-strand cisplatin-
derived crosslink between the N7 positions of two adjacent guanines were reported (Pt-
GG) [210]. These were the first structures to contain a ternary complex of pol 1, and
they provide some insight regarding both translesion DNA synthesis opposite Pt-GG
cross-links and basic mechanistic questions regarding catalysis by this Y-family member.
The domain and substrate orientation observed in the pol m structures is similar to that
observed with other Y-family polymerases. In both structures, the purine rings of the Pt-
GG adduct are perpendicular to one another. Pol n qualitatively prefers to insert dCTP
opposite the first guanine residue in the cross-link, and the crystal structures revealed
normal Watson-Crick base pairing between an incoming dCTP and the 3’-guanine. The
second incorporation appears to be less faithful and less efficient. The orientation of the
Pt-GG moiety changes little during bypass of the second guanine, which severely
compromises any ability of pol m to utilize Watson-Crick geometry. Instead the
exocyclic amino group of an incoming dATP forms a single hydrogen bond with the O6
atom of the 5’-dG in the Pt-GG cross-link, providing a rationale for the qualitative
decrease in fidelity during insertion opposite the second guanine.

Analysis of the pol 1 apo- and ternary structures reveals some important features
of Y-family catalysis. Binding of DNA and the incoming dNTP results in the thumb and

little finger domains drawing closer to one another (i.e., like a hand grasping a rope).
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Two different primer/template orientations were observed in the asymmetric unit of the
pol m crystal. One molecule contained DNA in the “pre-elongation” state. In the pre-
elongation mode, the 3’-hydroxyl group is located 8.5 A away from the o-phosphate of
the incoming dCTP. The second molecule in the asymmetric unit adopts what is termed
the “elongation” state, in which the primer/template DNA has rotated in the binding cleft
between the thumb and little finger. This rotation moves the 3’-hydroxyl group to within
5 A of the a-phosphate.  Conformational changes in the thumb and little finger domains
most likely drive the transition from the pre-elongation to the elongation state and may
reflect some aspect of the “induced-fit” mechanism derived from kinetic studies with Y-
family members. Contacts between the incoming dNTP and the finger domain
(specifically the highly conserved Arg® and the y-phosphate moiety) are also important
features of nucleotide selection for Y-family DNA polymerases. Like other polymerases,
pol m discriminates against ribonucleotides through a so-called “steric-gate” residue
(Phe? for pol v; Tyr'? for Dpo4), with a hydrogen bond between the amide proton of the
steric-gate and the 3’-hydroxyl group contributing to dNTP stabilization. The relative
contribution of these features towards the catalytic properties of individual Y-family

members is still a topic of investigation.

Conclusions

The past decade has been one of remarkable progress in the interactions of
carcinogen-modified DNA with DNA polymerases. Ten years ago (1998) there was a
generally good understanding of the basic enzymology of replicative DNA polymerases

and some serious kinetic analysis of these DNA polymerases with adducted DNA.
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However, the translesion DNA polymerases had not been characterized as such and no
structures of DNA polymerases bound to carcinogen-adducted DNA were known. The
field was dominated by NMR structures of oligonucleotides containing DNA adducts and
inferences about how these might relate to biological events.

Today (2008) we have a large inventory of translesion DNA polymerases, as well
as many interesting replicative ones. We have come from no crystal structures of
polymerases with DNA adducts to many. These show the versatility of DNA polymerases
in the interactions with adducts, including Watson-Crick, reverse wobble, and Hoogsteen
pairing and even transient pairing of dCTP with an amino acid (Arg®** in REv1). Some of
these structures are consistent with the NMR structures obtained with “sealed-in” adducts
in oligonucleotides but others are not predicted. The roles of some individual amino acid
residues in modulating DNA base interactions have been defined (e.g. Dpo4 Arg>” with
8-0x0G [84, 90, 991].

Much more information is available from kinetic analyses, particularly since it has
become possible to begin relating this information to structure. Earlier concepts about
equilibria of multiple conformations have been validated by structural studies [40, 152,
159, 172]. Indeed, we have begun to realize that the kinetics (i.e., function) are probably
even more complicated than previously thought due to the possibility of more than two
conformations of ternary (polymerase:DNA-dNTP) complexes. Progress is being made in
identifying rate-controlling steps in the DNA polymerase cycle and the perturbations of
the kinetics by DNA adducts.

Despite the progress in the enzymology of DNA polymerases, there are many

unanswered questions and future needs. One area is the extension of structural work from
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the prototypic DNA polymerases to more human enzymes. Further, some of the
polymerases work with accessory proteins (e.g. PCNA) and there is only very limited
structural work on the complexes [211-213]. With the more relevant eukaryotic DNA
polymerases, more kinetic investigation is in order. With all of the DNA polymerases
available in a cell, the question of selectivity and trafficking at blocked DNA forks is a
complex one, i.e. what controls the recruitment of a particular DNA polymerase for some
replication events and why does it leave after doing its transient work? How much of an
effect does simple “mass action”, i.e. multiple molecules of a pol in the vicinity of
damage, have upon lesion bypass? Finally, there are many biological questions about
which of the translesion and other specialized DNA polymerases are most important in
particular cells and tissues and how downstream DNA damage recognition systems are

linked.
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FIGURE LEGENDS

Figure 1. General structural features for replicative and translesion polymerases. A

structure of Dpo4 from S. solfataricus is shown to highlight general structural features

associated DNA polymerases. The overall topology of polymerase subdomains has been

likened to a “right hand”, as indicated in cartoon form. Three other polymerase structures

are shown to illustrate the “right-handedness” of A-, B-, and X-family members pol T7,

RB69 gp43, and pol B, respectively (pdb ID codes 1t7p, 1ig9, and 1bpy). All of the

structures are oriented with the incoming dNTP (yellow) as a point of reference.
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Figure 2. Comparison of bypass of abasic site analogues by different polymerases.
Substrates containing the abasic analogue THF can adopt at least two conformations
during Dpo4-catalyzed bypass of the lesion, namely extrahelical (pdb ID code 1s0n) and
intrahelical (pdb ID code 1s10) conformations. The intrahelical orientation represents
what occurs following insertion of dATP (“A-rule”), while the extrahelical conformation
represents generation of a -1 frameshift deletion. The replicative polymerase gp43 from
bacteriophage RB69 (pdb ID code 2p50) bypasses a THF moiety using an intrahelical

“A-rule” that relies primarily upon the influence of base-stacking interactions.

Figure 3. Polymerase bypass of the small non-blocking lesions 8-0xoG and 0°-MeG. 4,
The Y-family polymerase Dpo4 stabilizes the anti conformation of 8-oxoG during
accurate bypass of the lesion (pdb ID code 2c2e). A positive center in the little finger
domain of Dpo4 and (based on structural superimposition) pol n facilitates accurate
bypass of 8-0x0G (superimposing 2c2e and 1jih). Pol k, on the other hand, does not have
a homologous residue in contact with 8-0xoG (pdb ID code 20h2). Insertion of dATP
opposite 8-0xoG proceeds through a Hoogsteen base pair for Dpo4 and pol T7.
Replicative polymerases adopt similar conformations, but are generally more prone to
misincorporation of JATP opposite 8-0xoG. B, The highly mutagenic 0°-MeG is forced
into Watson-Crick geometry when a model replicative polymerase, BF, bypasses the
lesion. The bypass polymerase Dpo4 tolerates a wobble pair during accurate synthesis.
Both enzymes utilize a pseudo-Watson-Crick geometry during misincorporation of dTTP

opposite O°-alkylG lesions.
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Figure 4. Polymerase bypass of bulky lesions. 4, Chemical structure of [BP]dG. The
dNTP binding site (yellow circle) of the model replicative polymerase BF is blocked by
the [BP]dG adduct (red circle) (pdb ID code 1xc9). Dpo4 can flip the [BP]dG adduct
(red circle) out of the polymerase active site, which allows the incoming dNTP to bind
(pdb ID code 2ia6). B, Y-family polymerase Dpo4 can accommodate a CPD in its active
site. Correct insertion of dATP opposite the 3’-T of the CPD occurs through normal
Watson-Crick geometry (pdb ID code 1ryr). Adenine is flipped into the syn orientation
during bypass of the 5’-T (pdb ID code 1rys). Replicative polymerases cannot

accommodate two bases of a CPD in their active site.
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