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Abstract

When a high-fidelity DNA polymerase encounters certain DNA-damage sites, its progress can be
stalled and one or more lesion-bypass polymerases are recruited to transit the lesion. Here, we
consider two representative types of lesions: (i) 7,8-dihydro-8-oxogua-nine (8-o0xoG), a small, highly
prevalent lesion caused by oxidative damage; and (ii) bulky lesions derived from the environmental
pre-carcinogen benzo[a]pyrene, in the high-fidelity DNA polymerase Bacillus fragment (BF) from
Bacillus stearothermophilus and in the lesion-bypass DNA polymerase IV (Dpo4) from Sulfolobus
solfataricus. The tight fit of the BF polymerase around the nascent base pair contrasts with the more
spacious, solvent-exposed active site of Dpo4, and these differences in architecture result in
distinctions in their respective functions: one-step versus stepwise polymerase translocation,
mutagenic versus accurate bypass of 8-0x0G, and polymerase stalling versus mutagenic bypass at
bulky benzo[a]pyrene-derived lesions.

Lesions and DNA polymerases

Until 1999, it was widely understood that bacteria have three DNA polymerases and mammals
have five [1]. In 1999, however, an entirely new category of polymerases was discovered in
prokaryotes and eukaryotes [2—4] — the lesion-bypass DNA polymerases. The function of
lesion-bypass polymerases is to replicate past lesion-containing DNA templates in a process
called translesion synthesis [5—7]. Now at least 16 DNA polymerases are known in eukaryotes
[8] and five in bacteria [9]. Furthermore, since 1999, crystal structures of DNA polymerases,
including those containing lesions, have provided new structural insights into the mechanistic
aspects of translesion synthesis and polymerase stalling associated with DNA lesions. For a
review of the structures and mechanisms of DNA polymerases up to the year 2005, see Ref.
[10].

Here, we discuss the structural and functional features of representative high-fidelity and
lesion-bypass DNA polymerases (Box 1) and how these features affect the processing of certain
forms of DNA damage. The lesions considered are derived from reactions of intermediates
produced by endogenous sources or from the metabolic activation of environmental genotoxic
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chemicals. An A-family (bacterial polymerase | group) high-fidelity DNA polymerase from
the archaeon Bacillus stearothermophilus (large fragment, BF) is compared with the Y-family
lesion-bypass DNA polymerase 1V (Dpo4) from Sulfolobus solfataricus.

Crystallographic structures of BF have been extensively studied and there is considerable
understanding of the replication mechanism for unmodified DNA [11,12]. Likewise, X-ray
crystallographic structures of Dpo4 in complex with DNA, both with and without dNTP have
been determined (for example, see Refs [4,13-17]). Crystal structures of lesion-containing
complexes for these two polymerases are also available (for example, see Refs [14,18-27]),
which shed light on their contrasting mechanisms for processing damaged DNA templates. We
consider two important DNA lesion prototypes as examples of small and bulky lesions,
respectively: 7,8-dihydro-8-oxoguanine (8-0xoG; Box 2), a ubiquitous product of reactive
oxygen species (ROS), and DNA adducts derived from a tumorigenic metabolite of the
environmental pre-carcinogen benzo[a]pyrene (BP; Box 3). We highlight that the tight fit of
the BF polymerase around the nascent base pair contrasts with the more spacious, solvent-
exposed active site of Dpo4, and these distinct architectures produce distinctions in polymerase
translocation mechanisms, and in fidelity and efficiency of lesion processing. Understanding
the processing of endogenous and environmental DNA damage by DNA polymerases is key
to elucidating how mutations that initiate diseases, including cancer, originate.

The high-fidelity DNA polymerase BF

Comprehensive studies of BF crystal structures have uncovered properties that reflect the high
fidelity and processivity of the A family, Pol | group DNA polymerases. Moreover, structures
have been identified that reveal the different stages in the replication cycle (Figure 1a) and
highlight the conformational transitions of the polymerase during this process [11].

Initially, the templating base(n)resides in a pre-insertion site in the short binary complex
(Figure 1a), in which the enzyme and the DNA primer-template are bound to one another and
the dNTP is absent. The O helix of the fingers domain is in an ‘open’ conformation. Tyr714,
at the base of the O helix, occupies the insertion site and stacks with the (n—1) base pair, thus
preventing the next upstream 5’-templating (n) base from slipping into the active site. In the
ternary complex — containing dNTP and DNA (Figure 1a) — the Tyr714 residue is displaced
from the insertion site to a position behind the nascent base pair, thus enabling pairing of the
incoming dNTP and the templating (n) base. BF is in a ‘closed’ conformation, resulting from
a ~40° rotation of the O helix from its ‘open’ position [11]. Specifically, the O helix of the
fingers domain closes down towards the flat surface of the nascent base pair, resulting in a
tight-fitting, reaction-ready ternary complex. At this point, the close steric fit of the template
base—dNTP pair is tailored for the correct Watson—Crick base pair, favoring accurate
replication. This is termed an ‘induced-fit’ mechanism [28]. Following or accompanying the
nucleotidyl-transfer chemical reaction, the polymerase translocates so that the nascent base
pair proceeds to the post-insertion site and the polymerase complex returns to the open
conformation with the Tyr714 residue once again occupying the insertion site (Figure 1a). At
the end of this process, the DNA duplex has grown by one base pair, producing the post-
insertion long binary complex. The next 5’-template (n+1) base occupies the pre-insertion site,
ready for another cycle of replication.

Box 1. High-fidelity and lesion-bypass DNA polymerases

DNA polymerases are grouped into A, B, C, D, X, Y and RT families, based on amino acid
sequence homologies [10]. High-fidelity polymerases are members of the A and B families,
whereas the lesion-bypass DNA polymerases belong primarily, but not exclusively, to the
Y family. The lesion-bypass DNA polymerases have important roles in the temporary
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replacement of high-fidelity DNA polymerases that are stalled upon encountering damaged
DNA sites, an event termed ‘polymerase switch’ [5-7].

Both high-fidelity and lesion-bypass DNA polymerases have right-handed architectures
with core domains of palm, fingers and thumb, and active sites formed by the palm and
fingers domains (Figure 1). Both types of polymerase use a two-metal ion catalytic
mechanism [58] for the nucleotidyl-transfer reaction, and have three universally conserved
carboxylate-containing residues (aspartate or glutamate) at their active sites. Most Y-family
DNA polymerases exhibit low processivity and a high error rate upon replicating normal,
unmodified DNA [3,4]. The higher fidelity A- and B-family DNA polymerases have
intrinsic error rates in the range of 1072-10-%, whereas the error rates of lower fidelity Y-
family polymerases are in the 1-1072 range [59]. Specifically, the Y-family polymerase
Dpo4 has a mismatch error rate of ~6.5 x 103 and a single-base-deletion error rate of ~2.4
x 1073 [60], whereas the A-family polymerase BF has an error rate of ~1.5 x 107>
(http://www.freepatentsonline.com/5834253.html). Polymerase processivity, namely the
number of nucleotides added per binding event, is only one or two nucleotides for Dpo4
without additional cofactors in vitro [61], whereas, for BF, it is 111 nucleotides [62]. The
presence of accessory proteins in the holoenzyme in vivo increases DNA-synthesis
processivity thousands of folds for high-fidelity polymerases, but only slightly for lesion-
bypass DNA polymerases [63,64].

How polymerases process lesions and whether a mutation ensues are dictated by the type
of lesion, the sequence context and the particular lesion-bypass DNA polymerase. The
polymerase might be specifically tailored to replicate past the lesion accurately, or
translesion synthesis can occur in a low-fidelity, mutagenic manner [3]. Current
understanding of in vivo functioning indicates that one lesion-bypass DNA polymerase
might be involved in the nucleotide-insertion step, whereas one or more extend beyond the
lesion until the lesion-induced distortions are transited and the high-fidelity DNA
polymerase resumes synthesis [2—4,65]. Aside from translesion synthesis, it has recently
been shown that at least some Y-family DNA polymerases are involved in other functions,
including recombination and somatic hypermutation [8,9,66].
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Figure 1. Cartoon and molecular surface representations of BF and Dpo4 ternary structures.
BF features a sterically tight active site and an exonuclease domain {non-functional in the
strain used in crystallographic studies [11,31,62] but functional in Bst 320 ATCC55719
(http://www.patentstorm.us/patents/5747298-claims.html)}, but lacks a little finger
domain, whereas Dpo4 lacks an exonuclease domain but has an additional little finger
domain, and a sterically more open active site. Cartoon representations of BF (a) and Dpo4
(b). For clarity, only o helices and p sheets of proteins, and DNA backbone and base registers
are shown. Incoming dCTP is shown as yellow sticks, and divalent metal ions are shown
as orange spheres. The thumb domains are shown in green, palm domains in blue, fingers
domains in red, the BF exonuclease domain in gold and the Dpo4 little finger domain in
purple. The views are into the major-groove side of the nascent base pair, with the minor-
groove side behind. Molecular surface representations of BF (c) and Dpo4 (d). The minor
groove adjacent to the replicating base pair is exposed to solvent in Dpo4, but completely
buried in BF. The DNA molecules are drawn as sticks. Close-up views of the replicating
base pair in BF (e) and Dpo4 (f). The minor-groove side of this base pair indicated by the
red arrow is solvent-accessible in Dpo4. (BF PDB code: 1LV5, chains A/C/D [11]; Dpo4
PDB code: 2ATL, chains A/D/E [14].)

The lesion-bypass DNA polymerase Dpo4

The first crystal structures of Dpo4-containing DNA primer—template complexes with
incoming dNTP (ternary complexes), determined in 2001 [13], revealed many features
common to lesion-bypass DNA polymerases [3]. For a recent, comprehensive review of the
current understanding of Dpo4 and other Y-family DNA polymerase structure—function
relationships, see Ref. [4]. Dpo4 has a spacious, highly solvent-accessible active-site region,
whereas ternary complexes of high-fidelity DNA polymerases contain active sites with the
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nascent Watson—Crick pair in tight van der Waals contact with polymerase residues [10,11,
29,30]. Although both high-fidelity and lesion-bypass polymerases contain a large solvent-
exposed pocket on the evolving major-groove side of the duplex, lesion-bypass polymerases,
including Dpo4, also contain a smaller open pocket on the minor-groove side (Box 1, Figure
Id). Dpo4 and other lesion-bypass DNA polymerases have an additional flexible domain that
is not present in high-fidelity polymerases — the little finger or polymerase associated domain
(PAD) — but they lack an exonuclease domain. The Dpo4 active-site region is sufficiently
spacious that two nucleotides of the template strand can be simultaneously accommodated
[13], which is in contrast to high-fidelity DNA polymerases that can fit only one templating
nucleotide in the active site. Furthermore, in the active site region, fewer Dpo4 amino acid
residues are in contact with the DNA:Dpo4 forms hydrogen bonds only with the phosphate
groups of the DNA duplex region [13]. By contrast, BF forms additional extensive sequence-
independent interactions with the minor-groove edges of the first four base pairs at the growing
end of the DNA duplex, with hydrogen bonds between the bases and highly conserved protein
side chains (Box 4) or oriented water molecules anchored to protein side chains [31]. The
sterically open Dpo4 active-site region is structured to enable the accommodation of DNA
lesions, while facilitating low-fidelity DNA replication. Stages in the replication cycle of Dpo4
are illustrated in Figure 1b.

Induced fit and translocation: differences between BF and Dpo4

Translocation is the processive movement of a polymerase relative to the DNA duplex between
two rounds of the phosphoryl-transfer reaction during polynucleotide replication [32]; it is
essential for polymerase function and necessarily occurs with every polymerase upon
completion of one replication cycle (Figure 1). Although the actual dynamic mechanism of
translocation is not known for any polymerase, static crystal structures can indicate plausible
intermediate states in this process. Recent crystallo-graphic studies with BF [11] and Dpo4
[14] reveal structural rearrangements that accompany dNTP entry into the active site in addition
to nucleotide incorporation, thus providing insight into how translocation might occur.

BF: one-step translocation

Structures of short binary, ternary, and long binary complexes are available for the high-fidelity
DNA polymerase BF [11]; here, we analyze these structures to gain insight into the
translocation process. For this purpose, we have selected three previously described structures
[11] (PDB codes: 1L3T, 1LV5 and 1L3U), and superimposed them along their DNA
phosphodiester backbones at residues in register (Figure 2a,b). The induced-fit conformational
transition involving rotation of the O helix occurs upon nucleotide entry into the active site.
However, no other translocational motion, that is, rotation or translation of the polymerase with
respect to DNA, is apparent (Figure 2a). In proceeding from the ternary to the long binary
complex, the polymerase translates by one nucleotide (~3.3 A), and rotates around 1/10 of a
turn of B-DNA (~36°); the fingers domain, including the O helix, returns to its open position
after completion of the nucleotidyl-transfer reaction (Figure 2b).

Dpo4: stepwise translocation

Dpo4 crystal structures containing a short binary complex, a ternary complex, and a long binary
complex following the nucleotidyl-transfer reaction have been investigated recently [14].
Superimposition along their DNA phosphodiester backbones at residues in register revealed
no conformational changes akin to the induced-fit motif in high-fidelity DNA polymerases. In
this case, a stepwise, two-phase translocation process was suggested: first, a predominant
movement of the palm, fingers, and little finger domains with respect to DNA occurs during
nucleotide binding, generating the space needed for nascent base pair formation (Figure 2c);
this is followed by primarily a thumb movement accompanying or following the chemical
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nucleotidyl-transfer reaction (Figure 2d). In each segment, the entire polymerase is relocated,
with respect to DNA, as a nearly rigid body. The rigid-body motion entails movement of the
entire unit, for example, movement of the whole hand about the wrist, without marked
movement of any fingers. Thus, the overall protein conformation itself is changed little in
proceeding from the binary to the ternary complex, and the protein conformations of short and
long binary complexes are identical. The crystal structures indicate a screwlike counter-
clockwise rotation and translation of the polymerase along the DNA helix axis, when viewed
in the 5'—3' direction of the template strand, during a replication cycle. The right-handed screw
of the DNA is employed as a scaffold for threading through the polymerase, advancing the
helix by a rise (~3.3 A) and a twist angle (~36 °) corresponding to approximately one DNA
base pair step during each replication cycle.

Thus, the crystal structures indicate differences in the translocation mechanisms used by Dpo4
and BF. Dpo4 translocation displays a two-phase mechanism, whereas a single step is indicated
for BF. Specifically, for Dpo4, the first stage of the translocation is suggested to occur as the
incoming dNTP enters the active site, and the second stage is associated with the chemical
reaction step. In agreement with this mechanism, a stepwise translocation mechanism for a
close homolog of Dpo4, Dbh, has recently been inferred through kinetics studies [33]. By
contrast, the BF crystal structures indicate that the entire translocation cycle occurs following
dNTP entry into the BF active site and the induced-fit polymerase closing. The driving forces
that could power translocation have been discussed based on crystal structures of a B-family
DNA polymerase, phi29 from Bacillus subtilis [32]: dissociation of pyrophosphate breaks the
electrostatic link between the fingers domain and the catalytic Mg2* ions, enabling the fingers
to pivot to the open position. Then, two conserved tyrosine residues enter the insertion site and
sterically exclude the nascent base pair. Evolving charge dynamics during the nucleotidyl-
transfer reaction is an important element in the replication process and has been
computationally elucidated for Dpo4 [34].

Small lesion processing: 8-0xoG

BF favors 8-0x0G-A mispairing

The small 8-0xo0G lesion is highly prevalent (Box 2); hence, it is inevitable that high-fidelity
processive DNA polymerases will encounter this lesion, despite the activity of specific repair
enzymes, which scan DNA to locate and repair it [35]. Biochemical processing and X-ray
crystal-lographic studies of DNA containing 8-o0xoG in complexes with BF [25] and Dpo4
[14,26] have highlighted striking differences in how these polymerases cope with this oxidative
guanine lesion. The high-fidelity DNA polymerase BF incorporates the mismatched dATP
opposite the damaged base approximately ninefold more efficiently than it does the normal
partner dCTP [25], whereas Dpo4 favors dCTP over dATP by > 100-fold [14]. Following
incorporation of 2'-deoxycytidine (dC) or 2'-deoxyadenosine (dA), extension occurs much
more readily with adenine than with cytosine in BF [25]. Examination of the BF crystal
structures has revealed the basis for the preferential selection of dJATP by a templating 8-0x0G
base in this enzyme [25]. The syn-8-oxoG-anti-A pair in the BF ternary complex mimics the
geometry of a normal Watson—Crick anti-T—anti-A pair. Syn and anti conformations (see Box
2, Figure I1) differ by a ~180° rotation about the glycosidic bond connecting base to sugar. The
8-0xoG template adopts the syn glycosidic bond conformation, and forms a Hoogsteen pair
with the incoming dATP (see Box 2, Figure lla,b). In the syn conformation, the steric crowding
between the O8 and adjacent sugar—backbone moieties is alleviated, and the syn 8-0xoG mimics
a pyrimidine in the active site, leaving the active site essentially undistorted. Crucial hydrogen
bonds between the polymerase residues (Arg615, GIn797 and Asp830) and the syn-8-oxoG—
anti-A pair remain comparable to those between the polymerase and the anti-T-anti-A pair
(see Box 2, Figure lla,b). However, with dCTP opposite 8-0x0G, the 8-0x0G in the anti
glycosidic bond conformation is Watson—Crick-paired with dC. The steric crowding produced
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by the O8 atom is relieved by torsional rotations in the backbone that lift the 8-oxoG away
from the surface of the polymerase. This action disrupts the interaction between 8-oxoG and
the GIn797 residue in the minor-groove scanning track (Box 4). The alignments of the O and
01 helices are distorted, thus inhibiting entry of the next template into the pre-insertion site.

Box 2. 7,8-dihydro-8-oxoguanine

7,8-dihydro-8-oxoguanine (8-oxoG; Figure 1) is the most prevalent mutagenic lesion
derived from the interaction of ROS with DNA [67]. Approximately 104 such lesions arise
per cell per day [68]. ROS are produced endogenously as by-products of normal aerobic
respiration and inflammation [69]. In addition, they are produced by ionizing radiation
[67], including diagnostic X-rays, and by the metabolism of polycyclic aromatic chemicals
present in tobacco smoke, automobile exhaust and broiled proteinaceous foods [70]. Adding
to its importance, the 8-0xoG lesion is, itself, a source of numerous types of DNA damage
through further oxidative reactions [71]. DNA lesions derived from ROS are implicated in
aging and many human diseases, including cancer and several neurogenerative and
cardiovascular diseases [67]. Bypass of this lesion is mutagenic in BF and accurate in Dpo4
(Figure I1).
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Figure I1. 8-oxo0-G lesions within the active site regions of BF and Dpo4. The designated
syn and anti conformations differ by ~180° rotation about the bond connecting the base
with the sugar. BF favors syn-8-oxoG—anti-A mispairing, which mimics a normal anti-A-
anti-T Watson—Crick pair, whereas Dpo4 bypasses 8-0xoG with high fidelity through
formation of a stabilizing hydrogen-bond network. The 8-0xoG-containing complexes are
shown in pink, and the unmodified complexes in silver. (a) BF in binary complex with
syn 8-oxo-guanine mismatched with dATP (PDB code: 1U49; pink) mimicking a normal
A-T Watson—Crick pair in the unmodified complex (PDB code: 1U48; silver,
superimposed). The O8 of the 8-0xoG is shown in red. Note that crucial hydrogen-bonding
interactions between BF residues (GIn797, Arg615 and Asp830) and the 8-oxoG—A mispair,
and those within the mispair (denoted by pink broken lines) are comparable to those in the
unmodified complex. (b) The base-pairing alignment of syn oxoG with dATP. The O8 and
H7 of 8-0xoG are shown in red. (c) Dpo4 in ternary complex with anti 8-oxo-guanine,
Watson—Crick paired with dCTP (PDB code: 2ASD, chains A/D/E; pink), superimposed
with unmodified complex (PDB code: 2ATL, chains A/D/E; silver). Note the water-
mediated hydrogen bond between Arg332 and the unique O8 of 8-0x0G, which stabilizes
the anti conformation, and the DNA-backbone rotation required to avoid steric close contact
in accommodating the O8. (d) The base-pairing alignment of anti oxoG with dCTP. The
08 and H7 of 8-0x0G are shown in red.

Dpo4 bypasses 8-0xoG accurately

The Y-family DNA polymerase Dpo4 exhibits a ~100-fold preference for inserting dCTP over
dATP opposite 8-0xoG, with dCTP incorporation nearly as efficient as that opposite an
undamaged guanine base [14]. The extension frequency beyond an 8-oxoG-C base pair is
approximately eightfold that beyond a normal G—C base pair at the same site [14]. By contrast,
the extension frequency beyond an 8-oxoG-A mismatched base pair is ~30 times less than
beyond an 8-0xoG—C pair. Thus, the 8-0x0G lesion is bypassed by Dpo4 with relatively high
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fidelity. The reasons for this bypass fidelity reside in the unique structural features of the 8-
0x0G-C base pair in Dpo4. The O8 atom causes relatively little overall structural perturbation
of the DNA compared with the structures of the undamaged complex (see Box 2, Figure llc,d).
Moreover, the crystal structure of the ternary complex — containing the templating 8-oxoG
lesion Watson—Crick paired with dCTP — shows a unique network of hydrogen bonds, which
stabilize the 8-0xoG with the glycosidic torsion angle of the modified guanine in the normal
anti conformation (see Box 2, Figure llc,d): there are two non-specific hydrogen bonds between
the phosphodiester backbone of the damaged base with the Arg331 guanidine group, one with
the Arg332 guanidine group, two with the hydroxy! group of Ser34 and one key water-mediated
hydrogen bond with the Arg332 side chain to the unique O8 atom of the 8-0xoG residue. By
contrast, in the case of the unmodified guanine at the same position (see Box 2, Figure lic),
there are only two hydrogen bonds from the phosphate backbone of the unmodified glycine to
the Arg332 guanidine group. The hydrogen-bonding network in the 8-oxoG structure is an
indirect readout of the unique O8 atom of the 8-0xoG: the steric clash engendered by the O8
forces the backbone to rotate by ~180° around its O3'-P torsion, relocating it in a way that
produces the observed hydrogen-bonding network. Analogous crystal structure studies using
Dpo4 harboring Arg332 substitutions also support the view that a hydrogen bond between
Arg332 and 8-oxoG helps in determining the high fidelity and efficiency of Dpo4-catalyzed
bypass of this lesion [26]. The general principle emerges that a templating 8-0xoG residue
within high-fidelity DNA polymerases, with their confined active sites, has a greater preference
than that within Dpo4 for adopting the abnormal syn glycosidic bond conformation to alleviate
the steric crowding. The spacious active site of Dpo4 enables a different structural
rearrangement in the DNA backbone that relieves steric crowding without distorting the
enzyme structure. This rearrangement produces the unique hydrogen-bonding network that
stabilizes the anti Watson—Crick paired conformation.

Processing bulky lesions: BP-derived adducts
BF is stalled by bulky BP-derived adducts

We now focus on lesions produced by the covalent reaction between a tumorigenic metabolite
of the pre-carcinogen BP and guanine in DNA (Box 3). A crystal structure of this lesion in the
BF post-insertion site [24] has been determined (PDB code: 1XC9), and it demonstrates why
BF is predominantly blocked by this lesion [24,36]. This structure is a binary complex and
represents BF after nucleotide incorporation opposite the BP-2'-deoxyguanosine (dG) adduct;
the BP aromatic rings are 5'-directed along the template strand on the evolving minor-groove
side, with Watson—Crick pairing intact at the lesion site (see Box 3, Figure 11a). This
conformation is structurally similar to NMR structures observed for this adduct in solution in
the absence of protein, indicating that conformational preferences in solution can be maintained
with biological relevance in the polymerase [27]. The DNA duplex is extensively distorted
over three base pairs on the 3’ side of the lesion and the polymerase is severely perturbed
locally. Because the BP rings are positioned in the crowded BF minor-groove scanning track
(Box 3), key interactions between protein residues and the [BP]dG-dC base pair are impaired.
Notably, the crucial hydrogen-bonding interactions between Arg615 and GIn797 in the minor-
groove reading head, and the [BP]dG—dC base pair are disrupted (see Box 3, Figure I1a). Owing
to the wedging of the BP rings between the DNA and the polymerase, primer and template
strands are separated from the polymerase minor-groove scanning track. Consequently, the
primer 3'-OH group is no longer poised for in-line attack during the nucleotidyl-transfer
reaction (see Box 3, Figure Ila). Furthermore, the BP ring system is positioned to sterically
exclude entry of an incoming dNTP into the active site for the subsequent extension step. It is
plausible that the polymerase distortions and attendant stalling are signals for recruiting the
lesion-bypass DNA polymerases. The infrequent extension observed in BF probably
necessitates a rearrangement of the [BP]dG moiety, likely through a rotation of the glycosidic
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bond from the normal anti to the syn domain, which places the BP rings on the spacious, open
major-groove side of the evolving duplex in the polymerase [36,37].

Dpo4 produces mismatch and frameshift mutations at BP-derived lesions

Dpo4 can accommodate a bulky BP aromatic ring system on both the major- and minor-groove
sides of the evolving duplex. The available crystal structures of BP-derived adducts reveal
some of these possibilities. In a recent series of crystal structures of the 10S (+)-trans-anti-
BP-N2-dG adduct (Box 3) in the post-insertion position, with a dA constructed to be opposite
the lesion, one structure has the BP aromatic ring system extruded into a gap between the little
fingers and the core domains, on the minor-groove side of the evolving duplex [22] (see Box
3, Figure 11b). The damaged anti-guanine is also extruded into this pocket, leaving adenine of
the primer strand without a base-pairing partner. Another structure with BP similarly extruded
shows the adducted guanine displaced and looped out from the active site; this presents a
structural model of a slipped-frameshift intermediate that, if bypassed, would produce a -1
deletion. In vitro primer extension studies in this work revealed incorporation of adenine
opposite the lesion in addition to —1 deletions [22]. The well-stabilized accommodation of the
10S (+)-trans-anti-BP-N2-dG adduct on the minor-groove side in the Dpo4 complex contrasts
sharply with its damaging impact on protein~-DNA interactions when on the evolving minor-
groove side in the high-fidelity DNA polymerase BF. The minor-groove lesion positioning is
suggested to be relevant to other Y family DNA polymerases of the DinB branch, including
the human homolog Pol k [22]. The DinB polymerases seem to have a special role in bypassing
N2-dG lesions [38], with higher efficiency and accuracy than other DNA polymerases in
cellular [39] and in vitro environments [40,41].

Box 3. Benzo[a]pyrene-derived DNA lesions

The environmental chemical pollutant benzo[a]pyrene is metabolically activated to form

highly reactive intermediates that can subsequently react with DNA, yielding carcinogen—
DNA adducts [72,73]. These lesions can produce mutations on replication in vitro and in

vivo [74-76]. Such mutations, when present in DNA sequences that regulate the cell cycle,
can trigger cancer initiation [72]. The most tumorigenic benzo[a]pyrene (BP) metabolite is
the diol epoxide (+)-(7R,8S,9S,10R)-7,8-dihydroxy-9,10-epoxy-7,8,9,10-tetrahydroben-zo
[alpyrene [(+)-anti-BPDE] [77]; this metabolite reacts largely, but not exclusively, with the
exocyclic amino group of guanine to produce the major 10S (+) trans-anti-BP-N2-dG adduct
(Figure I). In vitro primer extension studies using purified high-fidelity DNA polymerases
have revealed that this lesion stalls the progress of high-fidelity DNA polymerases, although
small amounts of bypass have been observed [24,36,74,78-80]. By contrast, although the
rates of DNA replication catalyzed by Dpo4 are markedly retarded, translesion bypass by
Dpo4 is much more facile than by BF, where polymerase blockage predominates [36] (L.
Oum, PhD thesis, New York University, 2007). Notably, in both cases, bypass is frequently
mutagenic. BP causes mainly blockage in BF, but mutagenic bypass in Dpo4 (Figure I1).
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Figure 1. Structure of 10S (+) trans-anti-BP-N2-dG.
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Figure I1. The bulky 10S (+) trans-anti-BP-N2-dG adduct within the BF and Dpo4 active-
site regions. The adduct stalls BF by disrupting polymerase—-DNA interactions on the minor-
groove side of the [BP]dG—dC pair, whereas it fits snugly on the minor-groove side in the
gap between the Dpo4 core domains and the little finger domain. The 10S (+) trans-anti-
BP-N2-dG-containing complexes are shown in pink with the BP moiety in red, and the
unmodified complexes in gray. (a) BF binary complex with BP-N2-dG-modified template
(PDB code: 1XC9) superimposed with unmodified complex (PDB code: 1L5U). The
damaged dG pairs with dC in the primer strand. The BP moiety is positioned on the minor-
groove side of the evolving duplex, disrupting the interactions between the minor-groove
side of the newly formed base pair and proofreading residues GIn797 and Arg615; the 3'-
OH of the primer dC base in the BP-modified complex is too far away to form the normal
hydrogen bond with the conserved Asp830 residue. (b) Dpo4 ternary complex with BP-
N2-dG-modified template (PDB code: 21A6, chains B/E/F) superimposed with unmodified
complex (PDB code: 2AGQ; silver). The BP moiety and the base of the damaged G are
positioned outside the double helix on the minor-groove side of the DNA duplex, with the
BP aromatic ring system in a gap between the Dpo4 little finger and core domains. The dA
base in the primer strand lacks a base-pairing partner. In the unmodified complex, the dG
base forms a base pair with the ddC (2'3'-dideoxycytidine) base of the primer strand.

When the tumorigenic BP metabolite (+)-anti BPDE (Box 3) reacts chemically with DNA,
other lesions are formed in addition to the major reaction product with the amino group of
guanine [42]. Among these is the adenine 10R (+)-cis-anti-BP-N6-dA adduct. Two different
conformers were obtained in a crystal structure of this adduct at the Dpo4 post-insertion site
[23]. In vitro primer extension studies revealed that dA is predominantly misincorporated
opposite this adenine lesion, and frameshift mutations were also observed. The first
conformation shed light on the observed misincorporation of dA: the BP aromatic rings, located
in the open major-groove-side pocket of the polymerase, caused displacement of the damaged
adenine towards the major groove so that it could not Watson—Crick hydrogen bond to its
partner 2'-deoxythymidine (dT). However, the structure indicated that the dislocated, adducted
adenine was well placed for mispairing with another adenine. The second conformer, with the
BP ring system intercalated (nearly identical to its NMR solution structure [27]), might have
an intermediate role in producing the observed frameshift mutations [23]. Primer extension
studies also showed that replication beyond this lesion is rather poor [23]. Modeling studies
indicate that extension would be inhibited when bulky adducts are positioned on the evolving
major-groove side because movement of the little finger, which is necessary for successful
translocation, is hindered [43].

Box 4. Key structural differences between BF and Dpo4

Characteristic features of high-fidelity DNA polymerase structures are the close interactions
between polymerase amino acid residues and the developing minor-groove side of the
growing duplex. These interactions constitute a minor-groove scanning track or ‘reading
head’ that enables the polymerase to sense an incorporated mismatch [31]; this proofreading
promotes subsequent routing of the error-containing duplex for excision by an intrinsic

Trends Biochem Sci. Author manuscript; available in PMC 2009 July 29.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Broyde et al.

Page 13

exonuclease domain or an external exonuclease activity [10,59]. (Proofreading 3'—5’
exonuclease activity catalyzes the removal of mismatched nucleotides from the growing
end of the primer strand.) As part of the minor-groove scanning track, two strictly conserved
‘reading’ residues, Arg615 and GIn797 in the case of BF, form hydrogen bonds with the
newly formed base pair, ensuring its proper geometry [31]. GIn797 interacts with the
template base and Arg615 interacts with the dNTP. By contrast, in lesion-bypass DNA
polymerases, there is no exonuclease activity, the minor-groove scanning track is absent
and the minor-groove side of the nascent duplex has far fewer interactions with the
polymerase [4]. However, the major-groove side is open in both cases. Furthermore, Dpo4
lacks the O and O1 helices and the insertion-site-blocking tyrosine residue positioned at the
base of the O helix; instead the nascent base pair is contacted by a 8 strand and a loop, whose
conformation do not change greatly upon ternary complex formation (see Figure 1 of main
text). The high-fidelity DNA polymerases are processive, and check for fidelity both before
and after the nucleotidyl-transfer reaction. By contrast, the DNA and lesion-bypass DNA
polymerases are distributive (non-processive), synthesizing only a few nucleo-tides before
dissociating, and the accuracy of replication depends primarily on accurate Watson—Crick
base pairing rather than on nucleotide selectivity based on steric fit [4]. This property has
been demonstrated by kinetic studies, in which the use of variably sized non-polar thymidine
analogs revealed low steric selectivity by Dpo4 [81].

Overall, the spacious Dpo4 active site, with limited contacts to DNA and space to house a
bulky lesion on the evolving major- and minor-groove side, facilitates bulky lesion bypass,
which is frequently mutagenic and can be undiscriminating in nucleotide selectivity [22,37]
(L. Oum, PhD thesis, New York University, 2007). By contrast, the active-site region of BF,
with its close fit to the evolving minor groove, is highly disturbed when a bulky lesion is housed
in this position, leading primarily to polymerase blockage, which could be a signal for the
switch to a lesion-bypass DNA polymerase [24,36].

Concluding remarks and future perspectives

The available lesion-containing crystal structures provide a springboard for molecular
modeling and dynamics studies for cases in which crystals are not yet available [36,37,44,
45]. Eagerly awaited are future structural and biochemical studies of lesion-containing DNA
polymerases, to provide further insights into mechanisms of high- and low-fidelity translesion
bypass. Of particular interest are the human lesion-bypass DNA polymerases 7, 1, k and Rev
1. Crystal structures of these enzymes from humans [46,47] and yeast [48,49] have been
obtained, as has a lesion-containing yeast Pol n structure [50]. Complemented by biochemical
studies [3,50], these structures reveal unique features for each enzyme that reflect striking
specificities in their function. One question that arises is whether these human lesion-bypass
DNA polymerases, like the archaeal Dpo4, also employ a two-step translocation mechanism
[14]. Another challenge involves delineating connections between lesion impact on DNA
polymerase function and lesion repair. Here, RNA polymerases provide a potential link: bulky
lesions such as those derived from BP [51] cause RNA polymerase stalling, which invokes the
transcription-coupled nucleotide excision repair (NER) machinery [52,53], but much remains
to be learned about relationships between lesion structure and repair susceptibility by this
machinery [54]. Understanding lesion-processing in cells will require the elucidation of
concerted interactions between Y-family DNA polymerases with other polymerases and other
components of the holoenzyme replication complex; the participation of other proteins such
as the eukaryotic ubiquitylation machinery also must be further explicated [6,7,55-57]. To
fully decipher how high-fidelity and lesion-bypass DNA polymerases correct the plethora of
possible DNA lesions, structural and biochemical information will be needed on a case-by-
case basis. However, the structure—function relationships indicated by the model systems
described here are plausibly relevant to lesion processing by other high-fidelity and lesion-
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bypass DNA polymerases, in view of structural similarities within high-fidelity and lesion-
bypass polymerase family members [4,10].
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Figure 1.

The replication cycle of BF and Dpo4. Schematic overviews of the polymerase active sites
derived from the short binary, ternary and long binary structures, which represent a complete
round of DNA synthesis. (a) The BF replication cycle starts with the acceptor template base
(n; red rectangle) bound at the template pre-insertion site (between the O and O1 helices; green
oval); Tyr714 blocks access to the insertion site (light blue oval) and stacks with the n—1 base
pair at the post-insertion site (olive green oval). Formation of the closed conformation involves
rearrangement (red arrows) of the O and O1 helices, which simultaneously blocks the template
pre-insertion site and unblocks the insertion site. These rearrangements move the acceptor
template base (n) to the insertion site, where it pairs with an incoming dNTP (pink rectangle)
and Tyr714 to a position behind the nascent base pair. Nucleotide incorporation occurs on
formation of a cognate base pair and proper assembly of the catalytic site (orange oval). The
cycle is completed with translocation of the polymerase with respect to DNA by one base pair.
The polymerase resets to the open conformation (blue arrows) in preparation for the next round
of DNA synthesis. (b) The reaction cycle of Dpo4 also starts with the acceptor template base
(n; red rectangle) positioned immediately 5'to the n—1 base pair. However, the pre-insertion
site is absent in Dpo4. Formation of the ternary complex involves polymerase movement,
which transits the n—1 base pair from the insertion site (light blue oval) to the post-insertion
site (olive green oval), so that the acceptor template base n pairs with an incoming dNTP (pink
rectangle) at the insertion site. Nucleotide incorporation occurs on formation of a cognate base
pair and proper assembly of the catalytic site (orange oval). The cycle is completed with further
translocation of the polymerase relative to DNA. Part (a) modified, with permission, from Ref.
[11] (Copyright 2004, National Academy of Sciences, U.S.A.).
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Figure 2.

Different translocation mechanisms for BF and Dpo4 suggested from their crystal structures.
BF: a one-step translocation mechanism that takes place following the nucleotide-
incorporation phase; Dpo4: a step-wise translocation mechanism that spans both dNTP-binding
and nucleotide-incorporation phases. All structures are superimposed according to the
backbone atoms in the DNA-duplex region. Ternary complexes are shown in a solid multicolor
cartoon representation, and the short and long binary complexes are shown in transparent gray
and light blue cartoon representations, respectively. For clarity, only o helices and 3 sheets of
proteins and DNA backbone and base registers are shown. For ternary complexes, the incoming
dCTP is shown in yellow sticks, and divalent metal ions are shown in orange spheres. The
thumb domains are shown in green, palm domains in blue, fingers domains in red, the BF
exonuclease domain in gold and the Dpo4 little finger domain in purple. The front views are
into the major-groove side of the nascent base pair; the top views are in the 5'—3’ direction of
the template strand. For the ANTP-binding phase, movements are directed from the transparent
gray representation towards the solid multi-colored representation; for the dNTP incorporation
phase, the movements are directed from the solid multi-colored representation towards the
transparent light blue representation. Arrows in the front views denote translational
movements, and curved arrows in the top views denote rotational movements. (a)
Superimposition of the BF short binary (PDB code: 1L3T) and ternary (PDB code: 1LV5,
chains A/C/D) complexes. A predominant protein conformational change is observed in the
closing of the O helix (black curved arrow) in the fingers domain during the dNTP binding
step, whereas no other marked translational or rotational movement of polymerase domains
with respect to DNA is observed. (b) Superimposition of the BF ternary (PDB code: 1L V5,
chains A/C/D) and long binary (PDB code: 1L.3U) complexes showing the translocational
movement of the thumb, palm and fingers domains upon dNTP incorporation. The O helix
resumes its position in the binary complex (black curved arrow). (c) Superimposition of the
Dpo4 short binary (PDB code: 2ASJ, chains A/D/E) and ternary (PDB code: 2ASD, chains A/
D/ E) complexes showing the relocation of the polymerase domains during the dNTP-binding
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step, using the thumb-DNA contact points as the hinge. Note that no marked translational
movement is observed for the thumb domain. (d) Superimposition of the Dpo4 ternary (PDB
code: 2ASD, chains A/D/E) and long binary (PDB code: 2ASL, chains A/D/E) complexes
showing the relocation of the polymerase domains during the dNTP incorporation step, using
the little-finger—-DNA contact points as the hinge. Note that no marked translational or
rotational movement is observed for the little finger domain. In (c) and (d), the entire
polymerase is relocated in two steps as a near rigid body, in which the overall protein
conformation undergoes little change.
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