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Abstract

Accurate copying of the genome by DNA polymerases is challenging due in part to the continuous
damage inflicted on DNA, which results from its contact with reactive oxidative species (ROS),
producing lesions such as 7,8-dihydroxy-8-oxoguanine (8-o0xoG). The deleterious effects of 8-0xoG
can be attributed to its dual coding potential that leads to G => T transversions. The wild type (wt)
pol a family DNA polymerase from bacteriophage RB69 (RB69pol) inserts dCMP in preference to
dAMP when situated opposite 8-0xoG by > 2 orders of magnitude as demonstrated using pre-steady-
state kinetics (Kpol/Kg,app)- In contrast, the Y567A mutant of RB69pol inserts both dCMP and dAMP
opposite 8-0xoG rapidly and with equal efficiency. We have determined the structures of pre-
insertion complexes for the Y567A mutant with dATP and dCTP opposite a templating 8-0xoG in
a 13/18mer primer-template (P/T) at resolutions of 2.3 and 2.1 A, respectively. Our structures show
that the 8-0x0G residue is in the anti conformation when paired opposite dCTP, but it flips to a syn
conformation forming a Hoogstein base-pair with an incoming dATP. Although the Y567A
substitution does not significantly change the volume of the pocket occupied by anti-8-0xoG, it does
provide residue G568 the flexibility to move deeper into the minor groove of the P/T to accommaodate,
and stabilize, syn-8-0xoG. These results support the hypothesis that it is the flexibility of the Nascent
base-pair Binding Pocket (NBP) in the Y567A mutant that allows efficient insertion of dAMP
opposite 8-0xo0G.

DNA polymerases ensure accurate replication of genomic DNA, making errors only once in
every 103 to 106 insertion events. When available, intrinsic exonuclease activity in the same
polypeptide chain decreases the error rate by an additional 100-fold. Extrinsic exonucleases
and nucleotide base excision repair, and mismatch repair systems (NER, BER, and MMR)
further increase replication fidelity. Overall, the combined effects of these systems lead to only
one error per 10%-10 base-pairs polymerized (1,2).

7,8-Dihydro-8-oxoguanine (8-0xoG) is a common DNA base adduct that has high mutagenic
potential (3,4). It has been estimated that approximately 100 — 400 of these adducts are formed
within a mammalian cell per day (5). Reactive oxygen species (ROS), such as the hydroxyl
radical *OH, directly attack the C-8 position of guanine (3). This adduct, which is simply
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guanine with a C-8 carbonyl oxygen (O-8), has the potential to form two hydrogen bonds with
dATP when 8-0xoG flips from an anti to a syn conformation (Fig. 1), making it an acceptable
template for dATP as well as dCTP, resulting in G = T transversions which have been linked
to cancer and other diseases (6,7).

DNA polymerases vary widely in their ability to select against insertion of dAMP opposite 8-
0x0G, even within the same polymerase family. It has been shown that most A family pols,
such as KF, pol Il, and T7 preferentially insert dCMP opposite 8-0xoG, whereas pol BF, an A
family DNA pol from Bacillus stearothermophilus, prefers to insert dAAMP by 10-fold over
dCMP (8-11). Beese et al. (8) have shown that the ability of BF to preferentially insert dAAMP
relative to dCMP opposite 8-o0xoG was likely due, in part, to the formation of a hydrogen bond
between the O-8 of syn-8-0xoG and an amide hydrogen of Q797, in addition to the two inter-
base hydrogen bonds (8). In contrast, Ellenberger et al. showed that T7 pol lowers the efficiency
of dAMP insertion relative to dCMP opposite syn-8-0xoG because of an unfavorable steric
and/or electrostatic interaction between N-2 of syn-8-0xoG and the protonated primary amine
of K536 (11,12). DNA polymerases from the B family, such as RB69pol, human pol a, calf
thymus pol 4, and the DNA pol from bacteriophage ¢29 (¢29pol) vary widely in their ability
to insert dAMP relative to dCMP opposite 8-0x0G (13-16). For example, human pol a was
recently shown to favor dATP, although both were inserted with very low efficiency (13), but
calf thymus pol 9, in the presence of PCNA, favors dCTP by several fold (14).

RB69pol was previously found to discriminate against dAMP relative to dCMP opposite 8-
0x0G (15). Modeling studies have suggested that the low efficiency of dAMP insertion opposite
8-0x0G by wt RB69pol was due to a steric clash between syn-8-oxoG and residue G568 (15),
although the authors suggested that the adjacent Y567 residue was helping to create a steric
environment for G568, thereby indirectly causing destabilization of syn-8-oxoG (14). Steady-
state kinetic analysis of the Y390S replacement in 29pol (the equivalent of Y567 in RB69pol)
showed a decrease in discrimination for JAMP relative to dCMP insertion opposite 8-0x0G,
lending support to this conclusion (16). Modeling studies have suggested that the equivalent
tyrosine residue in DNA pols of other families, e.g. Y955 and Y530 of the family A DNA pols
human pol y and T7 pol, respectively, and Y271 of the family x human pol B, would also act
as steric blocks for insertion of dAMP opposite 8-0x0G (11,17-19), and it had been found that
the human pol y Y955C mutant reduced the discrimination of dAMP opposite 8-0xoG in a
similar manner as the ¢29pol Y390S mutant (16,19). Interestingly, the pol y Y955C mutant
had been discovered while screening patients suffering from progressive external
ophthalmoplegia (PEO), a disease that leads to terminal dementia, suggesting a link between
dementia and oxidative stress (19).

To test if Y567 in RB69pol modulates the insertion of dAMP opposite 8-0xoG, we compared
the pre-steady-state Kinetic parameters for dAMP and dCMP insertion opposite 8-0xoG by wt
RB69pol, and its Y567A and L561A mutants. We included the RB69pol L561A mutant
because its side chain is close to the templating base (Fig. 2), and replacing Leu with the much
smaller Ala would be expected to allow 8-0xoG more freedom to “sample” alternative
conformations upon binding of an incoming dATP. We found that the Y567A mutant increased
dAMP insertion opposite 8-0xoG by almost 3 orders of magnitude relative to wt RB69pol, but
the L561A mutant did not. To understand why wt was so restrictive and Y567A so permissive,
we determined crystal structures of the pre-insertion ternary complexes of the Y567A mutant
with dCTP and dATP opposite a templating 8-0xoG (with 2.1 and 2.3 A resolution,
respectively). When we compared these structures with those of the wt:dCTP:8-0x0G and
wt:dTTP:A ternary complexes obtained previously (15,20), we were able to rationalize the
kinetic behavior of the wt and the Y567A mutant in structural terms as described below.
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EXPERIMENTAL PROCEDURES

Materials

Enzymes

Materials and reagents were of the highest quality commercially available. ANTPs were
purchased from Roche (Burgess Hill, UK), T4 polynucleotide kinase was purchased from New
England Biolabs (Ipswich, MA), and [y-32P]JATP was purchased from MP Biomedicals
(Irvine, CA). d(3DA)TP was generously provided by Prof. Robert D. Kuchta (University of
Colorado, Boulder, CO).

Wild-type RB69pol and the Y567A and L561A mutants in the exonuclease-deficient
background (D222A and D327A), were over-expressed in Escherichia coli, purified, and
stored as previously described (21).

DNA Substrates

Sequences of primer-templates (P/T) used in this study are shown in Table 1. Oligonucleotides
were synthesized at the Keck facilities (Yale University). Primers were labeled on the 5’-end
with 32P using T4 polynucleotide kinase and [y-32P]ATP (except when used for
crystallography) and annealed to unlabeled templates as previously described (22,23).

Chemical Quench Experiments

Experiments were performed at 23°C with a buffer solution of 66 mM Tris-HCI (pH 7.4). Rapid
chemical quench experiments were carried out using the KinTek rapid quench instrument
(Model RQF-3; KinTek Corp., University Park, PA). For k po; and K g app determinations,
experiments were performed under single-turnover conditions, with 10-fold excess RB69pol
over P/T. Although this high excess of RB69pol over P/T should ensure single-turnover, the
condition for this to occur is that all of the P/T binds productively to RB69pol. This condition
is not always met, as we had discovered previously with the RB69pol “triple mutant” L561A/
S565G/Y567A (24). To ensure that single-turnover conditions were obeyed we added heparin
(1 mg/ml final concentration) to trap any enzyme that was released from the P/T. In some
instances, the heparin trap could not be used because the rate of product formation was too low
to obtain accurate kinetic parameters, e.g., insertion of dAMP opposite 8-0xoG by wt. Briefly,
enzyme and P/T from one syringe were rapidly mixed with Mg2*, heparin, and various [dNTP]
s from the other syringe for times ranging from as short as 5 ms to as long as 1 min. For reactions
that required longer times, experiments were performed manually on the bench-top. The final
concentrations after mixing were 1 pM enzyme, 90 nM P/T, and 10 mM Mg?2*. Reaction
mixtures were quenched with 0.5 M EDTA (pH 8.0). Substrates and products were separated
by PAGE (19:1% (w/v) acrylamide:bisacrylamide gels containing 8M urea), visualized using
a STORM imager (Molecular Imaging), and quantified using Imagequant (GE Healthcare) and
GraphPad Prizm.

Data Analysis

The amount of product formed versus time for each [ANTP] were fitted by non-linear regression
to the general form of Equation 1 to obtain observed rates of product formation, k gps:

n
Y=> A fi+C
i—1

L

(Eq.1)

where Y is the concentration of the DNA product formed during the reaction, C is the offset
constant, A j the observed amplitude of product formation, and k; the observed rate constant.
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The kinetic parameters k ) (the rate of phosphoryl transfer) and K g app (defined as the [dNTP]
at which the rate of phosphoryl transfer reaches 1/2 k o), were obtained by fitting plots of
K ops Versus [dNTP] to Equation 2:

kool ANTP]

Ky =————————
" Kgapp+[ANTP] (Eq.2)

where k ops represents the observed rate at a given [dNTP]. Note that the K ¢ app Values are not
ground-state dissociation constants of dNTP binding. This is because the observed [dNTP]-
dependence of rates of product formation are affected by “hidden” steps that occur subsequent
to dNTP binding but prior to phosphoryl transfer, such as the step defining an induced-fit
conformational change. Interestingly, insertion of d(hypoxanthine) TP (dITP) opposite A, and
dGMP opposite dAP (2-aminopurine) (Table 2), resulted in k s Values that decreased with
increasing [dITP], a similar situation to what Johnson et al. (25, 26) found with AZT and d(8-
0x0G)MP insertion opposite T and C, respectively, by the human mitochondrial DNA
polymerase v. (The complex kinetics may have been caused by a slow release of pyrophosphate
subsequent to chemistry, thereby allowing pyrophosphorolysis to compete with phosphodiester
bond formation (26)). Values of K g app Were estimated in these cases by fitting plots of K ops
versus [dNTP] to Equation 3:

Akgps | ANTP]
Kaapp+ ANTP] (Eqd)

Cobs =

where Ak qps is the overall change in the observed rate given the range of [dNTP].

Crystallization of RB69pol ternary complexes

Dog was used for all crystallizations (Table 1). The primer was dideoxy-terminated at the
3’-end to prevent nucleotide insertion. The RB69pol Y567A mutant was mixed in an equimolar
ratio with freshly annealed Dog 99. dCTP or dATP was then added to give a 2.5mM final
concentration. For equilibration, using micro-batch vapor-diffusion methods for
crystallography, equal volumes of a well solution containing 150 mM CaCl,, 14%(w/v) PEG
350 monomethyl ether (MME), and 100 mM Na Cacodylate (pH 6.5) was added to the
RB69pol: Dog 94:dCTP mixture; and 150 mM CaCls, 11%(w/v) PEG 350 MME, and 100 mM
Na Cacodylate (pH 6.5) was added to the RB69pol:Dog 99:dATP mixture. Crystals typically
grew in 2-3 days at 20°C. The square rod-shaped crystals had typical dimensions of 0.2 mm
x 0.1mm x 0.1mm. Crystals were transferred from the mother liquor to a cryoprotectant/
precipitant stabilization solution containing 20% (w/v) PEG 350 MME, 100 mM CaCl,, and
100 mM Na Cacodylate (pH 6.5). Crystals were then gradually transferred into a
cryoprotectant/precipitant solution with the same components but with up to 30% (w/v) PEG
350 MME prior to storage in liquid nitrogen.

Data collection, structure determination, and refinement

Crystals were first characterized using home radiation sources. X-ray diffraction data were
collected using synchrotron radiation sources at the beamline X29 at Brookhaven National
Laboratory (NSLS) (Upton, NY) at a wavelength of 1.075 A and at 110 K. Crystals belonged
to orthorhombic space groups P21212, with different unit cell parameters (Table 3). Data were
integrated and scaled using the HKL2000 program suites (27).

Structures were solved using molecular replacement methods using AMORE (28), starting
with the ternary complex structure of wild type RB69pol (20), and refined using REFMAC5
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(29). Using the program Coot (30), DNA duplex and dNTP were built into the electron density
maps phased by the partially refined polymerase model. We observed two Ca%* ions occupying
the Aand B metal ion sites, as had been observed previously (20). Structure refinement statistics
are summarized in Table 3. Figures obtained from the crystal structures were made using the
program Ribbons (31).

PDB accession numbers

RESULTS

Coordinates and structure factors for the Y567A mutant dCTP:anti-8-0xoG and dATP:syn-8-
0xoG ternary complex structures have been deposited in the Protein Data Bank under accession
codes 3LZJ, and 3LZI, respectively.

Insertion of dAMP relative to dCMP opposite 8-o0xoG by wild type and mutant RB69 pols

Steady-state kinetic analysis had previously shown that wt RB69pol inserted dCMP opposite
8-0x0G 20-times more efficiently than dAMP (15). We confirmed this result, but under pre-
steady-state conditions, i.e., comparing K pol/K ¢ app Specificity constants, we found a 500-fold
difference between the ability of wt to insert dCMP versus dAMP opposite 8-0xoG (Table 2).
In theory, k poi/K g,app Should be equal to the steady-state approximation K c/K m (32), but in
our case, the pre-steady-state values differed from steady-state values. Fig. 3A,B shows a
representative set of data used to obtain k po) and K g app Values when inserting a dNMP opposite
8-0x0G in the presence of a heparin trap (see Experimental Procedures), in this case dAMP
opposite 8-0xoG catalyzed by the Y567A mutant. No discernable "burst” of dAMP insertion
opposite 8-0xoG by the wt was observed even at 500 pM dATP (data not shown), so kinetic
parameters could only be estimated from data derived from progress curves representing
multiple turnovers (without a heparin trap) (Fig. 3C,D ). In this case, the specificity constants
K cat/K m and k poj /K ¢ app are approximately equal because phosphoryl transfer was rate-
limiting (33).

We wanted to find out which NBP residues serve as a barrier to insertion of dAMP opposite
8-0x0G. The crystal structure (20) of the wt RB69pol:Da:dTTP complex showed that the O-
helix residue L561, which is in close proximity to the adenine templating base (Fig. 2B ), could
hinder the binding of syn-8-0xoG if it was the templating base instead of A. However,
discrimination against dAMP insertion by the L561A mutant remained as high as wild type,
with a 700-fold preference for incorporation of dCMP over dAMP (Table 2). We also
substituted Y567 with Ala, and we found that the Y567A mutant incorporated both dAMP and
dCMP opposite 8-oxoG with equal efficiency, in contrast to the results obtained with L561A.
The individual kinetic parameters were within two or three fold of the values obtained for
insertion of dCMP opposite 8-0xoG by wt, so the Y567A mutant caused RB69pol to lose
fidelity solely by having the ability to increase the efficiency of dAMP insertion (Table 2).

Can other dNTP derivatives that form nascent Pu-Pu base-pairs, such as hypoxanthine (I):A,
be utilized for primer extension?

Because the Y567A mutant did not discriminate against the formation of a dATP:syn-8-oxoG
base-pair, we wanted to find out if the Y567A mutant would utilize other nascent purine:purine
base-pairs, e.g. a dITP:dA base-pair, with comparable efficiency. If negative results were
obtained it could be argued that the dATP:syn-8-oxoG base-pair presented a unique situation.
We had previously shown that the Y567A mutant inefficiently inserted dGMP opposite dA,
despite the fact that a dGTP:syn-A base-pair could form two inter-base hydrogen bonds, just
like dATP:syn-8-0xoG (Fig. 4) (Table 2) (24). To test if other Pu:Pu mis-pairs could be utilized
by the Y567A mutant, we investigated the ability of the Y567A mutant to insert dIMP opposite
A as well as dGMP and dIMP opposite dAP (Fig. 4), and found very low levels of insertion
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(Table 2), suggesting that the Y567A mutant still retained some ability to discriminate against
the formation of other Pu:Pu mispairs.

Can adTTP:3DA nascent base-pair be used for primer-extension by wt RB69pol or its Y567A

mutant?

Because dATP insertion opposite 8-0x0G by the Y567A mutant was unique as being the only
Pu:Pu mispair that could be efficiently utilized, there is likely to be some specific feature(s) of
the templating 8-0xoG that the Y567A mutant recognizes to utilize dATP. Since 8-0xoG was
the only purine base with a C-8 carbonyl oxygen that was tested, it seemed reasonable to assume
that it could be a hydrogen bond acceptor of the Ca hydrogen atom (Ca-H) of residue G568
(34) which could firmly anchor the templating 8-0xoG and enhance the rate of phosphoryl
transfer. By analogy, the N-3 of a templating purine in the anti-conformation may also be a H-
bond acceptor of the Ca-H of G568, because of the close proximity between G568 and
templating purines in the RB69pol ternary structures (15,20). Assuming that a Ca-HeesN
hydrogen bond could help to stabilize a nascent pyrimidine:purine (py:pu) base pair, removing
the N-3 from a templating dA and replacing it with C-H (forming 3DA, Fig. 5A ) would be
expected to cause destabilization of the nascent base-pair, leading to a less efficient insertion
of the “correct” dNMP. Insertion of dTMP opposite a templating 3DA, by the wt and the Y567A
mutant, resulted in progress curves with significant reduction in efficiency, relative to dTMP
insertion opposite A (Fig. 5B). In contrast, the reciprocal situation of inserting d(3DA)MP
opposite of T by either wt or the Y567A mutant resulted in k po) values and amplitudes
comparable to that obtained when dAMP was inserted opposite T (Fig. 5C ).

Extention past C:8-0x0oG and A:8-0x0G base-pairs

Bypass of base-pairs containing 8-0xoG as the templating base was very inefficient with wt
RB69pol (Table 4). The main effect of having an 8-0xoG in the penultimate position 3’ to the
templating base was to increase the K g app for correct incoming dNTPs, by at least two orders
of magnitude relative to the situation where extension occurs with a normal P/T that does not
have an 8-0x0G lesion (Table 4). With the wt, the K ¢ app Values were too high (> 2 mM) for
an accurate determination of k o, but it was apparent that extrapolation of the plots of k s
versus [dTTP] (the next correct dNTP) would give higher k o and larger K ¢ app Values for
insertion past an A:8-0xo0G base-pair, relative to insertion past a C:8-0xoG base-pair, resulting
in approximately equal efficiencies for insertion of dTMP opposite A when bypassing A:8-
0xoG and C:8-0xoG base-pairs (Fig. 6). This result concurs with a previous report by Kisker
et al. (15). In contrast, the Y567A mutant bypassed both A:8-0xoG and C:8-0x0G pairs much
more efficiently, with k yoi/K g app Values 20-fold and 60-fold higher than with wt, respectively.

Crystal structures of the Y567A mutant in complex with adideoxy primer-template containing
a templating 8-oxoG opposite dATP or dCTP

To correlate the kinetic results with the RB69pol structure it was necessary to obtain high
quality crystals of the various complexes under study. Crystal structures of wt RB69pol ternary
complexes containing a templating 8-0xoG and an incoming dCTP have already been reported
(15), but there was no information for ternary complexes of the RB69pol Y567A mutant with
P/Ts having a templating 8-0xoG opposite dCTP and dATP. To fill this gap, we were able to
obtain crystal structures of the above mentioned ternary complexes, with 2.1 A and 2.3 A
resolution, respectively. The structures were well refined, with free R-factors of ~ 25 % and
26 %, respectively (Table 3). Note that calcium ions were used as the metal ion cofactor to
crystallize these complexes, instead of magnesium. Unlike magnesium, the cofactor that brings
about rapid phosphory! transfer, calcium did not lead to phosphoryl transfer, even in the
presence of the 3’-OH (which was absent in these structures), so it is very likely that these
structures represent inactive complexes. However, the goal here was to obtain new insights
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into base selectivity by determining; (i) the precise interactions between the incoming dNTP
and 8-o0xoG; (ii) the location and geometry of the nascent base-pair with respect to residues in
the NBP, and; (iii) by comparing these structures with those from previous studies that used
virtually identical conditions to crystallize RB69pol (15,20). With the Y567A mutant:dCTP:
8-0x0G structure, we observed three hydrogen bonds between the incoming dCTP and 8-0x0G,
with the 8-0xoG oriented in the anti-conformation (Fig. 7A ). When we superimposed the palm
domains of the wt:dCTP:anti-8-0xo0G structure (15) and the Y567A mutant:dCTP:anti-8-oxoG
structure, there was an ~ 0.7 A shift of the A567 and G568 residues laterally toward the Y416
side chain, relative to the wt, while maintaining approximately the same distance between the
Ca-H of G568 and the N-3 of anti-8-oxoG (Fig. 8). The shift of these residues also permitted
the nascent base-pair to move in the same direction, presumably helping it to alleviate some
strain between the 2’-deoxyribose 5’-carbon and O-8 of anti-8-0xoG (represented by circular
arrows, Fig. 8). Such a shift would be unlikely to occur in the wt RB69pol because of the Y567
side chain, which is hydrogen bonded to the side chain of Y391 and packed against the side
chain of Y416, creating considerable rigidity in this region.

From the omit Fobs-Fcalc electron density maps of the two Y567A mutant ternary structures,
we can see that the templating 8-0xoG adopts a syn conformation when it pairs with dATP,
with two inter-base hydrogen bonds helping to stabilize it in the syn orientation in a manner
analogous to that found with the A family DNA pols, BF pol and T7 pol (8,12) (Fig. 7B ). In
addition, G568 was in close proximity to syn-8-0xoG so that an H-bond could form with the
Ca-H of G568 and the O-8 of syn-8-oxoG (inter-atom distance of 3.1 A) (Fig. 7B ).
Superimposing the palm domains of Y567A mutant:dCTP:anti-8-oxoG with the corresponding
Y567A mutant:dATP:syn-8-0xoG complex revealed that residues A567, G568, and A569 in
the immediate vicinity of Y567A, shifted towards Y416. There were no other significant
changes (for example, L561, 1570, and Y416 remained fixed) (Fig. 9). Interestingly, the CI’-
CI’ distance of the anti-dATP:syn-8-0xoG base-pair, often used as a measure of base-pair size,
was 10.2 A, which is less than that of the typical purine-pyrimidine base pair (10.6 A).

DISCUSSION

It has been estimated that reactive oxygen species (ROS), e.g. *OH, produce 100 — 400 8-0x0G
residues per day per mammalian cell (5). The presence of 8-0xoG residues in DNA has been
implicated in numerous diseases, including cancer (35,36), presumably because of its dual
coding potential that leads to G —> T tranversions. To help counter the dire effects of ROS
mediated mutations, it is important to understand how human DNA polymerases insert dAMP
opposite 8-0x0G. Because of the similarity between human DNA pols o and 6 and RB69pol,
the latter can serve as a good model for the human pols.

Several reports have proposed that the two hydrogen bonds formed between dATP and syn-8-
oxoG (Fig. 1) are partially responsible for its efficient utilization (4,6,37). Crystal structures
of dATP:syn-8-0xoG base-pairs within a DNA duplex show that they are compatible with B-
form DNA, and their Tm values confirm that DNA duplexes containing these base-pairs are
at least as stable as those that do not (38—40). However, residues within the NBP of RB69pol,
such as G568, can alter the stability of this base-pair, which could affect insertion of dAMP
opposite 8-0x0G (8,12,15). Based on a comparison of the structures of awt RB69pol:P/T binary
complex containing an abasic site, and a ternary complex containing a dCTP:anti-8-0xoG base-
pair, it was argued that G568 becomes “strained” upon binding of a template base into the
polymerase NBP because the templating base would have to protrude into the minor groove
of the DNA substrate by 1.9 A (15). To explain the lower efficiency of JAMP insertion opposite
8-0x0G by wt RB69pol, it was proposed that syn-8-oxoG would cause G568 to become even
more “strained” by forcing it further into the minor groove of the DNA (15). Because the
Y567A mutant increases misinsertion (41), Kisker et al. (15) speculated that the Y567A
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substitution would relieve the strain imposed on G568 by providing some “wiggle room” in
the NBP. The superimposed structures of wt and the Y567A mutant complexed with
dCTP:anti-8-0x0G supports this idea by showing that; (i) the Y567A substitution causes G568
to shift by ~ 0.7 A toward the space formerly occupied by the phenyl ring of Y567 (Fig. 8)
and; (ii) that the efficiency of dCMP insertion opposite 8-0X0G (K poi/K g app) increases 5-fold
compared to wt (Table 2).

Comparison of the Y567A:anti-8-oxoG:dCTP structure with the Y567A:syn-8-oxoG:dATP
structure shows that G568 recedes into the DNA minor-groove by ~ 0.6 A (Fig. 9), suggesting
that the Y567A mutant provides G568 enough flexibility so that syn-8-oxoG can be easily
accommodated. However, if G568 “strains” when packed against syn-8-oxoG, we would have
expected the relative efficiency of dAMP versus dCMP insertion opposite 8-0x0G to decrease.
Since this did not occur, G568 may not be “strained” after all. In fact, relative to the wt, the
Ca-H of G568 is closer to O-8 of syn-8-0x0G (3.1 A) (Fig. 7B ) in the Y567A mutant than to
the N-3 atom of anti-8-0x0G (3.4 A) (Fig. 7A). These findings, and our results with nucleotide
analogs (vide supra), suggests that G568 provides additional stability to a nascent base-pair,
containing a templating 8-0x0G, by G568 donating its Ca-H to O-8 of syn-8-0xo0G, or to N-3
of anti-8-0x0G. Previous studies with transmembrane proteins have shown that hydrogen
bonds can form between Ca hydrogens of glycine and backbone carbonyl oxygens, i.e., Ca-
HeeeO=C, stabilizing helical structures that transverse the lipid bilayer (34). These H-bonds
provide about 3 kcals/mole if they are at an inter-atom distance of 3.0 A, which is approximately
the distance between syn-8-oxoG and G568 (Fig. 7B ). This is half the strength of an NeeeH-
O hydrogen bond when it is in a hydrophobic environment like the NBP (42,43). The finding
that the purine analog 3DA (where N-3 is replaced with C-H, and thus cannot interact with
G568) caused a significant reduction in dTMP insertion opposite 8-0xoG supports the notion
that a Ca-HeeeN bond helps to stabilize this Pu:Py base-pair as well (Fig. 5B ). Because this
latter finding also applies to Watson-Crick base-pairs, the stability of a nascent base-pair may
not be fully optimized by forming inter-base hydrogen bonds and/or by fitting snugly inside
the NBP.

The finding that the Y567A substitution did not appreciably expand the NBP pocket in the
vicinity of templating 8-0xoG in a manner that would relieve a steric clash until 8-oxoG flipped
into a syn conformation (compare the schematics of Fig. 8B and Fig. 9B ), suggests that the
Y567A mutant allows efficient dAMP insertion opposite 8-0xoG by allowing G568 to have
more flexibility (Fig. 8A ). Our previous analysis of RB69pol NBP mutants demonstrated that
a larger NBP volume did not affect the rates of correct ANMP insertion, but did give higher
rates of misinsertion (24). The data presented here concurs with this, by demonstrating that an
expansion of the NBP leads to a higher efficiency of dAMP insertion opposite 8-0xoG, without
appreciably altering the kinetic parameters of dCMP insertion opposite 8-oxoG. However,
because dAMP is inserted opposite 8-0xoG more efficiently by the Y567A mutant than wit,
because of a more flexible NBP, we argue that misinsertion occurs not only when steric clashes
are removed, but also when NBP residues fail to provide the interactions necessary to keep the
pocket rigid.

Once inserted, a terminal base-pair containing a templating 8-oxoG dramatically reduces
primer extension by the next correctincoming dNTP. Interestingly, bypass of a C:8-0xoG base-
pair by wt RB69pol occurs just as efficiently as the bypass of A:8-0xoG (Table 4), in contrast
to what has been reported for all other DNA pols which more readily bypass a terminal A:8-
0xoG pair (e.g. (9,14,44)) except for pol n (45). Superposition of the nascent base-pairs of our
RB69pol Y567A:anti-8-0x0G:dCTP or Y567A:syn-8-0xoG:dATP structures onto the terminal
dG:dC base-pair from the structure of the first RB69pol ternary complex determined (20) (Fig.
10) provides new insights into the post-chemistry translocation event and primer-extension
beyond the 8-0x0G base-pair, namely that when the terminal 8-oxoG base-pair fits into the
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cavity of wt RB69pol (within the active site), regardless of its conformation (syn8-oxoG or
anti-8-0xo0G), 8-0x0G clashes into its own 5’-bridging phosphate, or this phosphate clashes
into the main chain backbone (N572, which itself donates two hydrogen bonds to the phosphate
backbone) to avoid a steric clash with 8-0xoG. Specifically, if the 5’-bridging phosphate
assumes the canonical conformation of the templating nucleotide residue (shown in blue, Fig.
10C,D ), there would be a severe steric clash with O-8 of anti-8-0xoG or N-2 of syn-8-oxoG
(Fig. 10C,D ). Thus, translocation must be coupled with a reorientation of the phosphate
backbone of the templating nucleotide residues, and this explains why insertion of the next
dNMP proceeds very slowly (Table 4). The modeling also suggests that the width of the binding
pocket for the (N-1) base-pair is too small for the 8-oxoG base-pair to fit into the space provided
by RB69pol. However, it appears that the 3’-OH of the new priming nucleotide residue is still
in optimal alignment to facilitate rapid catalysis, suggesting that there are likely some
differences between our modeling results and what occurs on the phosphoryl transfer pathway.
We are in the process of obtaining the relevant crystal structures to identify these differences.

As with the wt, the precise structural features that allow the Y567 A mutant to increase extension
of a primer beyond a terminal 8-0xoG base-pair in the duplex cannot be identified without the
relevant ternary crystal structures. However, based on what is known about the kinetic and
structural consequences regarding the flexibility that occurs with G568 in the Y567A mutant,
we can anticipate that a similar situation might occur with respect to the binding pocket of the
terminal base-pair in the DNA duplex. Because the hydrogen bond between Y567 and Y391
in the wt likely provides rigidity for the NBP (Fig. 10B ), its absence should increase the
flexibility of the local structures supporting the terminal base-pair of the P/T, thus making it
possible to accommaodate terminal dN:8-0xoG base-pairs. In addition, the increased flexibility
due to the Y567A substitution may allow the base-pair containing 8-oxoG to recede further
into the minor groove.

Despite the considerable sequence similarity between pols of the B family (46), the efficiency
of dAMP and dCMP insertion opposite 8-0xoG varies considerably (13-15). However,
conserved NBP residues, namely Y567 (using the RB69pol humbering scheme), would be
expected to have similar roles in modulating dNMP insertion by these DNA pols, as well as
by DNA pols from other families. Y567 is part of the highly conserved DNA polymerase motif
B (47), and previous studies have used modeling of the pre-insertion ternary complexes of
DNA polymerases which have an anti-dCTP:anti-8-0xoG nascent base-pair to show that the
tyrosine residues corresponding to Y567 of RB69pol, namely Y390 of ¢29pol, Y530 of T7
DNApol, Y955 of human pol y, and Y271 of human pol B, likely “block” the stable formation
of an A:8-0x0G base-pair either by preventing 8-0xoG or the incoming adenine base from
flipping into the syn conformation (11,16-19). As expected, substitution of conserved Tyr with
residues having smaller side chains, i.e., Y390S in ¢29pol and Y955C in human pol vy (16,
19), led to significant loss of discrimination against dAMP insertion relative to dCMP opposite
8-0x0G, but these losses were primarily due to a reduction in the insertion efficiency of ACMP,
aresult in contrast with that of the Y567A mutant of RB69pol (Table 2). These results suggest
that RB69pol uses the conserved Y567 residue to discriminate against JAMP insertion opposite
8-0x0G in a different way than other DNA polymerases, even with DNA polymerases from
the same family (e.g., ¢29pol). However, we cannot rule out the possibility that the substitution
of a Tyr with different residues (Ser, Cys, and Ala) would contribute significantly to these very
different kinetic outcomes. Studies are underway to determine the effect of different Y567
substitutions on the fidelity of the 8-0x0G bypass.

In summary, the data presented here show that the role(s) of each conserved NBP residue in
enhancing or reducing dNMP insertion efficiencies is largely influenced by nearby residues in
the NBP. In addition, interactions that are not usually considered to be important, i.e., Ca-
Hee+O=C or Ca-Hee*N hydrogen bonds, can stabilize nascent base-pairs in a fashion that leads
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to rapid phosphoryl transfer. This underscores the need to better understand how NBP residues
interact with nascent base-pairs as well as with each other.
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Figure 1.

Structures of an incoming dCTP or dATP paired opposite a templating 8-0x0G. 8-OxoG likely
flips into the syn conformation to pair opposite dATP to form a base pair comparable to
dATP:T, with two inter-base hydrogen bonds.
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Figure 2.

Steric relationship of some of the NBP residues surrounding an incoming dTTP paired opposite
atemplating A (from Franklin et al., PDB code 11G9 (20)). A. The nascent base-pair and
surrounding residues are shown from the duplex side of the primer-template in space-filling
form (the terminal base-pair is shown in stick form (purple) for clarity). L561 and Y567 are
shown in orange. B. Orthogonal view of (A), showing the close proximity of L561 with the
templating base.
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Figure 3.

Kinetics of dAMP insertion opposite 8-o0xoG by the Y567A mutant (A and B) and the wt (C
and D). A. Progress curves with various [dATP], 10, 40, 100, 250, 700, and 1500 uM (bottom
to top), fit to single exponential equations. 1 mg/ml Heparin was used to prevent rebinding of
the enzyme to the P/T. B. Plot of kqp,s Versus [dATP] fit to Equation 2 to obtain kpo and
Kg,app- C- Same as A but with the wt. Progress curves were obtained without a heparin trap.
D. Same as B using the results of C.
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Purine:purine nascent base pairs poorly utilized by the Y567A mutant.
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Figure 5.

Progress curves for wt RB69pol and the Y567A mutant for insertion of d(3DA)MP opposite
T and dTMP opposite 3DA. A. Shown is the purine numbering scheme (left) and 3-
deazaadenine (3DA) (right). B. Rate of DNA product formation for dTMP insertion opposite
3DA by wt (A), dTMP opposite A by wt (), and dTMP opposite 3DA by the Y567A mutant
(m). C. Rate of DNA product formation for d(3DA)TP insertion opposite T by wt (m), dATP
opposite T by wt (e), and dTMP opposite 3DA by the Y567A mutant A.
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Figure 6.
Kobs Versus [dTTP] plots of wt RB69pol extending primers beyond A:8-oxoG (e) and C:8-
0x0G (V) terminal base-pairs.
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anti—8oxodG
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Figure 7.
Crystal structures of the RB69pol Y567A mutant in complex with anti-8-0xoG:dCTP and

syn-8-0x0G:dATP. A. Fo-Fc electron density map of the anti-8-oxoG:dCTP nascent base-pair.
B. Fo-Fc electron density map of the syn-8-oxoG:dATP nascent base-pair.
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Comparison of the crystal structures of wt and the Y567A mutant in complex with anti-8-
0x0G:dCTP (14). A. Superimposed palm domains showing that the Y567A substitution
resulted in a shift of G568 by ~ 0.7 A laterally toward Y416, relative to wt. Residues of the
Y567A mutant and wt are shown in yellow and orange, respectively, and the individual residues
Y567 and Y567A are shown in gray and magenta, respectively. The nascent base-pair in the
wt and Y567A mutant structures are shown in silver and blue, respectively. B. Schematic
illustration of the spatial relationship between G568 and the nascent base-pair as shown in

(A).
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Figure 9.

Comparison of the Y567A mutant anti-8-oxoG:dCTP and syn-8-0xoG:dATP ternary crystal
structures. A. Superimposed palm domains showing that 8-oxoG flips from anti to a syn
conformation resulting in a shift of A567 and G568 into the minor groove of the primer-
template by ~ 0.6 A. The Y567A:anti-8-0xoG:dCTP backbone is shown in orange, and the
Y567A:syn-8-0x0G:dATP backbone in yellow. B. Schematic illustration of the spatial
interaction between G568 and the nascent base-pair as shown in (A).
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Figure 10.

Computer modeling of wt and the Y567A mutant ternary complex with the observed dATP:
8-0x0G or dCTP:80x0G translocating from the nascent base-pairing position to the product
position. A. Structure showing the terminal template base G (dG(N-1)) opposite the dideoxy-
terminated nucleotide dC in the wt RB69pol ternary complex structure with Y567A modeled
into the structure (PDB entry 11G9). The mutation site is shown in magenta. Hydrogen bonds
are shown in green dotted lines. B. Corresponding wt structure showing that Y567 and Y391
can form a hydrogen bond. C. Superposition of the anti-8-oxoG:dCTP base-pair onto the dG
(N-1):dC base-pair. Black arrows illustrate which interactions are unfavorable. D.
Superposition of the syn-8-oxoG:dATP base-pair onto the dG(N-1):dC base-pair. Black arrows
illustrate which interactions are unfavorable.
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Table 1

Primer-template squences used in this study *

G "
GCGCCTGACGAATGGACT
AT |
GCGCCTGACGAATGG ACT
i
GCGCCTGACGAATGG ACT
o[>
GCGCCTGACGAATGG ACT
e [
GCGCCTGACGAATGG ACT
ik
GCGCCTGACGAATGATCT
eometoerme [
GCGCCTGACGAATGA 3,TCT

*

The templating base is in bold. Gg = 8-0x0G, and A3D = 3-deazaadenine (3DA). Do(;dd was used to grow the crystal structures discussed.
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Table 3
Data Collection and Refinement Statistics.

Ternary complex with: dATP vs d8oxoG dCTP vs d8oxoG
Unit cell [a,b,c(l&)] 78.148,117.603,130.681 | 76.394,121.089,122.857
Resolution range (Highest-resolution sheII)(A) 50.0-2.30 (2.38-2.30) 50.0-2.05 (2.12-2.05)
No. of unique reflections 51799(4177) 65594(5020)
Redundancy 4.2(3.0) 3.8(2.3)
Completement (%) 95.3 90.7
Rmerge 8.3(>100) 7.3(96.2)
Signal to noise ratio (1/81) 15.3(0.95) 16.5(1.03)
Model Contents:

no. of amino acid residues 901 901

no. of water molecules 175 566

no. of Ca?* ions 4 3

no. of template nucleotides 16 16

no. of primer nucleotides 13 13

no. of dNTP molecules 1 1
R¢ (%) 20.40 20.92
Riree (%) 26.83 25.26
RMSD bonds(A) 0.0092 0.0091
RMSD angles(°) 1.307 1.237
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