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ABSTRACT: The fidelity of DNA replication is under constant threat from the formation of lesions within the
genome. Oxidation of DNA bases leads to the formation of altered DNA bases such as 8-oxo-7,
8-dihydroguanine, commonly called 8-oxoG, and 2-hydroxyadenenine, or 2-OHA. In this work we have
examined the incorporation kinetics opposite these two oxidatively derived lesions as well as an abasic site
analogue by the replicative DNApolymerase from bacteriophageRB69.We compared the kinetic parameters
for both wild type and the low fidelity L561A variant. While nucleotide incorporation rates (kpol) were
generally higher for the variant, the presence of a lesion in the templating position reduced the ability of both
the wild-type and variant DNA polymerases to form ternary enzyme-DNA-dNTP complexes. Thus, the
L561A substitution does not significantly affect the ability of the RB69 DNA polymerase to recognize
damaged DNA; instead, the mutation increases the probability that nucleotide incorporation will occur. We
have also solved the crystal structure of the L561A variant forming an 8-oxoG 3 dATP mispair and show that
the propensity for forming this mispair depends on an enlarged polymerase active site.

Most replicative DNA polymerases copy DNA with high
fidelity. These faithful enzymes must select the correct dNTP
among the four canonical nucleotides and do so at rates high
enough to support replication of the genome within the time
frame of a single cell division. The error rates of replicative DNA
polymerases range as high as one error for every 106 incorpora-
tion events (1). While DNA polymerases have the ability to
efficiently discriminate between correct and incorrect incoming
nucleoside triphosphates, the genomes of all organisms are under
constant assault from both endogenous and exogenous sources.
The resulting alterations to the genome can have a dramatic effect
on the ability of DNA polymerases to maintain accurate DNA
replication or to maintain any replication at all (2). Abasic sites
are produced at a rate of >10000 per human cell per day (3).
These lesions arise primarily through spontaneous hydrolysis of
the N-glycosylic bond and as intermediates in the base excision
repair pathway (4). Abasic sites (Figure 1) are strong blocks to
DNA replication by most replicative DNA polymerases and can
only be bypassed at a low rate in vitro in the presence of high
dNTP concentrations. Under these conditions, all replicative
polymerases tested to date exhibit a strong preference for
incorporation of dAMP, regardless of the nature of the original
templating base. This phenomenon, known as the A-rule, is
mutagenic (5, 6).

Reactive oxygen species pose another significant threat to
DNA. In particular, 8-oxo-7,8-dihydroguanine (8-oxoG)1 is a
commonly formed oxidatively derived lesion that has the poten-
tial to miscode (Figure 1). Replicative DNA polymerases are
reported to bypass templating 8-oxoG, although not as efficiently
as G, and many show high rates of dAMP misincorporation
instead of incorporating the correct dCMP (7-9). For the
8-oxoG 3 dCTP pairing, the templating 8-oxoG adopts the usual
anti conformation and participates in a canonicalWatson-Crick
base pair (9, 10); however, 8-oxoG can also adopt the syn
conformation (11), which allows formation of a Hoogsteen base
pair with dATP (12). The resulting mispair presents a minor
groove arrangement that is virtually indistinguishable from the
normal G 3C Watson-Crick base pair such that the DNA
polymerase is unable to recognize the mismatch as an error
and proceeds with replication (13). The same agents that produce
8-oxoG also produce 2-hydroxyadenine (2-OHA), a lesion that is
also capable of miscoding and acting as a premutagenic lesion
(14, 15) (Figure 1). Although highly sensitive assays have shown
little or no production of 2-OHA except under conditions of very
high concentrations of Fe2þ (16), 2-OHA is stable and readily
available and can be used to probe the determinants of fidelity
within the polymerase active site. Moreover, oxidatively derived
lesions such as 8-oxoGhave been implicated in cancer, aging (17),
and neurodegenerative diseases such as Parkinson’s (18).

The prevalence of abasic sites and oxidatively derived lesions
makes them obvious substrates to probe the determinants of
fidelity within the active site of replicative DNA polymerases.
Crystal structures of replicative DNA polymerase from bacter-
iophage RB69 have been determined in an apo form (19), in
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complex with DNA in both the polymerizing mode (20) and
editing mode (21) and in complex with DNA containing the
lesions 8-oxoG (9), thymine glycol (22), or an abasic site
(9, 23-25). These structures, in combination with biochemical
studies (26-28), have shown roles for several key amino acids in
forming the tight active site binding pocket. The upper wall of the
RB69 DNA polymerase active site comprises two residues, K560
and L561, but only one, L561, is in position to contribute to
fidelity by possible steric exclusion of deviations in the templating
base. Substitution of the leucine at position 561 with an alanine
increases mispair formation in vitro, and the DNA polymerase
variant displays a mutator phenotype in vivo (29).

In the work presented here, we have used the RB69 DNA
polymerase to examine how replicative DNA polymerases dis-
tinguish a blocking lesion, such as an abasic site, from lesions that
can be bypassed, e.g., 8-oxoG and 2-OHA. We have employed
primer extension assays to investigate the effects of these lesions
on incorporation by the L561ADNApolymerase.We show that,
when compared to the wild-type polymerase, the L561A variant
exhibits significantly higher rates of catalysis for mispair forma-
tion opposite these lesions whereas the binding affinity for the
incoming nucleotides is quite low for all mispairs for both the
wild-type and L561A polymerases. These results are in marked
contrast to the results for mispair formation using undamaged
bases in which both catalysis rates and binding affinities were
altered for various mispairs (29). The crystal structure of the
L561A DNA polymerase in complex with a templating 8-oxoG
and an incoming dATP suggests that the increased space within
the polymerase active site may allow for greater flexibility
of the DNA backbone. Our work suggests that when a lesion
is present in the template, the enzyme is predisposed to reject the

incoming nucleoside triphosphate, but when ternary complexes
do form, an increased active site volume allows for faster rates of
incorporation.

MATERIALS AND METHODS

Materials. All chemicals and reagents were from Sigma
(St. Louis, MO) or Fisher (Waltham, MA) and were of the
highest purity. Nucleoside triphosphates were purchased from
New England Biolabs (Ipswich, MA). The oligonucleotides were
synthesized by theMidlandCertifiedReagent Co. (Midland, TX)
and were purified on 16% polyacrylamide gels and desalted on
Sep-Pak C18 cartridges (Waters Corp., Milford, MA). The
sequence of the primer was 50-GCGGCTGTCATAAG-30 and
the 50 end of the primer strand was labeled with tetrachloro-
fluorescein (TET) for subsequent visualization. The template
sequence was 50-GACCAXCTTATGACAGCCGCG-30, where
X denotes a thymine (T), 2-OHA, 8-oxoG, or tetrahydrofuran
(furan, F), an abasic site analogue that is resistant to cleavage (30)
and has been used in prior structural studies (9, 23-25)
(Figure 1). The sequence used in these experiments is the same
as that in previous structural workwith an abasic site (24). Primer
and template oligonucleotides were annealed in 10 mM Tris, pH
7.5, 50 mM NaCl, and 1 mM EDTA with a 20% excess of
template strand by heating to 70 �C and cooling. All duplex
oligonucleotides were tested to ensure that at least 90% of the
primers were extendable. The plasmid encoding wild-type RB69
DNA polymerase gene was provided by Dr. Jim Karam (Tulane
University) and that encoding the L561A variant by Dr.William
Konigsberg (Yale University).
Methods. Both the wild-type and L561A polymerases possess

a C-terminal 6-His tag andwere purified and stored as previously
described (31). All enzymes used in these experiments are the
exonuclease-deficient D222A, D327A double mutants, and wild
type refers to the polymerase possessing a leucine at position 561.

The kinetics assays were all performed on an RQF3 rapid
quench flowdevice (KinTekCorp., State College, PA). SyringeA
contained 2000 nM gp43 (wild type or L561A) and 500 nM
primer/template duplex in 25 mM Tris-acetate, pH 7.5, 50 mM
NaCl, 5 mM β-mercaptoethanol, and 0.1 mM EDTA. Syringe B
contained 20mMmagnesium acetate and varying concentrations
of dNTPs in the same reaction buffer. Upon rapid mixing in the
RQF3, the final reactant concentrations were 1000 nM gp43,
250 nM DNA duplex, 10 mM Mg2þ, and dNTPs ranging from
0.02 to 4.5 mM. All reactions were run at 25 �C and quenched in
0.5 mM EDTA. Maximal nucleotide incorporation rates were
achieved with a ratio of 4 DNA polymerase molecules to 1 DNA
substrate. Under such saturating conditions of enzyme excess
over DNA substrate, single turnover conditions are ensured, and
postchemistry steps and enzyme/DNA dissociation events can be
effectively ignored, thus allowing estimation of kpol for all
reactions (32). These conditions also produced the highest
amplitude for the burst rate for nucleotide incorporation reac-
tions with the undamaged template (data not shown). Extended
primers were separated from unextended primers on 16%
denaturing polyacrylamide gels, and the resulting bands were
visualized by scanning the gels at 532 nm in a Molecular Imager
FX (Bio-Rad, Hercules, CA) to excite the 50 TET fluorophore.
Band intensities were measured with the Quantity-One software
package (Bio-Rad), and the amount of product formed was
calculated as the ratio of intensities for extended primers over
the intensities of both extended and unextended primers.

FIGURE 1: The lesions studied in this work. Top: The oxidation of
20-deoxyguanosine leads to 8-oxo-7,8-dihydro-20-deoxyguanosine.
Middle: The oxidation of 20-deoxyadenosine generates 2-hydroxy-
20-deoxyadenosine. Bottom: A naturally occurring abasic site
(hemiacetal form) (left) and a nonhydrolyzable form, tetrahydro-
furan (F) (right).
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The product formation curves for all slow reactions (rate con-
stants <10 s-1) were best fit to a single exponential equation
(P=A(1- e-kt)) to yield the observed rate constant kobs. Curves
for the fast reactions (rate constants >10 s-1) were best fit to a
double exponential equation (P = A(1 - e-kfastt) þ B(1 -
e-kslowt)) to yield two rate constants, kfast and kslow. The kobs
and kfast values were plotted against dNTP concentration, and
the resulting curve was fit to a hyperbola (kobs = (kpol
[dNTP])/(KD,app þ [dNTP])) to yield the maximal rate constant,
kpol, and the apparent dissociation constant for the incoming
nucleotide, KD,app. The KD,app measured here encompasses
several steps in the reaction pathway and is not the ground state
nucleotide dissociation constant as determined by other meth-
ods (33, 34). All curve fits were performed in Prism 5 (GraphPad
Software, La Jolla, CA).

Ternary complexes of L561A-8-oxoG-dATP were formed
by mixing the exonuclease-deficient variant (D222A, D327A)
(RB69 exo-) of RB69 gp43 (24) (10mg/mL) with 120 μMprimer
(50-GCGGCTGTCATAAG-30)/template (50-GCGCCGACAG-
TATTC(8-oxoG)AC-30) duplex DNA and 250 μMdideoxyGTP
in 6mMMnCl2, 2mMdithiothreitol, 6.5mMHEPES, pH7, and
33 mMNaCl. After 30 min at room temperature, the polymerase
had chain-terminated all of the primers by incorporating dideoxy-
GTP (data not shown). dATP was then added to a final
concentration of 10 mM and incubated on ice for 30 min.
Hanging drops were made by mixing 0.5 μL of this reaction
mix with 0.5 μL of reservoir solution (3% (w/v) PEG 20000
(Hampton Research, Aliso Viejo, CA), 100 mM sodium
acetate, 100 mM manganese acetate, 100 mM Tris-HCl, pH
7.0, 1% (v/v) glycerol, and 5 mM β-mercaptoethanol). Crystals
of approximately 100 μm per side grew in about 2 days at 24 �C
andwere quickly dipped into a cryoprotecting solution (4%(w/v)
PEG 20000, 100 mM sodium acetate, 100 mM manganese
acetate, 100 mM Tris-HCl, pH 7.0, 18% (v/v) glycerol, and
10 mM dATP) prior to flash cooling in liquid nitrogen.

Crystallographic data were collected at beamline 23-Id-B at
the Advanced Photon Source (Argonne National Laboratories)
and were indexed and scaled using HKL2000 (35). Molecular
replacement inPhaser (36)with theA 3 dTTP ternary complex (20)
stripped of all non-protein atoms yielded a starting model that
was refined with CNS 1.2 (37) followed by several iterative
rounds of model building in Coot (38) and energy minimization

in CNS 1.2. Water molecules were picked with CNS 1.2 and
final TLS, and coordinate refinement was performed with
Refmac5.6 (39). The quality of the model was assessed with
PROCHECK (40), which shows one residue (threonine 622) in
the disallowed region of the Ramachandran plot as seen in
previousRB69DNApolymerase structures (20, 24). Coordinates
have been deposited with the Protein Data Bank with ID code
3LDS.

RESULTS

Kinetic parameters for incorporation of dNMPs opposite
template T and the damaged bases were determined by rapid
chemical quench experiments. Rate constants for nucleotide
incorporation (kpol) and KD,app values were determined from
the initial burst phases for several dATP concentrations ranging
from2 to 200μM.For thewild-typeRB69DNApolymerase, kpol
was ∼229 s-1 and KD,app was ∼21 μM, and similar values were
observed for the L561ADNApolymerase with kpol∼252 s-1 and
KD,app ∼13 μM (Table 1). These values are similar to those
obtained previously for formation of a dAMP 3 dTTP base
pair (29). Incorporation of dAMP opposite template T by the
wild-type RB69 DNA polymerase showed biphasic kinetics, and
product formation curves were best fit to a double exponential
equation. The fast phase was the major reaction observed for
both the wild-type and mutant enzymes (the amplitudes of the
rate constant for the fast phase were >0.8 for all dNTP
concentrations) and includes the rates in the first enzyme turn-
over for dNTP binding, any conformational changes, and
phosphodiester bond formation (41). The rate constants for the
fast phase were plotted against dNTP concentrations to yield an
estimate for kpol. A minor slower phase (amplitude <0.2) was
observed with a rate constant of 15-20 s-1. This slower phase is
likely due to dissociation and rebinding events associated with
enzyme DNA complexes that are not catalytically competent,
perhaps enzymes with DNA bound initially in the exonuclease
site that need to dissociate and rebind DNA in the polymerase
active site. The rate constant of the slow phase observed
here is similar to the values obtained for such processes in the
homologous polymerase from bacteriophage T4 (42). We also
observed a lack of correlation between incoming nucleotide
concentrations and the observed rate of the slow phase
(data not shown), suggesting that this rate is measuring a process

Table 1: Kinetic Parameters for Replication of Undamaged and Damaged DNA by the RB69 Wild-Type (WT) and L561A DNA Polymerases

Kpol (s
-1) KD (mM)

L561A WTb L561A/WT L561A WT L561A/WT

T 3 dAMPa 251.6 (8.5) 228.8 (10.07) 1.1 (0.06) 0.013 (0.002) 0.021 (0.004) 0.6 (0.15)

8-oxoG 3 dAMP 33.2 (2.4) 6.0 (0.27) 6 (0.47)c 0.86 (0.2) 1.14 (0.15) 0.8 (0.2)

8-oxoG 3 dCMP 75 (4.4) 135.8 (13.01) 0.6 (0.06) 0.2 (0.05) 0.65 (0.23) 0.3 (0.13)

8-oxoG 3 dGMP 0.29 (0.02) 0.0061 (0.0005) 48 (5.1) 1.46 (0.21) 1.11 (0.24) 1.3 (0.34)

8-oxoG 3 dTMP 0.26 (0.008) 0.026 (0.002) 10 (0.83) 3.14 (0.19) 1.91 (0.29) 1.6 (0.27)

2-OHA 3 dAMP 0.019 (0.001) 0.0008 (0.00007) 24 (2.43) 1.28 (0.24) 0.71 (0.24) 1.8 (0.7)

2-OHA 3 dCMP 0.066 (0.003) 0.0047 (0.0002) 14 (0.86) 1.16 (0.16) 0.89 (0.12) 1.3 (0.25)

2-OHA 3 dGMP 0.2 (0.02) 0.019 (0.002) 11 (1.53) 2.41 (0.48) 2.36 (0.52) 1.0 (0.3)

2-OHA 3 dTMP 201.7 (18.1) 101.3 (20.2) 2 (0.44) 0.68 (0.2) 1.67 (0.8) 0.4 (0.23)

F 3 dAMP 5.7 (0.3) 0.36 (0.02) 16 (1.21) 0.84 (0.13) 1.9 (0.24) 0.4 (0.23)

F 3 dCMP 0.1 (0.01) 0.0015 (0.0002) 67 (11.11) 4.21 (0.96) 3.46 (0.74) 1.2 (0.38)

F 3 dGMP 1.74 (0.13) 0.063 (0.005) 28 (3.01) 2.31 (0.4) 1.59 (0.32) 1.5 (0.39)

F 3 dTMP 0.48 (0.03) 0.0039 (0.0006) 123 (20.43) 2.65 (0.37) 2.36 (0.72) 1.1 (0.38)

aThe first column is the templating base 3 incorporated nucleotide. bWild type. cThe values in bold are those in which the difference between L561A and
WT is greater than 5-fold.
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that is dependent upon the partitioning of DNA between the
active sites of the polymerase prior to addition of dNTPs. Thus
this slow phase could be measuring intramolecular switching of
the primer terminus between the exonuclease and the
polymerase active sites (25, 43) or enzyme dissociation from
the DNA and rebinding. Irrespective of the source of this slower
phase, comparisons between wild type and L561A still allow
us to make general statements as to whether polymerization
rates or binding affinities are altered by the L561A
substitution.

The wild-type and mutant DNA polymerases also incorpo-
rated dTMP opposite template 2-OHA with biphasic kinetics
(again, all amplitudes for the fast phase were >0.8) (Figure 2),
but maximal rates required a high concentration of dTTP,
especially for the wild-type RB69 DNA polymerase (Table 1).
While the pre-steady-state kpol parameter decreased only slightly
for the L561ADNA polymerase and just 2-fold for the wild-type
enzyme compared to replication of nondamaged DNA, the
KD,app values increased ∼50-fold (0.68/0.013) and ∼80-fold
(1.67/0.021) for the mutant and wild-type enzymes, respectively.
Thus, formation of productive ternary complexes required high
dTTP concentrations. Once ternary complexes are formed,
however, nucleotide incorporation ensues at rates similar to
formation of standard Watson-Crick base pairs.

In contrast, the apparent rate constants for incorporation of
any other dNMP opposite template 2-OHA were considerably
lower (more than 1000-fold lower for the L561A DNA poly-
merase and more than 5000-fold lower for the wild-type RB69
DNA polymerase), and KD,app values were all above the physio-
logical level. For the less favorable misincorporation reactions,
rate constants were 10- to >20-fold lower for the wild-type
enzyme (Table 1) as was observed previously for formation of
mismatches with nondamaged DNA (29). The low kpol values
suggest that the population of catalytically competent ternary

complexes is small, likely a result of an increased rate of reverse
conformation change (closed to open) as defined by k-2 in the
kinetic scheme of Tsai and Johnson (33).

Since correct replication of 2-OHA is highly favored over
incorrect replication by both the wild-type and mutant DNA
polymerases, this lesion is not predicted to be highlymutagenic in
RB69. Replication of 8-oxoG, however, is known to be muta-
genic in all organisms. Both the wild-type and mutant DNA
polymerases catalyzed correct translesion replication, incorpora-
tion of dCMPopposite template 8-oxoG, in a biphasicmanner as
described. The kpol values (as calculated from plots of the rate
constants for the fast phase against dCTP concentration) were
slightly lower than for the undamaged incorporation of dTTP
opposite A, but the KD,app values were significantly higher,
resulting in an almost 50-fold reduction in the efficiency of
incorporating dCTP opposite 8-oxoG (Table 2). Incorporation
of dAMP opposite 8-oxoG was the most favored incorrect
nucleotide incorporation reaction. Biphasic kinetics were ob-
served for the L561A DNA polymerase, kpol ∼33 s-1 (again,
where the higher rate constant is themajor phase), but incorpora-
tion of dAMP by the wild-type RB69DNA polymerase occurred
with a single rate constant of ∼6 s-1 (Table 1). The wild-type
RB69 DNA polymerase favors the correct incorporation of
dCMP opposite template 8-oxoG almost 40-fold over incorpora-
tion of dAMP while the variant discriminates less, about 10-fold
(Table 2).

Replication of abasic sites is not an efficient reaction for either
the wild-type or mutant DNA polymerases (Table 2, Figure 2).
Despite this deficiency, the L561A DNA polymerase shows a
higher increase in kpol for incorporation opposite tetrahydrofur-
an when compared to wild type, especially for incorporating
pyrimidines opposite the lesion (Table 1). Like the reactions with
2-OHA and 8-oxoG, the KD,app values for incorporation oppo-
site the furan were unaffected by the L561A substitution.

FIGURE 2: Representative kinetic data. The product formation curve for incorporating 200 μMdTTPopposite 2-OHAby the L561A variant (A)
was fit to a double exponential equation (P=A(1- e-kfastt)þ B(1- e-kslowt)) and for incorporation of 200 μMdATP opposite F (C) was fit to a
single exponential equation (P=A(1- e-kt)). The rate constants for each reaction were plotted against dNTP concentrations and fit to a square
hyperbola (kobs = (kpol[dNTP])/(KD,app[dNTP])) for 2-OHA 3dTMP (B) and F 3dAMP (D).
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It should be noted that the abasic site analogue used in this study
may differ in its conformational flexibility (44) and in vivo (45)
effects when compared to a naturally occurring 20-deoxyribose
abasic site.

Crystallization trials of ternary complexes of L561A gp43 with
duplex DNA containing an oxidatively derived lesion or furan in
the templating position and an incoming dNTP were performed
to visualize the effect of the L561A substitution on the active site
of the polymerase. The only complexes that crystallized opposite
2-OHA were with dTTP as the incoming nucleotide. Likewise
with 8-oxoG, the easiest ternary complexes to grow in terms of
the number, size, diffraction quality, and tolerance for varying
growth conditions were with dCTP as the incoming dNTP.
The only mismatch that was successfully crystallized was the
8-oxoG 3 dATP complex reported here. Interestingly, attempts to
grow these crystals in the presence of magnesium yielded poorly
diffracting crystals whereas addition of manganese produced
usable crystals. The kinetic experiments were all performed with
magnesium, but it has been shownpreviously for the homologous
polymerase from bacteriophage T4 that manganese dramatically
increases kpol values and decreases apparent KD,app values for
forming mismatches and for incorporation opposite abasic
sites (46), and a similar effect may be occurring with 8-oxoG.

Crystals of the ternary complex of the L561A DNA polymer-
ase in complex with a templating 8-oxoG and incoming dATP
diffracted X-rays to 3.0 Å. The space group is P212121, and there
is one ternary complex per asymmetric unit. Data collection and
refinement statistics are shown in Table 3. The DNA primer was
chain terminated by incorporation of dideoxyGMP prior to
addition of a large excess of dATP, and radiolabeling of the
reaction mixtures showed no detectable unextended primer after
30 min at room temperature (data not shown).

The overall architecture of the complex is like that observed
previously for other RB69 gp43 ternary complexes (9, 20, 23).
The fingers domain is closed, bringing the conserved residues
R482, K486, and K560 into contact with the triphosphate tail of
the incoming nucleotide and pinning it against the conserved
catalytic aspartates D411 and D621 (Figure 3). Two manganese
ions have been placed into the electron density between the
catalytic aspartates and the triphosphate tail of the incoming
dATPbased on the presence of two strongpeaks in an anomalous
difference Fourier map (Figure 3). A third manganese is found in
the exonuclease active site. Difference maps calculated with the
8-oxoG 3 dATP residues omitted show clear density for the
8-oxoG residue in a syn conformation. The guanine base has
rotated around its N-glycosylic bond to place the oxygen atom at

position 8 in the minor groove of the DNA and to present its
Hoogsteen face to the incoming dATP. The oxygen at position 6
of 8-oxoG is nowplaced directly opposite the alanine substitution
at position 561 (Figure 3).

DISCUSSION

Replicative DNA polymerases are accurate enzymes capable
of efficiently inserting the correct nucleotide opposite the tem-
plating base. Oxidation of templating bases, however, can alter
the shape, size, and hydrogen-bonding capability of the base.
Removal of the base altogether to form an abasic site has a
dramatic effect on the steric arrangement of the polymerase

Table 2: Insertion Specificity for the Most Efficient Translesion Reactions

Catalyzed by the RB69 L561A and Wild-Type (WT) DNA Polymerases

Kpol/KD (s-1 mM-1)a

L561A WT L561A/WT

T 3 dAMPb 19353 10895 1.8

2-OHA 3 dTMP 297 61 4.9

F 3 dAMP 6.8 0.2 35.8

F 3 dGMP 0.75 0.04 19.0

efficiency dAMP/dGMP 9 5

8-oxoG 3 dCMP 375 209 1.8

8-oxoG 3 dAMP 38.6 5.3 7.3

efficiency dCMP/dAMP 10 39

aThe kpol and KD,app values are from Table 1. bThe templating base is
given first and the incorporated nucleotide is given second.

Table 3: Data Collection and Refinement Statisticsa

data collection

space group P212121
cell dimensions

a, b, c (Å) 81.01, 121.0, 128.67

R, β, γ (deg) 90, 90, 90

Rmerge 0.099 (0.48)

I/σI 17.5 (3.2)

completeness (%) 98.4 (86.7)

redundancy 7.0 (4.9)

refinement

resolution (Å) 30 3.0

no. of reflections 22682

Rwork/Rfree
b (%) 24.8/29.7

no. of atoms

protein 7369

DNA 680

Mn2þ 3

water 12

B-factors (Å2)

protein 97

DNA 74

Mn2þ 60

water 45

rms deviations

bond lengths (Å) 0.007

bond angles (deg) 1.11

aThe values in parentheses are for the highest resolution bin. bRfree was
calculated with 5% of the reflections not used in refinement.

FIGURE 3: The 8-oxoG 3 dATP mispair in the active site of the RB69
DNA polymerase. An Fo - Fc map is shown (green; contoured at
2.5σ), along with an anomalous difference Fourier map (orange,
contoured at 4.5σ) pinpointing the location of the two manganese
ions (purple spheres). dATP fits the density in a normal anti
conformation while the electron density shows clear evidence that
8-oxoG adopts a syn conformation. The primer strand of DNA has
been omitted to aid in clarity.
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active site by creating an unfilled void. These DNA lesions can
lead to replication fork arrest or, if bypassed incorrectly, con-
tribute to the mutation load of an organism (47).

In this work we have attempted to identify DNA polymerase
interactions that prevent replication of damaged DNA by highly
accurate replicative DNA polymerases. Three types of lesions
were studied in vitro: 2-OHA, 8-oxoG, and tetrahydrofuran
(Figure 1). Since the wild-type RB69 DNA polymerase may
display high discrimination against these DNA lesions, we also
employed the low fidelity L561A DNA polymerase. The L561A
DNA polymerase has an increased ability to allow formation of
several incorrect base pairs compared to the wild-type RB69
DNA polymerase, including incorporation of dAMP opposite
template A and incorporation of dGMP opposite template G
with KD,app values less than 200 μM (29), which is the estimated
concentration of dNTPs at phage replication forks (48). The rate
constants for these reactions were generally higher for the DNA
polymerase variant but still ∼3 orders of magnitude lower than
for incorporation of correct nucleotides. Nevertheless, a weak
mutator phenotype is observed for the L561A DNA polymerase

in vivo that appears to underestimate the magnitude of mismatch
formation since synthetic lethality was observed for an exo-
nuclease-deficient L561ADNApolymerase, whichwas attributed
to error catastrophe (29). In other words, most of themismatches
formed by the L561A DNA polymerase may be corrected by
exonucleolytic proofreading. Given the potential for mismatch
formation by the L561ADNA polymerase, this variant may also
replicate damaged DNA that normally blocks replication by the
wild-type RB69 DNA polymerase.

In previous work with the L561A variant (29), all mismatches
with undamaged templates formed by wild-type DNA polymer-
ase exhibited a higher KD,app than for normal incorporations by
at least an order of magnitude. Furthermore the KD,app for each
mismatch, although higher than for normal base pairs, was lower
for the L561A variant than for wild type (29). In contrast, when
lesions are present theKD,app values for mismatches are relatively
unchanged between wild-type and L561A DNA polymerases
(Table 1). The only noticeable difference between the L561A
variant and wild type is a 2-3-fold reduction inKD,app values for
the canonical 8-oxoG 3 dCTP and 2-OHA 3 dTTP pairs and

FIGURE 4: Comparison of 8-oxoG 3dNTP ternary complexes. In these images, the structures have been aligned using the R-carbons of the palm
domain (residues 383-468 and 573-729). The duplexDNA from all structures was omitted for the sake of clarity. (A) The ternary complex with
an 8-oxoG (anti) 3dCTP base pair (PDB ID: 1Q9Y) (9) is shown as a cartoon (tan), and the nascent base pair is shown inmagenta. van derWaals
surfaces are shown for the residues forming the nucleotide binding pocket (yellow), 8-oxoG (gray), andL561 (light green). (B)Anorthogonal view
to (A) illustrating the proximity between 8-oxoG (anti) andL561. (C) The ternary complex of 8-oxoG (syn) 3dATP from thiswork is shown inpale
green and the nascent base pair in cyan. (D)An orthogonal view to (C) predicting an unfavorable contact between 8-oxoG (syn) andA561. In this
viewa leucine residue (pale gray) has beenmodeled onto the alanine at position 561 to show the unfavorable interaction thatmay develop between
8-oxoG (syn) and L561.
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F 3 dAMPbyL561A. This pattern is opposite to that observed for
the nonlesion mismatches where the KD,app values for mis-
matches were reduced by the L561A variant but little effect
was observed for Watson-Crick base pairs (29).

We have observed that the kpol values for incorporating the
canonical base opposite a lesion are similar to wild-type incor-
poration rates (202 s-1 for incorporating a dTMP opposite
2-OHA by the L561A mutant) to at most 3-fold reduced
(75 s-1 for incorporating a C opposite 8-oxoG by the L561A
mutant) while theKD,app values are at least an order ofmagnitude
greater for these “normal” incorporations (Table 1). Thus, while
these polymerases are able to incorporate correct nucleotides
opposite oxidatively derived lesions at near wild type rates, their
apparent affinity for the incoming nucleotide is significantly
reduced. Taken together with the observation that the L561A
substitution does not increase nucleotide binding affinity for
mismatches opposite lesions but does for mismatches opposite
undamaged templates (29), our results suggest that the presence
of a lesion in the templating position alters the ground state of the
enzyme such that the enzyme-DNA complex is less amenable to
binding the incoming nucleotide. While lesions such as 8-oxoG
have been shown to be nondistorting within the confines of
duplex DNA (49), structural studies with the T7 DNA polymer-
ase that show the templating 8-oxoG residue to be disordered in
binary enzyme-DNA complexes while similar complexes with a
templating G are well ordered (13) support our hypothesis.

As noted in the Results, we have been unsuccessful in growing
crystals for any mismatch other than 8-oxoG (syn) 3 dATP, even
in the presence ofmanganese. The only other crystals of a ternary
complex with a mismatch in the active site of RB69 DNA
polymerase have been grown with 5-nitroindole triphosphate
(5NITP) opposite the lesion (23). 5NITP has been shown to be
incorporated opposite abasic sites with kinetic parameters similar
to those for incorporation of T opposite A (50). Taken together,
these results support the hypothesis that attempts at forming
mismatches will not result in large populations of stable com-
plexes and are thus not likely to crystallize as closed, ternary
complexes (51).

Alignment of the ternary complex with dCTP opposite a
templating 8-oxoG (anti) (9) onto the R-carbons of the palm
domain of the current structure of dATP opposite a templating
8-oxoG (syn) is shown in Figure 4. When leucine 561 is modeled
into the 8-oxoG (syn) 3 dATP complex, it becomes apparent that
the presence of the leucine residue may present a steric hindrance
to the formation of an 8-oxoG (syn) 3 dATP base pair. Preventing
this unfavorable interaction may not be as simple as shifting the
position of the leucine residue during the switch from the open to
closed conformations as this residue is held into position through
van der Waals contacts with F280, F282, and the aliphatic
portion of K279. Thus the truncation of leucine to alanine is
necessary for an increased efficiency in incorporating nucleotides
opposite templating lesions.

As shown in Figure 5A, leucine 561 fills in a cavity within the
polymerase active site lined by residues K279, F280, F282, P361,
and S565. When this leucine is substituted with alanine as shown
in Figure 5B, the cavity becomes more open and could allow
greater freedom of movement of the templating base. Figure 5C
shows a model in which S565 has been mutated to glycine as
previously described (52), and this cavity is even further enlarged.
In these experiments the addition of the G565S mutation to
L561A (in addition toY567A) showed an even greater propensity
for the polymerase to tolerate mismatches. It is clear that large

conformational changes must occur in templating bases as they
switch between syn and anti conformations; in addition, the
flexibility of abasic sites has been shown to modulate their ability
to pair with different incoming dNTPs (44). We have observed
that the L561A substitution has a dramatic effect only in
comparison with wild type in forming mismatches opposite
lesions. When incorporating a dCTP opposite 8-oxoG or dTTP
opposite 2-OHA,major conformational changes are not likely to
be required in the templating base, and no strong effect is
observed by substituting alanine at position 561. Only when
mismatches are formed, and rearrangement of the templating
base with respect to the incoming nucleotide is likely to be
required, do we observe an increase in polymerization rate with
the L561A DNA polymerase compared to wild type. With an
abasic site in the templating position, the loss of leucine 561 and
the opening of the cavity shown in Figure 5 may also allow for
greater flexibility of the DNA backbone and allow for rare, but
catalytically competent, conformations to develop within the
polymerase active site.

Kuchta and co-workers have shown that, for B-family poly-
merases such as RB69 gp43, the spatial arrangement of certain

FIGURE 5: A cavity is exposed when leucine 561 is substituted with
alanine. (A) The polymerase domain of the current work is shown as
a pale green surface, a modeled leucine 561 is shown inmagenta, and
serine 565 is shown in tan. The leucine and serine residues block the
cavity in this image. (B) Removal of the leucine residue opens up this
cavity and may provide an opportunity for alternate template con-
figurations to occur during DNA synthesis. (C) Mutation of serine
565 to glycine as described previously (52) shows an even more
exposed cavity.
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amide residues is a major determining factor in fidelity (53). It is
likely, therefore, that the L561A mutation allows a greater
freedom of movement within the active site such that, upon
closing of the fingers, there is a greater possibility, although still a
rare event, that the required atoms will be properly positioned to
allow chemistry. These rare arrangements of nucleotides are even
more pronounced when incorporating opposite abasic sites as
these lesions exhibit the largest increase in kpol when comparing
L561A to wild type. An increase in volume of the polymerase
active site (as in the L561A variant) has been postulated to
be a determining factor in the ability of many translesion
polymerases to bypass a variety of otherwise blocking or
mutagenic lesions (54).

Such an effect on allowing template flexibility does not
necessarily have to occur after closing of the fingers domain
but may allow for energetically favorable conformations to
develop while the fingers domain is in the process of closing. In
recent experiments (52) in which the nucleotide binding pocket
has been enlarged further than with just the L561A substitution,
the authors note that an enlargement of the active site does not
necessarily correlatewith incorporation efficiency.While unfavo-
rable interactions between leucine 561 and 8-oxoG (syn)
(Figure 4B) may hamper the ability of the wild-type polymerase
to form ternary complexes between 8-oxoG and dATP, such
interactions are not likely to be involved in incorporations
opposite abasic sites where the largest difference in kpol is seen
between wild type and the L561A variant (Table 1). Thus the
effect of enlarging the polymerase active sitemay not be observed
upon successful closure of the fingers domain, especially if the
incoming dNTP helps to stabilize the position of the templating
base once the closed conformation is formed, but this enlarge-
ment may alter the transition from an open to closed conforma-
tion. Accordingly, we may not be directly observing an effect of
the alanine substitution per se in allowing alternate conforma-
tions of the template to exist. Instead, increasing the volume of
the polymerase active sitemay simply provide an environment for
greater DNA flexibility, and the differences in catalytic rates are
actually a measurement of how readily a particular lesion can
adopt an alternate conformation to allow for aberrant base
pairing schemes such as Hoogsteen or wobble base pairs. Thus
lesions such as 8-oxoGmay bemore amenable to alternate forms
as indicated by overall higher kpol rates than 2-OHA, which is
perhaps less able in general to assume alternate conformations
necessary to form mismatches but can still adopt these confor-
mations more readily with the increase in active site volume
provided by the L561A substitution. Such an effect of conforma-
tional heterogeneity in forming mismatches opposite 8-oxoG has
been observed recently in crystal structures with Dpo4, a
translesion DNA polymerase with an enlarged active site com-
pared to high-fidelity replicative DNA polymerases (55).

In summary, we have shown that when the polymerase active
site of RB69DNApolymerase is enlarged by substituting alanine
for the leucine at position 561, the polymerase is more efficient at
misincorporating nucleotides opposite the oxidation products
8-oxoG and 2-OHA as well as abasic sites. The increase in
efficiency derives primarily from an increase in the incorporation
rate while the apparent binding affinity for the incoming nucleo-
side triphosphate remains low for both wild type and the L561A
variant. This is in contrast to previous experiments showing that
the L561A substitution can increase polymerization rates as
well as increase the apparent nucleotide binding affinity for
mismatches with undamaged templates (29). We interpret this

to suggest a predisposition of the polymerase to reject the lesion
containing templates. The crystal structure of the L561A variant
in a ternary complex with DNA containing an 8-oxoG as the
templating base and an incoming dATP suggests that the L561A
substitution may allow for greater conformational flexibility
of the template that could account for the increase in poly-
merization rates when forming mismatches opposite lesions.
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