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ABSTRACT

The oxidized nucleotide, 8-oxo-7,8-dihydro-2′-
deoxyguanosine (8-oxoG), is one of the most
abundant DNA lesions. 8-oxoG plays a major role
in tumorigenesis and human disease. Biological
consequences of 8-oxoG are mediated in part by
its insertion into the genome, making it essential to
understand how DNA polymerases handle 8-oxoG.
Insertion of 8-oxoG is mutagenic when opposite ade-
nine but not when opposite cytosine. However, either
result leads to DNA damage at the primer terminus
(3′-end) during the succeeding insertion event. Ex-
tension from DNA damage at primer termini remains
poorly understood. Using kinetics and time-lapse
crystallography, we evaluated how a model DNA
polymerase, human polymerase �, accommodates
8-oxoG at the primer terminus opposite cytosine
and adenine. Notably, extension from the mutagenic
base pair is favored over the non-mutagenic base
pair. When 8-oxoG is at the primer terminus opposite
cytosine, DNA centric changes lead to a clash
between O8 of 8-oxoG and the phosphate backbone.
Changes in the extension reaction resulting from the
altered active site provide evidence for a stabilizing
interaction between Arg254 and Asp256 that serves
an important role during DNA synthesis reactions.
These results provide novel insights into the impact
of damage at the primer terminus on genomic
stability and DNA synthesis.

INTRODUCTION

Oxidative stress, a cellular condition in which there is an im-
balance between concentrations of reactive oxygen species
(ROS) and antioxidant defenses, is associated with genomic
instability and multiple human diseases (1). ROS can re-
act with nucleotides to generate multiple types of oxidative
DNA lesions, both in duplex DNA and the free nucleotide

pool. Free deoxynucleotides are even more susceptible to
oxidation than duplex DNA (2,3), and incorporation of
oxidized nucleotide triphosphates into the genome during
replication and repair leads to decreased genomic stability
(3–7). Consequently, cells encode an enzyme, human MutT
homologue (MTH1), to convert free oxidized nucleotides to
their monophosphate form, prohibiting their insertion into
the genome (8). Underscoring the significance of the incor-
poration of oxidized nucleotides into the genome, the inhi-
bition of MTH1 in cancer cell lines promotes cellular death
and MTH1 inhibitors are currently in clinical trials (9,10).
Given that biological impacts of damaged nucleotides are
mediated in part by their insertion and subsequent exten-
sion by a DNA polymerase, it is essential to understand
how these damaged nucleotides are handled by DNA poly-
merases at the molecular level (4).

One major oxidized nucleobase resulting from ROS is 8-
oxo-7,8-dihydro-2′-deoxyguanosine, which is found in both
duplex DNA (8-oxoG) and in the nucleotide pool (8-
oxodGTP) (11,12). 8-oxoG arises by the incorporation of an
adducted oxygen at C8 and protonation of N7 (13). These
modifications to guanine (G) lead to potential mutagenic
hydrogen bonding interactions at the Hoogsteen edge (14).
The mutagenicity of 8-oxoG is dictated by the anti- or syn-
conformation of the damaged base. Similar to undamaged
G, 8-oxoG(anti) base pairs with cytosine (C) through classi-
cal Watson–Crick hydrogen bonding interactions, forming
a non-mutagenic DNA lesion. Alternatively, 8-oxoG(syn)
is able to exploit its Hoogsteen edge to form a mutagenic
base pair with adenine (A). The 8-oxoG:A base pair pro-
motes a G:C to T:A transversion following DNA replica-
tion (15). Because of the key role DNA polymerases play
in DNA replication and repair, they are important media-
tors between oxidative stress and the biological outcome of
8-oxoG.

Mammalian DNA polymerase beta (pol �) has been
characterized structurally, kinetically, and biologically
(16,17). Consequently, pol � has served as a model en-
zyme for characterizing the nucleotidyl transferase reaction,
which is utilized universally by DNA polymerases during
DNA synthesis. Pol � is employed during DNA repair as
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part of the base excision repair pathway (BER), where it
primarily preforms gap filling DNA synthesis during sin-
gle nucleotide replacements. In a long-patch variation of the
BER pathway, pol � has also demonstrated the ability to fill
gaps 2–6 nucleotides in length. The polymerase domain of
pol �, analogous to other DNA polymerases, is composed
of three functionally distinct subdomains. Pol � binds to
gapped DNA substrates in the open conformation using its
DNA binding- or D-subdomain. This binary complex (pol
�/DNA) positions the templating base and primer termi-
nus within the active site. A conformational change from
an open to closed state occurs at the nascent base pair bind-
ing domain (N-subdomain) upon binding of the incoming
nucleotide. In the closed conformation, pol � repositions
the 3′-OH of the deoxyribose at the primer terminus for in-
line attack on the �-phosphate (P�) of the incoming dNTP.
In this state, the catalytic subdomain (C-domain) of pol �
coordinates two divalent metal cations that facilitate DNA
synthesis. Upon catalysis, pyrophosphate (PPi) is formed
and released when pol � re-opens.

Employing pol � as a model DNA polymerase, structural
changes within the active site, emanating from substrates
containing 8-oxoG in the templating strand (18,19) or the
insertion of 8-oxodGTP, have led to mechanistic insights
(4). These crystallographic studies have demonstrated that a
clash, between the adducted oxygen (O8) and the phosphate
backbone of 8-oxoG, can promote antagonistic changes to
the nucleoside sugar pucker and backbone position. Addi-
tionally, insertion of 8-oxodGTP leads to overall instability
at the newly generated primer terminus. During the subse-
quent round of DNA synthesis, the polymerase is tasked
with extending from the 8-oxoG terminated primer strand.
Unfortunately, very little is known about how polymerases
extend from a damaged primer terminus. In this study, we
utilized kinetics and time-lapse X-ray crystallography to de-
cipher the impact of 8-oxoG at primer termini during DNA
synthesis. These studies revealed mutagenic extension from
8-oxoG:A is substantially favored in comparison to the non-
mutagenic pairing of 8-oxoG:C. Reduced extension profi-
ciency with non-mutagenic 8-oxoG:C primer termini arises
from active site rearrangements accommodating O8 of 8-
oxoG in a base pair dependent fashion.

MATERIALS AND METHODS

DNA sequences

The following DNA sequences were used to generate
the 16-mer DNA duplexes used in crystallization stud-
ies (the nucleotide opposite 8-oxoG is underlined): tem-
plate, 5′-CCGACG(C/A)CGCATCAGC-3′; primer, 5′-
GCTGATGCG-3′; downstream, 5′-GTCGC-3′. The down-
stream sequence was 5′-phosphorylated. The kinetic stud-
ies required extending the downstream and upstream se-
quences to employ a 34-base DNA substrate. The sequence
of the template strand was 5′-GTACCCGGGGATCCGT
ACG(C/A)CGCATCAGCTGCAG-3′. DNA substrates for
single-nucleotide gap filling DNA synthesis reactions were
prepared by annealing three purified oligonucleotides. Each
oligonucleotide was suspended in 10 mM Tris–HCl, pH 7.4
and 1 mM EDTA and the concentration was determined
from their ultraviolet absorbance at 260 nm. The annealing

reactions were performed by incubating a solution of primer
with downstream and template oligonucleotides (1:1.2:1.2
molar ratio, respectively) at 95◦C for 5 min, followed by
65◦C for 30 min, and finally cooling 1◦C min−1 to 10◦C in
a thermocycler.

Expression and purification of pol �

Human wild-type DNA pol � was overexpressed from
a pET-30 vector in the BL21-CodonPlus(DE3)-RP Es-
cherichia coli strain. Purification of pol � was carried out
as described previously and briefly written here (20). Cell
lysate containing pol � was run over GE HiTrap Heparin
HP, GE Resource S, and HiPrep 16/60 Sephacryl S-200 HR
columns and fractions containing pure pol � were concen-
trated and stored at –80◦C in 20 mM BisTris propane, pH
7.0 for crystallization and 50 mM HEPES, pH 7.4 for kinet-
ics. Pol � was determined to be pure by SDS page and the
final concentration was determined by A280 using a Nan-
oDrop One UV-Vis Spectrophotometer (� = 23 380 M−1

cm−1).

Pol � steady-state kinetic characterization

The steady-state kinetic parameters for the extension from
8-oxoG by pol � were determined by performing initial ve-
locity measurements of a single-nucleotide gap filling re-
action as previously described (28). DNA substrates con-
tained a 5′,6-carboxyfluorescein and were designed with an
8-oxoG or non-damaged G at the 3′-terminus base paired
with C or A. The reaction mixture used to obtain ac-
tivity measurements contained 50 mM Tris–HCl, pH 7.4
(37◦C), 100 mM KCl, 10 mM MgCl2, 1 mM dithiothreitol,
100 �g/ml bovine serum albumin, 10% glycerol and 200
nM single-nucleotide gapped DNA. 50 �l reactions were
stopped by addition of an equal volume of a quenching
solution containing 100 mM EDTA, 80% deionized for-
mamide, 0.25 mg/ml bromophenol blue and 0.25 mg/ml
xylene cyanol. Enzyme concentrations and reaction times
were selected to maintain initial velocity conditions. Prod-
uct and substrate DNA were separated on a 16% denatur-
ing (8 M urea) polyacrylamide gel. The resulting bands were
quantified using a GE Typhoon 8600 imager in fluorescence
mode using a 532 nm excitation laser and 526 nm short-
pass emission filter. Steady-state kinetic parameters (KM,
kcat) were determined by fitting the data to the Michaelis–
Menten equation. The relative extension efficiency, fex, was
calculated from the ratio of catalytic efficiencies for correct
dCTP insertion on a matched, non-damaged (G–C) and
modified primer terminus. The mean and standard error
of at least three independent experiments are shown on the
graphs in Figure 1.

Crystallization of pol �

Pol � was initially complexed with 2-nt gapped DNA and
incubated with 8-oxodGTP. This incubation resulted in a
1-nt gap DNA substrate with 8-oxoG at the primer ter-
minus inserted across from either A or C. Binary complex
crystals with 8-oxoG:A or 8-oxoG:C at the primer termi-
nus were grown as previously described in a solution con-
taining 50 mM imidazole, pH 7.5, 13–19% PEG3350 and
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350 mM sodium acetate (21). In order to visualize multi-
ple enzymatic states, time-lapse crystallography was utilized
as previously described and summarized here (18). First,
binary pol �/DNA crystals were soaked in a cryosolution
containing 25% ethylene glycol, 50 mM imidazole, pH 7.5,
19% PEG3350 and 70 mM sodium acetate, 2 mM dCTP
and 50 mM CaCl2 for 20 min. These ground state ternary
pol �/DNA/dNTP crystals were subsequently transferred
to a cryosolution containing 25% ethylene glycol, 50 mM
imidazole, pH 7.5, 19% PEG3350, 70 mM sodium acetate,
and 200 mM MgCl2 or MnCl2 for the varying, indicated
times.

Data collection and refinement

Data were collected at 100 K on a Rigaku MicroMax-007
HF rotating anode diffractometer equipped with a Dectris
Pilatus3R 200K-A detector system at a wavelength of 1.54
Å. Data were processed and scaled using the HKL3000R
software package (22). Initial models were determined us-
ing molecular replacement with the previously determined
open (PDB: 3ISB), closed (PDB: 2FMS), or mismatch
(PDB: 3C2M) structures of pol � as a reference. All R-
free flags were taken from the starting model. Refinement
was performed using PHENIX and model building using
Coot (23,24). The metal ligand coordination restraints were
generated by ReadySet (PHENIX). Partial catalysis models
were generated with both the reactant and product species,
and occupancy refinement was performed. The figures were
prepared in PyMOL (Schrödinger LLC). Ramachandran
analysis determined 100% of non-glycine residues lie in the
allowed regions and at least 98% in favored regions.

RESULTS

Kinetic characterization of extension from 8-oxoG

The ability of a DNA polymerase to extend from 8-oxoG
at primer termini was evaluated using pol � and steady-
state kinetic analysis. This approach utilized a 1-nt gapped
DNA substrate with a templating G and either 8-oxoG:C,
8-oxoG:A, G:C or G:A at the primer terminus. This array
of substrates allowed for a thorough comparison of exten-
sion from non-damaged and damaged primer termini. Re-
sults are summarized in Figure 1 and kinetic parameters are
listed in Supplementary Table S1. The apparent affinity of
an incoming dCTP to pol � with a 1-nt gapped DNA sub-
strate (KM) with each 3′-terminus combination was deter-
mined. The presence of 8-oxoG at the primer terminus, in
the form of either an 8-oxoG:A or 8-oxoG:C base pair, re-
sulted in similar KM values for the incoming dCTP of 0.3
and 0.2 �M, respectively (Figure 1A, Supplementary Ta-
ble S1). These apparent binding affinities are comparable
to what was obtained for dCTP to the pol �/DNA complex
with a matched, non-damaged G:C base pair at the primer
terminus (KM = 0.09 �M), but in contrast to a G:A (KM =
24 �M). On the other hand, enzymatic turnover rates (kcat)
are considerably different depending on which base is across
from 3′-8-oxoG, with C and A producing rates of 0.017 and
0.30 s−1, respectively (Figure 1B, Supplementary Table S1).
In comparison, the rate of enzymatic turnover for the non-
damaged, mismatched G:A is 0.092 s−1, while matched G:C

Figure 1. Kinetic characterization of extension from 8-oxoG by pol �. (A)
KM, (B) kcat and (C) catalytic efficiencies pol � dCTP insertion opposite
G with substrates containing either dGTP or 8-oxodGTP at the primer
terminus opposite C and A. (D) fex values corresponding to (C). Green bars
represent A, and yellow represents C. The results represent the mean (SE)
of at least three independent determinations. The identity of the primer
terminus is given as primer nucleotide/template nucleotide.

is 0.26 s−1. This turnover rate for a non-damaged, matched
terminus is nearly identical to 8-oxoG:A, in contrast to ex-
tension from 8-oxoG:C which is ∼15-fold slower. The re-
sulting catalytic efficiencies, kcat/KM, are 0.09 �M−1 s−1 (8-
oxoG:C) and 1.2 �M−1 s−1 (8-oxoG:A), compared to 2.9
and 0.0040 �M−1 s−1 for non-damaged G:C and G:A, re-
spectively (Figure 1C, Supplementary Table S1).

To provide a rational method for comparing the dif-
ferences in catalytic efficiency between the matched, non-
damaged G:C primer terminus and either mismatched
(G:A) or 8-oxoG containing termini, we have also reported
relative extension efficiency (fex) values (Figure 1D, Supple-
mentary Table S1) (19). For each 3′-terminus, the fex value
represents the fold change in catalytic efficiency between
the substrate with the terminus of interest and the substrate
with a G:C terminus. Hence, fex describes the efficiency of
extension relative to that from the matched, non-damaged
primer terminus, where values >1 correspond to termini
with reduced extension efficiencies and larger magnitudes
represent reduced efficiency. Experimental fex values for 8-
oxoG:A and 8-oxoG:C are 2.3 and 32, respectively. This
large reduction in relative extension efficiency observed with
8-oxoG at the primer terminus opposite C, but not A, im-
plies 8-oxoG alters the active site differently depending on
its base-pairing partner. Furthermore, the measured differ-
ences in catalytic efficiency between the two damaged ter-
mini stem from variation in the enzymatic turnover rates,
as demonstrated by differences in kcat, as opposed to their
comparative apparent nucleotide binding affinities (KM).
Additionally, extension efficiencies vary greatly between the
damaged mismatch 8-oxoG:A (fex = 2.3) and the non-
damaged mismatch G:A (fex = 730). This is presumably
from the reduced apparent affinity for substrate, demon-
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Figure 2. Construction of 8-oxoG terminated pol � DNA substrates. (A)
Schematic demonstrating pol � insertion of 8-oxodGTP (red) to generate
substrates for subsequent crystallization with 8-oxoG opposite A and C at
the primer terminus. (B) Binary structure showing 8-oxoG at the primer
terminus opposite C (yellow). (C) Binary structure showing 8-oxoG oppo-
site A at the primer terminus (green). The primer terminal base pairs are
shown as sticks in gray.

strated by the 80-fold larger KM with G:A at the primer ter-
minus, indicating O8 of 8-oxoG promotes a primer terminus
conformation suitable for nucleotide binding. Because pol
� binds DNA in an open conformation, we do not expect
8-oxoG at the primer terminus to alter the affinity of pol
� for single-nucleotide gapped DNA. Additionally, it has
previously been shown that mismatched primer termini do
not affect single-nucleotide gapped DNA binding affinity
for pol � (25,26).

Binary complex structures with 8-oxoG at the primer termi-
nus

To gain molecular insight into the impact an 8-oxoG termi-
nated primer has on the polymerase active site, we employed
X-ray crystallography of pol �. To generate 1-nt gapped
DNA substrates with 8-oxoG at the primer terminus, we
utilized pol � polymerase activity prior to crystallization
(Figure 2A). Pol � was incubated with 8-oxodGTP and a
2-nt gapped DNA substrate containing C or A followed by
G in the gap, resulting in 8-oxoG incorporation opposite ei-
ther C or A at the primer terminus with a G in the 1-nt gap.
This protein/DNA mixture was subsequently used during
crystallization to form binary pol �/DNA complexes with
either an 8-oxoG:C or 8-oxoG:A base pair at the primer ter-
minus. Our binary pol � structures, described below, con-
firmed that 8-oxoG was inserted at the primer terminus ad-
jacent to a 1-nt gap containing a G (Figure 2B and C).

Binary X-ray crystal structures show pol � in its open
conformation while bound to 1-nt gapped DNA with 8-
oxoG at the primer terminus opposite either C or A at 1.80
and 1.95 Å resolution, respectively (Supplementary Table

Figure 3. Binary complex structures with 8-oxoG at the primer termi-
nus. (A) Primer terminus 8-oxoG:C Watson–Crick base pair (yellow). (B)
Primer terminus 8-oxoG:A Hoogsteen base pair (green). (C) A 90◦ rota-
tion demonstrates planarity of 8-oxoG containing base pairs overlaid with
non-damaged, matched binary reference structure (magenta, PDB 3ISB).
(D) In reference to 3ISB (magenta), a primer terminus 8-oxoG:C (yellow)
results in shifts (arrows) in the sugar and P� of 8-oxoG(anti). The omit
maps (green) are contoured at 3�. Distances are labeled and indicated as
dashed lines.

S2). These structures provide insight into how 8-oxoG is
situated at primer termini in the binary state prior to nu-
cleotide binding. When 8-oxoG is opposite either A or C, it
forms an ordered and stable primer terminus as indicated
by clear density and a low B-factor (Supplementary Ta-
bles S2 and S3, Figure 3A and B). This stability is achieved
by hydrogen bonding interactions between 8-oxoG and the
opposing base. 8-oxoG(anti) hydrogen bonds with C using
its canonical Watson-Crick face (Figure 3A) and to A in
the syn-conformation using its Hoogsteen face (Figure 3B).
Both 8-oxoG containing base pairs sit planar at the primer
terminus and there is no significant repositioning compared
to non-damaged, correctly paired DNA (i.e. G:C) (Figure
3C). The sugar pucker of 8-oxoG at the primer terminus
is O4′-endo while paired with either A or C, which con-
trasts to binary non-damaged, matched primer termini that
adopt C4′-exo at the primer terminus (PDB 3ISB). In ad-
dition to the sugar pucker change, when 8-oxoG(anti) is
opposite C the nucleoside shifts by 1.6 Å toward the ma-
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jor groove (Figure 3D). This movement may arise from the
phosphate backbone shifting 0.6 Å away from O8 when 8-
oxoG is in the anti-conformation. When 8-oxoG is in the
syn-conformation, O8 of 8-oxoG is in the minor groove of
the DNA, which prevents clashing with active site residues.

8-oxoG opposite C breaks the Arg254 and Asp256 salt bridge

To obtain ternary pol � complexes, we started with binary
pol �/DNA complexes with 8-oxoG:C at the primer termi-
nus generated as described above. These crystals were trans-
ferred to a cryoprotectant solution containing Ca2+, which
does not support catalysis, and dCTP to promote the forma-
tion of the closed pre-catalytic ternary pol � complex. The
crystal diffracted to 2.2 Å, Supplementary Table S2. Fig-
ure 4A shows a close-up of the active site with the dCTP
bound, Ca2+ in the nucleotide (Men) and catalytic (Mec)
metal binding sites, and 8-oxoG:C at the primer terminus.
The metal ions and incoming dCTP adopt a nearly identical
conformation as observed with a non-damaged, matched
primer terminus (Supplementary Figure S1). The only ma-
jor structural changes are localized around the 8-oxoG:C
primer terminus base pair.

Upon binding dCTP, the sugar pucker of 8-oxoG shifts
from O4′-endo to C3′-endo, likely as a result of the 8-oxoG
3′-OH coordinating Ca2+ in the Mec site. 8-oxoG main-
tains the anti-conformation and planar Watson-Crick hy-
drogen bonding interactions with C. In this conformation,
the clash between O8 and the phosphate backbone forces a
1.7 Å shift of the backbone away from O8. This shift leads
to a 110◦ rotation and 5.5–6 Å displacement of Arg254 in
the pol � active site (Figure 4B), causing a disruption of
the salt bridge between Arg254 and Asp256 (Figure 4C)
that is postulated to stabilize Asp256 in pol � structures
with non-damaged primer termini (see discussion) (27). To
ensure the rotation of Arg254 was not Ca2+ dependent,
a higher resolution structure was obtained after a soak
in the biological polymerase co-factor Mg2+ and a non-
hydrolysable nucleotide analog, 2′-deoxycytidine-5′-[(�,�)-
methyleno]triphosphate (dCpCpp), to prevent the catalysis.
The 2.0 Å resolution structure confirmed metal indepen-
dence (Figure 4D).

Watching extension from 8-oxoG:C by time-lapse crystallog-
raphy

Both the kinetic binding constant (KM) and ternary ground
state structure (Supplementary Table S1 and Figure 4) indi-
cate that pol � can accommodate dCTP binding easily with
an 8-oxoG at the primer terminus opposite C. The active
site residue Arg254 shifts out of the catalytically optimal
orientation, however the mechanism of extension is inde-
cipherable from the pre-catalytic structure alone. In order
to understand how 8-oxoG:C alters catalytic efficiency, we
utilized time-lapse X-ray crystallography to look at struc-
tural changes at the molecular level over the course of catal-
ysis. This approach captures reactant state structures un-
dergoing nucleotidyl transfer by first generating crystals of
ternary complexes (pol �/DNA/dCTP) in the presence of
the inert metal Ca2+ before initiating the reaction by soak-
ing the crystal in a solution of MgCl2 (18). The reaction is

Figure 4. Ternary ground state structures with 8-oxoG:C at the primer ter-
minus. (A) Pre-catalytic complex with dCTP and inert Ca2+ bound. (B) A
90◦ rotation relative to (A). Clashing at O8 and P� is shown as red dashes
and shifts are indicated with arrows in reference to a non-damaged primer
terminus (cyan, PDB 2FMS). (C) Close-up of the active site demonstrat-
ing the loss of the salt bridge interaction between Asp256 and Arg254
(shown with 2FMS, cyan) when 8-oxoG:C is at the primer terminus (yel-
low). (D) Pre-catalytic complex with non-hydrolysable analog, dCpCpp,
and catalytic metal, Mg2+, bound. The omit map (green) is contoured at
3�. H-bonds are shown as black dashed lines, and clashes are shown as red
dashed lines. Ca2+ and Mg2+ are orange and red spheres, respectively.

subsequently stopped in a time dependent fashion by flash
freezing, followed by structure determination of the crys-
tal. A structure with 8-oxoG:C at the primer terminus was
collected after a 60 s soak in MgCl2 that diffracted to 2.08
Å. Density corresponding to both the reactant and prod-
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Figure 5. Pol � extension from 8-oxoG:C by time-lapse X-ray crystallog-
raphy. (A) The active site after a 60 s soak in MgCl2. (B) An overlay of the
reactant state (yellow) and the ground state (gray) active sites demonstrat-
ing the swing of Arg254 back into the catalytically competent position. (C)
The closed, completed product active site after a 120 s soak in MgCl2. The
omit maps (green) are contoured at 3�. Red spheres are Mg2+. H-bonds
are shown as black dashed lines.

uct states was observed (Figure 5A), indicating the reac-
tion was 20% complete. Figure 5B shows a comparison of
this reactant structure with the ground state. Upon initia-
tion of catalysis, Arg254 realigns into a catalytically com-
petent position where it coordinates Asp256 (Figure 5B),
as observed for the non-damaged primer terminus (PDB:
2FMS). Thus, indicating Arg254 must first swing back to
coordinate Asp256 for catalysis, providing a structural ba-
sis for the reduced kcat observed in the steady-state kinetic
analysis (Figure 1 and Supplementary Table S1).

To observe the product complex with 8-oxoG:C at the
primer terminus, we utilized the same approach, but ex-
tended our MgCl2 soak time to 120 s prior to collecting
the 2.05 Å resolution product structure (Supplementary Ta-
ble S2). At this point, the synthesis reaction was complete,
shown by insertion of dCMP and formation of pyrophos-
phate (Figure 5C). The sugar pucker of 8-oxoG maintains
C3′-endo. In this product complex, Arg254 remains in a sta-
ble salt bridge with Asp256. As shown in previous pol �
product structures, a third product associated metal ion is
present (4,18,28). In this product complex, the polymerase
remains in the closed conformation. It has previously been
shown that the closed to open conformational cha411nge of
pol � following insertion is altered depending on the iden-
tity of the nucleotide (i.e. matched, mismatched, damaged)
(4,18). To establish whether 8-oxoG promotes re-opening
of the polymerase in crystallo, we extended the time of our
soak in MgCl2. This resulted in pol � undergoing the closed
to open transition accompanied by a loss of hydrogen-
bonding interactions between the inserted dCMP and tem-
plating G while 8-oxoG remained base paired to C (Supple-
mentary Figure S2).

8-oxoG:A at the primer terminus is poised for catalysis upon
metal binding

To determine the molecular structure of 8-oxoG:A at the
primer terminus, we soaked a binary 8-oxoG:A pol � crys-
tal in a cryoprotectant solution with CaCl2 and dCTP. The
resultant closed ternary ground state crystal diffracted to
2.1 Å. This structure has an incoming dCTP base pairing
with a templating G and the primer terminal 8-oxoG in
the syn-conformation hydrogen bonding to A through its
Hoogsteen face (Figure 6A). The sugar pucker changes to
C2′-endo in the ground state, a conformation that has been
demonstrated to inhibit insertion (29). This is altered from
the 8-oxoG:C pre-catalytic structures which shifted into the
catalytically optimized C3′-endo upon nucleotide binding.
In this conformation, the N2 of 8-oxoG(syn) hydrogen
bonds to the non-bridging oxygen of the phosphate back-
bone, and Arg254 maintains the salt bridge with Asp256
(Figure 6B and C). In addition, Tyr271 is within hydro-
gen bonding distance of O8 (Figure 6C). These favorable
interactions contrast the unfavorable interactions between
the phosphate backbone and O8 with 8-oxoG in the anti-
conformation (Figure 4B).

A close-up of the active site in Figure 6B shows 8-oxoG:A
at the primer terminus with Ca2+ bound in the Men site and
a water molecule in the Mec site. The lack of a metal in the
Mec site results in the 3′-OH shifting to a non-catalytic con-
formation that does not support in-line nucleophilic attack.
The distance between the 3′-OH and the P� is 4.2 Å, as op-
posed to 3.4 Å, which is optimized for catalysis in the ref-
erence structure (PDB 2FMS). Similarly, when the ternary
complex was crystallized with the non-hydrolysable analog,
dCpCpp, in the presence of MgCl2, a water molecule is in
the Mec site, and the 3′-OH is shifted (Supplementary Fig-
ure S3). This suggests that even though Me2+ does bind at
the catalytic metal site (see product structures below), the
Me2+ binding is less efficient than when C is at the template-
primer terminus across 8-oxoG. This is indicated by the cor-
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Figure 6. Ternary ground state structures with 8-oxoG:A at the primer terminus. (A) Pre-catalytic complex with dCTP, Ca2+ in Men and water in Mec
bound. (B) A close-up of the active site. Interaction between Asp256 and Arg254 is maintained. Distance between 3′-OH and P� of dCTP is shown as a
red dashed line. (C) Stabilizing interactions are shown at the terminal base pair. Shift in 3′-OH is indicated by an arrow. (D) The closed, completed product
active site after a 20 s soak in MgCl2. Ca2+, Mg2+, Na2+ and H2O are orange, red, purple, and blue spheres, respectively. Magenta is an anomalous map
contoured at 4�. H-bonds are shown as black dashed lines.

responding ternary structure with C, which has Ca2+ ions
bound in both metal sites. When interpreted in the context
of the catalytic efficiencies, it appears additional stabilizing
features at the primer terminus between Tyr271 and O8, and
N2 with the phosphate backbone compensate for the weak-
ened Me2+ binding at the catalytic metal site.

Attempts to observe catalysis by soaking ground state
crystals in a solution containing MgCl2 failed to produce
reactant state structures that contain a mixture of both sub-
strate and product. We either obtained structures that were
in the ground state (dCTP bound) or had been converted to
all product (dCMP inserted). One possibility for the diffi-
culty in capturing a reactant state is that the Mg2+ ion can
quickly bind to the Mec site to initiate catalysis, which is
in contrast to other time-lapse structures with a Ca2+ in the
Mec that must exchange prior to catalysis occurring. There-
fore, the reaction likely undergoes catalysis faster than we
can capture using a manual approach. The resulting prod-
uct structure was obtained at a resolution of 1.8 Å with
Mg2+ bound at the Men site, and Na2+ bound at the Mec
site. This structure indicates as soon as Mg2+ binds to the
Mec site, catalysis occurs with minimal changes between the
ground and product state structures (Figure 6D and Supple-
mentary Table S3). After catalysis has occurred, the Mgc ex-

changes for Nac (18). The only major change is the appear-
ance of a third metal ion upon complete product formation
that is consistent with previous early product structures ob-
serving catalysis in crystallo (18). Of note, 8-oxoG remains
in the syn-conformation with potential hydrogen bonding
interactions between Tyr271 and O8, and N2 and the phos-
phate backbone oxygen. The only structural change ob-
served upon catalysis, which occurs upon nucleotide bind-
ing with 8-oxoG:C, is a shift in the sugar pucker to C3′-
endo. As was previously observed for correct insertion of
dCTP across from G with a non-damaged substrate, pol �
with the 8-oxoG:A base pair remained in a closed confor-
mation after an extended soak, in contrast to the 8-oxoG:C
structure. Overall, the ground state and product structures
obtained with A across from the primer terminus indicate
minimal structural rearrangements are required for cataly-
sis.

DISCUSSION

Insertion of a modified nucleotide by a DNA polymerase
results in DNA damage positioned at the primer terminus,
which will be the substrate during subsequent rounds of
DNA synthesis. The oxidized purine 8-oxoG, generated by
oxidative stress, is the most abundant of the various modi-
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fied DNA bases and plays a major role in mutagenesis and
tumorigenesis. Using kinetics and time-lapse X-ray crystal-
lography, we have evaluated how pol � accommodates 8-
oxoG at the primer terminus and revealed the molecular
contacts involved during extension from both mutagenic
and non-mutagenic 8-oxoG base pairs (Figure 7).

Pol � accommodates the mutagenic 8-oxoG:A base pair at
the primer terminus

Our open binary complex structures demonstrate that 8-
oxoG(syn) across from A at the primer terminus forms a
stable (25.6 Å2) Hoogsteen base pair in the absence of an
incoming dNTP. This contrasts what was seen in previ-
ous reported structures characterizing the insertion of 8-
oxoG(syn) across from A, where a high B-factor (57 Å2)
and a loss of hydrogen bonding between the bases was ob-
served at the new primer terminus in the post-catalysis open
product complex (17). Of note, in this product structure, the
primer terminus is not in the correct registry for insertion of
the next nucleotide, as it is in the structures reported here,
suggesting that active site contacts stabilize 8-oxoG(syn) at
the primer terminus when in the proper registry. Once the
nucleotide is bound and the enzyme shifts into the closed
conformation, the only repositioning required for cataly-
sis to occur is a change in the sugar pucker, and the bind-
ing of the catalytic metal. The lack of substantial struc-
tural rearrangements required for extension from a muta-
genic 8-oxoG:A base pair is supported by the high catalytic
efficiency. Additionally, our structures showed the damage,
O8, is accommodated at the primer terminus by being posi-
tioned in the minor groove of the DNA. Similarly, accurate
replication beyond a bulky major benzo[a]pyrene adduct by
human DNA polymerase kappa was shown to be accom-
plished by positioning the damage in the nascent DNA mi-
nor groove (30).

Because the biological outcomes of 8-oxoG are mediated
in part by the perturbations to the DNA synthesis reaction
provoked by the modified structure of the lesion, it is im-
portant to have a thorough understanding of how DNA
polymerases respond to the damage. Accordingly, previous
studies have determined the effects of 8-oxoG on the mech-
anism of model mammalian DNA polymerase, pol �, both
structurally and kinetically, with the damage in the templat-
ing position, the template strand primer terminus (n – 1),
and as the incoming nucleotide (4,19,31,32). While the cat-
alytic efficiencies are similar to that with a non-damaged
substrate, the strategies employed by pol � to accommo-
date 8-oxoG(syn) adapt, depending upon which registry
contains the damage. Insertion of 8-oxodGTP(syn) across
from A relies on interactions between P� and N2 of 8-
oxoG(syn) and active site residue Asn279 with O8 (4). In
the case of a templating 8-oxoG, the transition to the syn-
conformation with an incoming dATP requires contacts be-
tween 8-oxoG(syn) and residue Arg283, which is a key mi-
nor groove contact in the pol � active site (84). The template
strand has a 90◦ bend at the position of the templating base,
resulting in an absence of protein interactions and intrinsic
flexibility of the phosphodiester backbone. This flexibility
allows for a 3.4 Å shift in the phosphate backbone of 8-
oxoG in the template position. No shift of the phosphodi-

ester backbone is observed when the 8-oxoG(syn):A base
pair is at the template primer terminus (n – 1) (19). Over-
all, the different strategies indicate a registry dependent pro-
cessing of 8-oxoG within the pol � active site, emphasizing
the importance of characterizing each of these positions.

8-oxoG:C results in a clash at the phosphate backbone

Our binary structure shows stable (B-factor = 24.9 Å2)
Watson–Crick hydrogen bonds between 8-oxoG(anti) and
C at the primer terminus. As also recognized in the muta-
genic case with A, previously reported product structures
characterizing the insertion of 8-oxodGTP across from C
displayed a high B-factor (65.4 Å2) for the inserted 8-
oxoG(anti) and a loss of Watson–Crick base pairing interac-
tion at the newly generated primer terminus post-catalysis.
This is also in contrast to recent structures of pol � with
terminal mispairs, which indicate that the mismatched ter-
mini adopt various distorted conformations (26). Ternary
ground state structures, with 8-oxoG:C at the primer ter-
minus and an incoming dCTP, show a clash between O8
and a non-bridging oxygen of the phosphate backbone that
promotes a shift of the DNA backbone towards the pro-
tein active site. This shift is accommodated by a rotation of
Arg254, which prevents the formation of a salt bridge be-
tween Arg254 and Asp256 (Figure 4C). Time lapse X-ray
crystallography established that in order for catalysis to oc-
cur, Arg254 shifts back into position to coordinate Asp256.
The observed requirement for this structural rearrangement
is in agreement with the kinetics that show a substantially
decreased catalytic efficiency with 8-oxoG:C at the primer
terminus (Figure 1).

The clash between O8 and the phosphate backbone is
also observed when 8-oxoG is in alternative registries. When
8-oxoG(anti) is in the template position with an incom-
ing dCTP, the phosphodiester backbone shifts 3 Å away
from O8. This shift is accommodated by the flexibility of
the DNA at the bend in the templating strand, and does
not alter any active site residues or alter the catalytic effi-
ciency. The 8-oxoG:C base pair at the template n-1 position
also maintains its catalytic efficiency; however, it does not
require adjustment of the phosphodiester backbone (19). In
the case of 8-oxodGTP insertion across from C, the clash
between O8 and the oxygens of P� are accommodated by
an additional divalent metal cation during non-mutagenic
insertion. Overall, it appears the templating strand can
more effectively accommodate 8-oxoG(anti) than either the
primer terminus or when the damage is the incoming nu-
cleotide. This is reflective of the templating strand being
more solvent exposed and therefore superiorly positioned to
accommodate the clash between O8 and the non-bridging
oxygens of the phosphate.

The Asp256 and Arg254 salt bridge serves an important role
during catalysis

The nucleotidyl-transfer reaction is initiated by deprotona-
tion of the primer DNA strand 3′-OH. The catalytic Mg2+

facilitates deprotonation by lowering the pKa of the hy-
droxyl group and stabilizing the negative charge of the nu-
cleophilic oxygen that attacks the phosphate of the incom-
ing nucleotide. The nature of the 3′-OH proton acceptor is
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Figure 7. Overview comparing the structural changes observed during efficient, mutagenic extension from 8-oxodG:A (green) and inefficient, non-
mutagenic extension from 8oxodG:C (yellow) terminal pairs. The right panels show overlays of the ground (colored) and product (gray) states.

an ongoing debate with two main theories for pol � (27,33–
35). One theory is that the proton acceptor is a hydroxide
anion in bulk water via a specific base mechanism. The sec-
ond theory is that the proton acceptor is an active site group
via a general base mechanism. In the former case, the pro-
ton transfer can be described by a pH dependent equilib-
rium between the protonated and deprotonated O3′, where
the activated species forms a covalent bond with P� of the
dNTP and thus extends the primer DNA stand by one nu-
cleotide. In the latter case, the pKa values of both the donor
(primer O3′) and the acceptor group (Asp256) are modu-
lated by the catalytic Mg2+. This results in the proton being
transferred to the active site aspartic acid residue (Asp256)
prior to it being transferred to bulk solvent.

The experimental data presented here supports a role
for the carboxylate group of Asp256 in the deprotonation
of the 3′-OH during catalysis, and suggests a key stabiliz-
ing role for Arg254. This is in agreement with quantum
mechanical/molecular mechanical calculations indicating
that the O3′ proton transfers to the OD2 oxygen of Asp256,
which serves as a general base upon activation (35). Ad-
ditionally, these computational studies suggested the crit-
ical role of Asp256 (OD2) is facilitated by a stabilizing salt
bridge interaction between Asp256 (OD1) and the nearby
Arg254. This is consistent with an experimental study that
showed mutation of the homologous Arg254 residue in rat
pol � to Ala decreases the kcat from 51 to 1 min−1 (36). In
a mutant of human pol � (D256E), a water molecule re-
places OD2 of Asp256 and coordinates the catalytic metal
(27). In contrast to the wild-type scenario, quantum calcu-
lations show this water is not involved in charge transfer to
the catalytic metal. Additionally, the D256E pol � variant
exhibited a three order of magnitude decrease in activity,
and the structure demonstrates Arg254 repositions into a
conformation where it does not interact with D256E (27).

Thus, Arg254 appears to play a critical role in positioning
and stabilizing the carboxylate of Asp256. Our experiments
also perturbed the nucleotidyl transfer reaction, but by al-
tering the DNA substrate as opposed to using a variant en-
zyme. Experimental data presented here, and previously re-
ported by others, suggests Asp256 is likely the proton ac-
ceptor in the nucleotidyl transferase reaction by pol � with
Arg254 playing a key role in stabilizing Asp256 through a
salt bridge interaction.

Broader implications for 8-oxoG at primer termini

It was unexpected for the extension from the mutagenic base
to be favored, as it potentially augments the ability of the le-
sion to become hidden within the genome in its mutagenic
form. Alternatively, in the case of 8-oxoG:C, rearrange-
ments of key residues slow down catalysis and the poly-
merase ‘pauses’ on the DNA. This could potentially serve
as a signal to other repair enzymes. The insertion of 8-oxoG
opposite C, which would occur directly prior to the exten-
sion, is also catalytically unfavored relative to A. This would
further delay the polymerase on the DNA in response to the
lesion. Similarly, this contrast between mutagenic and non-
mutagenic extension was observed during extended soaks
in which 8-oxoG:C, but not 8-oxoG:A, at the primer ter-
minus results in the reopening of the enzyme post-catalysis.
This is in contrast to the correct insertion of a dNTP with a
non-damaged primer terminus where pol � remains in the
closed conformation upon extended soaks (18). 8-oxoG:C
at the primer terminus promotes instability by exposing the
cytotoxic nicked DNA repair intermediate, similarly to the
insertion of 8-oxodGTP or incorrect insertion (4,18). To-
gether, these results indicate the mutagenic 8-oxoG:A base
pair is catalytically favored during DNA replication and re-
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pair, underscoring the danger this common oxidative lesion
poses to genome stability.

While the results presented here utilized pol � and a 1-nt
gapped DNA substrate, the contacts and active site changes
are likely applicable to other DNA polymerases. This is be-
cause the changes observed during extension from 8-oxoG
are DNA centric, arising from the clash between O8 and
the phosphate backbone, which would need accommoda-
tion by any polymerase’s active site. The backbone P� and
3′-OH move together and mediate the catalytic efficiency
through altering the turnover rate. A phylogenetic analy-
sis of DNA polymerase X-family members, of which pol
� is a member, shows active site residues are conserved
among many members. Specifically, Asp256 is highly con-
served among X-family members (37). In pol �, salt bridges
between Arg488 (Arg254 in pol �) and Asp490 (Asp256
in pol �) are observed in the X-ray structures with an av-
erage distance of 2.8 Å. Therefore, it is likely that Arg488
plays an analogous stabilizing role in the nucleotidyl trans-
fer reactions of pol �, as proposed based on ab initio quan-
tum mechanical/molecular mechanical methods (35,38).
By performing MSA for the three X-family closed ternary
complexes pol � (PDB 2FMS), pol � (PDB 2PFO), and pol
� (PDB 2IHM) it was shown that two arginine residues
likely contribute to substantial stabilization of the active
site: Arg254 and Arg183 (pol �), Arg488 and Arg420 (pol �)
and Arg418 and Arg323 (pol �). Therefore, the shift in the
phosphate backbone arising from O8 will likely alter these
X-family polymerases during DNA replication and repair.
It remains to be elucidated how 8-oxoG at the primer ter-
mini is handled by other polymerase families (A, B and Y).

Outside of this study, the ability of polymerases to extend
from DNA damage and the consequences of this extension
have not been assiduously investigated. However, 8-oxoG
regulation of telomerase activity was recently examined. In
this study, it was uncovered that 8-oxodGTP insertion by
telomerase terminates the chain, thereby preventing telom-
ere restoration and promoting cell death (39). As the effects
of 8-oxoG on the primer terminus presented here are DNA
centric, it is likely that the clash observed between O8 and
P� in the 8-oxoG:C structures also occurs in the telomerase
active site. The chain termination by 8-oxoG in telomerase
could potentially be the result of an analogous clash, which
alters key active site residues, thus providing a possible ex-
planation for the fascinating result.
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