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ABSTRACT: The (5′S)-8,5′-cyclo-2′-deoxyguanosine (S-
cdG) lesion is produced from reactions of DNA with hydroxyl
radicals generated from ionizing radiation or endogenous
oxidative metabolisms. An elevated level of S-cdG has been
detected in Xeroderma pigmentosum, Cockayne syndrome,
breast cancer patients, and aged mice. S-dG blocks DNA
replication and transcription in vitro and in human cells and
produces mutant replication and transcription products in
vitro and in vivo. Major cellular protection against S-dG
includes nucleotide excision repair and translesion DNA
synthesis. We used kinetic and crystallographic approaches to elucidate the molecular mechanisms of S-cdG-induced DNA
replication stalling using model B-family Sulfolobus solfataricus P2 DNA polymerase B1 (Dpo1) and Y-family S. solfataricus P2
DNA polymerase IV (Dpo4). Dpo1 and Dpo4 inefficiently bypassed S-cdG with dCTP preferably incorporated and dTTP (for
Dpo4) or dATP (for Dpo1) misincorporated. Pre-steady-state kinetics and crystallographic data mechanistically explained the
low-efficiency bypass. For Dpo1, S-cdG attenuated Kd,dNTP,app and kpol. For Dpo4, the S-cdG-adducted duplex caused a 6-fold
decrease in Dpo4:DNA binding affinity and significantly reduced the concentration of the productive Dpo4:DNA:dCTP
complex. Consistent with the inefficient bypass, crystal structures of Dpo4:DNA(S-cdG):dCTP (error-free) and Dpo4:DNA(S-
cdG):dTTP (error-prone) complexes were catalytically incompetent. In the Dpo4:DNA(S-cdG):dTTP structure, S-cdG induced
a loop structure and caused an unusual 5′-template base clustering at the active site, providing the first structural evidence of the
previously suggested template loop structure that can be induced by a cyclopurine lesion. Together, our results provided
mechanistic insights into S-cdG-induced DNA replication stalling.

DNA is subject to attack by various sources such as UV and
ionizing radiation, environmental pollutants, and endogenous
reactive metabolites, producing 50000−100000 DNA mod-
ifications per cell each day.1 Despite the heavy burden of DNA
damage, genomic replication is normally an extremely accurate
process with an error rate as low as one per 10 billion bases in
mammalian cells.2 The high fidelity is attributed to an intricate
defense network including (but not limited to) several high-
fidelity DNA polymerases, a complex series of DNA damage
response cascades, multifarious DNA repair proteins, and a
battery of DNA polymerases specialized for translesion DNA
synthesis (TLS).2 TLS is a major DNA damage tolerance
pathway; however, TLS can occasionally introduce errors into a
genome. In fact, TLS is responsible for most of the damage-
induced point mutations and is thus particularly relevant to the
etiology of many human diseases.3

Sulfolobus solfataricus P2 (Sso.) is an attractive model system
for deciphering mechanisms of DNA replication.4 Sso. encodes
three B-family DNA polymerases, B1 (Dpo1), B2 (Dpo2), and
B3 (Dpo3), and a Y-family DNA polymerase IV (Dpo4).5,6

Dpo1 is the main replicative DNA polymerase responsible for

high-fidelity DNA replication. Dpo1-catalyzed DNA synthesis is
blocked at DNA lesions, such as an abasic site and 7,8-dihydro-
8-oxo-2′-deoxyguanosine (8-oxodG).7 Dpo2 and Dpo3 have
very low DNA polymerase and 3′ to 5′ exonuclease activities in
vitro and can bypass hypoxanthine and 8-oxodG.5 Dpo4 is an
archaeal orthologue of Escherichia coli pol IV and human pol κ.
Since its crystal structure was first reported in 2001,8 Dpo4 has
been an indispensible tool for understanding TLS in various
DNA damage contexts: crystal structures of Dpo4 in complex
with a variety of lesion-containing DNA duplexes have been
reported, such as ultraviolet-induced photoproduct cis-syn
cyclobutane pyrimidine dimer,9 carcinogen benzo[a]pyrene
diol expoxide-induced DNA adducts,10 and 8-oxodG (one of
the most abundant forms of oxidative DNA damage).11

The cyclopurine (CPU) nucleoside adducts are caused by
endogenous oxidative stress or ionizing radiation.12,13 An
adenosine adduct was first discovered after adenosine 5′-
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monophosphate had been exposed to radiation in an oxygen-
free aqueous solution.14 Subsequent studies identified both R
and S diastereoisomers of 8,5′-cyclo-2′-deoxyadenosine (cdA)
and 8,5′-cyclo-2′-deoxyguanosine [cdG (S-cdG structure shown
in Figure 1A)] in DNA after radiation exposure.15 A major

pathway through which CPU lesions are formed is H-
abstraction at C5′ by HO• (generated by radiolysis of water)
followed by intramolecular cyclization.12 Apart from ionizing
radiation, the cdA and cdG lesions are DNA damage products
from endogenous reactive oxygen species. The cdA adduct was
first identified as one of the dinucleotides termed “type II I-
compounds” in aged rodents using a 32P postlabeling
technique.16 Subsequently, using isotope dilution mass
spectrometry, an increasing level of all four diastereoisomers
was observed in aged rodents in a tissue specific manner,17,18

and in mice under inflammatory conditions.19,20 More recently,
CPU lesions were also found to accumulate in ultraviolet
radiation-independent mouse melanoma,21 and Xeroderma
pigmentosum, Cockayne syndrome, breast cancer, and familial
Mediterranean fever patients,12,22−24 underscoring the impor-
tance of CPU lesions in disease processes.
Unlike many other oxidative DNA damage lesions, the CPU

lesions are resistant to base excision repair (BER).25−28

Although CPU lesions are substrates for nucleotide excision
repair (NER), the rate of incision of S-cdG by E. coli UvrABC
NER proteins is only 1/10 of the rate of a typical NER substrate,
the C8-dG adduct of N-acetyl-2-aminofluorene.29 The 5′S
isomers are more resilient to NER than the 5′R isomers for
both cdA and cdG,25,30 also evidenced by a higher level of 5′S
isomers than 5′R isomers detected in mice.18 Unrepaired and
accumulated CPU lesions are strong blocks to DNA replication

and transcription in vitro and in human cells25,31 and can
induce the formation of mutant replication and transcription
products in vivo.29,32 A common mutation pattern found for S-
cdG includes G → A transition and G → T transversion
mutations with varying mutation frequencies in E. coli and
human cells.29,32 In vitro studies found cdG is bypassed by E.
coli pol IV, human polymerases κ and ζ, and Dpo4 in an
inefficient and highly error-prone fashion but can be bypassed
by human pol η and pol ι in a largely error-free fashion.32,33

Structural attributes of CPU lesions potentially contribute to
their mutagenic and DNA repair resistance properties. An
unusual O4′-exo sugar puckering for the CPU lesions and
substantial changes in backbone torsion angles have been
observed in nuclear magnetic resonance (NMR) structures of
duplex DNA containing 5′S isomers of cdA and cdG.34−36

Molecular modeling and dynamic simulations showed a higher
degree of perturbations caused by 5′R lesions could contribute
to their greater NER incision susceptibility.30 These studies
provided important information about structural perturbations
imposed by these lesions in a DNA duplex. However, the
molecular basis for how CPU lesions induce mutagenic DNA
polymerase bypass or DNA polymerase stalling remains elusive.
Herein we used S-cdG as a representative CPU lesion and

Dpo1 and Dpo4 as model replicative and TLS pols to elucidate
the mechanisms of DNA replication stalling induced by S-cdG.
Steady-state and pre-steady-state kinetic assays were used to
pinpoint the microscopic kinetic steps affected by the presence
of S-cdG during DNA replication. Two high-resolution X-ray
crystal structures of Dpo4 revealed, from a structural
perspective, how S-cdG hindered DNA replication. Our study
provides, for the first time, kinetic and structural insights into
the mutagenic bypass of S-cdG.

■ EXPERIMENTAL PROCEDURES
Materials. All commercial chemicals were of the highest

quality available and were used without further purification.
Unlabeled dNTPs and T4 polynucleotide kinase were from
New England Biolabs (Ipswich, MA). [γ-32P]ATP (specific
activity of 3 × 103 Ci mmol−1) was from PerkinElmer Life
Sciences (Boston, MA) or MP Biomedicals (Santa Ana, CA).
Oligonucleotides containing S-cdG were synthesized and
purified by high-performance liquid chromatography (HPLC)
by TriLink Biotechnologies (San Diego, CA). The purity of the
lesion-containing oligonucleotides was shown by polyacryla-
mide gel electrophoresis to be >99% by the manufacturer. The
molecular weight was confirmed by MALDI mass spectrome-
try: 18-mer-S-cdG, found m/z 5351.9, calcd m/z 5353.6; 23-
mer-S-cdG, found m/z 7063.3, calcd m/z 7063.4. Other
oligonucleotides were from Integrated DNA Technologies
(Coralville, IA) and purified by HPLC. Dpo4 and Dpo1 [exo−,
triple mutant (D231A/E233A/D318A)] expression vectors
were kindly provided by F. P. Guengerich (Vanderbilt
University School of Medicine, Nashville, TN). Both proteins
were expressed and purified as described previously.37 The 3′
→ 5′ exonuclease-deficient mutant of Dpo1 was used to avoid
complication in interpreting the kinetic data of nucleotide
incorporation.

Primer Extension and Steady-State Kinetic Assays. A
DNA duplex (sequences shown in Figure 1B) with a 5′-
[γ-32P]ATP end label on the primer was annealed to a template
with dG or S-cdG. Primer extension assays were performed in
40 mM Tris-HCl buffer (pH 7.4) containing 100 nM primer−
template complex, 50 μM dNTPs, 100 or 50 nM polymerase,

Figure 1. (A) Structure of (5′S)-8,5′-cyclo-2′-deoxyguanosine (S-
cdG). (B) 13/18-mer duplex used for examining the nucleotide
incorporation across S-cdG or 2′-deoxyguanosine (dG), 14/18-mer
duplex used for analyzing the postlesion synthesis, and 13/23-mer
duplex used in “running-start” assays.
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5% (v/v) glycerol, 3 mM DTT, 40 mM NaCl, 5 mM MgCl2,
and 50 μg mL−1 bovine serum albumin (BSA) at 37 °C. Steady-
state kinetic experiments were conducted under the same
conditions except using 0.5−10 nM pol at varying dNTP
concentrations and incubation times (3−10 min). Reactions
were quenched by adding 1.5 μL of reaction mixture to 9 μL of
20 mM EDTA (pH 9.0) in 95% (v/v) formamide. After
denaturation at 90 °C, reaction products were rapidly cooled
on ice and separated using 16% (w/v) acrylamide gel
electrophoresis containing 7 M urea. Results were visualized
using a phosphorimaging system (GE Healthcare, Typhoon
FLA7000) and analyzed with ImageQuant. Data were fit to the
Michaelis−Menten equation to obtain kcat and Km using Prism
(GraphPad, San Diego, CA).
DNA Polymerase−DNA Binding Affinity. A fluorescein

amidite (FAM)-labeled 13/18-mer duplex (10 nM) was
incubated with varying concentrations of Dpo1 or Dpo4
(0.5−400 nM) for 30 min at 37 °C, followed by fluorescence
polarization measurements performed on an Infinite F200 Pro
microplate reader (TECAN US Inc., Durham, NC) using filter
sets with a λex of 485 nm and a λem of 525 nm. All titrations
were performed in 50 mM HEPES buffer (pH 7.4) containing
10 mM potassium acetate, 5 mM MgCl2, 2 mM β-
mercaptoethanol, and 100 μg mL−1 BSA. Data were acquired
at 37 °C and then fit to a quadratic equation to estimate Kd,DNA,
using a quadratic equation

= + − + +

− + + −

y F D P F K x D

K x D Dx

0.5 ( ){

[( ) 4 ] }2 1/2 (1)

where x is the concentration of DNA polymerase, y is the
change in fluorescence polarization (ΔmP), K is the
equilibrium dissociation constant (Kd,DNA) for DNA polymer-
ase−DNA binding, P is the maximal polarization, and F is the
initial polarization.38

Pre-Steady-State Kinetics. Pre-steady-state kinetic assays
were performed on a KinTek RQF-3 model chemical quench-
flow apparatus (KinTek Corp., Austin, TX). Burst kinetic
experiments were conducted under enzyme-limiting conditions
by rapid mixing of 50 nM primer−template duplex and pols
with 1 mM dCTP. All concentrations are final concentrations
after mixing. Reactions were quenched by mixing samples with
0.3 M EDTA. Assays contained 12.5−50 nM Dpo1 (or Dpo4),
5% (v/v) glycerol, 3 mM DTT, 40 mM NaCl, 5 mM MgCl2,
and 50 μg mL−1 BSA in 40 mM Tris-HCl buffer (pH 7.4). Data
were fit to a burst equation

= − +−y A k t(1 e )k t
ss

obs (2)

where A is the product amplitude following the first binding
event, kobs is the rate of polymerization, kss is the steady-state
rate of nucleotide incorporation, and t is the reaction time. The
maximal single-nucleotide incorporation rate constant (kpol)
and the apparent nucleotide dissociation constant (Kd,dCTP,app)
from a kinetically active ternary complex were measured in the
presence of excess DNA polymerase with a series of dCTP
concentrations (0.5−2400 μM). Under single-turnover con-
ditions, time-dependent product formation at each dCTP
concentration was fit to a single-exponential equation

= − −y A(1 e )k tobs (3)

where A is the product amplitude following the first binding
event, kobs is the rate of polymerization, and t is the reaction

time. The obtained kobs values were plotted as a function of
dCTP concentration and fit to a hyperbolic equation

= +y k K[dCTP]/( [dCTP])pol d,dCTP,app (4)

The product amplitude (A) for the Dpo4-catalyzed dCTP
insertion opposite S-cdG was dependent on the dCTP
concentration and was fit to eq 4 to obtain Kd,dCTP,app.

39

Crystallization of Dpo4:S-cdG:dNTP Complexes. The
13/18-mer duplex used for cocrystallization with Dpo4 is
shown in Figure 1B except that the 3′-terminal C was a 2′,3′-
dideoxycytidine to prevent polymerization. Crystals were
obtained under similar conditions as described previously.40

Specifically, the Dpo4:S-cdG:dCTP complex was crystallized in
a solution of 220 μM Dpo4, 264 μM 13/18-mer duplex, 5 mM
MgCl2, 1 mM dCTP, 20 mM Tris-HCl (pH 7.4), 60 mM NaCl,
2% (v/v) glycerol, and 5 mM β-mercaptoethanol mixed in a 1:1
(v/v) ratio with a reservoir solution containing 0.1 M Tris-HCl
(pH 7.4), 15% (w/v) polyethylene glycol 3350, 0.1 M
Ca(CH3COO)2, and 2% (v/v) glycerol. The Dpo4:S-
cdG:dTTP crystals were obtained with 180 μM Dpo4, 216
μM 13/18-mer duplex, and 1 mM dTTP, with concentrations
of other components that were the same as in the crystallization
of the Dpo4:S-cdG:dCTP complex. Crystals were grown using
the hanging-drop vapor diffusion method at 19 °C. Crystals
were harvested and soaked in a mother liquor solution
containing 25% (w/v) polyethylene glycol 3350 and 15% (v/
v) ethylene glycol prior to being flash-frozen in liquid nitrogen.

Structure Determination and Refinement. X-ray
diffraction data were collected on the 21-ID-F beamline at
the Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). All data sets were recorded from cryoprotected
crystals using a single wavelength at 100 K. Data were indexed
and scaled with HKL2000.41 X-ray diffraction data collection
and processing statistics are listed in Table 5. For the Dpo4:S-
cdG:dTTP complex, molecular replacement with MOLREP42

was performed on the basis of a previous Dpo4 model [Protein
Data Bank (PDB) entry 2IMW].43 For the Dpo4:S-cdG:dCTP
complex, crystals were twinned and processed in P21 with the
twinning law. Phases were calculated using ARP/wARP as part
of the CCP4 program suite.44,45 Both crystal complexes were
refined in Phenix (1.9.1690).46 Repeated cycles of manual
rebuilding were performed in COOT.47 Structural images were
generated in PyMOL.48

■ RESULTS

S-cdG Was a Strong Block for Dpo1- and Dpo4-
Catalyzed DNA Replication. Primer extension assays were
performed first to examine the bypass capabilities of Dpo1 and
Dpo4. A “running-start” assay with 13/23-mer (sequence
shown in Figure 1B) showed that DNA synthesis was markedly
stalled at the position opposite S-cdG for Dpo1 (Figure 2A,
lanes 5 and 6) and moderately stalled for Dpo4 (Figure 2A,
lanes 11 and 12). Dpo1, a replicative DNA polymerase, was
incapable of extending the primer to a full length product,
whereas Dpo4 moderately passed S-cdG to produce a low level
of full length product(s). A “standing-start” assay with 13/18-
mer duplexes containing dG or S-cdG (sequence shown in
Figure 1B) demonstrated a similar stalling effect imposed by S-
cdG for Dpo1 (Figure 2B, lanes 14 and 20) and Dpo4 (Figure
2A, lanes 20 and 21). On the other hand, efficient primer
extensions were observed with undamaged templates (Figure 2,
lanes 2, 3, 17, and 18 for Dpo1 and lanes 8, 9, 23, and 24 for
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Dpo4). Moderate bypass was achieved with a longer reaction
time (30 min) or a higher enzyme concentration (100 nM)
(Figure S2 of the Supporting Information). Overall, S-cdG was
a strong block for Dpo1- and Dpo4-catalyzed DNA replication,
consistent with the stalling effects observed previously with
other B-family and Y-family DNA polymerases.25,32

S-cdG Bypass by Dpo1 or Dpo4 Was Error-Prone and
Inefficient. Steady-state kinetic assays were used to analyze the
catalytic efficiency and error frequency of S-cdG bypass. Both
Dpo1 and Dpo4 preferred to incorporate the correct C across
the template S-cdG, although the process was equally inefficient
for both pols (Table 1, kcat/Km within a factor of 2). Compared
to that of the undamaged G:dCTP pair, 140- and 65-fold
decreases in the catalytic specificity constant (kcat/Km) were
observed for Dpo1 and Dpo4, respectively. S-cdG bypass by
Dpo1 or Dpo4 was error-prone. Dpo1 misincorporated dATP
opposite the template S-cdG with a frequency (0.11) higher
than that with dTTP (0.02) or dGTP (0.002); Dpo4 showed

an error frequency of 0.36 for the S-cdG:dTTP mispair, 0.09 for
the S-cdG:dATP mispair, and 0.026 for the S-cdG:dGTP
mispair. A similar mutation pattern was observed for Dpo4 with
a different sequence context [G on the 5′ side of S-cdG (Table
S1 of the Supporting Information)]. Together, our results
demonstrated that bypass of S-cdG was inefficient for Dpo1
and Dpo4, and the lesion induced mutagenic mispairs.

S-cdG Weakened Dpo4−DNA Binding but Not Dpo1−
DNA Binding. Previous solution NMR structures have shown
that CPU lesions give rise to significant distortions in the DNA
duplex.34−36 These results prompted us to investigate the
potential effect on DNA−pol binding that might be caused by
these structural distortions. We conducted fluorescence polar-
ization experiments using a fluorescein-labeled primer annealed
to a template containing dG or S-cdG to obtain the equilibrium
dissociation constant (Kd,DNA) for Dpo1 and Dpo4 (Figure 3).
Kd,DNA values with an unmodified template were 6.5 ± 1.7 and
13 ± 2 nM for Dpo1 and Dpo4, respectively, in agreement with
literature values obtained by gel mobility shift assays.49

Interestingly, the S-cdG-harboring duplex resulted in a similar
Kd,DNA (8.6 ± 1.8 nM) with Dpo1 compared to a value of 6.5 ±
1.7 nM with an unmodified duplex, suggesting that the
presence of S-cdG in the template did not perturb Dpo1−
DNA binding. By contrast, S-cdG resulted in an approximately
6-fold higher Kd,DNA for Dpo4, suggesting that structural
disruption imposed by S-cdG weakened Dpo4−DNA binding,
which contributes in part to the 65-fold decrease seen for Dpo4
in the level of dCTP catalysis (vide supra, steady-state kinetics).
Thus, our data demonstrated that structural disruptions
potentially imposed by the template S-cdG weakened Dpo4−
DNA binding.

S-cdG Compromised the Formation of a Productive
Dpo4:DNA:dCTP Complex. Steady-state kinetics provides
the overall efficiency on a single catalytic cycle but does not
offer details about individual catalytic steps. Pre-steady-state
kinetics is powerful in dissecting the catalytic mechanisms of an
enzyme.38 We used pre-steady-state burst kinetics (or active site
titration) to examine the transient concentration of the
productive pol:DNA:dNTP complex during catalysis (Figure
4 and Table 2). This concentration is important for defining the
active portion of the enzyme in a certain protein preparation,
and it is also meaningful in explaining the partition between the
productive and nonproductive complexes during TLS.38,50

Dpo4-catalyzed DNA synthesis across template G gave a burst
amplitude that is stoichiometric with enzyme concentration
(98%), whereas Dpo1 gave an amplitude that is approximately
half of the total enzyme (56%), perhaps because of the mutant
Dpo1 used. These results suggest that all (for Dpo4) or nearly
all (for Dpo1) enzymes formed productive complexes with an
unmodified DNA duplex. For the error-free bypass by Dpo1,
the percentage of productive complex with an S-cdG-bearing
duplex decreased to approximately half of that for an
unmodified DNA duplex. Remarkably, S-cdG reduced the
concentration of productive complex to only ∼1% of the total
concentrations of the enzyme, suggesting that S-cdG had a
major impact on Dpo4 catalysis, rendering a majority of the
Dpo4:DNA:dNTP complex catalytically inactive. Together,
results from pre-steady-state burst kinetic assays supported the
low kcat/Km seen in steady-state kinetic assays.

S-cdG Decreased kpol and Increased Kd,dCTP,app for
Dpo1 but Not for Dpo4. Pre-steady-state kinetics under
single-turnover conditions allowed us to determine key kinetic
parameters, such as the maximal polymerization rate (kpol), the

Figure 2. Primer extension experiments examining the bypass of
template (5′S)-8,5′-cyclo-2′-deoxyguanosine (S-cdG) or 2′-deoxygua-
nosine (dG) catalyzed by Dpo1 or Dpo4. (A) “Running-start” primer
extension assays with 50 nM Dpo1 or Dpo4. (B) “Standing-start”
primer extension assays with 50 nM Dpo1 or Dpo4. Assays were
performed at 37 °C and contained 100 nM primer−template complex,
50 μM dNTPs, 50 nM Dpo1 (or Dpo4), 5% (v/v) glycerol, 3 mM
DTT, 40 mM NaCl, 5 mM MgCl2, and 50 μg mL−1 BSA in 40 mM
Tris-HCl (pH 7.4).
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apparent nucleotide dissociation constant from a kinetically
active ternary complex (Kd,dCTP,app), and the catalytic efficiency
(kpol/Kd,dCTP,app). For Dpo1-catalyzed error-free bypass (Table
3 and Figure S2A−D of the Supporting Information), the
catalytic efficiency was 100-fold lower than that of an
unmodified dG:dCTP pair, which explained the 140-fold
attenuation seen in kcat/Km in the steady-state kinetic results.
This decrease, deriving from a 4-fold decrease in kpol and a 27-
fold increase in Kd,dCTP,app for the S-cdG:dCTP pair compared
to those of the dG:dCTP pair, suggests that S-cdG attenuated
nucleotide incorporation due to weakened nucleotide binding
and a lowered kpol [function of the rate of the forward
conformational change and the chemistry step (see Dis-
cussion)].38

The Dpo4-catalyzed dCTP incorporation opposite S-cdG
(Table 3 and Figure S2E,F of the Supporting Information) was
somewhat unusual in that its kpol was independent of the dCTP
concentration (Figure S2F of the Supporting Information,
inset). Instead, the product amplitude was dependent on the
dCTP concentration (Figure S2F of the Supporting Informa-
tion), which suggests that the polymerization is readily

reversible, so that the increase in dCTP concentration drives
an increasing amount of product formed at the enzyme active
site.39 On the basis of the product amplitude dependence,
Kd,dCTP,app was estimated to be 139 ± 36 μM for the S-
cdG:dCTP pair, which was similar to the value of 150 ± 40 μM
for the dG:C pair, suggesting the S-cdG-containing pair did not
alter the apparent nucleotide dissociation constant. We
estimated kpol to be 43 ± 20 s−1 based upon the highest kobs
obtained. Thus, the catalytic efficiency kpol/Kd,dCTP,app was 0.31
s−1 μM−1 for the S-cdG:dCTP pair, ∼15-fold higher than that
for the normal dG:dCTP pair. The higher catalytic efficiency
observed for the adducted template does not contradict the
decrease in specificity constant for dCTP in the aforemen-
tioned steady-state kinetic results. This is because kpol/
Kd,dCTP,app is a more precise measure of catalytic events during
the nucleotide binding, pol conformation change, and
nucleotidyl transfer steps (Scheme 1), whereas kcat/Km

measured in steady-state kinetics is a function of kinetic
constants of all steps in a single catalytic cycle, including a
conformational relaxation step after the nucleotidyl transfer,
which is the rate-limiting step for Dpo4.50 Therefore, through

Table 1. Steady-State Kinetic Parameters for Single-Nucleotide Incorporations opposite (5′S)-8,5′-Cyclo-2′-deoxyguanosine (S-
cdG) or 2′-Deoxyguanosine (dG) Catalyzed by Dpo1 or Dpo4a

polymerase template:dNTP pair kcat (min
−1) Km,dNTP (μM) kcat/Km,dNTP (min−1 μM−1) fb change in specificity relative to dG:Cc

Dpo1 S-cdG:C 0.25 ± 0.03 6.8 ± 1.2 0.036 140-fold lower
S-cdG:T 0.013 ± 0.001 18 ± 5 0.00072 0.020
S-cdG:A 0.46 ± 0.04 120 ± 20 0.0038 0.11
S-cdG:G 0.093 ± 0.008 1020 ± 150 0.000091 0.0025
dG:C 3.7 ± 0.2 0.71 ± 0.06 5.2
dG:T 2.7 ± 0.7 780 ± 280 0.0035 0.00067
dG:A 0.17 ± 0.03 120 ± 40 0.0014 0.00027
dG:G 0.023 ± 0.001 16 ± 4 0.0014 0.00027

Dpo4 S-cdG:C 1.6 ± 0.1 80 ± 9 0.020 65-fold lower
S-cdG:T 2.8 ± 0.3 380 ± 80 0.0074 0.37
S-cdG:A 1.1 ± 0.1 620 ± 50 0.0018 0.090
S-cdG:G 0.46 ± 0.02 900 ± 70 0.00051 0.026
dG:C 2.4 ± 0.1 1.9 ± 0.2 1.3
dG:T 1.6 ± 0.1 780 ± 70 0.0021 0.0016
dG:A 0.61 ± 0.04 920 ± 110 0.00066 0.00051
dG:G 0.29 ± 0.01 320 ± 40 0.00091 0.00070

aThe assays were performed at 37 °C with 100 nM 13/18-mer duplex, varying dNTP concentrations, 0.5−10 nM DNA polymerase, 5% (v/v)
glycerol, 3 mM DTT, 40 mM NaCl, 5 mM MgCl2, and 50 μg mL−1 bovine serum albumin (BSA) in 40 mM Tris-HCl buffer. bMisinsertion
frequency f = (kcat/Km,dNTP)incorrect/(kcat/Km,dCTP)correct.

cChange of specificity, calculated from (kcat/Km)S‑cdG:C/(kcat/Km)dG:C.

Figure 3. Effect of the adduct-containing template on the equilibrium dissociation constant (Kd,DNA) of (A) Dpo1 and (B) Dpo4. Fluorescence
anisotropy assays contained FAM-labeled 13/18-mer duplex (10 nM) and varying concentrations of Dpo1 or Dpo4 (0.5−400 nM), followed by
fluorescence polarization measurements. The different templates are 13/18-mer(S-cdG) (■) and 13/18-mer(dG) (▲). All titrations were performed
in 50 mM HEPES buffer (pH 7.4) containing 10 mM potassium acetate, 5 mM MgCl2, 2 mM β-mercaptoethanol, and 0.1 μg mL−1 BSA. Data were
fit to a quadratic equation (eq 1 in Experimental Procedures) to obtain Kd,DNA values 8.6 ± 1.8 nM [Dpo1 with 13/18-mer(S-cdG)], 6.5 ± 1.7 nM
[Dpo1 with 13/18-mer(dG)], 76 ± 16 nM [Dpo4 with 13/18-mer(S-cdG)], and 13 ± 2 nM [Dpo4 with 13/18-mer(dG)].
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pre-steady-state kinetic analysis, we gained a mechanistic view
of the effect of S-cdG on Dpo1 and Dpo4 catalysis. The 140-
fold decrease in dCTP catalytic efficiency for Dpo1 when
encountering S-cdG can be explained by the decrease in the
maximal polymerization rate (kpol) and the increase in the
apparent nucleotide dissociation constant (Kd,dCTP,app). For
Dpo4-catalyzed error-free S-cdG bypass, the 65-fold attenu-
ation of the specificity constant of dCTP is caused in part by
the 100-fold decrease in the concentration of the productive
Dpo4:DNA:dCTP complex.

Postlesion DNA Synthesis beyond the S-cdG:dCMP
Pair Was Very Inefficient for Dpo1 and Dpo4. To assess
the extension efficiency beyond the damaged site, we
conducted primer extensions with a 14/18-mer with an S-
cdG:dCMP pair (see Figure 1B for the duplex sequence and
Figure S3 of the Supporting Information for the extension
assays). The catalytic specificity constant for the correct dGTP
was obtained for templates containing S-cdG or dG, as
summarized in Table 4. Consistent with the inefficient primer
extension pattern in Figure 2, the postlesion synthesis was
inefficient for Dpo1 and Dpo4 (Figure S3 of the Supporting

Figure 4. Effect of the adduct-containing template on the transient concentration of the productive pol:DNA:dNTP complex. Pre-steady-state burst
kinetic assays were performed under enzyme-limiting conditions. (A) Dpo1 (16 nM) with 13/18-mer(S-cdG), (B) Dpo1 (12.5 nM) with 13/18-
mer(dG), (C) Dpo4 (25 nM) with 13/18-mer(S-cdG), and (D) Dpo4 (25 nM) with 13/18-mer(dG). Assays were initiated by rapid mixing of the
preformed pol:DNA complex (50 nM duplex and varying concentrations of pol) with 1 mM dCTP and terminated by mixing with 0.3 M EDTA. All
concentrations were final concentrations after mixing. Assays contained 5% (v/v) glycerol, 3 mM DTT, 40 mM NaCl, 5 mM MgCl2, and 50 μg mL

−1

BSA in 40 mM Tris-HCl buffer (pH 7.4). Data were fit to a double-exponential equation (eq 2 in Experimental Procedures), and results are
summarized in Table 2.

Table 2. Pre-Steady-State Burst Kinetic Parameters for Single-Base Incorporation opposite (5′S)-8,5′-Cyclo-2′-deoxyguanosine
(S-cdG) or 2′-Deoxyguanosine (dG) Catalyzed by Dpo1 or Dpo4a

polymerase template:dNTP pair kobs (s
−1) kss (s

−1) Ab (nM) [productive]/[total]c (%)

Dpo1 S-cdG:C 6.0 ± 1.0 0.62 ± 0.08 5.4 ± 0.3 33
dG:C 69.9 ± 5.8 0.94 ± 0.10 7.0 ± 0.1 56

Dpo4 S-cdG:C 15.0 ± 3.7 0.42 ± 0.01 0.34 ± 0.03 1.4
dG:C 3.8 ± 0.5 2.7 ± 0.5 23.4 ± 1.4 94

aSee the legend of Figure 4 for experimental conditions. Data were fit to eq 2 in Experimental Procedures. bA is the product amplitude. cValues were
obtained by dividing the product amplitude by the total enzyme concentration in each assay.

Table 3. Effect of the S-cdG-Containing Template on the
Maximal Polymerization Rate (kpol) and the Apparent
Nucleotide Dissociation Constant (Kd,dCTP,app) for the
Incorporation of the Correct Base (dCTP)a

polymerase
template:dNTP

pair kpol (s
−1)

Kd,dCTP,app
(μM)

kpol/Kd,dCTP,app
(s−1 μM−1)

Dpo1 S-cdG:C 2.6 ± 0.4 620 ± 200 0.0042
dG:C 9.9 ± 0.9 23 ± 7 0.43

Dpo4 S-cdG:C 43 ± 20 139 ± 36 0.31
dG:C 3.0 ± 0.2 150 ± 40 0.020

aPre-steady-state kinetic assays were performed under single-turnover
conditions with limiting DNA duplexes. Data were obtained by rapid
mixing of 50−100 nM primer−template duplex and 250 nM to 20 μM
DNA polymerase with varying concentrations of dCTP (0.5−2400
μM). See Figure S3 of the Supporting Information for concentrations
of pols. Assays contained 5 mM MgCl2, 5% (v/v) glycerol, 3 mM
DTT, 40 mM NaCl, and 50 μg mL−1 bovine serum albumin (BSA) in
40 mM Tris-HCl buffer (pH 7.4). Data were fit to eq 3 (Experimental
Procedures) to obtain kobs, which was then fit to eq 4 as a function of
dCTP concentration. For Dpo4-catalyzed dCTP insertion opposite S-
cdG, the product amplitude and dCTP concentration were fit to eq 4.
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Information). A decline in the dGTP specificity constant was
seen for Dpo1 and Dpo4 in the postlesion incorporation event,
i.e., 200-fold decrease for Dpo1 and 3000-fold decrease for
Dpo4. Compared to that of Dpo4, Dpo1 showed a 5-fold
higher catalytic specificity constant of dGTP, suggesting that
Dpo1 may be a major player in post-S-cdG DNA synthesis in
vivo.
Dpo4 Crystal Structures Supported the Existence of

Catalytically Inactive Complexes. To understand the
structural mechanisms of S-cdG-induced DNA replication
stalling and inefficient bypass, we determined two ternary
structures of Dpo4 at high resolutions capturing the error-free
(S-cdG:dCTP) and error-prone (S-cdG:dTTP) bypass. The
Dpo4:S-cdG:dCTP and Dpo4:S-cdG:dTTP complexes are
designated as Dpo4-1 (refined to 2.06 Å) and Dpo4-2 (refined
to 1.58 Å), respectively. Crystallographic data collection and
refinement statistics are listed in Table 5. The overall
architecture of Dpo4-1 (Figure 5A) was similar to that of the
previously reported “type I” Dpo4 ternary structure [PDB entry
2AGQ, Cα root-mean-square deviation (rmsd) of 1.017 Å].8

The protein structure (without DNA) closely resembled the
Dpo4 structure featuring the error-free bypass of 8-oxodG51

(PDB entry 2C2R, Cα rmsd of 0.595 Å, superimposed
structures shown Figure 5B). A close-up view of the active
site revealed that S-cdG was shifted toward the major groove.
Incomplete electron density was observed for S-cdG, i.e., partial
electron density for the sugar pucker and a part of the
pyrimidine ring and complete electron density for the
phosphate group (omit map shown at the 1σ level in Figure
6A). However, the existing map confirmed the identity of S-
cdG because of the clear electron density seen for the covalent
linkage between the C5′ atom and the C8 atom (unique for S-

cdG). The observed electron density map suggests S-cdG
interacts with surrounding amino acid residues and ions.
Indeed, the exocyclic N2 atom of S-cdG interacted with the
carbonyl O atom of Gly58 and a water molecule via hydrogen
binding (Figure 6C). The N3 atom of the pyrimidine ring
formed a hydrogen bond with a different water molecule.
The incoming dCTP was paired with a template G at

position −1 via Watson−Crick base pairing (Figure 6B), and
the Cdd at the primer terminus bulged to the minor-groove side.
The conformation with a bulged out primer Cdd positioned in
the minor groove was also seen in several reported Dpo4
structures.51,52 The distance between the C3′ atom of primer
terminal Cdd and the α-phosphate atom of dCTP was 9.2 Å,
rendering the complex catalytically incompetent. The inactive
state is consistent with the low catalytic efficiency of insertion
of dCTP opposite S-cdG catalyzed by Dpo4. As noted earlier in
the pre-steady-state kinetic results, the nucleotidyl transfer step
for the Dpo4-catalyzed dCTP insertion could be readily
reversible. It is conceivable that the structure observed here
may represent the stage after a conformational change from a
catalytically active state.
In contrast to Dpo4-1, Dpo4-2 (Dpo4:S-cdG:dTTP) showed

large deviations (Cα rmsd of 3.183 Å) from a “type I” Dpo4
structure (Figure 5C and the structure colored red in Figure
5D). A looped template was observed possibly induced by an
unusual sugar puckering of 8,5′-cyclization of S-cdG.53 As a
result, an unexpected clustering of three template bases (A, C,
and T at positions +2, +3, and +4, respectively) was seen at the
active site, causing a wider opening between the little finger and
finger domains [structure colored red compared to the
structure colored green (PDB entry 2C2R) in Figure 5D].
The pyrimidine ring and sugar residues of the incoming dTTP
were shifted to the major-groove side, though the phosphate
groups were still stabilized by magnesium chelation (Figure
6D). The phosphate groups of dTTP adopted a “goat-tail”-like
conformation somewhat similar to that observed in a Dpo4
complex containing a mismatch.54 The S-cdG lesion is
stabilized via Ca2+ chelation and hydrogen bonds with several
water molecules (Figure 6F). The metal ion was refined as Ca2+

instead of Mg2+ because of the presence of 0.05 M
Ca(CH3COOH)2 under crystallization conditions and a total
seven ligands observed with an average distance of 2.4 Å to the
metal ion (Figure 6E).55 The pyrimidine ring of template C at
position +3 interacted via π−π stacking with Tyr12, which
would otherwise interact with the sugar pucker of the incoming
nucleotide. The template C at position +3 displaced the
pyrimidine ring and the sugar pucker of dTTP from the typical
position of an incoming nucleotide in a “type I” Dpo4 structure
(Figure 6D,F). Notably, the pyrimidine ring and sugar pucker
were flipped 180° compared to those of a normal conformation
of the incoming nucleotide (see the conformation of dCTP in

Scheme 1. Minimal Kinetic Model of DNA Polymerase Catalysis

Table 4. Steady-State Kinetic Parameters for Dpo1- and
Dpo4-Catalyzed Postlesion Extensionb

aChange in specificity, calculated from (kcat/Km)dGTP,damaged/(kcat/
Km)dGTP,umodified.

bA 14/18-mer duplex (sequence shown in Figure 1B)
was used for analyzing the incorporations of dGTP opposite the
template C at the 5′ position of (5′S)-8,5′-cyclo-2′-deoxyguanosine (S-
cdG) or 2′-deoxyguanosine (dG).
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Figure 6A for comparison). This unusual conformation of
dTTP is facilitated by several interactions: (i) the pyrimidine
ring interacted with template A at position +2 via π−π
interactions, (ii) the methyl−π interactions occurred between
the pyrimidine ring and the methyl group of dTTP (Figure 6F),
and (iii) two magnesium ions chelated the phosphate groups
(Figure 6G). As shown in Figure 6G, a second magnesium also
chelated the exocyclic oxygen atom of template C at position
+3 in addition to interacting with Glu106, Asp7, the oxygen of
dTTP β-phosphate, and two water molecules. Notably, Dpo4-2
was also catalytically incompetent, consistent with the low
specificity constant of dTTP observed in the steady-state assays.
Together, structures of Dpo4-1 and Dpo4-2 provided structural
evidence of the existence of the inactive complex. Importantly,
the looped template potentially induced by S-cdG in Dpo4-2 is
consistent with the previously proposed CPU-induced
secondary structures evidenced by the nuclease footprinting
assay.53 The catalytically null complexes are in agreement with
the low bypass efficiencies in the primer extension and steady-
state assays. Transient productive conformations are likely to
exist in equilibrium with nonproductive complexes,56 because

small amounts of bypass products were indeed observed for
Dpo1 and Dpo4.
We attempted to capture the S-cdG at the active site base

pairing with an incoming nucleotide and were unsuccessful.
Other conditions have all been recalcitrant to crystallization,
including (i) a ternary complex with a 13-mer primer
terminated with a regular 2′-deoxycytidine and an inhibitor
2′-deoxycytidine-5′-[(α,β)-imido]triphosphate (dCMPNPP),
(ii) a binary complex with a 13-mer primer terminated with a
regular 2′-deoxycytidine and an inhibitor 2′-dideoxycytidine
triphosphate, and (iii) a binary complex with a 14/18-mer
containing S-cdG. It is likely that the Dpo4:DNA(S-
cdG):dNTP complex adopts multiple conformations that
exist in equilibrium.52 This is evidenced by (i) a substoichio-
metric burst (1%) in Dpo4-catalyzed dCTP insertion opposite
S-cdG (Table 2 and Figure 4) and (ii) a potentially reversible
nucleotidyl transfer [step 4 in Scheme 1; vide supra product
amplitude was dependent on dCTP concentration (Table 3 and
Figure S2F of the Supporting Information)].

Table 5. Crystal Data Collection and Refinement Statistics for Ternary Complexes Dpo4-1 (Dpo4:S-cdG:dCTP, PDB entry
4TQS) and Dpo4-2 (Dpo4:S-cdG:dTTP, PDB entry 4TQR)

Dpo4-1 (4TQS) Dpo4-2 (4TQR)

Data Collection
template:dNTP S-cdG:dCTP S-cdG:dTTP
beamline 21-ID-F 21-ID-F
space group P21 P212121
unit cell (a, b, c) (Å) 52.12, 184.24, 52.12 58.54, 89.41, 112.39
unit cell (α, β, γ) (deg) 90.00, 110.00, 90.00 90.00, 90.00, 90.00
resolution range (Å)a 28.41−2.06 (2.10−2.06) 28.32−1.58 (1.60−1.58)
no. of unique reflections 55908 81191
completeness (%) 98.5 (98.5) 99.7 (99.9)
redundancy 3.8 (3.4) 5.5 (5.0)
Rlinear

b 0.088 (0.41) 0.057 (0.50)
signal to noise (I/σI) 13.9 (3.0) 23.0 (2.9)
coordinate composition (asymmetric unit)

no. of protein molecules 2 1
no. of amino acid residues 685 342
no. of water molecules 491 561
no. of Mg2+ ions 4 3
no. of Ca2+ ions 0 2
no. of template nucleotides 27 18
no. of primer nucleotides 26 13
no. of dCTPs 2 0
no. of dTTPs 0 1

Refinement
resolution range (Å) 28.41−2.06 28.32−1.58
no. of reflections 53191 77167
Rwork (%)

c 22.8 18.2
Rfree (%)

d 28.9 20.2
rmsd for bond lengths (Å) 0.009 0.007
rmsd for bond angles (deg) 1.1 1.2
average B (Å) 26.4 34.0
Wilson B (Å) 20.2 19.8
Ramachandran summary

amino acids in preferred regions 651 (95.6%) 331 (97.4%)
amino acids in allowed regions 21 (3.1%) 8 (2.4%)
outliers 9 (1.3%) 1 (0.29%)

aValues for the highest-resolution bin are given in parentheses. bRlinear =∑|I − ⟨I⟩|/∑I, where I is the integrated intensity of a given reflection. cRf =
∑|Fobserved − Fcalculated|/∑|Fobserved|.

dRfree was calculated using a 5% test size with random selection.
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Figure 5. Overall architecture of cocrystal structures of Dpo4:S-cdG:dCTP (PDB entry 4TQS) and Dpo4:S-cdG:dTTP (PDB entry 4TQR). Surface
view of Dpo4 with the DNA duplex containing S-cdG and an incoming nucleotide dCTP (A) or dTTP (C). Superimposed structures of Dpo4:S-
cdG:dCTP (B) or Dpo4:S-cdG:dTTP (D) (both colored red) with a previously determined Dpo4 structure (green, PDB entry 2C2R).

Figure 6. Close-up view of the active site of Dpo4:S-cdG:dNTP complexes. (A) The Dpo4:S-cdG:dCTP complex with an unbiased simulated
annealing omit map shown at 1σ (orange mesh). (B) The incoming dCTP is paired with G at position −1 (hydrogen bond length in angstroms).
(C) S-cdG interacted with Gly58 and two water molecules via hydrogen binding (distance in angstroms). Specifically, the exocyclic N2 atom of S-
cdG formed hydrogen bonds with the carbonyl O atom of the Gly58 backbone, and the N3 atom of S-cdG formed a hydrogen bond with a water
molecule. (D) Dpo4:S-cdG:dTTP complex with an unbiased simulated annealing omit map shown at the 1σ level (blue mesh). The S-cdG lesion
induced a “loop” structure causing four three-template bases at positions +2, +3, and +4 clustered at the active site. The incoming dTTP was
displaced from the typical position for an incoming nucleotide seen in a “type I” Dpo4 structure. (E) The S-cdG lesion was stabilized by hydrogen
bonds with several water molecules and Ca2+ chelation. (F) The template C at position +3 interacted with Tyr12 using hydrophobic interactions and
shifted dTTP outside the active site. The dTTP stacked with the template A at position +2. (G) The incoming dTTP adopted a “goat-tail”-like
conformation with two chelated Mg2+ ions.
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■ DISCUSSION

The CPU lesions are among the major DNA lesions induced by
ionizing radiation or endogenous reactive oxygen species. It is
known that 8-oxodG can be efficiently removed via BER,
whereas CPU lesions are excised through NER with low
efficiency.25,27,29 However, it is controversial in terms of the
steady-state levels of CPU lesions compared to those of
common oxidative DNA damage, 8-oxodG, mainly because
artificial 8-oxodG can be generated during sample workup.13,57

The levels of cdG lesions are approximately 2−4 orders of
magnitude lower than those of 8-oxodG in vitro induced by
Fenton-type reagents.58 Under oxidative stress, the levels of
CPU lesions in mouse models were found to be approximately
1 per 106 nucleosides.19,20 Because CPU lesions are resistant to
repair compared to 8-oxodG, it is conceivable that the level of
CPU in vivo may not be that low compared to that of 8-oxodG,
and CPU lesions may contribute to disease etiology.
In vitro, S-cdA is a strong block to DNA replication by B-

family pol δ and T7 DNA polymerase,25 and S-cdG and S-cdA
also block Y-family E. coli pol IV and Dpo4.33 In E. coli cells,
bypass efficiencies of S-cdG and S-cdA during replication are
<5%.29,59 Consistent with these findings, our primer extension
assays have shown S-cdG blocked Dpo1- and Dpo4-catalyzed
primer extensions (Figure 2 and Figure S1 of the Supporting
Information) and postlesion DNA synthesis (Table 4 and
Figure S3 of the Supporting Information). In E. coli cells, S-cdG
induces G → A transition (20%) and G → T transversion
(80%) mutations,29,59 whereas in human 293T cells, S-cdG
induces a 50% higher total mutation frequency and a G → T
mutation frequency higher than the G → A mutation
frequency.32 Misincorporation patterns observed for Dpo1
and Dpo4 agree with reported mutations: Dpo1 misinserted A
(misincorporation frequency of 0.11), and Dpo4 misinserted T
[misincorporation frequency of 0.37 (Table 1)], although
dCTP was the preferred nucleotide of both pols. Compared to
that for replications opposite unmodified G, the specificity
constant for the insertion of correct dCTP across S-cdG
decreased 65-fold for Dpo4 and 140-fold for Dpo1. In a
different template sequence and under the catalysis of Dpo4, S-
cdG attenuated dCTP insertion by 440-fold, and the dTTP
misinsertion frequency was 0.29, suggesting that catalytic
efficiency and misincorporation frequency were sequence-
dependent (Table S1 of the Supporting Information). Indeed,
Pednekar et al. used a different S-cdG-bearing template
sequence and found a 10-fold higher frequency of misinsertion
of dTTP by Dpo4 compared to insertion of dCTP opposite S-
cdG.33 As suggested by a recent study53 and also evidenced by
our structural data, such sequence-dependent catalytic
efficiency differences may be derived from the different
secondary structures (e.g., loop or hairpin) formed in different
CPU-harboring templates.
This study provides mechanistic insights into how S-cdG

causes DNA replication stalling. We discuss the effects imposed
by S-cdG using a minimal kinetic model (Scheme 1, steps 1−
6).38,60,61 An additional step (step 7 in Scheme 1) is included
during S-cdG bypass as suggested by previous kinetic studies
examining bypass of other lesions.50,56,62 A DNA lesion can
perturb the normal mechanism for fidelity and efficiency,
producing nonproductive ternary complexes (Scheme 1, step
7), mutagenic mispairs, or polymerase stalling.63 The specificity
constant (kcat/Km in Table 1) is a function of all kinetic steps in
a single catalytic cycle and is often limited by DNA product

release for replicative DNA polymerases63 or a conformational
relaxation step after the nucleotidyl transfer for translesion
DNA polymerases, such as Dpo4 and human pol κ.38,50

Kinetic investigations of the microscopic catalytic steps
revealed that S-cdG compromised the bypass of Dpo1 and
Dpo4 through different mechanisms. S-cdG disturbed catalytic
steps 2−4 (Table 3) for Dpo1, but not step 1 (pol−DNA
binding, Figure 3). The presence of S-cdG in the template did
not considerably alter the partitioning between the productive
and unproductive Dpo1:DNA(S-cdG):dCTP complex (Table
2).63 For Dpo4-catalyzed insertion of dCTP opposite S-cdG,
the lesion compromised pol−DNA binding (Figure 3) and
decreased the concentration of the productive Dpo4:DNA(S-
cdG):dCTP complex by approximately 100-fold (Table 2),
resulting in a 65-fold decrease in catalytic efficiency compared
to that of a duplex without the lesion (in Table 1). The dCTP
catalytic efficiency (kpol/Kd,dCTP,app) for Dpo4 across S-cdG is
15-fold higher than that across dG. A higher efficiency was also
reported for Dpo4-catalyzed insertion of dCTP opposite
template 8-oxodG compared to the dG:dCTP pair, but not
for adducted templates containing O6-benzylguanine or N2-
benzylguanine adduct,63,64 suggesting versatile catalytic mech-
anisms exist for TLS pols in various lesion bypass scenarios.
Our results support a model in which Dpo1-catalyzed
replication is blocked by the lesion, and Dpo4 is recruited to
incorporate a single base across the lesion (Dpo4 showed a 73-
fold higher kpol/Kd,dCTP,app compared to that of Dpo1), followed
by Dpo1 taking over during postlesion DNA synthesis (higher
postlesion extension efficiency seen for Dpo1 in Table 4).
Dpo1 may also proofread the S-cdG:dNTP pair with 3′ → 5′
exonuclease activity to further improve fidelity.6

Our crystallographic data provided the first structural insight
into translesion DNA synthesis across S-cdG. Both dCTP- and
dTTP-complexed Dpo4 crystal structures were catalytically
incompetent, consistent with the inefficient bypass observed.
Changes in template backbone torsion angles induced by S-cdG
may contribute to the shift of S-cdG outside the active site.34−36

In the Dpo4:S-cdG:dCTP structure, interactions with Gly58
and several water molecules may hinder strand translocation
and inhibit bypass activity. Recently, Liu and her colleagues
found that cdA can induce the formation of loop structures of
varying sizes on the template strand.53 Indeed, we discovered
the S-cdG-harboring template formed a looplike structure in
the Dpo4:S-cdG:dTTP complex, which provided some
structural evidence of the Dpo4 replication stalling caused by
S-cdG, and perhaps can also contribute to the DNA polymerase
stalling seen for other B-family and Y-family polymerases.
In summary, we have deciphered novel kinetic and structural

mechanisms pertaining to CPU lesion-induced DNA polymer-
ase stalling. Our results provided several lines of evidence of the
structure−function relationship of CPU lesion bypass. We
demonstrated that the S-cdG lesion caused unusual interactions
with a Dpo4 active site residue or a template clustering during
bypass. It is likely that a similar structural disruption imposed
by CPU lesions could also contribute to the DNA replication
stalling by other eukaryotic DNA polymerases.
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Steady-state kinetic parameters with a 16/23-mer duplex (Table
S1), primer extension assay images (Figures S1 and S3), and
data and fit for pre-steady-state kinetics under single-turnover
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conditions (Figure S2). This material is available free of charge
via the Internet at http://pubs.acs.org.
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Dpo4-1 (Dpo4:S-cdG:dCTP, PDB entry 4TQS) and Dpo4-2
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in the RCSB Protein Data Bank.
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