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The 3 million-base pair genome of Sulfolobus solfataricus
likely undergoes depurination/depyrimidination frequently in
vivo. These unrepaired abasic lesions are expected to be
bypassed by Dpo4, the only Y-family DNA polymerase from S.
solfataricus. Interestingly, these error-prone Y-family enzymes
have been shown to be physiologically vital in reducing the
potentially negative consequences of DNA damage while para-
doxically promoting carcinogenesis. Here we used Dpo4 as a
model Y-family polymerase to establish the mechanistic basis
for DNA lesion bypass. While showing efficient bypass, Dpo4
paused when incorporating nucleotides directly opposite and
one position downstream from an abasic lesion because of a
drop of several orders of magnitude in catalytic efficiency.
Moreover, in disagreement with a previous structural report,
Dpo4-catalyzed abasic bypass involves robust competition
between the A-rule and the lesion loop-out mechanism and is
governed by the local DNA sequence. Analysis of the strong
pause sites revealed biphasic kinetics for incorporation indicat-
ing that Dpo4 primarily formed a nonproductive complex with
DNA that converted slowly to a productive complex. These
strong pause sites are mutational hot spots with the embedded
lesion even affecting the efficiency of five to six downstream
incorporations. Our results suggest that abasic lesion bypass
requires tight regulation to maintain genomic stability.

Numerous DNA-damaging agents continuously attack the
cellular genome and generate a myriad of DNA lesions.
Although amajority of these lesions are repaired byDNA repair
pathways, some damage evades repair. Unrepaired lesions
arrest DNA replication by inhibiting replicative DNA polymer-
ases. However, a recently identified class of low fidelity
enzymes, known as the Y-family DNA polymerases, can repli-
cate through DNA damage and rescue cells from apoptosis. In
humans, four Y-family DNA polymerases have been identified
(1). Because of its thermostability and ease of purification (2),

we have decided to use Sulfolobus solfataricusDNApolymerase
IV (Dpo4)3 as a model Y-family DNA polymerase to study the
mechanistic basis of DNA synthesis. Dpo4, which retains cata-
lytic activity at 37 °C, has been shown to exhibit a low fidelity in
the range of 10�3 to 10�4, or one error for every 1,000–10,000
nucleotides incorporated on undamaged DNA as revealed by
our pre-steady state kinetic studies (3) and by both steady state
kinetics and a forward mutation assay performed by others (2,
4). Notably, Dpo4 and a human Y-family member, DNA poly-
merase � (human pol �), are both DinB homologs and have
been shown to possess very similar error rates (5, 6), yet a pre-
vious study (2) suggests that the lesion bypass properties of
Dpo4 aremore similar to eukaryoticDNApolymerase� (pol�).
As such, because of its functionally and structurally conserved
features with respect to other Y-family enzymes, Dpo4 is con-
sidered to be the archetypal Y-family DNA polymerase for
studies elucidating the mechanism and function of this novel
class of enzymes.
Careful kinetic analysis of themechanistic basis of nucleotide

incorporation into undamaged DNA catalyzed by the Y-family
DNA polymerases has been reported for yeast pol � (7), Dpo4
(3, 8), and Dbh (9). However, besides studies reporting several
kinetic parameters and mutation profiles for the bypass of 7,8-
dihydro-8-oxodeoxyguanine (8-oxodG) by yeast pol� (10), and
for the bypass of a cis-syn-thymine-thymine (T-T) dimer cata-
lyzed by yeast pol � (11), thorough mechanistic analysis of a
Y-family polymerase promoting lesion bypass has not been
reported. In this study, we report the first comprehensive char-
acterization of the mechanism of lesion bypass catalyzed by
Dpo4 through rigorous pre-steady state kinetic analysis. It has
been well established that apurinic/apyrmidinic (AP) sites
resulting from the hydrolytic cleavage of theN-glycosidic bond
are among the most abundant lesions encountered in a mam-
malian cell (12) with �10,000 spontaneous AP sites generated
in each cell every day (13, 14). It is plausible that AP sites will be
generated at a similar or higher frequency in S. solfataricus
because this aerobic crenarchaeon propagates at roughly 80 °C
(15). Although replication past these noninstructive lesions is a
mechanistic challenge, replicative and repairDNApolymerases
have been shown to preferentially incorporate dATP, although
inefficiently, opposite theAP lesion in a phenomenon known as
the A-rule (16). Yet recent structural studies have concluded
that instead of the A-rule, Dpo4, and thus other DinB
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homologs, almost exclusively uses the template base 5� to the
lesion (referred to as the 5�-rule) to instruct nucleotide incor-
poration during AP bypass (17). However, our thorough exam-
ination of the kinetic effects of AP bypass has clearly illustrated
a sequence-dependent competition between these two path-
ways in disagreement with the conclusions from these previous
structural studies.

EXPERIMENTAL PROCEDURES

Reaction Buffer R—Buffer R contains 50 mM HEPES-NaOH
(pH 7.5 at 37 °C), 5 mM MgCl2, 50 mM NaCl, 5 mM dithiothre-
itol, 10% glycerol, 0.1 mM EDTA, and 0.1 mg/ml bovine serum
albumin (3). All concentrations reported here refer to the con-
centration of components after mixing. All reactions, unless
noted, were carried out at 37 °C.
Running Start Assay—Experiments were carried out in a

rapid chemical quench flow apparatus (KinTek) by rapidlymix-
ing an aliquot (15 �l) of a solution containing 100 nM
5�-[32P]DNA and 100 nM Dpo4 preincubated in buffer R with
an aliquot (15 �l) containing all four dNTPs (200 �M each) for
times ranging from milliseconds to minutes followed by
quenching with 0.37 M EDTA. The nucleotide incorporation
pattern was resolved by sequencing gel analysis. Assays per-
formed with pol B1 were carried out using the same buffer and
reaction conditions used for Dpo4.
Determination of the kp andKd of an IncomingNucleotide—A

solution containing Dpo4 (120 nM) and 5�-[32P] DNA (30 nM)
preincubated in buffer R was mixed with increasing concentra-
tions of a single nucleotide. Reactions were terminated by the
addition of EDTA. Products were separated from substrate via
sequencing gel electrophoresis (17% acrylamide, 8 M urea) and
quantitated using a PhosphorImager 445 SI (Amersham Bio-
sciences). The time course of product formation was fit to
Equation 1,

�product� � A�1 � exp��kobst�� (Eq. 1)

for each concentration of dNTP to yield an observed rate con-
stant (kobs) and a reaction amplitude (A). The extracted kobs
values were then plotted as a function of the concentration of
dNTP and fit to Equation 2,

kobs � kp�dNTP�/��dNTP� � Kd	 (Eq. 2)

to give kp and Kd. The substrate specificity (kp/Kd) was then
calculated.
Electrophoretic Mobility Shift Assay—Mobility shift titra-

tions were conducted using a 4.5% native polyacrylamide gel
with a running buffer (50mMTris acetate, pH 7.5, 23 °C, 5.5mM
Mg(OAc)2, and 0.5mMEDTA). Dpo4 (35–425 nM) was titrated
into a solution of 5�-[32P]DNA (100 nM) in buffer R at 23 °C.
Aliquots of the titration were loaded into the native gel and run
at a constant voltage of 80 V for 30 min at 23 °C. The dried gels
were exposed to a PhosphorImager and quantitated. The con-
centration of Dpo4�DNAwas plotted against the concentration
of Dpo4 and fit using Equation 3,

�E � DNA� � 0.5�Kd � Eo � Do�

� 0.5��Kd � Eo � Do�
2 � 4EnDo�

1/ 2 (Eq. 3)

where Eo represents the active enzyme concentration and Do
the DNA concentration.

RESULTS

Previously we exploited transient state kinetic analyses to
measure the fidelity and establish aminimal kineticmechanism
for single nucleotide incorporation into an undamaged DNA
substrate catalyzed by Dpo4 (3, 8). These results demonstrated
that Dpo4 uses an induced-fit mechanism to select a correct
nucleotide as observed for several replicative and repair poly-
merases (18) and another Y-family DNA polymerase, yeast pol
� (7). This mechanism served as a foundation to establish the
mechanistic basis for bypassing DNA lesions such as AP sites,
catalyzed by Dpo4. Notably, natural AP sites exist as an uneven
mixture of four species, with the equilibrium favoring the two
anomeric hemiacetals over the two open chain aldehydes (19,
20). However, the aldehydic forms are subject to �-elimination
and subsequent scission of the DNA backbone, producing a
heterogeneous mixture of DNA substrates. Because of this
instability, we have chosen to perform our studies with the sta-
ble AP analog tetrahydrofuran because a homogeneous popu-
lation of DNA substrates is requisite for rigorous kinetic stud-
ies. Most crystal structure studies and kinetic assays involving
AP-containing DNA have been carried out using tetrahydrofu-
ran (17, 21–26). Moreover, tetrahydrofuran has been shown to
retain the biological properties of the natural AP site in vivo
(27).
Bypassing an AP Lesion—To investigate the response of

Dpo4 to an AP lesion, we designed a “running start” assay (see
under “Experimental Procedures”) such that the effect of the
AP lesion on DNA synthesis could be determined via observa-
tion of the polymerization pattern over time at 37 °C for reasons
described previously (3). Elongation of 5�-32P-labeled 17-mer/
41AP (Table 1) proceeded rapidly up until the template AP site
where the incorporation pattern showed two consecutive
strong pause sites (Fig. 1B), corresponding to incorporation
opposite the AP site and its extension. At these two strong
pause sites, the nucleotide incorporation pattern showed a sig-

TABLE 1
DNA primers and templates

Primers
17-mer 5�-CGCAGCCGTCCAACCAA-3�
20-mer 5�-CGCAGCCGTCCAACCAACTC-3�
21-mer 5�-CGCAGCCGTCCAACCAACTCA-3�
22-A-mer 5�-CGCAGCCGTCCAACCAACTCAA-3�
23-A-mer 5�-CGCAGCCGTCCAACCAACTCAAC-3�
24-A-mer 5�-CGCAGCCGTCCAACCAACTCAACG-3�
25-A-mer 5�-CGCAGCCGTCCAACCAACTCAACGT-3�
26-A-mer 5�-CGCAGCCGTCCAACCAACTCAACGTC-3�
27-A-mer 5�-CGCAGCCGTCCAACCAACTCAACGTCG-3�
22-C-mer 5�-CGCAGCCGTCCAACCAACTCAC-3�
23-C-mer 5�-CGCAGCCGTCCAACCAACTCACG-3�
24-C-mer 5�-CGCAGCCGTCCAACCAACTCACGT-3�
25-C-mer 5�-CGCAGCCGTCCAACCAACTCACGTC-3�
26-C-mer 5�-CGCAGCCGTCCAACCAACTCACGTCG-3�

Templatesa
41AP 3�-GCGTCGGCAGGTTGGTTGAGTXGCAGCTAGGTT

ACGGCAGG-5�
41CTL 3�-GCGTCGGCAGGTTGGTTGAGTNGCAGCTAGGTT

ACGGCAGG-5�
22AP 3�-GCGTCGGCAGGTTGGTTGAGTX-5�

aX designates an AP site.N designates a template T or G corresponding to primers
containing A or C, respectively, located 22 nucleotides from the 5� end of the
primer.
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nificant accumulation of intermediate products 21-mer and
22-mer (Fig. 1B), suggesting slow turnover. Nonetheless, the
AP site was bypassed relatively efficiently by Dpo4 (full-length

product was observed at 40 s), and
subsequent downstream incorpora-
tion was not significantly perturbed
by the embeddedAP lesion. In com-
parison, Dpo4 pausing was not
observed, and the full-length prod-
uct was formed after 10 s (Fig. 1A) in
the control reactions with an
undamaged 17-mer/41CTL (Table
1). Interestingly, Dpo4 was able to
catalyze blunt-end addition to the
full-length 41-mer to generate
42-mer as described previously (28).
Notably, the same running start
assay was performed with S. solfa-
taricus replicative DNA polymerase
pol B1 and showed no bypass of the
AP site, instead stalling predomi-
nantly one nucleotide preceding the
lesion (supplemental Fig. 1B).
Measurement of the Binding of

Dpo4 to DNA Containing an AP
Site—It is well established that AP
sites have a destabilizing effect on
the DNA duplex stability (29, 30)
and conformation (31, 32). It is thus
plausible that the strong pause sites
observed proximal to the lesion (Fig.
1B) could be due to reduced binding
of Dpo4 for the AP-containing
DNA. To evaluate this hypothesis,
the electrophoretic mobility shift
assay was employed to measure
overall binding affinity of Dpo4 to a
series of lesion-containing DNA
substrates. In these substrates,
primers of increasing length were
designed (Table 1) such that when
annealed to the template 41AP they
would structurally mimic the pro-
gression of DNA synthesis as Dpo4
incorporated one nucleotide at a
time. These measurements allowed
for the estimation of the equilib-
rium dissociation constant (Kd) of
the Dpo4�DNA binary complex, as
Dpo4 incrementally approached
and proceeded downstream from
the AP site. For example, a solution
containing the 5�-32P-labeled
21-mer/41AP was titrated with
increasing concentrations of Dpo4
(see under “Experimental Proce-
dures”), and the Kd value of
Dpo4�21-mer/41AP complex was

estimated after gel analysis (Fig. 2A) to be 36 
 2 nM (Fig. 2B).
Similarly, the Kd value for the binding of Dpo4 to undamaged
21-mer/41CTL was estimated to be 10 
 2 nM. This value was

FIGURE 1. Running start nucleotide incorporation assay. A preincubated solution of Dpo4 (100 nM) and
17-mer/41-mer (100 nM) were mixed with all four dNTPs (200 �M each) for various reaction times before
quenching with EDTA. The product lengths were labeled, and the AP was designated. A, reaction with the
17-mer/41CTL substrate; B, reaction with the 17-mer/41AP substrate.

FIGURE 2. Measurement of the binding of Dpo4 to 21-mer/41AP. A, reactions containing 100 nM 5�-32P-
labeled 21-mer/41AP were incubated with increasing concentration of Dpo4 (35– 425 nM) followed by native
gel analysis to separate binary complex from unbound DNA substrate. B, solid line is a fit of the data (F) to a
quadratic equation giving a Kd � 36 
 2 nM.
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very similar to 11
 1 nM, whichwasmeasured previously using
active site titration (8) suggesting that electrophoretic mobility
shift assay was a reliable assay to measure the Kd value of the
Dpo4�DNA binary complex.
Our kinetic analysis (see below) indicated that although

incorporation opposite the AP site (first pause site) was �210-
fold slower than a matched incorporation, 90% of the incorpo-
ration events at this site were either dATP or dCTP, suggesting
two dominant pathways to bypass theAP lesion. To observe the
effect of an AP site on DNA binding to Dpo4, the DNA sub-
strates assayed were designed to precisely represent the
sequence contexts at the two strong pause sites as well as at
both upstream and downstream nonpause sites (Fig. 1B) with
either adenine or cytosine opposite the AP site when applicable
(Table 2). Interestingly, the Dpo4-binding affinities at the two
strong pause sites were less than 4-fold lower than their corre-
sponding controls, whereas at nonpause sites all the Kd values
were within 2-fold of their corresponding control substrates
(Table 2). Thus, the flexibility from the AP lesion did not sig-
nificantly perturb Dpo4 binding and therefore was not the
major contributor to the observed strong pausing of Dpo4 in
Fig. 1B. However, the local structural flexibility at the AP site
may hinder nucleotide incorporation. We subsequently
hypothesized that these strong pause sites were generated by a
significant decrease in the incorporation efficiency of an
incoming nucleotide.
Efficiency ofNucleotide Incorporation in theVicinity of theAP

Lesion—To test the aforementioned hypothesis, single turn-
over kinetic experiments used previously (3) were employed to
measure themaximum incorporation rate constant (kp) and the
Kd of an incoming dNTP, which are used to calculate catalytic
efficiency (kp/Kd). Initially wemeasured the kp andKd values for
nucleotide incorporation into 21-mer/41AP, corresponding to
the DNA substrate at the first pause site where the AP site was
the first “templating” position. Notably, this substrate also con-
tained a template guanine immediately 5� to the AP site (Table
1). Assuming that Dpo4 would follow the A-rule for incorpora-
tion opposite the AP site, a solution containing Dpo4 (120 nM)
was preincubated with 5�-radiolabeled 21-mer/41AP (30 nM)
and reactedwith increasing concentrations of dATP for various
times (see under “Experimental Procedures”). The resulting
product concentrations were plotted against reaction time and
fit to Equation 1 (see under “Experimental Procedures”) to yield
individual kobs values at each corresponding dATP concentra-
tion (Fig. 3A). The extracted kobs values were then plotted
against the dATPconcentration and fit to Equation 2 (see under

“Experimental Procedures”) to yield a kp of 0.015 
 0.002 s�1

and aKd of 490
 173�M (Fig. 3B). The kp/Kd of dATPwas then
calculated to be 3.1 � 10�5 �M�1 s�1 (Table 3), which was
�2,520-fold slower than a matched nucleotide incorporation
into the control substrate 21-mer/41CTL (3). Strikingly, we
observed that the catalytic efficiency for this and the remaining
three nucleotide incorporations (dCTP, dGTP, and dTTP) into
the 21-mer/41AP substrate dropped to the level observed pre-
viously for incorrect nucleotides (kp/Kd � 10�5 �M�1 s�1) into
21-mer/41CTL (3). Similar results were observed for all incor-
porations at the second pause site (Table 3) where incorpora-
tion efficiencies were in the range of 10�4–10�6 �M�1 s�1.
Because all the catalytic efficiencies for incorporations at these
two strong pause sites were of similar magnitude (Table 3) and
several orders of magnitude smaller than a correct incorpora-
tion into the undamaged DNA (3), these data kinetically justi-
fied our hypothesis that the strong pause sites were caused by a
significant reduction in catalytic efficiency.

FIGURE 3. Concentration dependence of dATP on nucleotide incorpora-
tion. A, preincubated solution of Dpo4 (120 nM) and 5�-labeled 21-mer/41AP
(30 nM) was rapidly mixed with increasing concentrations of dATP (100 �M, F;
300 �M, E; 500 �M, f; 800 �M, �; 1100 �M, Œ; 1400 �M, ‚; 1800 �M, �) for
various reaction times. The solid lines are best fits to the single exponential
equation. B, extracted observed rate constants from the above data fitting
were plotted as a function of dATP concentration and fit to Equation 2 to
obtain a kp of 0.015 
 0.002 s�1 and a Kd of 490 
 174 �M.

TABLE 2
Binding affinity of Dpo4 to control and damaged DNA substrates at
23 °C

Damaged
substrate Kd

DNA Control
substrate Kd

DNA Affinity
ratioa

nM nM -fold
20-mer/41AP 6 
 1 20-mer/41CTL 9 
 1 0.6
21-mer/41APb 36 
 2 21-mer/41CTL 10 
 2 3.6
22-A-mer/41APb 17 
 2 22-A-mer/41CTL 6 
 2 2.6
23-A-mer/41AP 8 
 1 23-A-mer/41CTL 10 
 1 0.8
22-C-mer/41APb 24 
 1 22-C-mer/41CTL 11 
 2 2.2
23-C-mer/41AP 14 
 1 23-C-mer/41CTL 8 
 2 1.8

a Calculated as (Kd
DNA)damaged/(Kd

DNA)control.
b DNA substrates at the pause sites.
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Many previous studies have demonstrated a proclivity of
DNA polymerases to preferentially incorporate dATP opposite
an AP site (A-rule). Table 3 indicated that Dpo4 followed the
A-rule by favoring dATP over dGTP and dTTP into 21-mer/
41AP; however, Dpo4 failed to incorporate dATP (3.1 � 10�5

�M�1 s�1) with a higher efficiency than dCTP (5.4 � 10�5

�M�1 s�1) in this sequence context. In contrast, the kp, Kd, and
calculated kp/Kd values for both dGTP and dTTP were more
similar to those of the least efficient misincorporation into an
undamaged 21-mer/41CTL (3) and were 39- and 6-fold less
likely to be incorporated, respectively (Table 3). The kinetic
preference (1.7-fold) for dCTP over dATP incorporation may
be due to the formation of a Watson-Crick base pair between
dCTP and the template guanine 5� to the AP site. To evaluate
this hypothesis, we synthesized a template 22AP that was iden-
tical in sequence to 41AP, except that it lacked all the template
bases 5� to the AP site (Table 1). Upon measuring the catalytic
efficiency for each single nucleotide incorporation into 21-mer/
22AP, we observed dCTP was incorporated 33-fold less effi-
ciently than dATP, indicating that the template information 5�
to the AP site significantly influenced nucleotide incorporation
(Table 4). These results, coupled with structural analysis (17)
and additional data from our laboratory (see “Discussion”),
demonstrated the existence of two competing pathways for
bypass of an AP site catalyzed by Dpo4, the A-rule and the
previously described 5�-rule (17), which involves incorporation
directed by the template base 5� to the lesion in the context of
an extrahelical AP site (Scheme 1).
Nucleotide IncorporationDownstreamfromtheAPSite—Under

single turnover conditions, we also determined the incorpora-
tion efficiency of each dNTP for several downstream incorpo-
ration events from the AP site (supplemental Tables 1 and 2).

Our data revealed that the effect from the embedded AP site on
nucleotide incorporation decreasedwith distance, regardless of
the pathway (A-rule or 5�-rule) (Fig. 4). Interestingly, the rela-
tively low kp/Kd values before normalization suggested that
Dpo4 paused slightly at several downstream incorporation
events. This observed “weak pausing”was because of a lingering
effect on the kp values, which incrementally diminished asDpo4
moved farther from the embedded lesion, whereas allKd values
varied as observed previously with undamaged DNA (3). For
the pathway with adenine incorporated opposite the AP site,
the kinetic effect of an embedded lesion normalized after six
incorporations (Fig. 4A), whereas the pathway with cytosine
opposite the AP site normalized after five incorporations (Fig.
4B). The “weak pause sites” were less noticeable (Fig. 1B)
because of their reduced effect on catalysis coupled with longer
reaction times.
Measurement of the Possibility of Primer Realignment after

Bypassing the AP Lesion—After Dpo4 bypassed the AP lesion
via the 5�-rule, the embedded AP lesionmay remain looped out
or the primer may realign with the DNA template to force the
incorporated cytosine to be located opposite the AP site during
downstream incorporation events (Scheme 1). To determine
the dominant branch pathway in Scheme 1, we evaluated the kp,
Kd, and kp/Kd values for all four possible nucleotide incorpora-
tions at each position downstream from the lesion (supplemen-
tal Tables 1 and 2). For each substrate listed in Table 5, only the
two dNTPs relevant to the looped-out and realignment path-
wayswere shown. The realignment percentage values indicated
that the looped-out branch pathway was dominant to the
realignment pathway especially when the embedded AP lesion
was further from the nascent base pair.
Sequence Dependence of the 5�-rule—To determine whether

the 5�-rule was sequence- dependent, we measured the kinetic
parameters (supplemental Table 3) for nucleotide incorpo-
ration into two additional DNA substrates, AP-1 and AP-8
(Table 6), where the template base immediately 5� to the AP
site was changed to an adenine and a cytosine respectively
(thymine is irrelevant in this context). Interestingly, the
competition between the A-rule and the 5�-rule pathways
was similar in magnitude for both AP-1 and AP-8 as
observed with the substrate containing a 5� template guanine

TABLE 3
Kinetic parameters for each nucleotide incorporation into damaged DNA at the two pause sites

dNTP Kd (�M) kp (s�1) kp/Kd (�M�1 s�1) Incorporation %a

The 1st pause site (damaged 21-mer/41AP)
dATP 490 
 174 0.015 
 0.002 3.1 � 10�5 32.6
dCTP 1453 
 287 0.079 
 0.009 5.4 � 10�5 56.8
dGTP 780 
 165 0.0010 
 0.0001 1.4 � 10�6 1.5
dTTP 1953 
 773 0.017 
 0.004 8.7 � 10�6 9.1
dPTP 24 
 4 0.26 
 0.02 1.1 � 10�2

The 2nd pause site (damaged 22-C-mer/41AP)
dGTP 303 
 103 0.075 
 0.008 2.4 � 10�4 82.6
dATP 146 
 8 0.00020 
 0.00001 1.6 � 10�6 0.6
dCTP 646 
 220 0.029 
 0.004 4.6 � 10�5 15.8
dTTP 1253 
 205 0.0038 
 0.0004 3.0 � 10�6 1.0

The 2nd pause site (damaged 22-A-mer/41AP)
dCTP 567 
 85 0.157 
 0.009 2.8 � 10�4 95.8
dATP 316 
 38 0.001 
 0.0001 1.3 � 10�6 0.4
dGTP 437 
 102 0.0043 
 0.0004 9.9 � 10�6 3.4
dTTP 1246 
 319 0.0014 
 0.0002 1.1 � 10�6 0.4

a Incorporation % � (kp/Kd)dNTP/
(kp/Kd)dNTP.

TABLE 4
Comparison of the substrate specificity for nucleotide incorporation
into 21-mer/22AP

dNTP Kd kp kp/Kd Efficiency ratioa

�M s�1 �M�1 s�1

dATP 634 
 175 0.016 
 0.002 2.5 � 10�5 1
dCTP 723 
 141 0.0006 
 0.0001 7.7 � 10�7 0.03
dGTP 906 
 174 0.0006 
 0.0001 6.2 � 10�7 0.02
dTTP 699 
 94 0.0031 
 0.0002 4.4 � 10�6 0.18

a Efficiency ratio � (kp/Kd)dNTP/(kp/kd)dATP.
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(21-mer/41AP; Table 3). For the
AP-1 substrate, the competition
between the A-rule and 5�-rule was
indistinguishable, whereas for the
AP-8 substrate, the A-rule was
favored by �4-fold. Therefore, all
other incorporations, incorpora-
tions other than dCTP (21-mer/
41AP)/dTTP (AP-1)/dGTP (AP-8)
or dATP into these three DNA sub-
strates, were on average 18-fold less
likely to occur (supplemental Table

3). Incidentally, incorporation of dTTP (16.5%) had a similar
probability to the incorporation of dGTP (17.3%) into AP-8
(supplemental Table 3), yet could not be explained based on
these two bypass pathways. We had reported previously a sim-
ilar observation where Dpo4 incorporated nucleotides onto a
blunt-end DNA substrate with the following preference:
dATP � dTTP � dCTP � dGTP (28). In addition, a previous
report demonstrated a nearly equal probability of incorpora-
tion of dATP and dTTP opposite this lesion in vivo (33). Ulti-
mately, we do not know the reason for the increased probability
of dTTP incorporation into AP-8, but we suspect this trend
is likely polymerase-dependent. Intriguingly, in these three
sequence contexts (21-mer/41AP, AP-1, and AP-8), the pref-
erence for the A-rule was only observed in the presence of a
5� template cytosine. Thus, because of the inherent ambigu-
ity in the nomenclature for the 5�-rule (17), as revealed by
our aforementioned sequence dependence studies, we have
decided to rename the pathway the “lesion loop-out mecha-
nism” henceforth.
Incorporation of a Nonhydrogen Bonding Nucleotide Analog

Opposite an AP Lesion—Interestingly, previous studies have
shown that yeast pol � requires Watson-Crick hydrogen
bonds for efficient incorporation, unlike the geometric dis-
crimination that helps govern the fidelity at the active sites of
replicative DNA polymerases (34). To determine the effect
of a nucleotide analog that lacked the ability to hydrogen
bond with a template base on the incorporation opposite an
AP site by Dpo4, we measured the kp/Kd values of pyrene
nucleoside 5�-triphosphate (dPTP, supplemental Fig. 2) with
21-mer/41AP. dPTP served as a bifunctional probe because
of its inability to hydrogen bond and its robust base-stacking
abilities, attributed to its resonance-stabilized aromatic ring
system. The single turnover experiments were carried out as
described above, and we determined the kp to be 0.26 
 0.02
s�1, the Kd to be 24 
 4 �M (supplemental Fig. 2), and the
kp/Kd to be 1.1 � 10�2 �M�1 s�1 which was, strikingly, 358-
and 205-fold higher than dATP and dCTP incorporation,
respectively (Table 3). The 20-fold higher ground-state
binding affinity of dPTP over dATP (Table 3) indicated base
stacking was the main contributor to the binding affinity of a
nucleotide opposite an AP lesion at the Dpo4 active site.
Biphasic Kinetics of Nucleotide Incorporation at the First

Pause Site—To provide amore detailed analysis for the kinetics
of nucleotide incorporation at the first strong pause site, a pre-
incubated solution of Dpo4 (120 nM) and 5�-32P-labeled
21-mer/41AP (30 nM) was mixed with a solution containing a

FIGURE 4. Quantitative effect of the AP site on nucleotide incorpora-
tion. To determine the kinetic influence on the bypass of an AP site, the
catalytic efficiency for the favored nucleotide incorporation, (kp/Kd)AP, for
each AP-containing DNA substrate was divided by the catalytic efficiency
for the corresponding correct incorporation into each control substrate,
(kp/Kd)CTL, and was then plotted for each substrate. A, ratios for AP site
bypass following the A-rule normalized after six incorporations. B, ratios
for AP site bypass following the lesion loop-out mechanism normalized
after five incorporations.

SCHEME 1

Pre-steady State Kinetic Studies of Abasic Lesion Bypass
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