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Background: Y-family DNA polymerases may employ protein conformational changes to catalyze the bypass of various
DNA lesions.
Results: The conformational dynamics of three structural domains of Dpo4 are altered by 8-oxo-7,8-dihydro-2�-deoxyguanine
(8-oxoG).
Conclusion: Dpo4 undergoes different global conformational changes during 8-oxoG bypass than during the replication of
undamaged DNA.
Significance: A DNA lesion alters the conformational dynamics of a DNA polymerase during catalysis.

A major product of oxidative damage to DNA, 8-oxo-7,8-di-
hydro-2�-deoxyguanine (8-oxoG), can lead to genomic muta-
tions if it is bypassed unfaithfully by DNA polymerases in vivo.
However, our pre-steady-state kinetic studies show that DNA
polymerase IV (Dpo4), a prototype Y-family enzyme from Sul-
folobus solfataricus, can bypass 8-oxoG both efficiently and
faithfully. For the first time, our stopped-flow FRET studies
revealed that a DNA polymerase altered its synchronized global
conformational dynamics in response to a DNA lesion. Relative
to nucleotide incorporation into undamaged DNA, three of the
four domains ofDpo4undertook different conformational tran-
sitions during 8-oxoG bypass and the subsequent extension
step. Moreover, the rapid translocation of Dpo4 along DNA
induced by nucleotide binding was significantly hindered by the
interactions between the embedded 8-oxoG and Dpo4 during
the extension step. These results unprecedentedly demonstrate
that a Y-family DNA polymerase employs different global con-
formational dynamics when replicating undamaged and dam-
aged DNA.

UnrepairedDNA lesions often alter DNA local structure and
stall replicative DNA polymerases, leading to cell death. To
counter this problem, cells employ specialized Y-family DNA
polymerases to bypass lesions during DNA replication. In addi-
tion to the three polymerase core domains (finger, palm, and
thumb) that are common to the members of all six DNA poly-
merase families (A, B, C, D, X, and Y), each Y-family DNA
polymerase possesses a unique little finger (LF)2 domain, which
plays an important role in defining the lesion bypass properties
that are possibly inherent to each enzyme (1). DNA poly-
merases are hypothesized to undergo various conformational

changes throughout the catalytic cycle, although the physical
nature of these conformational changes and their relationship
to enzymatic function remain poorly defined and constantly
debated (2). For many DNA polymerases, crystal structure
studies (3–7) and solution-phase FRET-based studies (8–10)
have revealed a large domain-closing transition upon nucleo-
tide binding to the enzyme�DNA binary complex characterized
by the inward rotation of the finger domain, which helps posi-
tion key residues in the active site for catalysis. In contrast, no
large domain shift is observed when overlaying the binary
(E�DNA) and ternary (E�DNA�dNTP) crystal structures of
Y-family DNA polymerases (11). However, our stopped-flow
FRET studies have revealed short-range pre- and post-catalytic
conformational changes (0.5–3.7Å) in each of the four domains
ofDpo4, the loneY-family enzyme from Sulfolobus solfataricus,
as well as a rapid DNA translocation event previously hypoth-
esized from the superposition of binary and ternary crystal
structures of Dpo4 (11) during correct nucleotide incorpora-
tion into undamaged DNA (supplemental Fig. S1) (12). These
newly discovered conformational change steps have led to an
expanded minimal kinetic pathway for nucleotide incorpora-
tion catalyzed by Dpo4 (supplemental Fig. S1C). Interestingly,
the LF domain and the polymerase core domains of Dpo4move
in opposite directions during catalysis (supplemental Fig. S1A).
Therefore, we hypothesized that the global conformational
dynamics of Dpo4, especially in the LF domain, have evolved to
support translesion DNA synthesis (TLS), the in vivo role of
Dpo4.
8-Oxo-7,8-dihydro-2�-deoxyguanine (8-oxoG) is the major

DNA lesion formed by oxidative damage in vivo and has been
identified as a biomarker for oxidative stress (13, 14). Crystal-
lographic evidence suggests thatDpo4makes several additional
contacts with a DNA substrate containing an 8-oxoG lesion,
which are not possible with an undamagedDNA substrate (15–
17). Thus, although studies have shown that Dpo4 can bypass
8-oxoG and unmodifiedDNAbaseswith similar efficiency (17),
it is possible that these additional interactions are able to per-
turb the conformational dynamics of Dpo4 during nucleotide
incorporation in the vicinity of the damaged base. Here,
this hypothesis was examined through transient kinetic and
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dynamic studies of the bypass of an 8-oxoG lesion and the sub-
sequent extension catalyzed byDpo4. Our results show conclu-
sively that Dpo4 was able to bypass an 8-oxoG lesion with con-
formational dynamics that differed from those employed
during the replication of undamaged DNA.

EXPERIMENTAL PROCEDURES

Preparation of Fluorescently Labeled Dpo4 and DNA
Substrates—Unlabeledwild-type S. solfataricusDpo4was puri-
fied as described previously (18). The creation of the Dpo4
enzymes containing the C31S substitution and site-specific
labeling with Alexa Fluor 594 (Invitrogen) at another engi-
neered Cys substitution (i.e. N70C, E49C, S112C, S207C, or
K329C) were described previously (12).
The 30-mer template in all DNA substrates (see Table 1)

contains a site-specifically placed 8-oxoG and was purchased
from Midland Certified Reagent Co. All other DNA oligomers
in Table 1 were purchased from Integrated DNATechnologies,
Inc. All oligonucleotides were purified by gel electrophoresis.
Alexa Fluor 488 (Invitrogen) was attached to the ninth base
from the 3�-end of the primer strand via 5-C6-amino-2�-de-
oxythymidine. Alexa Fluor 488-labeled DNA was purified
according to the manufacturer’s protocol. Each DNA substrate
inTable 1was annealed as described previously (19). For kinetic
assays, the primer strand was 5�-radiolabeled with [�-32P]ATP
(MP Biomedicals) and OptiKinase (USB Corp.) before anneal-
ing (19).
Reaction Buffers—All stopped-flow, steady-state fluores-

cence, and rapid chemical quench kinetic assays were carried
out in buffer R containing 50 mM HEPES (pH 7.5 at 20 °C), 50
mM NaCl, 6 mM MgCl2, 0.1 mM EDTA, and 10% glycerol. All
reported concentrations indicate the final concentrations upon
mixing all components. All assays were performed at 20 °C.
Steady-state Fluorescence Assays—Steady-state fluorescence

spectra were recorded on a FluoroMax-4 system (HORIBA
Jobin Yvon). The assay solution contained 100 nM Alexa Fluor
488-labeled DNA equilibrated at 20 °C. 600 nM Alexa Fluor
594-labeled Dpo4 and 1 mM dNTP were added sequentially to
this solution. Fluorescence spectra were recorded at the excita-
tionmaximumofAlexa Fluor 488 (493nm)with slits set at 3 nm
for both excitation and emission. Sample temperature was con-
trolled by a circulating water bath during the entire process.
The distance between each Alexa Fluor 594-labeled Dpo4 res-
idue (acceptor) and the Alexa Fluor 488-labeled primer base
(donor) (see Table 1) was calculated using Equation 1,

ET � 1 � FAD/FD � 1/�1 � �r/R0�
6� (Eq. 1)

where ET is the FRET efficiency; FAD and FD are the donor peak
fluorescence intensity in the presence and absence of an accep-
tor, respectively; R0 is the Förster distance (60 Å) of the FRET
pair of Alexa Fluor 488 and Alexa Fluor 594; and r is the calcu-
lated distance between the donor and acceptor.
Stopped-flow Assays—For all stopped-flow assays, a preincu-

bated solution of Alexa Fluor 594-labeled Dpo4 (600 nM) and
Alexa Fluor 488-labeled DNA (100 nM) was rapidly mixed with
dNTP (1 mM), and the resulting fluorescence emission was
recorded in real-timeupon excitation of the donor at 493nmon

an SX20 stopped-flow apparatus (Applied Photophysics). Both
emission and excitation slits were set to 5 nm. Donor and
acceptor emission was measured separately using XF3084 (for
Alexa Fluor 488, 510–570 nm) and XF3028 (for Alexa Fluor
594, 615–650 nm) band pass filters (Omega Optical). The rates
for each fluorescent phase were determined by fitting stopped-
flow fluorescence traces using the KinTek Explorer global fit-
ting software (20). The software was set to fit each trace using a
single-, double-, or triple-exponential equation depending on
the number of observed FRET phases.
Pre-steady-state Kinetic Assays—To determine the observed

incorporation rate (kobs) for Dpo4 enzymes with the single-Cys
substitutions, a preincubated solution of Dpo4 (180 nM) and
5�-32P-labeled O-2 (30 nM) was rapidly mixed with dCTP (1
mM) and subsequently quenched at various time intervals with
0.37 M EDTA. Reaction products were resolved by denaturing
PAGE, scanned using a Typhoon Trio system (GE Healthcare),
and quantitated using ImageQuant (Molecular Dynamics). To
obtain kobs, a plot of product concentration versus time was fit
to Equation 2,

�Product� � A�1 � exp��kobst�� (Eq. 2)

where A represents the reaction amplitude.

RESULTS

Design of FRET System to Monitor Conformational Changes
during TLS—To investigate enzyme conformational dynamics
during 8-oxoGbypass, we designed and performed steady-state
and stopped-flow FRET assays similar to those used in our pre-
vious work with undamaged DNA (12). A FRET pair (supple-
mental Table S1) was formed by binding a Dpo4 enzyme con-
taining a site-specific fluorescent label to a DNA substrate
(Table 1) containing a donor fluorophore, Alexa Fluor 488, just
outside of theDNA-binding cleft (12) (Fig. 1). An acceptor fluo-
rophore, Alexa Fluor 594, was covalently attached toDpo4 via a
single engineered cysteine residue in a specific structure loop in
one of the Dpo4 domains (supplemental Table S1). These sin-
gle-residue substitutions did not affect polymerase structure or
activity (12) or the single-turnover rate of dCTP incorporation
opposite 8-oxoG (supplemental Table S2).
To verify that the conformational dynamics of lesion bypass

would lead to an observable signal with our FRET system, we
performed steady-state fluorescence assays to monitor confor-
mational changes involved in both the bypass of the 8-oxoG
lesion and the subsequent extension. As described previously

TABLE 1
Sequences of DNA substrates
T, C, and X denote Alexa Fluor 488 attached to a modified C6 linker on base dT,
2�,3�-dideoxycytidine, and 8-oxoG, respectively.

Name Sequence

O-1 5�-CGAGCCGTCGCATCCTACCGC-3�
3�-GCTCGGCAGCGTAGGATGGCGXCGTCGTAG-5�

O-2 5�-CGAGCCGTCGCATCCTACCGC-3�
3�-GCTCGGCAGCGTAGGATGGCGXCGTCGTAG-5�

O-3 5�-CGAGCCGTCGCATCCTACCGC-3�
3�-GCTCGGCAGCGTAGGATGGCGXCGTCGTAG-5�

O-4 5�-CGAGCCGTCGCATCCTACCGCC-3�
3�-GCTCGGCAGCGTAGGATGGCGXCGTCGTAG-5�

O-5 5�-CGAGCCGTCGCATCCTACCGCC-3�
3�-GCTCGGCAGCGTAGGATGGCGXCGTCGTAG-5�
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(12), the addition of unlabeled enzyme to Alexa Fluor 488-la-
beled DNA or of Alexa Fluor 594-labeled enzyme to unlabeled
DNA substrate resulted in no detectable change in fluores-
cence. In contrast, the addition of Dpo4 with an acceptor label
at K329C in the LF domain (or each of the other labeled Dpo4
enzymes in supplemental Table S1) to donor-labeledDNA sub-
strate O-2 with 8-oxoG in the templating position (Table 1)
resulted in a large decrease in donor fluorescence and the
appearance of an acceptor peak centered at 615 nm (Fig. 2A).
Upon further addition of dCTP to the binary complex formed
between the labeled Dpo4 and O-2, an increase in donor fluo-
rescence and a corresponding decrease in acceptor fluores-
cence were observed (Fig. 2A). When the non-extendible O-3
DNA substrate (Table 1) was used, a larger change in FRETwas
observed (Fig. 2B), indicating that there was a greater distance
between the two fluorophores in the nucleotide-bound ternary
complex (E�O-3�dCTP) than in the subsequent binary complex
resulting from the covalent incorporation of dCTP opposite
8-oxoG inO-2. This result was consistent with steady-state and
stopped-flow data observed previously with undamaged DNA
(12), which indicated a pre-catalytic outward motion of the LF
domain upon nucleotide binding, followed by an inward

motion after nucleotide incorporation. Similar steady-state
fluorescence results were observed for the extension step after
8-oxoG bypass and with enzymes labeled at N70C, S112C, and
S207C (supplemental Table S1).
Real-time Conformational Dynamics during Bypass of

8-oxoG—To investigate the real-time conformational dynam-
ics involved in TLS, we preformed stopped-flow FRET studies
to monitor the real-time conformational motions of each
domain of Dpo4 during dCTP incorporation opposite 8-oxoG.
Upon mixing a preincubated solution of Alexa Fluor 594-la-
beledDpo4 andAlexa Fluor 488-labeledO-2with dCTP, two to
three phases of FRET signal changes were detected (Fig. 3). In
all cases, donor and acceptor fluorescence intensity traces were
anti-correlated, and hereafter, only the acceptor signal is dis-
cussed. As described previously, control experiments with
either unlabeled DNA or unlabeled protein showed no change
in fluorescence after mixing (12). Dpo4 labeled at S112C,
S207C, and K329C exhibited time-dependent FRET changes
similar to those observed for correct incorporation opposite
undamagedDNA (12), albeit with slightly different rates (Table
2). For example, palm domain S112C (Fig. 3B) had a rapid
decrease phase (P0, rate � 100 s�1) preceding a fast increase
phase (P1, rate � 14 s�1) and a slow decrease phase (P2, rate �
0.17 s�1). Using non-extendable O-3, only P2 was not observed
for S112C (Fig. 3F), thereby indicating that this phase repre-
sents a conformational change that occurs after phosphodiester
bond formation, as has been rationalized with correct incorpo-
ration into undamaged DNA (12). Thus, phase rates and trends
similar to those observed with undamaged DNA (12) suggest
that P0, P1, and P2 likely represented the DNA translocation
event, pre-catalytic closing motion of the palm domain, and
post-catalytic reopening motion of the palm domain, respec-
tively, during dCTP incorporation opposite 8-oxoG (Fig. 1A).
As observed with undamaged DNA (12), only P1 and P2 were
detected for S207C and K329C during 8-oxoG bypass, and P2
was absent with non-extendable O-3 (Fig. 3). The trends of the
FRET signal changes indicate that the motions of the thumb
and LF domains during 8-oxoG bypass were in opposite direc-

FIGURE 1. Structure and dynamics of Dpo4 during 8-oxoG bypass and
extension steps. The domains of Dpo4 are shown in blue (finger), red (palm),
green (thumb), and purple (LF). The DNA is shown in gold. The positions of the
Alexa Fluor 594 acceptor on Dpo4 and the Alexa Fluor 488 donor on DNA are
shown as yellow and cyan spheres, respectively. The arrows indicate the direc-
tions of residue movement during dCTP incorporation opposite 8-oxoG (A)
and the subsequent extension of the 8-oxoG bypass product (B) based on the
FRET signal changes for phase P1 (black) and phase P2 (white).

FIGURE 2. Steady-state fluorescence spectra of Dpo4 labeled at LF domain K329C at 20 °C. Alexa Fluor 488-labeled DNA (100 nM; solid black line) was
excited at 493 nm. The sequential addition of Alexa Fluor 594-labeled Dpo4 (600 nM) and dTTP (1 mM) produced the dotted gray and dashed black lines,
respectively. Spectra were normalized to one by using the donor in the absence of the acceptor as a reference. Emission spectra are shown for both O-2 (A) and
O-3 (B) DNA substrates (Table 1).
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tions (Fig. 1A) and are similar to the corresponding motions
observed with undamaged DNA (supplemental Fig. S1A) (12).
The rate of P2 for each Dpo4 mutant was within 2-fold of the
rate of dCTP incorporation opposite 8-oxoG measured by
rapid chemical quench (Table 2 and supplemental Table S2),
which lends further support to the conclusion that P2 repre-
sents a post-catalytic conformational change.
Comparedwith the three FRETphases observedwith correct

incorporation opposite undamaged DNA (supplemental Fig.

S1B) (12), finger domain N70C exhibited very different confor-
mational dynamics during 8-oxoG bypass: a fast initial decrease
in FRET efficiency (P1, rate � 14 s�1), followed by a slow
increase phase (P2, rate � 0.63 s�1) (Fig. 3A), and this P2 disap-
peared with non-extendable O-3 (Fig. 3E). It is likely that the
DNA translocation step (P0) still led to a decrease in acceptor
fluorescence, which could not be resolved from a slower pre-
catalytic conformational change, which also caused a decrease
in the fluorescence intensity of the acceptor, and therefore, P1

FIGURE 3. Stopped-flow traces for dCTP incorporation and binding opposite 8-oxoG at 20 °C. A preincubated solution containing Alexa Fluor 594-labeled
Dpo4 (600 nM) and either extendable DNA substrate O-2 (A–D) or non-extendable DNA substrate O-3 (E–H) (100 nM) (Table 1) was rapidly mixed with dCTP (1
mM), and the resulting donor and acceptor fluorescence signals upon excitation of the donor at 493 nm were recorded in real-time. Donor and acceptor traces
are shown for the finger domain mutant N70C (A and E), the palm domain mutant S112C (B and F), the thumb domain mutant S207C (C and G), and the LF
domain mutant K329C (D and H).
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for N70C is due to a combination of these two events. The rate
observed for the combined P1 with N70C (15 s�1) is similar to
the P1 rates measured at the other positions (Table 2) and to
those measured previously at all positions with undamaged
DNA (12), suggesting that this combined phase is rate-limited
by the same pre-catalytic conformational change step, rather
than the DNA translocation step, which occurred at a much
faster rate (�100 s�1). Based on the directions of the FRET
signal changes in both P1 andP2, the finger domainmoved away
from DNA before catalysis and reversed its motion after
8-oxoG bypass (Fig. 1A), which is opposite what has been
observed with undamaged DNA (supplemental Fig. S1B) (12).
Notably, control experiments with dCTP incorporation oppo-
site unmodified G produced FRET phases identical to those
observed in the previous study with dTTP incorporation oppo-
site A (data not shown), indicating that the difference in the
conformationalmotions was due to the lesion and not the iden-
tity of the added nucleotide. In addition, we have previously
proposed that the finger domain undergoes a rotationalmotion
during nucleotide incorporation into undamaged DNA based
on the observation that finger domain N70C and E49Cmove in
opposite directions, indicating a rotational axis between the
two locations (supplemental Fig. S1A) (12). To determine
whether this rotational axis is maintained during 8-oxoG
bypass, we monitored the FRET signal changes of E49C (sup-
plemental Table S1) during dCTP incorporation opposite
8-oxoG. Interestingly, two FRET phases (P1 and P2) were
observedwithO-2 (supplemental Fig. S2A), and P2 disappeared
with non-extendable O-3 (supplemental Fig. S2B). These
observations are analogous to those observed with N70C (Fig.
3,A andE) andwith undamagedDNA (12). Thus, the rotational

axis between E49C and N70C did not exist during 8-oxoG
bypass. Moreover, the motions of E49C confirmed that the fin-
ger domain indeed opened pre-catalytically and closed post-
catalytically as derived from the motions of N70C (Fig. 1A).
Conformational Changes during Extension of 8-oxoG Bypass

Product—To explore the conformational dynamics of Dpo4
during the extension of the 8-oxoG bypass product, we also
monitored the FRET changes in real-time by adding correct
dGTP to a preincubated solution of Alexa Fluor 594-labeled
Dpo4 (supplemental Table S1) andAlexa Fluor 488-labeledO-4
or non-extendable O-5 DNA substrates containing a terminal
8-oxoG:C base pair (Table 1). For finger domain N70C, the
FRET signal changes with O-4 in Fig. 4A (or with non-extend-
able O-5 in Fig. 4E) were similar to those described above for
O-2 and O-3 DNA substrates containing 8-oxoG at the tem-
plating position (Fig. 3, A and E), indicating that the finger
domain underwent similar conformational dynamics during
8-oxoG bypass and the subsequent extension step (Fig. 1). In
contrast, the FRET signal changes with palm domain S112C in
Figs. 3B and 4B were similar in directions but differed signifi-
cantly in rates between the two different steps of TLS. The rates
of both P0 and P1 were at least 5-fold lower than the corre-
sponding rates observed during 8-oxoG bypass, whereas the P2
rateswere similar (Table 2). These differences suggest that both
DNA translocation and the pre-catalytic closing motion of the
palm domain were impeded by the embedded 8-oxoG during
the extension step. Surprisingly, for thumb domain S207C,
only P1 was observed for both O-4 (Fig. 4C) and non-extend-
able O-5 (Fig. 4G) during the extension step. In comparison,
both P1 and P2 were detected during 8-oxoG bypass (Fig. 3C)
or correct incorporation into undamaged DNA (12). It is

TABLE 2
Rates of FRET phases
The phase rates (s�1) and errors at 20 °C were obtained by fitting stopped-flow fluorescence traces with the KinTek Explorer global fitting software (see “Experimental
Procedures”) (20).

Domain mutanta
and DNA substrateb

Phase rate

Donor Acceptor

P0 P1 P2 P0 P1 P2

s�1

Finger N70C
O-2 15 	 2 0.83 	 0.04 14 	 2 0.63 	 0.06
O-3 12 	 1 18 	 2
O-4 11.1 	 0.8 0.38 	 0.02 6 	 2 0.41 	 0.05
O-5 9 	 3 11 	 2

Finger E49C
O-2 22 	 4 0.41 	 0.02 18 	 5 0.49 	 0.06
O-3 22 	 4 17 	 3

Palm S112C
O-2 �100 12 	 0.8 0.4 	 0.1 �100 14 	 1 0.17 	 0.04
O-3 �100 12 	 1 �100 11 	 2
O-4 21 	 2 1.33 	 0.07 0.19 	 0.01 13 	 7 1.8 	 0.5 0.19 	 0.07
O-5 21.8 	 0.3 1.42 	 0.02 21 	 1 2.0 	 0.1

Thumb S207C
O-2 5.5 	 0.8 0.24 	 0.06 5.5 	 0.7 0.12 	 0.04
O-3 17 	 3 12 	 2
O-4 6.4 	 0.4 9 	 1
O-5 8 	 2 8.0 	 0.5

LF K329C
O-2 9 	 1 0.32 	 0.03 5 	 2 0.23 	 0.07
O-3 6.1 	 0.5 5.4 	 0.4
O-4 8.3 	 0.3 0.51 	 0.05 7.4 	 0.6 0.30 	 0.01
O-5 5 	 1 5.2 	 0.4

a Each of the Alexa Fluor 594-labeled Dpo4 mutants also contains the C31S mutation and is listed in supplemental Table S1.
b DNA substrates are listed in Table 1.
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possible that the opening motion of the thumb domain did
occur but was too small to be detected by our FRET system.
Finally, no differences in the rates (Table 2) or trends (Fig. 3,
D and H versus Fig. 4, D and H) of the conformational
dynamics of the LF domain were detected between 8-oxoG
bypass and the extension step using LF domain K329C. Thus,
among the four domains of Dpo4, the palm and thumb
domains underwent different conformational dynamics dur-
ing 8-oxoG bypass and the extension step (Fig. 1). For both

steps, only the LF domain, a non-polymerase core domain,
displayed motions (Fig. 1) similar to those observed with
undamaged DNA (supplemental Fig. S1A) (12).
Magnitudes of Conformational Changes—Themagnitudes of

the observed conformational changes were estimated by deter-
mining the distances between the donor and acceptor fluoro-
phores in the pre- and post-insertion binary and ternary com-
plexes for the bypass and extension steps as determined by
steady-state fluorescence spectra (supplemental Table S3). Our

FIGURE 4. Stopped-flow traces for dGTP incorporation during subsequent extension of 8-oxoG bypass product at 20 °C. A preincubated solution of
Alexa Fluor 594-labeled Dpo4 (600 nM) and either extendable DNA substrate O-4 (A–D) or non-extendable DNA substrate O-5 (E–H) (100 nM) (Table 1) was
rapidly mixed with dGTP (1 mM), and the resulting donor and acceptor fluorescence signals upon excitation of the donor at 493 nm were recorded over time.
Donor and acceptor traces are shown for the finger domain mutant N70C (A and E), the palm domain mutant S112C (B and F), the thumb domain mutant S207C
(C and G), and the LF domain mutant K329C (D and H).
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results indicate that the translocation step (P0) leads to distance
changes in the ranges of 0.4–1.4 Å during dCTP incorporation
opposite 8-oxoG in O-2 (Table 1) and 0.3–3.7 Å during dGTP
incorporation opposite dC in O-4 (Table 1) and that the
changes in distances due to the subsequent domain motions
(either P1 or P2) are in the ranges of 0.3–6.5 Å during 8-oxoG
bypass and 0.2–4.3Å during the subsequent extension reaction
(supplemental Table S3). Consistently, predication based on
the crystal structures of Dpo4 in various complexes with
8-oxoG-containing DNA substrates (15, 16) revealed changes
in distance of similar magnitudes (supplemental Table S4).
Interestingly, the motions of the LF and palm domains appear
to be larger than those of the thumb and finger domains for
both the bypass and extension steps based on both the steady-
state FRET data (supplemental Table S3) and published crystal
structures (supplemental Table S4).

DISCUSSION

Although our preliminary kinetic studies show that the over-
all kineticmechanisms for both replication of undamagedDNA
and 8-oxoG bypass are similar (data not shown), our results
here indicate that the slight structural differences between
8-oxoG and an undamaged base dG are sufficient to signifi-
cantly affect the conformational dynamics of Dpo4 during
catalysis. However, the similarity in rates suggests that the P0,
P1, and P2 phases observed during TLS in this work and those
observed previously during the replication of undamaged DNA
(12) correspond to the same mechanistic steps in the catalytic
cycle (supplemental Fig. S1C). During 8-oxoG bypass, the four
domains of Dpo4 moved in a synchronized manner, whereby
the palm and thumb domains went through a “gripping-re-
opening” motion, whereas the finger and LF domains under-
took an “opening-closing” transition during the P1 and P2
phases, respectively (Fig. 1A). In comparison, only the LF
domain went through the opening-closing transition during
correct incorporation into undamaged DNA (supplemental
Fig. S1) (12). For both the bypass and extension steps, only the
dynamics of the LF domain were unchanged compared with
incorporation into undamaged DNA. This observation agrees
with our earlier hypothesis that the conformational dynamics
of the LF domain have evolved to support TLS. To allow for the
stabilization of 8-oxoG in the anti-conformation and to pro-
mote correct dCTP incorporation opposite the lesion, the
5�-phosphate group must be shifted to avoid a steric clash with
the O8 atom on the modified base. The outward motion of the
LF domain therefore likely acts to pull the damaged template
base and phosphate into this distorted configuration via inter-
actions between the O8 and phosphate oxygen atoms on the
DNA and the LF domain residues Arg-331 and Arg-332 (15,
17). Our steady-state fluorescence data indicate that this out-
ward motion of the LF domain is larger than the changes
observed in the other domains (supplemental Table S3), which
underlines the importance of this conformational change. This
mechanism involving the direct interactions between the LF
domain residues and the O8 and phosphate oxygen atoms
appears to be unique for Dpo4. For example, mammalian DNA
polymerase � makes only minimal contact with the 8-oxoG
phosphate backbone, which adopts a similarly kinked confor-

mation without any stabilizing hydrogen bonds formed
between the DNA backbone and enzyme residues (21). In con-
trast, in another Y-family polymerase, yeast polymerase �, no
significant difference is observed between undamaged dG and
8-oxoG ternary complexes, as the DNA appears to bind to the
enzyme with backbone torsion angles preset to accommodate
the O8 atom without the need for a kink to avoid steric hin-
drance with the 5�-phosphate (22). Polymerase � only forms
hydrogen bonding interactions with the O8 atom itself in the
post-insertion complex after dCTP incorporation opposite the
lesion (22).
Both stopped-flow (Fig. 3, A and E, and Fig. 4, A and E) and

steady-state (supplemental Table S3) FRET data indicate that
during the bypass and extension of the 8-oxoG lesion, finger
domain N70C moves away from the Alexa Fluor 488-labeled
DNA base in P1 and thus in an opposite direction than during
nucleotide incorporation into undamaged DNA. The altered
conformational dynamics of the finger domain as observed
with N70C indicates there may be cross-talk between the LF
and finger domains. Based on crystallographic evidence, there
is a large interface of the LF domain that interactswith theDNA
substrate. Moreover, the loop between �-sheets 2 and 3 of the
finger domain interacts with �-sheet 9 of the LF domain, which
is in direct contact with the DNA template strand (15, 17).
Thus, the dynamics of the finger domain may be influenced by
those of the LF domain. In support of this proposed role, a
similar transmission of the LF domain’s motions to the finger
domain has been observed on a fast time scale through molec-
ular dynamics simulation (23). When dCTP was incorporated
opposite 8-oxoG, the simultaneous pre-catalytic opening
motions of both the finger and LF domains created a wider and
more solvent-accessible active site to better accommodate the
damaged and distorted DNA substrates. The post-catalytic
closing motions of these domains may help the polymerase to
reform a strong binding interface with the DNA, thereby inhib-
iting DNA translocation by 1 bp during the next nucleotide
incorporation (12). Indeed, the DNA translocation event
observed with S112C was 5-fold slower during the extension
step than during 8-oxoG bypass (Table 2). Notably, the slow
DNA translocation during the extension step was likely caused
by the breaking of some of the extra hydrogen bonds formed
between Dpo4 and the embedded 8-oxoG in the binary com-
plex (15). This was not a problem during the 8-oxoG bypass
step based on the binary crystal structure of Dpo4�damaged
DNA (15–17, 24), which displays no interactions betweenDpo4
and the templating base 8-oxoG. The inhibition of DNA trans-
location after the first extension step may facilitate polymerase
switching during TLS (25) by allowing the replicative DNA
polymerase PolB1 more time to replace Dpo4 at the primer-
template junction beforeDpo4moves into the next undamaged
template position to incorporate another nucleotide. The clos-
ing motion of the palm domain was also slowed during exten-
sion from the 8-oxoG:C base pair. This result, coupled with the
fact that the steady-state FRETmeasurements indicate that the
palm domainmoved amuch larger distance than the finger and
thumb domains (supplemental Table S3), suggests that the pre-
cise positioning of the catalytic residues in the palm domain
requires a significant conformational shift throughout the
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domain to accommodate the damaged and distorted DNA
substrate.
Our stopped-flow assays failed to reveal the post-catalytic

closing of the thumb domain during the extension step, indi-
cating that this motion was impeded by the embedded 8-oxoG
lesion. Furthermore, the steady-state FRET data demonstrated
that, relative to both the pre-insertion binary and ternary exten-
sion complexes, the distance between the Alexa Fluor 594-la-
beled S207C and the Alexa Fluor 488-labeled primer base
decreased after incorporation of dGTP extending from the
8-oxoG:C base pair (supplemental Table S3), indicating a lack
of domain reopening. In contrast, for dCTP incorporation
opposite 8-oxoG, although there was an initial decrease in dis-
tance between the fluorophores upon dCTP binding, the sub-
sequent dCTP incorporation led to an increase in distance due
to the domain opening in P2 (supplemental Table S3).
Altogether, our FRET studies demonstrate that the rota-

tional and translational conformational dynamics ofDpo4were
significantly affected by error-free TLS of 8-oxoG, perhaps
more so when 8-oxoG was at the �1 position than at the tem-
plating position. It will be interesting to see how error-prone
TLS affects global conformational dynamics of Dpo4 during
catalysis.

Acknowledgment—The authors would like to thank Dr. Jessica A.
Brown for critical reading of the manuscript.

REFERENCES
1. Boudsocq, F., Kokoska, R. J., Plosky, B. S., Vaisman, A., Ling, H., Kunkel,

T. A., Yang,W., andWoodgate, R. (2004) Investigating the role of the little
finger domain of Y-family DNA polymerases in low fidelity synthesis and
translesion replication. J. Biol. Chem. 279, 32932–32940

2. Joyce, C. M., and Benkovic, S. J. (2004) DNA polymerase fidelity: kinetics,
structure, and checkpoints. Biochemistry 43, 14317–14324

3. Franklin, M. C., Wang, J., and Steitz, T. A. (2001) Structure of the repli-
cating complex of a pol � family DNA polymerase. Cell 105, 657–667

4. Li, Y., Korolev, S., andWaksman, G. (1998) Crystal structures of open and
closed forms of binary and ternary complexes of the large fragment of
Thermus aquaticus DNA polymerase I: structural basis for nucleotide
incorporation. EMBO J. 17, 7514–7525

5. Pelletier, H., Sawaya, M. R., Wolfle, W., Wilson, S. H., and Kraut, J. (1996)
Crystal structures of human DNA polymerase � complexed with DNA:
implications for catalytic mechanism, processivity, and fidelity. Biochem-
istry 35, 12742–12761
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