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The roles of polymerases � and � in replicative bypass of O6-
and N2-alkyl-2�-deoxyguanosine lesions in human cells
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Exogenous and endogenous chemicals can react with DNA to
produce DNA lesions that may block DNA replication. Not
much is known about the roles of polymerase (Pol) � and Pol � in
translesion synthesis (TLS) in cells. Here we examined the func-
tions of these two polymerases in bypassing major-groove O6-al-
kyl-2�-deoxyguanosine (O6-alkyl-dG) and minor-groove N2-al-
kyl-dG lesions in human cells, where the alkyl groups are ethyl,
n-butyl (nBu), and, for O6-alkyl-dG, pyridyloxobutyl. We found
that Pol � and Pol � promote TLS across major-groove O6-al-
kyl-dG lesions. O6-alkyl-dG lesions mainly induced G3A muta-
tions that were modulated by the two TLS polymerases and the
structures of the alkyl groups. Simultaneous ablation of Pol �
and Pol � resulted in diminished mutation frequencies for all
three O6-alkyl-dG lesions. Depletion of Pol � alone reduced
mutations only for O6-nBu-dG, and sole loss of Pol � attenuated
the mutation rates for O6-nBu-dG and O6-pyridyloxobutyl-dG.
Replication across the two N2-alkyl-dG lesions was error-free,
and Pol � and Pol � were dispensable for their replicative bypass.
Together, our results provide critical knowledge about the
involvement of Pol � and Pol � in bypassing alkylated guanine
lesions in human cells.

As the carrier of genetic information, DNA’s chemical integ-
rity has to be maintained for normal cellular function. Cells are
continuously exposed to exogenous and endogenous genotoxic
agents that give rise to numerous DNA lesions on a daily basis
(1). Although cells have multiple repair mechanisms to remove
DNA damage, some lesions escape from repair and can be
encountered by DNA replication machinery (2). The nuclear
replicative polymerases (Pol2 �, Pol �, and Pol �) have evolved to
replicate undamaged DNA templates with high accuracy and
processivity; DNA synthesis mediated by these polymerases is,
however, often hindered by DNA lesions. To overcome replica-
tion blockage, cells are equipped with translesion synthesis
(TLS) Pols to assist replication across DNA lesions (3).

Several DNA polymerases have been shown to be capable of
promoting TLS (4). In this vein, the fidelities and efficiencies of
B- and Y-family TLS Pols in bypassing various DNA lesions
have been studied extensively over the past two decades.
Although some TLS Pols can efficiently and accurately bypass
specific DNA lesions (5, 6), this damage tolerance mechanism is
often error-prone (7, 8), which may confer increased risks of
mutagenesis and carcinogenesis (9). For instance, human Pol �
has been shown to accurately and efficiently bypass the
cyclobutane thymine dimer (10); nevertheless, its replication
across other DNA lesions (e.g. O2-alkyl-dT, O4-alkyl-dT, and
O6-alkyl-dG) is inaccurate (11–13). Another Y-family DNA po-
lymerase, Pol �, is involved in error-free bypass of minor-
groove N2-alkyl-dG DNA adducts (14 –17), but it catalyzes
mutagenic bypass of many other DNA lesions (18).

Recent studies also documented the roles of Pol � and Pol �,
two A-family polymerases, in DNA damage tolerance and
repair (19 –26). Thymine glycol (Tg) is one of the most preva-
lent oxidation products of thymine, and this lesion strongly
blocks DNA synthesis (27). Biochemical studies revealed that
Pol � and Pol � can elicit error-free and mutagenic TLS across
Tg, respectively (22, 23). In addition, recombinant human Pol �
exhibits robust TLS activity across O6-methyl-2�-deoxyguanos-
ine with reasonably high fidelity (24), and Pol �–mediated TLS
has been shown to safeguard against UV light–induced pyrim-
idine(6-4)pyrimidone photoproducts and DNA double-strand
breaks (25, 26). Apart from TLS, Pol � participates in inter-
strand cross-link repair (21), and Pol �–induced microhomo-
logy-mediated end joining provides an alternative pathway to
repair DNA double-strand breaks (28). However, the roles of
these polymerases in bypassing alkylated DNA lesions in
human cells remain poorly explored.

In this study, we set out to examine the involvement of Pol � and
Pol � in TLS across major-groove O6-alkyl-dG and minor-groove
N2-alkyl-dG lesions in human cells (Fig. 1). We observed that these
two polymerases modulate the efficiency and fidelity of replication
past the O6-alkyl-dG lesions; absence of these two polymerases,
however, does not affect TLS of N2-alkyl-dG adducts.

Results

The O6 and N2 positions of dG are susceptible to alkylation
by various environmental agents and endogenous metabolic
byproducts (29, 30). In this study, we set out to explore the roles
of two under-investigated A-family DNA polymerases, Pol � and
Pol �, in promoting TLS across major-groove O6-alkyl-dG and
minor-groove N2-alkyl-dG lesions in human cells. Because our
previous results showed that the inhibitory effects of DNA lesions
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on replication are significantly influenced by adduct size (13, 31),
we chose the ethyl (Et) and n-butyl (nBu) adducts for the investi-
gation. In addition, a previous biochemical study suggested an
inability of Pol � to bypass the bulky O6-POB-dG lesion in vitro
(24); hence, we also included O6-POB-dG in this study.

We employed the strand-specific PCR-competitive replica-
tion and adduct bypass (SSPCR-CRAB) assay to determine how
the efficiencies and fidelities of replication past the alkylated
guanine lesions are modulated by CRISPR-mediated genetic
ablation of Pol � and/or Pol � in human cells (Fig. S1). In the
SSPCR-CRAB assay, the forward P1 primer contains a G as the
terminal 3� nucleotide matching the C/C mismatch locus,
which is used to specifically amplify the progeny genomes from
the replication of the initial lesion-situated strand. Further-
more, a C/A mismatch is incorporated in the P1 primer at the
third nucleotide from its 3� end to afford better specificity for
SSPCR, as described elsewhere (32, 33). The PCR amplicons
were subsequently digested with two restriction enzymes, and
the ensuing restriction fragments containing the initial damage
site were interrogated by denaturing PAGE and LC-MS/MS to
determine the identities and quantities of the replication prod-
ucts (Figs. 2 and 3 and Figs. S2–S11).

The roles of Pol � and Pol � in bypassing O6-alkyl-dG lesions

Our PAGE analysis results revealed that both O6-nBu-dG
and O6-POB-dG impede DNA replication in HEK293T cells,
with the bypass efficiencies being 43.3% and 74.4%, respectively
(Figs. 2B and 4A and Table S1). The smaller O6-Et-dG, however,
does not appreciably inhibit DNA replication (Figs. 2B and 4A
and Table S1). Genetic ablation of Pol � attenuates the bypass
efficiency (BE) of all the three O6-alkyl-dG lesions. Removal of
Pol � induces similar reductions in BE for O6-Et-dG and
O6-nBu-dG as depletion of Pol � (Fig. 4A and Fig. S2B and Table
S1). No pronounced alteration in BE, however, was found for
O6-POB-dG upon genetic ablation of Pol � (Fig. 4A and Fig. S2C
and Table S1), underscoring the different roles of Pol � and Pol
� in bypassing this bulky lesion. Furthermore, we did not
observe significant further attenuations in BE for O6-alkyl-dG
lesions in Pol � and Pol � double-knockout cells relative to the
two single knockout cells (Fig. 4A Fig. S2D and Table S1).

Depletion of Pol � or Pol � results in diminished G3A
mutation for O6-alkyl-dG lesions

Our previous study showed that O6-alkyl-dG lesions (except
O6-POB-dG) induce exclusively G3A mutation in HEK293T
cells and isogenic cells deficient in B- and Y-family TLS poly-
merases, where loss of some TLS polymerases diminished the
G3A mutation frequencies (MFs) (13). Here we observed

reduced G3A mutation rates for some O6-alkyl-dG lesions in
isogenic HEK293T cells deficient in Pol �, Pol �, or both (Fig. 4B
and Figs. S5–S9 and Table S2), revealing the roles of the two
polymerases in promoting error-prone TLS of these DNA
adducts. Specifically, single ablation of Pol � or Pol � did not
alter the MF of O6-Et-dG, whereas the rate of this mutation was
pronouncedly decreased (from 73% to 40%) in double-knock-
out cells (Fig. 4B and Table S2). Genetic depletion of Pol � and
Pol �, alone or in combination, reduced the frequency of G3A
mutation for O6-nBu-dG (Fig. 4B and Table S2). For the bulkier
O6-POB-dG, loss of Pol �, by itself or in conjunction with Pol �,
led to a significant diminution in the frequency of G3A muta-
tion, although the rate of this mutation was not altered upon
depletion of Pol � alone (Fig. 4B and Fig. S3 and Table S2).

Aside from the G3A transition, O6-POB-dG also induces
G3T transversion, which is in line with what was observed
previously (32, 34). However, individual or concurrent deple-
tion of Pol � and Pol � did not change the frequency of this
mutation (Fig. 4C and Fig. S3 and Table S2). Furthermore,
appreciable frequencies of G3T mutation were detected for
O6-nBu-dG in all three knockout backgrounds (Fig. 4C and Fig.
S2 and Table S2), suggesting roles of Pol � and Pol � in mini-
mizing the G3T mutation for this lesion.

Removal of Pol � or Pol � did not alter the efficiency or fidelity
of replication across N2-alkyl-dG lesions

Minor-groove N2-alkyl-dG lesions are more blocking to
DNA replication than the corresponding O6-alkyl-dG lesions,
with the BEs for N2-Et-dG and N2-nBu-dG being 26.2% and
16.7%, respectively (Figs. 2 and 4 and Table S1). Additionally,
the replication bypass efficiency was not altered upon depletion
of Pol � and/or Pol � (Table S1). Moreover, replication across
minor-groove N2-alkyl-dG lesions was error-free in HEK293T
cells or isogenic cells with Pol � and/or Pol � being genetically
ablated (Figs. S2, S10, and S11).

Discussion

Exposure to endogenous and exogenous genotoxic agents
can lead to formation of various DNA lesions (35), many of
which block replicative DNA polymerases and require TLS Pols
for their replicative bypass. Extensive studies in the past two
decades revealed the roles of B- and Y-family polymerases in
modulating the cytotoxic and mutagenic properties of DNA
lesions (36, 37). More recently, two A-family polymerases, Pol �
and Pol �, have been shown to promote TLS in vitro (23, 24, 26,
38). Very few studies, however, have been conducted to explore
their capabilities in TLS in cells (23, 25).

Many alkylating agents can conjugate with the O6 and N2

positions of guanine to yield stable alkylation adducts (39, 40). In
this study, we examined the contributions of Pol � and Pol � in
bypassing three major-groove O6-alkyl-dG lesions (alkyl groups �
Et, nBu, and POB) and two minor-groove N2-alkyl-dG (alkyl
groups � Et and nBu) adducts in human cells (Fig. 1). We unveiled
that Pol � and Pol � promote G3A mutation during replication of
the major-groove O6-alkyl-dG adducts, and we also revealed the
lack of appreciable involvement of the two polymerases in bypass-
ing minor-groove N2-alkyl-dG lesions.

Figure 1. The O6- and N2-alkyl-dG lesions investigated in this study. dR,
2-deoxyribose.
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Genetic depletion of Pol � resulted in reduced bypass effi-
ciencies for all O6-alkyl-dG lesions (Fig. 4A), underscoring the
role of this polymerase in overcoming the replication blockage
imposed by these lesions. Previous in vitro biochemical studies
showed that Pol � is able to bypass Tg along with major-groove
O6-methyl-2�-deoxyguanosine and N6-dA interstrand cross-
link lesions (22, 24, 38). Our cellular replication experiment
revealed the involvement of Pol � in bypassing the bulkier
major-groove O6-alkyl-dG lesions. In this vein, O6-POB-dG has
been shown previously to be a poor substrate for recombinant
human Pol � in vitro (24). Our results, however, support that
Pol � has an appreciable role in TLS across this lesion in cells

(Fig. 4A). The exact reason for the different results obtained
from in vitro and cellular experiments is unknown, although
Pol �’s function in replicative bypass of O6-POB-dG may be
modulated through its interaction with other protein(s) and/or
its posttranslational modifications. Along this line, the effi-
ciency and fidelity of DNA Pol � in replicating across DNA
lesions are known to be stimulated by the presence of prolifer-
ating cell nuclear antigen (41, 42).

Biochemical and cellular studies have suggested the impor-
tance of Pol � in protecting against replication blockage elicited
by various DNA lesions (23, 25, 26, 43). We found that genetic
ablation of Pol � results in decreased BEs for O6-Et-dG and

Figure 2. Restriction digestion and post-labeling method for determining the bypass efficiency and mutation frequency of O6- and N2-alkyl-dG
lesions in HEK293T cells and isogenic TLS polymerase-deficient cells. A, schematic showing restriction digestion of the PCR amplicon with NcoI and SfaNI
and the post-labeling assay. B, representative gel image showing the NcoI/SfaNI-produced restriction fragments of interest in PCR products of progeny
genomes of the indicated lesion- or control dG-containing plasmids isolated from HEK293T cells. The restriction fragment arising from the competitor vector,
5�-CATGGCGATATGCTGT-3�, is designated 16-mer. 13-mer A, 13-mer G, 13-mer T, and 13-mer C denote the standard synthetic ODNs 5�-CATGGCGMGCTGT-3�,
where M is A, G, T, and C, respectively. p* indicates a 32P-labeled phosphate group.

Figure 3. LC-MS/MS for identification of restriction digestion products (with NcoI and SfaNI) of PCR products of the progeny genomes arising from
replication of the O6-nBu-dG– containing plasmid in Pol � and Pol � double-knockout cells. A, higher-resolution ultra-zoom scan ESI-MS results for the
13-mer restriction fragments. B–D, MS/MS for monitoring fragmentations of the [M-3H]3� ions of 5�-CATGGCGGGCTGT-3� (WT product), 5�-CATGGC-
GAGCTGT-3� (with G3A mutation), and 5�-CATGGCGTGCTGT-3� (with G3T mutation).
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O6-nBu-dG to similar extents as what were observed in Pol
�– deficient cells. On the other hand, the BEs of O6-POB-dG
were not affected by single ablation of Pol � (Fig. 4A). This
observation, along with the result that simultaneous knockout
of Pol � and Pol � did not forge more pronounced decreases in
BE than the corresponding single knockouts (Fig. 4A), indicates
that these two polymerases may function in the same pathway
for the TLS across O6-alkyl-dG lesions.

Previous studies have suggested that Pol � functions only in the
insertion step of TLS, whereas Pol � can efficiently catalyze the
insertion and extension steps of TLS (26, 31, 43). Therefore, we
postulate that Pol �’s main role in bypassing O6-alkyl-dG adducts
resides in the extension step. In this vein, Pol � can perhaps incor-
porate a nucleotide opposite the lesion site but cannot extend the
nascent primer beyond the damage site, which might be attributed
to the distortion in DNA structure imposed by the mismatched
terminus at the active site of the DNA polymerase (44, 45). Results
from a previous biochemical study showed that Pol � was able to
tolerate distorted DNA structure and extend from a nonstandard
terminus, facilitating lesion bypass (26). This cooperative TLS
mediated by Pol � and Pol � is reminiscent of the sequential lesion

bypass mediated by Y- and B-family polymerases, where Pol �, Pol
�, and Pol 	 function in the insertion step (5, 47) and Pol 
 in the
extension step (48).

Similar to what was reported previously (13), all three O6-al-
kyl-dG adducts are highly mutagenic in HEK293T cells. For
O6-Et-dG, the G3A mutation rate was markedly decreased in
double knockout cells, although no significant change in muta-
tion frequency was observed in Pol � or Pol � single-knockout
cells (Fig. 4B). Others showed that Pol � has a strong bias in
inserting dTTP opposite modified guanine bases (49), and Pol �

has been found to be responsible for elevated mutations at C:G
base pairs (20, 50). Our previous study revealed that depletion
of Pol �, Pol �, or Pol 	 did not affect the MF of O6-Et-dG,
whereas removal of Pol 
 slightly increased the G3A mutation
frequency (13). On the basis of these results, we propose that
Y-family polymerases insert the correct dCMP and the incor-
rect dTMP opposite O6-Et-dG, followed by extension of the
nascent strand by Pol 
 with a preference for the O6-Et-dG:dC
terminus. However, O6-Et-dG can also be bypassed by Pol �,
with preferential insertion of dTTP, and the ensuing O6-Et-

Figure 4. A–C, the bypass efficiencies (A) and G3A (B) and G3T (C) mutation frequencies of alkyl-dG lesions in HEK293T cells and isogenic cells deficient in Pol
� and/or Pol �. D, proposed roles of Pol � and Pol � in bypassing O6-alkyl-dG and N2-alkyl-dG lesions. The bypass efficiency and mutation frequency were
quantified from PAGE analysis results, and the data represent the means and standard deviations of results obtained from three independent replication
experiments. The p values were calculated using unpaired two-tailed Student’s t test: *, p � 0.05; **, p � 0.01; ***, p � 0.001.
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dG:dT base pair may distort DNA and require Pol � for efficient
extension beyond the lesion site.

The observation of reduced G3A MF for O6-nBu-dG in Pol
� and Pol � knockout cells further revealed the poor fidelity of
these two polymerases in bypassing O6-alkyl-dG lesions (Fig.
4B). Interestingly, appreciable levels of G3T transversion were
also detected for this lesion in cells lacking Pol �, Pol �, or both
(Fig. 4C). This type of mutation was not detected for O6-al-
kyl-dG lesions in HEK293T cells or isogenic cells deficient in
Pol �, Pol 	, Pol �, or Pol 
 (13). In light of the fact that Pol �
could misincorporate dAMP opposite O6-alkyl-dG adducts
(51), we reason that the ensuing O6-nBu-dG:dA mispair might
be difficult to be extended in the presence of Pol �. In this vein,
Pol �, perhaps in cooperation with Pol �, serves predominantly
as an extender and may preferentially extend the nascent
strand, with a dT being incorporated opposite O6-nBu-dG. In
the absence of Pol � and Pol �, other polymerases may extend
the daughter strand more readily, with a dA being inserted
opposite O6-nBu-dG.

Our previous study showed decreased BEs, along with the
lack of alteration in MFs, of O6-POB-dG upon depletion of any
of the Y-family polymerases (32). A similar effect was found in
Pol �– deficient cells (Fig. 4B), suggesting that Pol � and Y-fam-
ily polymerases exhibit similar selectivity in nucleotide inser-
tion opposite the O6-POB-dG. Among our CRISPR-Cas9 –
based TLS Pol knockout systems, depletion of Pol � seems to be
the only case that alters the mutagenic properties of
O6-POB-dG with a reduced frequency of G3A mutation (Fig.
4B), although the absence of Pol � did not change the BE of the
lesion (Fig. 4A). We reason that the O6-POB-dG:dT mismatch,
similar to the O6-Et-dG:dT and O6-nBu-dG:dT pairs at the nas-
cent primer/template junction, can be favorably extended by
Pol �. In the absence of Pol �, the nascent strand is perhaps
extended by Pol 
 in an unbiased manner, which results in
diminished G3A mutation.

The accurate bypass of N2-alkyl-dG adducts in HEK293T
cells and isogenic Pol �– and/or Pol �– deficient cells (Fig. 2B
and Fig. S2) revealed different miscoding properties of O6- and
N2-alkyl-dG lesions, which may be attributed to their chemical
structures and base-pairing properties. Alkylation of the O6

position of guanine renders the nucleobase favoring thymine
when base-pairing (52, 53). TLS Pols, including Pol �, Pol 	, and
Pol �, preferentially incorporate dTTP opposite O6-alkyl-dG
lesions (51). On the other hand, alkylation of the N2 of guanine
does not strongly impair the base-pairing property of the
nucleobase, as supported by biochemical evidence showing that
Pol � and Pol 	 can incorporate the correct dCTP opposite
N2-alkyl-dG lesions (14, 16).

The fact that ablation of Pol � and Pol � did not affect the BE or
MF of N2-alkyl-dG adducts indicates the incapability of these two
A-family polymerases in bypassing minor-groove guanine lesions.
Our finding is in line with biochemical results revealing the diffi-
culty of Pol � in bypassing various minor-groove O2-alkyl-dT and
N2-dG cross-link lesions in vitro (24, 38). Along this line, Wu et al.
(15) showed recently that, although individual depletion of Pol � or
Pol 
 did not exert any apparent effect on the BE or MF of N2-al-
kyl-dG lesions in human cells, error-free bypass of N2-alkyl-dG
lesions in human cells necessitates Pol �, Pol 	, and REV1.

In summary, we assessed the roles of Pol � and Pol � in TLS
across O6-alkyl-dG and N2-alkyl-dG lesions in human cells.
Our findings revealed, for the first time, the involvement of
these two A-family polymerases in error-prone TLS past major-
groove O6-alkyl-dG lesions in human cells; these two polymer-
ases, however, are dispensable for bypassing minor-groove
N2-alkyl-dG adducts in human cells (Fig. 4D). In addition, Pol �
and Pol � may function in the same genetic pathway, which
parallels the sequential actions of Y- and B-family TLS polymer-
ases in bypassing other DNA lesions. Hence, the results from
this study improve our understanding of the involvement of
mammalian TLS DNA polymerases in coping with alkylated
DNA adducts. It would be interesting to explore the possible
cooperative and/or redundant roles of A-, B-, and Y-family po-
lymerases in TLS in the future.

Experimental procedures

All chemicals, unless otherwise specified, were from Sigma-
Aldrich (St. Louis, MO), and all enzymes were from New Eng-
land Biolabs (Ipswich, MA). 1,1,1,3,3,3-Hexafluoro-2-propanol
and [�-32P]ATP were obtained from Oakwood Products Inc.
(West Columbia, SC) and PerkinElmer Life Sciences (Piscat-
away, NJ). All unmodified oligodeoxyribonucleotides (ODNs)
were from Integrated DNA Technologies (Coralville, IA). All
12-mer O6-alkyl-dG– and N2-alkyl-dG– containing ODNs
employed in this study were synthesized and characterized pre-
viously as described in our published studies (13, 15, 32).

HEK293T cells deficient in POLN, POLQ, or both were pro-
duced by using the CRISPR-Cas9 genome editing method (54).
Successful knockout of these genes was confirmed by Sanger
sequencing (Fig. S1). The guide sequences used in this study
were as follows (protospacer adjacent motif sequences are
underlined): human POLN gene (Pol �), AATTGCGATAAA-
AATACCAGTGG; human POLQ gene (Pol �), CTGACTCC-
AAAAGCGGTACAGGG.

Construction of lesion-containing and lesion-free control plasmids

The lesion-containing and lesion-free control/competitor
genomes were prepared following procedures published previ-
ously (55). Briefly, the parental vector was cleaved with Nt.Bst-
NBI to yield a gapped plasmid, followed by removal of the
resultant 25-mer single-stranded ODN by annealing with a
25-mer complementary ODN that was 100-fold in excess. The
gapped plasmid was then isolated from the mixture by using
100-kDa-cutoff ultracentrifugal filter units (Millipore). A
5�-phosphorylated 13-mer lesion-free ODN (5�-AATTGAGT-
CGATG-3�) and a 5�-phosphorylated 12-mer lesion-contain-
ing or lesion-free control ODN (5�-ATGGCGXGCTAT-3�,
X � O6-alkyl-dG, N2-alkyl-dG, or G) were subsequently ligated
into the purified gapped plasmid.

Cell culture, transfection, and plasmid isolation

Replication experiments were conducted using the previ-
ously published SSPCR-CRAB assay (33). The lesion-contain-
ing and the respective control plasmids were premixed individ-
ually with the competitor plasmid and transfected into
HEK293T cells or isogenic polymerase-deficient cells. The
molar ratios of the competitor to the control and lesion-bearing
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genome were 1:3 and 1:9, respectively. The cells (1 � 105) were
seeded in 24-well plates and cultured overnight at 37 °C in a 5%
CO2 atmosphere. They were then transfected with 300 ng of the
mixed genomes by using TransIT-2020 (Mirus Bio), following the
vendor’s recommended procedures. The cells were harvested a24
h following transfection, and the progeny plasmids arising from
cellular replication were isolated using the GeneJET Plasmid Mini-
prep Kit (Thermo Fisher Scientific). The residual unreplicated
plasmids in the mixture were removed by DpnI digestion and exo-
nuclease III cleavage, as described previously (46).

PCR amplification and PAGE analyses

A previously reported nested PCR method was employed to
amplify the progeny plasmids (32). The final PCR amplicons
were resolved using 1% agarose gel, purified using the GeneJET
Gel Extraction Kit (Thermo Fisher Scientific, San Jose, CA) and
stored at �20 °C until use. For PAGE analysis, 150 ng of the
PCR fragments was incubated with 5 units of NcoI and 1 unit of
shrimp alkaline phosphatase at 37 °C in 10 �l of New England
Biolabs (NEB) buffer 3 for 1 h, followed by heating at 80 °C for
20 min to deactivate the enzymes. To the above mixture were
then added 1.25 �Ci (0.5 pmol) of [�-32P]ATP and 5 units of T4
polynucleotide kinase (Fig. 2A and Fig. S2). The reaction was
continued at 37 °C for 30 min, followed by heating at 75 °C for
20 min to deactivate the T4 polynucleotide kinase. To the above
mixture was then added 2.0 units of SfaNI, and the solution was
incubated at 37 °C for 1.5 h. The digestion was subsequently
terminated by addition of 20 �l of formamide gel loading buffer.
The above restriction cleavage and post-labeling procedures
yielded a 16-mer 5� 32P-labeled fragment for the progeny of the
competitor genome and 13-mer 5� 32P-labeled fragment(s) for
the progeny of the control or lesion-carrying genome (Fig. 2B).
The digestion products were separated using 30% native poly-
acrylamide gel (acrylamide:bisacrylamide 19:1) and quantified
by phosphorimaging analysis. The bypass efficiency and muta-
tion frequency were then calculated to gauge the effects of DNA
lesions on replication efficiency and fidelity, respectively, fol-
lowing procedures published previously (33).

Identification of mutagenic products by LC-MS/MS

The replication products were also identified by LC-MS/MS.
Briefly, 2 �g of the above-described PCR products was digested
with 50 units of NcoI and 15 units of shrimp alkaline phospha-
tase in 150 �l of NEB buffer 3 at 37 °C for 2 h, followed by
deactivating the phosphatase by heating at 80 °C for 20 min. To
the mixture was added 30 units of SfaNI, and the solution was
incubated at 37 °C for another 2 h. The resulting solution was
extracted once with phenol:chloroform:isoamyl alcohol (25:
24:1 (v/v)), and to the mixture were subsequently added 2.5
volumes of ethanol and 0.1 volume of 3.0 M sodium acetate to
precipitate the DNA. The DNA pellet was then reconstituted in
water and subjected to LC-MS and MS/MS analysis. An Agilent
1200 capillary HPLC system (Agilent Technologies, Santa
Clara, CA) and an LTQ linear ion trap mass spectrometer
(Thermo Fisher Scientific) were used for all LC-MS and
MS/MS experiments. The mass spectrometer was set up to
acquire the higher-resolution “ultra-zoom scan” MS and
MS/MS for the [M-3H]3� ions of the 13-mer 5�-CATG-

GCGNGCTGT-3�, where N� represents A, T, C, or G (Fig. 3 and
Figs. S4 –S11).
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