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DNA–protein cross-links can interfere with chromatin architec-
ture, block DNA replication and transcription, and interfere with
DNA repair. Here we synthesized a DNA 23-mer containing a site-
specific DNA–peptide cross-link (DpC) by cross-linking an 11-mer
peptide to the DNA epigenetic mark 5-formylcytosine in synthetic
DNA and used it to generate a DpC-containing plasmid construct.
Upon replication of the DpC-containing plasmid in HEK 293T
cells, approximately 9% of progeny plasmids contained targeted
mutations and 5% semitargeted mutations. Targeted mutations
included C3T transitions and C deletions, whereas semitargeted
mutations included several base substitutions and deletions near
the DpC lesion. To identify DNA polymerases involved in DpC
bypass, we comparatively studied translesion synthesis (TLS) effi-
ciency and mutagenesis of the DpC in a series of cell lines with TLS
polymerase knockouts or knockdowns. Knockdown of either hPol
� or hPol � reduced the mutation frequency by nearly 50%. How-
ever, the most significant reduction in mutation frequency (50%–
70%) was observed upon simultaneous knockout of hPol � and
hPol � with knockdown of hPol �, suggesting that these TLS poly-
merases play a critical role in error-prone DpC bypass. Because
TLS efficiency of the DpC construct was not significantly affected
in TLS polymerase–deficient cells, we examined a possible role of
replicative DNA polymerases in their bypass and determined that
hPol � and hPol � can accurately bypass the DpC. We conclude that
both replicative and TLS polymerases can bypass this DpC
lesion in human cells but that mutations are induced mainly
by TLS polymerases.

DNA is continuously exposed to a wide range of exogenous
and endogenous DNA-damaging agents (1–3). DNA–protein
cross-links (DPCs)2 are formed when proteins become cova-

lently bound to DNA (4, 5). Although DPC formation in cells
was first reported as early as in the 1960s (6), their effects on
biological processes have not been recognized until recently.
DPCs can be induced by exposure to various anti-tumor drugs,
transition metals, and UV light or can form endogenously as a
result of normal cellular processes such as lipid peroxidation,
histone demethylation, DNA replication, transcription, and DNA
repair (4, 5, 7–11).

It was recently discovered that the endogenously occurring
DNA epigenetic mark 5-formylcytosine forms reversible Schiff
base conjugates with histone proteins; these can be reductively
stabilized to form stable amino conjugates (12, 13). 5-Formylcyto-
sine (5fC) is one of the four epigenetically modified cytosine bases
endogenously present in mammalian genomes (14–17). Low lev-
els of 5fC bases, formed by oxidation of 5-methylcytosine, have
been detected in all mammalian tissues (14–16). 5fC forms revers-
ible Schiff base cross-links with histone proteins both in vitro and
in human cells, a process that is thought to influence gene expres-
sion levels (12, 13).

DPCs have the ability to interfere with chromatin architec-
ture (18), block DNA replication and transcription, interfere
with DNA repair, and induce mutations and toxicity (4, 5, 7, 8,
19 –21). As a result, DPCs contribute to a number of human
ailments, including cancer and aging (22–25). Initial steps of
DPC repair are thought to involve proteolytic digestion of the
cross-linked protein to a smaller peptide fragment, which is
subsequently bypassed by translesion synthesis (TLS) polymer-
ases or repaired by nucleotide excision repair (NER) proteins
(20, 26, 27).

Many previous studies of DPCs have been focused on their
repair (reviewed in Ref. 28). Notably, the recent discovery of a
mammalian protease, SPRTN (SprT-like N-terminal domain),
required for resolving DNA-protein cross-links in vivo, initi-
ated many published studies, as its function is compromised in
Ruijs–Aalfs syndrome patients suffering from accelerated aging
and an increased incidence of liver cancer (29). Several canon-
ical DNA repair pathways, including the NER, homologous
recombination, and Fanconi anemia pathways, are thought to
be involved in DPC repair either with or without proteolytic
processing to smaller peptide lesions (19, 27, 30).

In comparison, relatively little is known about the interactions
of DPCs with DNA replication machinery. Although in the early
1990s DPC formation and mutagenesis in mammalian cells were
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shown in one study (31), the majority of the reports published
subsequently either failed to link formation of DPCs with muta-
tions (32, 33) or suggested that DPCs may not induce mutagenesis
in mammalian cells (34). More recent research using advanced
tools, however, established that DPCs containing large proteins
completely block replicative bypass but that peptide-containing
DpCs allow TLS (19, 35–41).

Our previous studies with a model DpC have established a
key role of TLS polymerases, such as human Pol � and �, in
catalyzing DNA replication past DpC lesions (39). Unlike rep-
licative polymerases, whose tight active sites undergo confor-
mational changes upon binding the correct dNTP, TLS poly-
merases of the Y family have more open active sites that enable
them to bypass bulky DNA lesions (42, 43). We found that 5fC
conjugated to histones H2A or H4 completely inhibited DNA
replication in vitro but that translesion synthesis (TLS) by Y
family polymerases occurred when the proteins were subjected
to proteolytic digestion (40). 5fC-mediated cross-links to
11-mer or 31-mer peptides were bypassed by human DNA po-
lymerase � and � (hPol � and �) in an error-prone manner,
inducing targeted C3T transitions and �1 deletions. Similar
mutations also occurred when a plasmid containing the 11-mer
DNA–peptide cross-link (DpC) is replicated in HEK 293T cells
(40).

The main purpose of this work was to establish the roles of
the TLS DNA polymerases in both error-free and error-prone
bypass of DpCs in living cells. We examined replication of a
plasmid containing a site-specific, structurally defined cross-
link between 5fC and an 11-mer peptide in HEK 293T cells
subjected to knockout and/or knockdown of one or more TLS
polymerase(s). To focus on replication rather than repair, we
employed a single-stranded plasmid containing the 5fC– cross-
linked DpC, as DNA damages in single-stranded DNA are

refractory to repair by most common types of DNA repair path-
ways. We have also investigated the ability of human replicative
DNA polymerases � and � (hPol � and �) to bypass this DpC
lesion in vitro.

Results

Replication of 5fC-linked DpC in human cells

The DNA 23-mer (5�-AGG GTT TTC CXA GTC ACG ACG
TT-3�) containing 5fC at the 11th position from the 5� end (X)
was site-specifically conjugated to the lysine residue of the
11-mer peptide (RPKPQQFFGLM-CONH2) in the presence of
a reducing agent (NaCNBH3), as reported previously (Scheme 1
and Fig. S1) (12). This particular peptide sequence had been
used in previous studies that focused on in vitro replication by
TLS polymerases (40). Our methodology generates stable
DNA–polypeptide cross-links structurally analogous to Schiff
base conjugates formed between 5fC and histone proteins in
human cells (12, 13).

The resulting DpC-containing 23-mer oligonucleotide
(5fC-DpC in Scheme 1) was ligated into a gapped pMS2 plas-
mid (Scheme 2). The DpC construct and an unmodified plas-
mid (containing a different sequence at the ligation site)
were co-transfected into HEK 293T cells. The unmodified
vector served as an internal control of transfection effi-
ciency. Following 24-h incubation to allow for one round of
replication, plasmid DNA was isolated and used to transform
Escherichia coli DH10B cells (Scheme 2). The resultant col-
onies were analyzed by oligonucleotide hybridization fol-
lowed by DNA sequencing. TLS efficiency was determined
as the percentages of the colonies originating from the
lesion-containing plasmid relative to the internal plasmid
control.

Scheme 1. General procedure for the preparation of a DpC conjugated to the 5fC in DNA.

Scheme 2. Schematic representation of plasmid construction, replication, and progeny analysis.
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In HEK 293T cells, the replication efficiency of the DpC-
containing plasmid was 98.5% � 1% compared with an unmod-
ified control plasmid (set as 100%) (Fig. 1). We next examined
the effects of 5fC DpCs on DNA replication in cells deficient in
various TLS polymerases (hPol �, hPol �, hPol �, and hPol �).
Surprisingly, the TLS efficiency did not change upon knockout
of hPol � and hPol � or knockdown of hPol � and hPol � (Fig. 1).
TLS remained above 93% even following double and triple
knockout/knockdown of TLS polymerases (Fig. 1). This indi-
cates that TLS polymerases are not required for bypass of 5fC
DpCs in human cells and that it can be bypassed by replicative
DNA polymerases.

Mutations induced by this DpC and the role of TLS
polymerases

Nearly 14% of plasmid progeny recovered from HEK 293T
cells transfected with the DpC-bearing vector were found to be
mutants, which included 9% targeted and 5% semitargeted base
changes and frameshift mutations (Fig. 2). We define semitar-
geted mutations as base substitutions and deletions detected
near the peptide-conjugated 5fC even though the lesion might
have been replicated correctly as a template cytosine. Targeted
mutations were comprised of 6.7% C3T transitions, 0.6%
C3G transversions, and 1.3% targeted C deletions (Fig. 3).
Knockout or knockdown of TLS polymerases resulted in
reduced mutation frequency (MF) upon replication past DpCs,
which was most pronounced upon knockdown of either hPol �
or hPol � (Figs. 2 and 3). Targeted mutations were reduced from

8.6% � 1.9% in HEK 293T cells to 2.9% � 0.4% in hpol � knock-
down cells, a reduction of 50%– 80%. Likewise, targeted muta-
tions dropped from 8.6% � 1.9% in HEK 293T cells to 3.2% �
0.6% in hpol � knockdown cells, a reduction of 45%–75%. Sim-
ilarly, C3T mutations were reduced by 40%– 80% and 30%–
70% upon single knockdown of hPol � and hPol �, respectively
(Fig. 3). However, further reduction in MF was not achieved
upon simultaneous knockdown of hPol � and hPol � (Figs. 2 and
3). Of the various double and triple knockout/knockdown
experiments, the greatest reduction in MF occurred upon
simultaneous knockout of hPol � and hPol � along with knock-
down of hPol �. In the latter case, the total MF was reduced from

Figure 1. The extent of replicative bypass (or TLS efficiency) of 5fC-linked
DpC in HEK 293T cells with or without siRNA knockdowns of various TLS
polymerases. Percent TLS of the DpC construct in different polymerase
knockout or knockdowns was measured relative to an internal control DNA.
The data represent the mean and standard deviation of results from three
independent experiments. HEK 293T cells were treated with negative control
siRNA (293T), whereas the other single or double polymerase knockouts or
knockdowns (KD) are indicated below on the x axis.

Figure 2. Targeted and semitargeted mutations induced in the progeny
from the 5fC-linked DpC construct in HEK 293T (293T) and various poly-
merase KO or knockdown cells (as indicated). The data represent the mean
and standard deviation (of the total MF) from two to five independent exper-
iments. The statistical significance of the difference in MFs between HEK 293T
and TLS Pol knockouts and/or knockdowns (KD) was calculated using two-
tailed, unpaired Student’s t test (*, p � 0.05; **, p � 0.005).

Figure 3. The types and frequencies of targeted mutations induced in the
progeny from the 5fC-linked DpC construct in HEK 293T cells and various
polymerase KO or knockdown cells (as indicated). The data represent the
mean and standard deviation (of the total targeted MF) from two to five
independent experiments. The statistical significance of the difference in tar-
geted MFs between HEK 293T and TLS Pol knockouts and/or knockdowns
(KD) was calculated using two-tailed, unpaired Student’s t test (*, p � 0.05; **,
p � 0.005).
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13.5% � 1.7% in HEK 293T cells to 4.8% � 0.7% in cells carrying
hPol �/� knockout plus hPol � knockdown, and the incidence of
C3T transitions dropped from 5.9% � 1.4% to 1.4% � 0.2% for
the same (Fig. 3). Taken together, the results from TLS poly-
merase knockout/knockdown experiments are indicative of an
involvement of TLS polymerases hPol �, hPol �, hPol �, and hPol
� in error-prone bypass of 5fC-mediated DpC lesions in human
cells.

Semitargeted base substitutions and one to six base deletions
around the DpC site comprised �33% of total mutations in
HEK 293T cells (Fig. 2). Nearly half of the semitargeted muta-
tions were deletions of one to six bases, whereas insertion
mutations did not occur. Of the various semitargeted base sub-
stitutions, C3T at several different cytosine sites were pre-
dominant. Upon knockout and knockdown of TLS polymer-
ases, the frequency of semitargeted mutations decreased in
some cases, but no clear pattern emerged, and the changes were
not statistically significantly different (Fig. 2 and Fig. S4). In
some knockout/knockdown experiments, the percentage of
semitargeted mutations increased to more than 50% of the total
mutations (Fig. S4).

In vitro replication of a DpC lesion by replicative DNA
polymerases � and �

Our observation of efficient replicative bypass of the 5fC-
linked DpC lesion in HEK 293T cells with radically reduced
levels of TLS polymerases (Fig. 1) suggests that these special-
ized polymerases are not required for DpC lesion bypass in
human cells. Therefore, we investigated the possibility that this
bulky adduct can be bypassed by replicative DNA polymerases
� and �. Standing-start in vitro primer extension assays were
conducted in the presence of hPol � (Fig. 4, left panel) and hPol
� (Fig. 4, right panel). Primer–template complexes were created
by annealing 32P-labeled 12-mer primers to the 23-mer tem-
plate containing 5fC (Fig. 4, A and C) or the 11-mer peptide
DpC (Fig. 4, B and D). In vitro replication was initiated by the
addition of the corresponding DNA polymerase and a mixture

of dNTPs. Primer extension reactions were quenched at
selected time points prior to loading onto 20% denaturing poly-
acrylamide gel.

As shown in Fig. 4, left panel, recombinant hPol � was able to
extend the primer past unconjugated 5fC to form a full-length
23-mer product, although a significant fraction of the primer
remained unchanged, even after a 30-min reaction. Primer
extension using the DpC template was even less efficient, but a
small part of the full-length product was formed in 5 min, which
gradually increased over a 30-min time period. In comparison,
hPol �– catalyzed replication of the control template was signif-
icantly more efficient, with more than 95% of the primer
extended to the full-length product in 5 min (Fig. 4, right panel).
Primer extension using the DpC-containing template was
much slower, but the band corresponding to the full-length
product continued to increase during the 30-min incubation.
This suggests that both hPol � and hPol � can bypass the 5fC-
conjugated DpC, albeit more slowly than the 5fC control. In
addition, both replicative polymerases exhibited exonu-
clease activity, so a significant portion of the primer was
converted to smaller products at longer incubation times
(results not shown).

Next, single-nucleotide insertion experiments were con-
ducted to investigate the fidelity of hPol � and hPol � upon in
vitro replication of the DpC-containing template. For hPol �,
the correct nucleotide (dGTP) was preferentially incorporated
opposite both DpC and the 5fC control (Fig. 5). Gel electropho-
resis analyses revealed that three successive dGs were incorpo-
rated because of the 3�-XCC sequence of the template strand.

Although low levels of dTTP and dATP misincorporation
were noted opposite 5fC, no noticeable misincorporation
opposite DpC was detected. Similar results were obtained for
hPol �; dGTP was the only nucleotide inserted opposite DpC,
whereas dGTP and low levels of dATP were incorporated oppo-
site the 5fC control (Fig. 6). To determine the catalytic effi-
ciency of dGTP incorporation by hPol � opposite DpC and 5fC,
steady-state kinetic experiments were conducted (Table 1). The
same primer–substrate complexes were used, and the primer
extension reactions were conducted in the presence of hPol �
with increasing concentrations of dGTP (5–500 �M) (Fig. S2).
To ensure steady-state conditions, a 9 –90 molar excess of DNA
over hPol � was employed. Steady-state kinetic parameters
were determined from Michaelis–Menten curves (Fig. S3).
kcat/Km values for dGTP incorporation opposite 5fC and DpC
were calculated as 0.056 and 0.008 �M�1 min�1, respectively,
indicating that the presence of the peptide lesion significantly
inhibits DNA polymerase activity. Overall, these results reveal
the ability of replicative DNA polymerases to catalyze error-
free nucleotide addition opposite 5fC derived DpC lesions. Per-
haps this is not surprising, as such lesions routinely form at
epigenetic marks in human cells (12) and, thus, must be toler-
ated by the cellular machinery.

Discussion

DPC formation in cells was first reported as early as in the
1960s (6). In the early 1990s, it was shown that vanadate (VO3

�)
produces DPCs and causes mutations in mammalian cells (31).
Most other reports in the latter part of the 20th century, how-

Figure 4. Primer extension assays for replication bypass of 5fC-mediated
DNA–peptide cross-links by hPol � and hPol �. A–D, the 32P-labeled 12-mer
primer was annealed with a 23-mer template containing 5-formyl-dC (A and
C) or the 11-mer peptide cross-link RPKPQQFFGLM (B and D). Polymerase
reactions were initiated by addition of DNA polymerases and a mixture of
dNTP and quenched at selected time points prior to loading onto 20% dena-
turing PAGE.
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ever, either failed to associate formation of DPCs with muta-
tions (32, 33) or indicated that DPCs cause cytotoxicity and
clastogenicity but may not induce mutagenesis in mammalian
cells (34). Research in the last two decades, in contrast, unam-
biguously established that DPCs containing large proteins pose
strong blocks of DNA replication, whereas certain peptide-con-
taining DpCs allow error-prone replicative bypass both in vitro
and in vivo (19, 35– 40). For example, Lloyd and co-workers (36,
45) have shown that DpCs covalently linked to the N2 position
of dG blocked DNA replication, whereas the same peptide con-
jugated to the N6 position of dA was bypassed and induced
small number of mutations in both E. coli and simian kidney

cells. In vitro studies showed that E. coli Pol II, Pol III, and Pol V
cannot replicate past these DpCs but that pol IV is reasonably
proficient in their bypass (36). Moreover, Pol � is highly effi-
cient and accurate in TLS of the dG-N2-DpCs, as it is with other
dG-N2 adducts (36). Indeed, the types and frequencies of DPC-
induced mutations appear to be strongly dependent on the site
and structure of the cross-links as well as the types of cells in
which they are replicated. We have shown that site-specifically
modified templates containing 10- to 20-mer peptides conju-
gated to uracil, 7-deazaguanine, or 5fC, unlike full-length pro-
tein DPCs, are subject to bypass by Y family DNA polymerases.
Although proteins and large peptides (�20 amino acids) con-

Figure 5. Single-nucleotide insertion opposite 5fC (control) and the 5fC–11-mer peptide cross-links by hPol �. Template–primer complexes were
incubated with hPol � in the presence of individual dNTP and then quenched at preselected time points. X � 5-formylcytosine conjugate to RPKPQQFFGLM.

Figure 6. Single-nucleotide insertion opposite 5fC (control) and the 5fC–11-mer peptide cross-link by hPol �. Template–primer complexes were
incubated with hPol � in the presence of individual dNTP and then quenched at preselected time points. X � 5-formylcytosine conjugate to RPKPQQFFGLM.

Table 1
Steady-state kinetics parameters for single-nucleotide incorporation opposite 5fC or the 5fC–11-mer peptide (RPKPQQFFGLM) conjugated to
the C5 position of cytosine by hPol �

Polymerase Template Incoming nucleotide kcat (min�1) Km (	M) kcat/Km (	M�1 min�1)

hPol � 5fC dGTP 1.30 � 0.08 23 � 5 0.056 � 0.013
11-mer peptide dGTP 0.13 � 0.007 17 � 4 0.008 � 0.002
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jugated to the C5 position of dT completely blocked Pol � and
�, smaller C5-dT DpC conjugates (�10-mer peptides) were
bypassed in an error-prone manner, giving rise to large num-
bers of deletions and point mutations (37, 46).

Depletion of one or more TLS DNA polymerases has become
an attractive approach to determine their role in lesion bypass,
which we employed in this study. A limitation, however, was
that we were able to generate only a limited number of knock-
out cell lines and used the siRNA knockdown approach for the
rest. A strict comparative quantitative analysis, therefore, is
unwarranted. Even so, the critical role of TLS polymerases in
the mutagenic outcome was evident.

In one of our earlier reports, TLS efficiency of a model DpC
containing a 10-mer Myc peptide covalently linked to C7 of
7-deaza-dG was 76% in HEK 293T cells compared with 100%
progeny derived from the control DNA, suggesting that this
lesion slowed down DNA replication (39). In contrast, DpCs
conjugated to the C5 position of 5fC examined in this study
(Scheme 1) allowed a TLS efficiency comparable with that of
the 5fC control in HEK 293T cells (Fig. 1). Additionally, TLS
efficiency was barely altered in cells with knockout or knock-
down of TLS polymerases, suggesting that none of these poly-
merases were essential for TLS of the C5–5fC– conjugated DpC
lesion (Fig. 1). This led us to hypothesize that C5–5fC DpC–
containing DNA may be bypassed by replicative DNA polymer-
ases. Indeed, in vitro replication experiments with recombinant
hPol � and hPol � revealed that both polymerases can catalyze
DNA synthesis past the 5fC-linked 11-mer peptide lesion,
albeit more slowly than 5fC. Remarkably, nucleotide incorpo-
ration opposite the DpC by hPol � and hPol � was accurate,
and no nucleotide misincorporation opposite the lesion was
detected (Figs. 5 and 6 and Table 1). Overall, our results indicate
that hPol � and hPol � can bypass the C5–5fC– conjugated DpC
in an error-free manner. However, because of the low efficiency
of bypass (Table 1), TLS polymerases are likely to be recruited
to the replication fork, leading to nucleotide misincorporations.
The mechanism of nucleotide misincorporation can be ratio-
nalized from our recent molecular dynamics simulations of
the hPol �-DNA ternary complexes, which revealed that the
11-mer peptide can be accommodated in the DNA major
groove side. It also showed that the adducted 5fC forms a stable
pair with the incoming dATP via wobble base-pairing in the
polymerase active site, thereby causing C3T transitions (40).
The targeted C deletion, on the other hand, can be explained by
a slippage mechanism, when the incoming dG opposite the
adducted 5fC realigns to the 5�-adjacent C, thereby causing the
one-base targeted deletion (40). The cellular mutagenesis
results for 5fC-induced DpCs differ from our earlier findings
for DpCs conjugated to the C7 of 7-deaza-dG (39). In that
study, replication of DpC-containing plasmids produced both
targeted (20% targeted G3A and G3T) and semitargeted
(15%) mutations in HEK 293T cells (39). TLS efficiency and
targeted mutations were reduced upon siRNA knockdown of
pol �, pol �, or pol �, indicating that they participated in error-
prone bypass of 7-deaza-dG-linked DpC lesions (39). However,
the semitargeted mutations at G5 were only reduced upon
knockdown of pol �, suggesting its critical role in this type of
mutations (39). Even though targeted and semi-targeted muta-

tions were observed in both studies, each structurally distinct
DpC exhibited a unique spectrum of mutations. We postulate
that the semitargeted mutations induced by DpCs arise from
local destabilization of the DNA helix in the presence of bulky
DpC lesions and from interference of nucleotide incorpora-
tions near the lesion site by the long arm of the peptide, which
can adopt many different conformations. Future structural
studies will likely shed light on the validity of this hypothesis
and the mechanistic details of semitargeted mutagenesis by the
DpCs.

Although this study was conducted with the 5fC-DpC sit-
uated in single-stranded DNA, which is not repaired by most
DNA repair systems, immediately after TLS, the DpC-con-
taining plasmid may become a substrate for DNA repair. 5fC
itself is repaired by base excision repair (44), whereas the
5fC-DpC conjugate is likely to be an NER substrate (20, 26,
27). In this study, we did not attempt to determine the role of
DNA repair in mutagenesis, but, in the future, it would be of
interest to determine the interplay of DNA repair with
mutagenesis induced by this DpC.

In conclusion, our results indicate that polymerase bypass of
5fC-conjugated DpC lesions by TLS polymerases gives rise to
mutations in human cells. Even for such bulky DNA adducts,
the specialized bypass polymerases of the Y and B families are
not required for bypass of the 5fC–polypeptide cross-link. Rep-
licative hPol � and hPol � could bypass the 5fC-linked 11-mer
peptide lesion in an error-free manner. However, because of the
low efficiency of DpC bypass by hPol � and hPol �, TLS poly-
merases are recruited to the replication fork, leading to nucle-
otide misincorporations and mutagenesis in human cells.

Experimental procedures

All materials, including reagents and solvents, were of com-
mercial grade. [	-32P]ATP was from PerkinElmer Life Sciences
(Shelton, CT). The enzymes were purchased from New Eng-
land Biolabs (Beverly, MA). hPol � was purchased from Enzy-
max (Lexington, KY). hPol � was prepared as described previ-
ously (47).

Synthesis and characterization of 23-mer DpC with an 11-mer
peptide cross-linked to 5fC

A 23-mer oligodeoxynucleotide (5�-AGG GTT TTC CXA
GTC ACG ACG TT-3�), where X represents 5fC covalently
attached to an 11-mer peptide, RPKPQQFFGLM-CONH2, was
synthesized and characterized as described previously (12).
The procedure for preparation is outlined briefly in Scheme
1, and its characterization and purity are shown in Fig. S1.
The aldehyde group of 5fC forms a reversible Schiff base with
the side chain of the third amino acid, Lys, of the polypep-
tide, which was stabilized by NaCNBH3 reduction. The oligo-
nucleotide–polypeptide conjugate was purified by electro-
phoresis on a 20% polyacrylamide gel containing 7 M urea
(denaturing PAGE), followed by Sep-Pac C18 SPE desalting
and characterized by MS.

Construction of TLS polymerase knockout cell lines

For Pol � and Pol � gene knockouts in HEK 293T cells, com-
mercially available CRISPR/Cas9 knockout plasmids were used
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(Santa Cruz Biotechnology, sc-406518 for Pol � and sc-405052
for Pol �). Following plasmid transfection, single cells were
sorted by FACS into 96-well plates using a BD FACSAria II
instrument. After clonal expansion, the resulting monoclonal
cultures were screened by Western blotting for protein levels
(Fig. S2). We also evaluated two different clones of Pol � knock-
out as well as Pol �/Pol � double knockout cell lines by compar-
ing the MF induced by 5fC-DpC, which was found statistically
to be the same. This suggests that the CRISPR/Cas9 approach
did not induce any off-target effects in the knockout cells lines
that would influence the TLS and mutagenesis results.

Construction and characterization of a pMS2 vector
containing a single DpC and its replication in HEK 293T cells

The DpC-containing plasmid pMS2, which carries neomycin
and ampicillin resistance genes, was constructed according to
published reports (39, 40) The pMS2 construct (50 ng) in 6 �l of
Lipofectamine cationic lipid reagent (Invitrogen) was used to
transfect HEK 293T cells after they were grown to �90%
confluency. Following transfection, the cells were grown at
37 °C in 5% CO2 for 48 h. The plasmid DNA was collected,
purified, and used to transform E. coli DH10B. The transfor-
mants were analyzed by oligonucleotide hybridization fol-
lowed by DNA sequence analysis (39).

Determination of TLS efficiency

DpC-containing or control pMS2 constructs were mixed
with equal amounts of a single-stranded pMS2 DNA construct
containing a 23-nt sequence different from the DpC (or con-
trol) DNA sequence. After transfection in HEK 293T cells fol-
lowed by amplification in E. coli, oligonucleotide probes for
both types of DNA were used to analyze the progeny. The
altered DNA was used as an internal control, and it gave a num-
ber of progeny equal to the control construct. TLS efficiency
was determined as the percentages of the colonies originating
from the DpC-containing plasmid relative to the internal con-
trol. Mutational analyses of TLS products from human cells
with polymerase knockdowns were performed as described
previously. RT-PCR analysis and the Western blot procedure
have been reported in our earlier publication (48).

Primer extension assays using human replicative DNA
polymerases

32P-labeled primer–template complexes containing 5fC
or 5fC–11-mer peptide cross-links (RPKPQQFFGLM) were pre-
pared as described previously (40). These primer–template com-
plexes (1 pmol) were incubated at 37 °C with all four dNTPs (1 mM

final concentration) in a buffer containing 25 mM Tris/HCl (pH
7.5), 8 mM MgCl2, 8 mM NaCl, 5 mM DTT, 100 �g/ml BSA, and
10% glycerol (v/v) (total reaction volume, 30 �l). The polymeriza-
tion reaction was initiated by addition of human DNA polymer-
ases � (0.56 pmol) or � (0.6 pmol). Aliquots (4 �l) of the reaction
mixtures were quenched with a gel loading buffer (20 mM EDTA in
95% formamide, including 0.05% bromphenol blue and xylene
cyanol) at the 0-, 5-, 15-, and 30-min time points. The primer
extension products were then resolved using a 20% (w/v) denatur-
ing PAGE containing 7 M urea at 80 W for 2 h in 1	 Tris borate-

EDTA buffer and visualized using the Typhoon FLA 7000 Phos-
phorImager (GH Healthcare).

Single-nucleotide incorporation assays
32P-labeled primer–template complexes containing 5f-dC or

5fC–11-mer peptide cross-links (RPKPQQFFGLM, 1 pmol)
were subjected to primer extension reactions at the same con-
ditions as described above, except for addition of a single dNTP
(dGTP, dCTP, dTTP, or dATP; 1 mM final concentration). The
reaction mixtures were quenched, denatured, and imaged under
the same conditions as described above.

Steady-state kinetics analysis

Steady-state kinetics for incorporation of dGTP opposite 5fC
or the 5fC–11-mer peptide cross-link (RPKPQQFFGLM) were
examined by performing single-nucleotide insertion assays in the
presence of hPol � and increasing concentrations of dGTP.
Primer–template complexes (2.25 pmol) were incubated with
hPol � (0.025–0.25 pmol) in the presence of dGTP (5, 10, 25, 50,
100, 150, 250, or 500 �M) for specified time periods (0–30 min).
Extension products were visualized using the Typhoon FLA 7000
system and quantified by volume analysis using the ImageQuant
TL 8.0 software (GE Healthcare). Steady-state kinetic parameters
were calculated by nonlinear regression analysis using one-site
hyperbolic fits in Prism 4.0 (GraphPad Software, La Jolla, CA).
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