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ABSTRACT: Comparative mutagenesis of γ- or X-ray-induced tandem DNA lesions G[8,5-Me]T and T[5-
Me,8]G intrastrand cross-links was investigated in simian (COS-7) and human embryonic (293T) kidney
cells. For G[8,5-Me]T in 293T cells, 5.8% of progeny contained targeted base substitutions, whereas
10.0% showed semitargeted single-base substitutions. Of the targeted mutations, the G f T mutation
occurred with the highest frequency. The semitargeted mutations were detected up to two bases 5′ and
three bases 3′ to the cross-link. The most prevalent semitargeted mutation was a C f T transition
immediately 5′ to the G[8,5-Me]T cross-link. Frameshifts (4.6%) (mostly small deletions) and multiple-
base substitutions (2.7%) also were detected. For the T[5-Me,8]G cross-link, a similar pattern of mutations
was noted, but the mutational frequency was significantly higher than that of G[8,5-Me]T. Both targeted
and semitargeted mutations occurred with a frequency of ∼16%, and both included a dominant G f T
transversion. As in 293T cells, more than twice as many targeted mutations in COS cells occurred in
T[5-Me,8]G (11.4%) as in G[8,5-Me]T (4.7%). Also, the level of semitargeted single-base substitutions
5′ to the lesion was increased and 3′ to the lesion decreased in T[5-Me,8]G relative to G[8,5-Me]T in
COS cells. It appeared that the majority of the base substitutions at or near the cross-links resulted from
incorporation of dAMP opposite the template base, in agreement with the so-called “A-rule”. To determine
if human polymerase η (hpol η) might be involved in the mutagenic bypass, an in vitro bypass study of
G[8,5-Me]T in the same sequence was carried out, which showed that hpol η can bypass the cross-link
incorporating the correct dNMP opposite each cross-linked base. For G[8,5-Me]T, nucleotide incorporation
by hpol η was significantly different from that by yeast pol η in that the latter was more error-prone
opposite the cross-linked Gua. The incorporation of the correct nucleotide, dAMP, by hpol η opposite
cross-linked T was 3-5-fold more efficient than that of a wrong nucleotide, whereas incorporation of
dCMP opposite the cross-linked G was 10-fold more efficient than that with dTMP. Therefore, the
nucleotide incorporation pattern by hpol η was not consistent with the observed cellular mutations.
Nevertheless, at and near the lesion, hpol η was more error-prone compared to a control template. The in
vitro data suggest that translesion synthesis by another Y-family DNA polymerase and/or flawed
participation of an accessory protein is a more likely scenario in the mutagenesis of these lesions in
mammalian cells. However, hpol η may play a role in correct bypass of the cross-links.

DNA damage by reactive oxygen species (ROS)1 has been
extensively studied for the past two decades (1). Types of
ROS-induced DNA damage include single-base damage,
strand breaks, and inter- and intrastrand DNA-DNA and
DNA-protein cross-links (see ref 2 for a review). However,
compared to single-base types of damage, which were

thoroughly studied, complex lesions such as tandem DNA
damage received relatively little attention (3). In a series of
investigations in the late 1990s, Box and co-workers showed
that double-base DNA lesions are formed at a substantial
frequency by ionizing radiation and by metal-catalyzed H2O2

reactions (4–7). In the presence of oxygen, a major type of
radiation-induced damage involves oxidation of a Gua to
8-oxoguanine and degradation of an adjacent pyrimidine base
to a formamido remnant (4). Under anoxic conditions, the
predominant lesion is a cross-linked species in which C8 of
Gua is linked to the 5-methyl group of an adjacent Thy, but
the G[8,5-Me]T cross-link is formed at a much higher rate
than the T[5-Me,8]G cross-link (Figure 1) (4–7). Additional
thymine-purine cross-links have been isolated from γ-ir-
radiated DNA in oxygen-free aqueous solution (8). Wang
and co-workers identified structurally similar guanine-cytosine
and guanine-5-methylcytosine cross-links in DNA exposed
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to γ- or X-rays (9–11). Carter and Greenberg (12) showed
that a pyrimidine nucleobase radical generates tandem lesions
as the major modification, which could be as frequent as
65%. Recent investigations established that the G[8,5-Me]T
cross-link is formed in a dose-dependent manner in human
cells when exposed to γ-rays (13) and that the G[8,5]C cross-
link is formed at a slightly lower level (14).

These intrastrand cross-links destabilize the DNA double
helix (15), and it is not surprising that UvrABC nuclease,
the nucleotide excision repair (NER) system in Escherichia
coli, can excise G[8,5-Me]T in vitro (16, 17). Using purified
DNA polymerases, it was shown that G[8,5-Me]T and
G[8,5]C strongly block DNA replication in vitro (13, 18).
For the G[8,5-Me]T cross-link, primer extension was ter-
minated after incorporation of dAMP opposite the 3′-T by
exo-free Klenow fragment and pol IV (dinB) of E. coli,
whereas Taq polymerase was completely blocked at the
nucleotide preceding the cross-link (18). However, yeast
polymerase η, a member of the Y-family DNA polymerase,
can bypass both G[8,5-Me]T and G[8,5]C cross-links, albeit
with reduced efficiency relative to a control (13, 17). For
these two lesions, the significantly reduced fidelity of
nucleotide incorporation was observed at the 5′-Gua. The
incorporation of dAMP and dGMP was favored by yeast pol
η over that of the correct nucleotide, dCMP (13, 17). A recent
study demonstrated that the G[8,5]C cross-link is mutagenic
in E. coli (14). It induced ∼10% mutations, which included
mostly G f T transversions and a lower level of G f C
substitutions. The mutations were almost completely abol-
ished in the pol V-deficient strain, suggesting that this SOS
polymerase is likely responsible for the error-prone trans-
lesion synthesis. However, the biological effect of these
cross-links has not been investigated in mammalian cells.
Also, cellular studies on any other purine-pyrimidine (or
pyrimidine-purine) cross-links such as G[8,5-Me]T have not
yet been reported.

In this work, we have compared translesion synthesis of
G[8,5-Me]T with T[5-Me,8]G cross-links in simian and
human embryonic kidney cells. We report here that both of
these cross-links are strongly mutagenic in the two cell lines
and that the two lesions exhibit an interesting pattern of
mutations, including a high frequency of semitargeted or
locally targeted mutations. To determine if pol η might play
a role in the mutagenicity exhibited by these lesions in
mammalian cells, we have also explored in vitro bypass of
G[8,5-Me]T by purified human DNA polymerase η (hpol
η).

MATERIALS AND METHODS

Materials. [γ-32P]ATP was from Du Pont New England
Nuclear (Boston, MA). EcoRV restriction endonuclease, T4
DNA ligase, T4 polynucleotide kinase, uracil DNA glyco-
sylase, and exonuclease III were obtained from New England
Bioloabs (Beverly, MA). E. coli DH10B was purchased from
Invitrogen Corp. (Carlsbad, CA). Human and yeast DNA
polymerase η were purchased from Enzymax (Lexington,
KY). The simian kidney (COS-7) cell line available in our
laboratory was originally obtained from P. Glazer (Yale
University, New Haven, CT), and the pMS2 phagemid was
a gift of M. Moriya (State University of New York, Stony
Brook, NY). Human embryonic kidney cell line 293T/17 was
purchased from American type Culture Collection (ATCC).

Methods. (i) Synthesis and Characterization of Oligo-
nucleotides. The lesions containing oligonucleotides 5′-
GTGCG^TGTTTGT-3′ and 5′-GTGCGT^GTTTGT-3′ have
been synthesized and characterized as described previously
(16). Unmodified oligonucleotides were analyzed by MALDI-
TOF MS analysis, which gave a molecular ion with a mass
within 0.005% of the theoretical mass, whereas adducted
oligonucleotides were analyzed by ESI-MS in addition to
digestion followed by HPLC analysis.

(ii) Construction of 26-mer Containing a G[8,5-Me]T
Cross-Link. The modified 12-mer and a control 12-mer (∼5
nmol) were ligated to a 5′-phosphorylated 14-mer, 5′-
ATCGCTTGCAGGGG-3′ (∼7.5 nmol), in the presence of
an 18-mer complementary oligonucleotide, 5′-GCAAGC-
GATACAAACACG-3′ (∼7.5 nmol), as described previously
(19). The oligonucleotides were separated by electrophoresis
on a 16% polyacrylamide-8 M urea gel. The ligated product
bands were visualized by UV shadowing and excised. The
26-mers were desalted on a Sephadex G-25 (Sigma) column
and stored at -20 °C until further use.

(iii) Construction and Characterization of pMS2 Vectors
Containing a Single G[8,5-Me]T or T[5-Me,8]G Cross-
Link. The single-stranded pMS2 shuttle vector, which
contains its only EcoRV site in a hairpin region, was prepared
as described previously (20). The pMS2 DNA (58 pmol, 100
µg) was digested with a large excess of EcoRV (300 pmol,
4.84 µg) for 1 h at 37 °C followed by room temperature
overnight. A 58-mer scaffold oligonucleotide was annealed
overnight at 9 °C to form the gapped DNA. The control and
lesion-containing oligonucleotides were phosphorylated with
T4 polynucleotide kinase, hybridized to the gapped pMS2
DNA, and ligated overnight at 16 °C. Unligated oligonucle-
otides were removed by being passed through a Centricon-
100, and the DNA was precipitated with ethanol. The
scaffold oligonucleotide was digested by being treated with
uracil DNA glycosylase and exonuclease III; the proteins
were extracted with phenol and chloroform, and the DNA
was precipitated with ethanol. The final construct was
dissolved in 1 mM Tris-HCl and 0.1 mM EDTA (pH 8),
and a portion was subjected to electrophoresis on a 1%
agarose gel to assess the amount of circular DNA.

(iV) Replication and Analysis in Simian Kidney Cells. COS-
7 cells were grown in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. The cells were
seeded at a density of 5 × 105 cells per 60 mm plate.
Following overnight incubation, the cells were transfected
with 50 ng of ssDNA by either electroporation or using 6

FIGURE 1: Chemical structures of the two intrastrand cross-links.
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µL of Lipofectamine cationic lipid reagent (Invitrogen). The
culture was incubated for 2 days, and the progeny plasmid
was recovered by the method of Hirt (21). It was then used
to transform E. coli DH10B, and transformants were analyzed
by oligonucleotide hybridization (22). Oligonucleotide probes
containing the complementary 16-mer sequence were used
to analyze progeny phagemids. The 14-mer left and 15-mer
right probes were used to select phagemids containing the
correct insert, and transformants that did not hybridize with
both the left and right probes were omitted. Any transformant
that hybridized with the left and right probes but failed to
hybridize with the 16-mer wild-type probe was subjected to
DNA sequence analysis.

(V) Replication and Analysis in Human Embryonic Kidney
(293T/17) Cells. The 293T/17 cell line is a derivative of the
293T cell line (293tsA1609neo). It is a highly transfectable
derivative of the 293 cell line into which the temperature-
sensitive gene for simian virus 40 (SV40) T antigen was
inserted. These cells constitutively express the SV40 large
T antigen.

The 293T/17 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 4 mM L-glutamine and
adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L
glucose, and 10% fetal bovine serum. The cells were grown
to ∼90% confluency and transfected with 50 ng of each
construct using 6 µL of Lipofectamine cationic lipid reagent
(Invitrogen). Following transfection with modified or un-
modified pMS2, the cells were allowed to grow at 37 °C in
5% CO2 for 2 days, and then the plasmid DNA was collected
and purified by the method of Hirt (21). Subsequent
transformation in E. coli DH10B and analysis were per-
formed in a manner similar to that for the plasmid from COS
cells.

(Vi) In Vitro Nucleotide Incorporation and Chain Exten-
sion. The 26-mer G[8,5-Me]T template, 5′-GTGCG^TGT-
TTGTATCGCTTGCAGGGG-3′, was constructed by ligating
a 14-mer to the G[8,5-Me]T cross-linked 12-mer, followed
by purification. The primed template was obtained by
annealing a 5-fold molar excess of the modified or control
26-mer template (∼20 ng) to a complementary 5′-32P-labeled
primer. For full-length extensions, the 32P-labeled primer
(14-, 15-, 16-, or 17-mer) template complex was incubated
with 50 nM hpol η and a mixture of four dNTPs (25 mM
each) in 25 mM Tris-HCl buffer (pH 7.5), 5 mM MgCl2,
and 5 mM dithiothreitol at 37 °C for various amounts of

time. The reactions were terminated by adding an equal
volume of 95% (v/v) formamide, 20 mM EDTA, 0.02%
(w/v) xylene cyanol, and 0.02% (w/v) bromophenol blue and
heating the mixture at 90 °C for 2 min, and the products
were resolved on a 20% polyacrylamide gel containing 8 M
urea.

(Vii) Steady-State Kinetic Measurements. To identify the
nucleotide preferentially incorporated opposite the G[8,5-
Me]T cross-link, the steady-state kinetic analyses were
performedby themethodofGoodmanandco-workers (23–25).
Prior to kinetic studies, experiments were conducted to
determine enzyme concentrations, dNTP concentrations, and
times for which product accumulation was linear as a
function of time. The dNTP concentration and time of
incubation were optimized to ensure that the extent of primer
extension was <20%. Primer extension of the primer-template
complex (10 nM) under standing start conditions was carried
out with a hpol η (6.4 nM for control and 16 nM for G[8,5-
Me]T) with individual dNTPs in 25 mM Tris-HCl buffer
(pH 7.5), 5 mM MgCl2, and 5 mM dithiothreitol at 37 °C
for various amounts of time. The reactions were terminated
and the products resolved as described above. The DNA
bands were visualized and quantitated using a Phosphorim-
ager. The apparent Km and Vmax values were extrapolated
from a Hanes-Woolf plot of the kinetic data (23). The
efficiency of nucleotide incorporation was determined by
Vmax/Km values. The fidelity of nucleotide incorporation was
determined by the frequency of misincorporation (Finc),
according to the equation Finc ) (Vmax/Km)[wrong pair]/(Vmax/
Km)[right pair].

RESULTS

Construction and Characterization of the sspMS2 Vector
Containing the G[8,5-Me]T or T[5-Me,8]G Cross-Link and
Its Replication in Mammalian Cells. To investigate transle-
sion synthesis in SV-40-transformed simian kidney cell line
COS-7 and human embryonic kidney cell line 293T, we
employed a site-specifically modified single-stranded vector,
pMS2, which confers neomycin and ampicillin resistance
(20, 26). Biological effects of many types of DNA damage
have been studied by using this vector developed by Moriya
(20), and the strategy for employing this plasmid is shown
in Scheme 1. Briefly, the double-stranded hairpin region of
pMS2 ssDNA was digested with EcoRV, and the linear DNA

Scheme 1: General Protocol for Making the pMS2 Construct Followed by Replication and Analysis
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was hybridized with a scaffold 58-mer to yield a gapped
DNA. The oligonucleotides containing G[8,5-Me]T, T[5-
Me,8]G, and a control were ligated to this gap. The control
and lesion-containing constructs were treated with uracil
DNA glycosylase and exonuclease III to remove the scaffold.
A portion of each of these vectors was run on a 1% agarose
gel. As shown in Figure 2, lanes 1 and 2 show migration
characteristics of pMS2 DNA before and after digestion with
EcoRV. Lanes 5-7 show ligation of control, T[5-Me,8]G-
containing, and G[8,5-Me]T-containing 12-mer, respectively,
to pMS2 followed by enzymatic removal of the scaffold.
Lanes 3 and 4 show the construct before and after removal
of the scaffold, respectively, of a “mock” ligation mixture,
in which no oligonucleotide was added. It is evident from
lanes 3 and 4 that end-to-end ligation of the scaffolded linear
DNA in the absence of the appropriate insert was negligible.
Estimation of the relative intensity of the circular and linear
DNA indicated 30-50% ligation of the 12-mers occurred
on both sides and that ligation of the control was nearly twice
as efficient as that of the lesion-containing oligonucleotides.

The vectors containing the cross-links were used to
transfect COS-7 or 293T cells. Progeny phagemids were
recovered and used to transform E. coli DH10B. Transfor-
mants were analyzed by oligonucleotide hybridization fol-
lowed by DNA sequencing (22), to confirm the number of
progeny derived that contained the oligonucleotide insert and
the mutational outcome of the lesions.

Mutational Specificity of G[8,5-Me]T and T[5-Me,8]G
Cross-Links. As shown in Table 1 and Figure 3, both G[8,5-
Me]T and T[5-Me,8]G cross-links exhibited significant
mutagenicity in both 293T and COS-7 cells, although
62-77% progeny were derived from error-free bypass. In
each case, mutations were analyzed for two independently
constructed vectors, and though mutagenesis data were
consistent in these transfections (Table 1), they were
combined for the ease of analysis. A striking feature of the
mutational spectra of the cross-links is that both lesions

induced a large number of mutations at bases near the lesion,
which we describe as semitargeted mutations (Table 1 and
Figure 3) (see also Table S1 of the Supporting Information).
It is important to point out that for the control construct, no
mutations were detected within the 12-mer sequence in
approximately 300 progeny that were analyzed (data not
shown). For G[8,5-Me]T in 293T cells, 5.8% of progeny
contained targeted base substitutions, whereas 10.0% exhib-
ited semitargeted single-base substitutions. Of the targeted
mutations, the G f T mutation occurred with the highest
frequency (4.6%). The semitargeted mutations were detected
up to two bases 5′ and three bases 3′ to the cross-link (Figure
4). However, the most prevalent semitargeted mutations
involved a C f T transition (4.6%) immediately 5′ to the
G[8,5-Me]T cross-link (Figure 4). In addition, multiple-base
substitutions, predominantly two base substitutions, occurred
at a frequency of 2.7% (Table S1 of the Supporting
Information). Frameshifts, which included mostly deletions
of one to four bases, were detected in 4.6% of progeny (Table
1 and Figure 3) (see also Table S1 of the Supporting
Information). For the T[5-Me,8]G cross-link, although the
mutational frequency increased, a similar pattern of mutations
was noted. Targeted mutations occurred with a frequency
of 16.3%, with the Gf T mutation being the dominant event
(14.3%) (Table 1 and Figure 5). The semitargeted single-
base substitutions were detected up to three bases 5′ and three
bases 3′ to the cross-link. They occurred at a frequency of
15.8%, of which the G immediately 5′ to the cross-link gave
the highest frequency of G f T substitutions (Figure 5).
Multiple-base substitutions and frameshifts were detected at
frequencies of 2.0 and 3.6%, respectively (Table 1 and Figure
3) (see also Table S1 of the Supporting Information).

As in the case of 293T cells, more than twice as many
targeted mutations in COS cells occurred in T[5-Me,8]G
(11.4%) relative to G[8,5-Me]T (4.7%) (Table 1 and Figure
3). Also, as in 293T cells, the number of semitargeted base
substitutions 5′ to the lesion was increased and 3′ to the lesion
decreased in T[5-Me,8]G relative to G[8,5-Me]T in COS
cells (Table 1). As shown in Figures 4 and 5, like the 293T
cells, qualitatively a similar pattern of mutagenesis emerged
from the progeny from COS-7 cells. Even so, certain
differences were evident. For example, for the G[8,5-Me]T
cross-link, the number of G f T and G f C mutations
immediately 3′ and base substitutions at the third base 3′ (a
T) increased significantly in COS cells relative to 293T cells
(Figure 4). In a similar vein, for the T[5-Me,8]G cross-link,
the number of G f T substitutions at the 5′ neighboring
base decreased, whereas the number of Cf T transitions at
the second base 5′ to the lesion increased in COS cells
relative to 293T cells (Figure 5). It is interesting that for the
G[8,5-Me]T cross-link, the T three bases 3′ to the lesion,
located in the middle of three consecutive thymines, exhibited
much higher MF particularly in COS cells compared to the

FIGURE 2: Agarose gel analysis of the pMS2 constructs. Lanes 1
and 8 show pMS2 DNA, whereas lane 2 shows the same after
digestion with EcoRV. Lanes 3 and 4 represent the construct before
and after the removal of the scaffold, respectively, of a mock
ligation mixture, which did not contain a dodecamer. Lanes 5-7
show pMS2 constructs containing control, T[5-Me,8]G, and G[8,5-
Me]T dodecamer, respectively, after enzymatic removal of the
scaffold 58-mer.

Table 1: Mutational Frequencies of G[8,5-Me]T and T[5-Me,8]G Cross-Links in 293T and COS-7 Cells

G^T in 293T T^G in 293T G^T in COS-7 T^G in COS-7

targeted at G 4.6 ( 0.6 14.3 ( 3.6 3.7 ( 1.9 10.6 ( 5.4
targeted at T 1.2 ( 0.2 2.0 ( 0.9 1.0 ( 0.6 0.7 ( 0.02
semitargeted 5′ to the cross-link 5.4 ( 1.4 11.7 ( 2.1 4.4 ( 2.8 7.0 ( 0.7
semitargeted 3′ to the cross-link 4.6 ( 0.7 4.1 ( 1.9 9.1 ( 2.2 2.6 ( 1.5
frameshift 4.6 ( 0.7 3.6 ( 1.7 4.4 ( 0.9 2.9 ( 1.1
multiple substitutions 2.7 ( 0.06 2.0 ( 0.5 1.3 ( 0.8 0.7 ( 0.02
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cross-linked T (Figure 4). However, for the T[5-Me,8]G
lesion, this T exhibited only modest MF (Figure 5). The
complex nature of base substitutions induced by these two
intrastrand cross-links was evident from the bar graphs
showing the single-base substitutions in Figures 4 and 5.

The mutagenesis data of these two lesions in two different
mammalian cell lines indicate a high error rate not only
opposite the lesion but also in the local region, which
suggests involvement of an error-prone Y-family DNA
polymerase in TLS. What we also found remarkable is that
there were many base substitutions that arose from incor-
poration of dAMP opposite either the cross-link or the bases
near it. At or near the cross-links, four of the eight bases are

thymines. The majority of the base substitutions at the four
other bases (two cytosines and two guanines) were C f T
and G f T substitutions, which appear to follow the
A-rule (27, 28) of preferential incorporation of A opposite
noninstructional lesions. The A-rule is consistent not only
with the type of mutations observed but also with why the
number of mutations at the cross-linked thymine was low.

In Vitro Bypass by hpol η. Previous studies have shown
the G[8,5-Me]T cross-link to strongly block DNA replication
by prokaryotic DNA polymerase (18), whereas yeast pol η
can bypass both G[8,5]C and G[8,5-Me]T cross-links, albeit
much more slowly than a control (13, 15). Since G[8,5-Me]T
is mutagenic in human cells, we decided to investigate if
hpol η can bypass this lesion and, in the event of translesion

FIGURE 3: Analyses of the progeny derived from replicating the lesion-containing pMS2 constructs in COS-7 and 293T cells.

FIGURE 4: Types and frequencies of single-base substitutions
induced by G[8,5-Me]T detected in 293T (top) and COS-7 (bottom)
cells. The colors used in the bar graph represent T (green), A (blue),
G (red), and C (orange).

FIGURE 5: Types and frequencies of single-base substitutions
induced by T[5-Me,8]G detected in 293T (top) and COS-7 (bottom)
cells. The colors represent what they do in Figure 4.
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synthesis, the specificity of nucleotide incorporation. For the
in vitro experiment, a 26-mer template, 5′-GTGCG^TG-
TTTGTATCGCTTGCAGGGG-3′, was constructed, which
contained the G[8,5-Me]T cross-link (G^T) at the fifth and
sixth bases from the 5′ end. As shown in Figure 6, in the
presence of all four dNTPs, extension of a 14-mer primer
on the control rapidly generated a full-length extension
product (a 20-mer) in 2 min with 50 nM hpol η, whereas
the extension of the primer stalled after addition of a base
opposite the cross-linked T and G. Longer incubation allowed
further extension, including a full-length product, but even
after 2 h, significant 16-19-mer extension products remained.

Since hpol η can bypass the G[8,5-Me]T cross-link, we
determined steady-state kinetic parameters for incorporation
of a nucleotide opposite both cross-linked T and G and
compared them with the same for the control (Table 2).
Compared to unmodified T, where dAMP was incorporated
at least 2 orders of magnitude more efficiently, incorporation
of dAMP opposite the cross-linked T was only 2-3-fold
more efficient than a wrong dNMP incorporation. The
preference for incorporation of dCMP opposite the cross-
linked G was also reduced, although the magnitude was less
pronounced. Opposite both the cross-linked G and T,
therefore, incorporation of the correct nucleotide was pre-
ferred, though discrimination against the wrong incorporation
was less efficient than a control. Next, we evaluated extension
of a correct (C opposite cross-linked G) and incorrect (A
opposite cross-linked G) pair in the presence of all four
dNTPs. As shown in Figure 7 (left panel), for the control,
the correct (G ·C) pair rapidly extended to a full length 20-
mer, whereas the same for the G[8,5-Me]T template pro-
gressed much more slowly. We noted that some of the full-
length product further extended to a 21-mer in the case of
G[8,5-Me]T but no further extension of the 20-mer occurred
for the control. For a mismatched (G ·A) pair, extension of
the control was inefficient (Figure 7, right panel), whereas
for G[8,5-Me]T, it was only slightly more inefficient than
that of the correct pair. It suggests that following either
correct or wrong nucleotide incorporation opposite the cross-
linked G, further extension might occur at a comparable rate.
We also evaluated the efficiency of extension of a C ·A
mismatch of the Cyt immediately 5′ to G[8,5-Me]T, which
was a hot spot for Cf T mutations in COS and 293T cells.
Full-length extension of the primer on control and cross-
linked template occurred, but both occurred very slowly. The
steady-state kinetic data for incorporation of a nucleotide

opposite the Gua immediately 3′ to G[8,5-Me]T (Table 3)
indicated that dCMP was incorporated at least 2 orders of
magnitude more efficiently than either dGMP or dAMP,
whereas the same for the control was at least 3 orders of
magnitude more efficient (Table 3).

In summary, hpol η exhibited the same order of nucleotide
incorporation opposite each of the G[8,5-Me]T cross-link
sites and their 3′ and 5′ neighboring bases as it did opposite
the control, but in each case, its ability to discriminate against
the wrong nucleotide was reduced relative to a control
template. While this in vitro work was in progress, an article
by Wang and co-workers was published (13) in which in
vitro replication of the G[8,5-Me]T lesion by yeast DNA
polymerase η was reported. In contrast to our results with
hpol η, in which incorporation of the correct nucleotide was
preferred opposite both the cross-linked bases, yeast pol η
was much more error-prone, and insertion of dAMP and
dGMP opposite the cross-linked G was favored over that of
the correct nucleotide, dCMP. To reconcile these differences
in nucleotide incorporation pattern between yeast and human
pol η, we have determined the fidelity of nucleotide
incorporation opposite cross-linked G by yeast pol η using
conditions similar to those in our experiments with hpol η.
The results listed in Table 4 clearly established that the Finc

pattern by yeast pol η in our study was nearly identical to
what Wang and co-workers have reported (13), even though
our experimental conditions were not exactly the same as
those of the published work (e.g., enzyme concentration and
temperature were different). Although both yeast and human
pol η accurately replicate through a T-T photodimer by
inserting two A nucleotides opposite the cross-linked thym-
ines (29), we conclude that the two enzymes replicate a
G[8,5-Me]T cross-link very differently.

DISCUSSION

DNA-DNA intrastrand cross-links such as G[8,5-Me]T
and T[5-Me,8]G are likely to cause significant distortion in
DNA. Both molecular modeling and thermal melting studies
suggest a significant destabilizing effect of G[8,5-Me]T on
the DNA duplex (17). Therefore, it is not surprising that
G[8,5-Me]T is recognized by the NER proteins (16, 17) and
that it strongly blocks replication in vitro (18). However,
the cellular effects of these lesions have not been reported.
The primary objective of this study is to determine if these
lesions are mutagenic in mammalian cells. We also were
interested in comparing mutagenesis of the two isomeric
lesions in which Gua is located either 5′ or 3′ to Thy, because
a preliminary molecular modeling study suggests significant
difference in the orientation of the bases in the two cross-
links (data not shown). We incorporated the lesions in the
DNA sequence from p53 codon 272-274, in which G[8,5-
Me]T was located in the codon 273 mutational hot spot (30),
whereas the T[5-Me,8]G cross-link was situated at the third
base of codon 273 and the first base of codon 274.

The mutational spectra in both COS-7 and 293T cells
exhibited a unique pattern for each cross-link. Both G[8,5-
Me]T and T[5-Me,8]G induced high frequencies of semi-
targeted or locally targeted mutations in addition to targeted
mutations. In fact, in both 293T and COS-7 cells, G[8,5-
Me]T induced a higher frequency of semitargeted mutations
than targeted mutations (Figures 3 and 4). For T[5-Me,8]G

FIGURE 6: Extension of a 14-mer primer at 37 °C by hpol η (50
nM) in the presence of all four dNTPs (25 mM each).
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in 293T cells, targeted and semitargeted single-base substitu-
tions occurred at approximately the same frequency, whereas
in COS-7 cells, targeted mutations were a bit more frequent
than semitargeted mutations (Figures 3 and 5). The semi-
targeted mutations were localized two bases 5′ and three
bases 3′ to G[8,5-Me]T, whereas they occurred three bases
5′ and three bases 3′ to T[5-Me,8]G (Figures 4 and 5).
Furthermore, in 293T cells, the highest frequency of semi-

targeted mutations occurred at the base immediately 5′ to
the lesion, which involved a C f T substitution for G[8,5-
Me]T and a G f T substitution for T[5-Me,8]G (Figures 4
and 5). In COS cells, for G[8,5-Me]T the frequency of
semitargeted mutations was nearly 3 times that of the targeted
base substitutions, which occurred at the 3′ Gua adjacent to
the lesion and at the Thy three bases 3′, in addition to the 5′
neighboring Cyt (Figure 4). By contrast, semitargeted muta-
tions were less frequent for T[5-Me,8]G in COS cells (Figure
5). Multiple-base substitutions at or near the lesion were
detected at a frequency of 1-3%. For both lesions, base
substitutions were predominant, but frameshifts also occurred
at a frequency of <5%.

Many bulky adducts, such as the adducts derived from
benzo[a]pyrene diol epoxide (31, 32), N-acetyl-2-aminof-
luorene (33, 34), 2-hydroxyestrogen (35), and 1-nitropyrene
(36), have been shown to cause mainly targeted G f T
transversions in COS cells. Additional targeted mutations at
lower frequencies occur in some of these cases. Other types
of lesions, such as ethenoadenine (26), which contains an
aromatic ring in the Watson-Crick base pairing region of
adenine, and abasic site (22, 37), a noninstructional lesion,
also induce targeted mutations. Indeed, for many replication
blocking lesions, targeted mutations are predominant, and
semitargeted or untargeted mutations, if any, have been
detected at a very low frequency. Even so, there are a few
reports about adduct-induced semitargeted mutations in
specific DNA sequences. The C8-Gua adduct of N-acetyl-
2-aminofluorene at G1 or G2 (but not G3) of the sequence

Table 2: Fidelity of Nucleotide Incorporation by hpol η on a G[8,5-Me]T Cross-Link-Containing Substrate and the Undamaged Substrate As
Determined by Steady-State Kinetic Measurements

FIGURE 7: Extension of a 16-mer primer at 37 °C by hpol η (50
nM) with either a terminal 3′-C ·G pair or a A ·G mismatch in the
presence of all four dNTPs (25 mM each).
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context 5′-CCCG1G2G3-3′ induces a one-base deletion in the
run of three cytosines (38). (+)-trans-anti-Benzo[a]pyrene-
N2-guanine in the sequence 5′-CG1G2C-3′ causes semitar-
geted G2 f A substitutions when the adduct is located at
G1 (39). In contrast to O6-methylguanine, which induces only
targeted mutations, O6-ethylguanine and O6-benzylguanine
induce both targeted and semitargeted base substitutions (40),
but specifically with respect to mutagenesis data of the
radiation-induced intrastrand cross-links described here, one
particular study is of interest, in which mutagenicity of the
thymine-thymine 6-4 photoproduct was investigated (41).
The thymine-thymine 6-4 lesion induces a high frequency
(60%) of mutations in COS-7 cells, and 80% of the mutations
involve G f T transversions at the 5′ Gua adjacent to the
photoproduct (41). It is interesting that this semitargeted
mutation does not occur in appreciable frequency in E. coli
(41). The fact that a 6-4 photoproduct and T[5-Me,8]G are
intrastrand cross-links and both cause G f T mutations at
the 5′ adjacent Gua suggests that these two lesions might
induce mutagenesis by a similar mechanism.

As in the case of the thymine-thymine 6-4 photoproduct
(41), the base substitutions at or near the cross-links are
consistent with the A-rule (27, 28), even though a large
number of mutations were detected in the local region. One
explanation for the complex mutation data in COS-7 and
293T cells is TLS by a highly error-prone DNA polymerase
that made errors in nucleotide incorporation not only opposite

the lesion but also opposite natural DNA bases near the cross-
link site. pol η, a member of the Y-family of polymerases,
is a candidate, because it not only can bypass many types of
DNA damage but also is a low-fidelity enzyme (42). Both
human and yeast pol η the bypass T-T photodimer ef-
ficiently and accurately (29, 43–45), even though yeast pol
η cannot bypass N2-Gua-N2-Gua intrastrand cross-links
formed by 1,3-butadiene metabolites (46), but the yeast
enzymebypassesG[8,5-Me]TandG[8,5]Ccross-links (13,15).
We have therefore carried out an in vitro bypass study of
G[8,5-Me]T in the same sequence with hpol η. The in vitro
experiments showed that, unlike many other DNA poly-
merases that are blocked by G[8,5-Me]T, hpol η can bypass
the cross-link. Though the bypass was much slower than a
control, this Y-family polymerase incorporated the correct
dNMP opposite each cross-linked base. The incorporation
of correct nucleotide, dAMP, opposite cross-linked T was
3-5-fold more efficient than that of a wrong nucleotide,
whereas dCMP incorporation opposite the cross-linked G was
10-fold more efficient than dTMP incorporation. Further
extension following misincorporation of A opposite the cross-
linked G was also evaluated in comparison to C opposite it,
which showed that C opposite the cross-linked G was
preferred but the discrimination to extend the wrong base
was far less stringent than the control. Fidelity of nucleotide
incorporation opposite the 3′ base to G[8,5-Me]T was also
evaluated to determine if the semitargeted base substitutions

Table 3: Fidelity of Nucleotide Incorporation by hpol η at the 3′-G on a G[8,5-Me]T Cross-Link-Containing Substrate and the Undamaged Substrate As
Determined by Steady-State Kinetic Measurements

Table 4: Fidelity of Nucleotide Incorporation by Yeast pol η on a G[8,5-Me]T Cross-Link-Containing Substrate As Determined by Steady-State Kinetic
Measurements
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can be rationalized. We found that discrimination to incor-
porate the correct nucleotide was 10-fold lower at this site
relative to a control. However, incorporation of a nucleotide
by hpol η does not appear to be consistent with the observed
cellular mutations. On the contrary, a part of the wild-type
progeny could have been derived from the cross-linked vector
by error-free bypass by hpol η.

The observation that hpol η preferentially incorporated the
correct nucleotide opposite each of the cross-linked bases is
in stark contrast to the results of a recent study using yeast
pol η, which is highly error-prone in nucleotide incorporation
opposite the cross-linked G (13). We were able to reproduce
this result using conditions similar to those in our in vitro
experiment with hpol η, which confirmed that the yeast and
human pol η behave quite differently in TLS of G[8,5-Me]T.
This is not surprising because several studies have established
differences between the yeast and human enzymes. For TLS
of γ-hydroxypropanodeoxyguanosine by these two poly-
merases, yeast pol η synthesizes past the adduct relatively
accurately, whereas human pol η discriminates poorly
between incorporation of correct and wrong nucleotides
opposite the adduct (47). Prakash and co-workers have
examined the mechanistic basis of these two enzymes and
found that they differ in several important respects (48).
Human pol η has a 50-fold faster rate of nucleotide
incorporation than yeast pol η but binds the nucleotide with
an approximately 50-fold lower affinity (48).

In conclusion, the intrastrand cross-links G[8,5-Me]T and
T[5-Me,8]G are significantly mutagenic in simian and human
embryonic kidney cells. T[5-Me,8]G induced a higher
frequency of targeted base substitutions than G[8,5-Me]T
did, but both lesions caused a wide variety of mutations at
or near the cross-link, including single- and multiple-base
substitutions as well as small frameshifts. We believe that
this unique signature of mutational spectra of these lesions
arises from TLS by a highly error-prone DNA polymerase.
In vitro bypass by hpol η indicated that the fidelity of this
low-fidelity polymerase at or near the cross-links was further
reduced, but the types of mutations detected in cells did not
correspond well with the results of our bypass study. We
believe that either another Y-family DNA polymerase or an
accessory protein plays a critical role in the mutagenicity of
these cross-links. However, we cannot rule out the possibility
that hpol η may be responsible for correct bypass of the
cross-links.

SUPPORTING INFORMATION AVAILABLE

Mutation data in 293T and COS-7 cells, representative
autoradiograms, and Hanes-Woolf plots for steady-state
kinetic measurements. This material is available free of
charge via the Internet at http://pubs.acs.org.
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