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Replicative Bypass of Thymine Glycol Lesions in Vitro
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ABSTRACT: cis-Thymine glycol, a product of ionizing radiation damage to DNA, has been introduced
quantitatively at a single site into oligonucleotide templates. The ability of DNA polymerases to replicate
templates containing thymine glycol was studied by a primer extension assay, and three factors that influence
replicative bypass of this lesion in vitro have been identified. These factors include template length, sequence
context, and 3'-5’ exonuclease activity. Synthesis by the large fragment of DNA polymerase I (Klenow
fragment) terminates quantitatively opposite thymine glycol when the template strand extends only two
nucleotides beyond the lesion. Significant bypass is observed when the length of the template beyond the
lesion is increased to six nucleotides. On the longer templates, the frequency of bypass of the Kienow fragment
depends upon the identity of the base immediately 5’ to thymine glycol. The extent of bypass is greatest
with cytosine and least with adenine at this position. Bypass of thymine glycol lesions by DNA polymerase
a, from HelLa cells shows a qualitatively similar dependence upon local sequence context. In contrast,
synthesis by T4 DNA polymerase is quantitatively blocked opposite the lesion regardless of template length
or DNA sequence context. Synthesis by a mutant Klenow fragment that is deficient in 3'-5’ exonuclease
activity, or by AMYV reverse transcriptase, results in a significant increase in the frequency of bypass. Thus,
increased nucleotide turnover at, or beyond, the site of the lesion is likely to contribute significantly to the
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arrest of synthesis provoked by cis-thymine glycol in vitro.

’Ee ability of the cellular replication machinery to replicate
DNA containing structural abnormalities introduced by ra-
diation or chemical carcinogens plays a critical role in de-
termining the overall biological responses induced by such
agents. Lesions that completely block the polymerization step
of DNA synthesis will be lethal unless they can be handled
by alternative damage processing pathways either before (e.g.,
excision repair) or after replication [e.g., daughter strand gap
repair; for reviews, see Hanawalt et al. (1979), Lindahl (1982),
and Hall and Mount (1981)]. Direct synthesis past sites of
damage in the DNA template is thought to be a major con-
tributor to the mutagenic effects induced by DNA damaging
agents (Strauss, 1985).

The use of in vitro polymerization assays involving primed
synthesis on single-stranded, circular bacteriophage DNA
modified by radiation or reactive chemicals has contributed
greatly to our knowledge of the effects of DNA damage on
DNA replication. Studies from a number of laboratories using
this methodology have shown that a variety of structural lesions
constitute significant blocks to synthesis by DNA polymerases
(Moore & Strauss, 1979; Moore et al., 1981, 1982; Sagher
& Strauss, 1983; Piette & Hearst, 1983; Pinto & Lippard,
1985).

We (Clark & Beardsley, 1986) and others (Rouet & Es-
sigman, 1985; Ide et al., 1985; Hayes & LeClerc, 1986) have
shown that cis-thymine glycol lesions, a significant component
of oxidative DNA damage induced by ionizing radiation
(Teoule & Cadet, 1979), block synthesis by procaryotic DNA
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polymerases. Although cis-thymine glycol lesions at most sites
in M13 DNA resulted in termintion of DNA synthesis at the
site of the lesion, Hayes and LeClerc (1986) and ourselves
(Clark & Beardsley, 1986) noted lesion sites within certain
sequence contexts at which bypass (translesion synthesis)
occurred. More recently we have developed methods for the
quantitative introduction of a single cis-thymine glycol lesion
at a specific site in DNA oligomers and have used this system
to extend our analysis to eucaryotic polymerases (Clark &
Beardsley, 1987). We have also used molecular mechanical
calculations and computer graphics methods to evaluate the
structural perturbations introduced into DNA by thymine
glycol (Clark et al., 1987b). In this paper we describe the
effects of several parameters, including template length, DNA
sequence context, and 3’5’ exonuclease activity, that modulate
replicative bypass of cis-thymine glycol lesions in vitro.

MATERIALS AND METHODS

Reagents. DNA oligonucleotides were synthesized and
purified by gel electrophoresis as described (Clark &
Beardsley, 1987). DNA polymerase I (Klenow fragment), T4
DNA polymerase, and avian myeloblastosis virus reverse
transcriptase were purchased from International Biotechnol-
ogies, Inc. Human DNA polymerase «,, purified from HeLa
cells, was provided by Dr. Earl Baril (Worcester Foundation
for Experimental Biology, Shrewsbury, MA). A mutant
Klenow fragment (designated D355A, E357A) was provided
by Dr. C. M. Joyce (Department of Molecular Biophysics and
Biochemistry, Yale University). The polymerase activity of
this enzyme is normal, but its 3'~5’ exonuclease activity is ~ 1
X 1075 that of the wild type Klenow fragment (Derbyshire et
al., 1988). Nucleotide precursors were obtained from Sigma.

Preparation of DNA Substrates. All DNA substrates were
prepared as described (Clark & Beardsley, 1987) by annealing
a 3P-labeled 14-mer primer to the appropriate template strand.
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The sequences of the primer and template strands, along with
their corresponding designations, are

5 CCTTTTCGTCGGCC 3’ (primer)
3’ GGAAAAGCAGCCGGGTCG 5 (18C)
3’ GGAAAAGCAGCCGGGTAGAGAA 5 (22A)
3’ GGAAAAGCAGCCGGGTCGAGAA 5 (22C)
3’ GGAAAAGCAGCCGGGTGGAGAA 5 (22G)

For convenience, the template sequences are denoted by
their length in nucleotides (18 or 22) and by the particular
nucleotide present at the position immediately 5’ to the unique
T residue. Substrates in which cis-thymine glycol replaced
thymine were prepared by chemical oxidation of the undam-
aged templates with osmium tetroxide as described. The
specificity of the reaction chemistry was tested by oxidizing
thymidine under the same conditions used for treating oligo-
nucleotides. HPLC analysis of the reaction products showed
that >90% of the oxidized material was identical with an
authentic thymidine glycol marker prepared by KMnO, ox-
idation of thymidine (provided by Dr. Lawrence Sowers,
Department of Molecular Biology, University of Southern
California, Los Angeles).

DNA Synthesis Assays. Primer extension assays, gel
electrophoresis, and autoradiography were carried out as de-
scribed (Clark & Beardsley, 1987). The enzyme reactions
typically contained 5-10 ng of DNA and 0.04-0.5 unit (as
defined by the supplier) of polymease activity (see figure
legends). The polymerase «, reactions, modified from the
earlier procedure (Clark & Beardsley, 1987), contained all
four dNTPs at a concentration of 400 uM and were carried
out for 45 min at 37 °C.

RESULTS

Effect of Template Length on Bypass. In previous studies
from our laboratory, cis-thymine glycol was shown to be a
nearly complete block to DNA synthesis catalyzed by several
DNA polymerases, including DNA polymerase 1 (Klenow
fragment), when the lesion was introduced into short (18-mer)
oligonucleotide templates (Clark & Beardsley, 1987). In
contrast, the Klenow fragment was able to synthesize past
thymine glycol to a considerable extent when the lesion was
introduced into a slightly longer (22-mer) template. Figure
1 shows the results of primer extension assays in which the
labeled primer was annealed to lesion-containing or control
templates having lengths of 18 and 22 nucleotides. The lesion
frequency at the position corresponding to the single thymine
residue in the template strands was determined by piperidine
cleavage to be nearly 100% (data not shown). The method
employs a 3?P 5'-end-labeled primer; thus, the band intensity
at any given position is directly proportional to the number
of molecules of the corresponding length. The relative fre-
quency of bypass, defined as the proportion of primers that
are extended beyond the lesion site (i.e., longer than 16 nu-
cleotides), can be readily estimated by inspection of the au-
toradiogram. Synthesis on control templates resulted in ex-
tension of the majority of the primer population to full-length
or nearly full-length products (Figure 1, lanes 1 and 3).
Synthesis on the thymine glycol containing 18-mer template
(Figure 1, lane 2) resulted in little or no extension beyond the
lesion site (17- and 18-mers). In contrast, a significant fraction
of the primer population was extended beyond the lesion site
(notably to 21- and 22-mers) when synthesis was carried out
on the lesion-containing longer template (Figure 1, lane 4).
Since thymine glycol occurs at the same position relative to
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FIGURE 1: Effect of template length upon the frequency of translesion
synthesis by the Klenow fragment. The figure shows an autoradiogram
of the primer extension products sysnthesized by the Klenow fragment
on 18-mer (18C) and 22-mer (22C) templates. These templates
contain a C residue immediately 5" to the unique T residue which
was converted to thymine glycol by chemical oxidation (see Materials
and Methods for complete sequence). Synthesis was carried out on
control (lane 1) or oxidized (lane 2) 18-mers and on control (lane
3) or oxidized (lane 4) 22-mers. Each reaction contained all four
dNTPs (100 pM) plus 5 units of enzyme and was carried out for 30
min at room temperature. The lengths of the reaction products are
given alongside the autoradiogram; the unextended primer is 14
nucleotides in length.
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FIGURE 2: Autoradiogram of primer extension products synthesized
by T4 DNA polymerase on the 18C and 22C templates. The DNA
substrates used in each lane are identical with those in Figure 1. Each
reaction contained 0.3 units of T4 DNA polymerase and was carried
out at room temperature for 30 min.

the primer terminus in both templates, the Klenow fragment
was able to extend a substantial fraction of the primer popu-
lation past the site of the lesion only when synthesis was carried
out on the longer template. The ability of the Klenow frag-
ment to synthesize past thymine glycol was only partial since
a substantial fraction of the primer population was extended
only to the site of the lesion even on the 22-mer template
(Figure 1, lane 4).

A similar analysis was also carried out with T4 DNA po-
lymerase (Figure 2). In contrast to Klenow fragment, this
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FIGURE 3: Effect of DNA sequence on the frequency of bypass by
the Klenow fragment on the 22-mer templates. Primer extension assays
were done with 22-mer templates having A, G, or C immediately 5
to thymine or thymine glycol. Lane 1 shows the unextended 14-mer.
The reactions were carried out on control (lane 2) or oxidized (lane
3) 22A templates, control (lane 4) or oxidized (lane 5) 22G templates,
and control (lane 6) or oxidized (lane 7) 22C templates. Lane 8 shows
the products of a reaction in which synthesis was carried out on the
oxidized 22C template in the absence of dATP.

enzyme was unable to progress past thymine glycol lesions in
either of the templates to any appreciable extent. The lack
of significant lesion bypass with T4 DNA polymerase (Figure
2, lanes 2 and 4) also demonstrates that the lesion frequency
is nearly 100% since undamaged templates in the lesion-con-
taining population would allow synthesis to proceed to the end
of the template as is seen with the controls (Figure 2, lanes
1 and 3).

Effect of DNA Sequence on Bypass. The effect of DNA
sequence context on the frequency of bypass was investigated
by varying the identity of the template base immediately 5’
to thymine glycol. Oligonucleotides containing adenine (22A),
guanine (22G), or cytosine (22C) at this position were an-
nealed to the primer and used as substrates for the Klenow
fragment (Figure 3). The frequency of bypass was greatest
when cytosine was present immediately 5’ to thymine glycol
and least when adenine occurred at this position (compare
lanes 3, 5, and 7, Figure 3). The increase in bypass frequency
that occurs on the 22C template also shows a strong bias for
the insertion of dAMP opposite the lesion since omitting dATP
from the reaction results primarily in termination of synthesis
one nucleotide before the lesion site (Figure 3, lane 8).

The results of similar experiments carried out with polym-
erase a, are shown in Figure 4. Although the products
synthesized by this polymerase on undamanged templates were
heterogeneous in length, the majority of the primer population
was extended beyond the template thymine residue that rep-
resents the potential lesion site (Figure 4, lanes 2, 4, and 6).
Synthesis on the lesion-containing 22A and 22G templates
terminated at, or one nucleotide before, thymine glycol (Figure
4, lanes 3 and 5, respectively). However, a significant pro-
portion of the primer population was extended beyond the
lesion site when synthesis was carried out on the lesion-con-
taining 22C template (Figure 4, lane 7). Bypass of thymine
glycol lesions by polymerase «, therefore shows a dependence
upon local DNA sequence that is qualitatively similar to that
seen with the Klenow fragment. In contrast to the results
obtained with the Klenow fragment or polymerase a,, little
or no bypass was observed with T4 DNA polymerase in any
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FIGURE 4: Effect of DNA sequence on the frequency of bypass by
polymerase a, on the 22-mer templates. The DNA substrates used
in each lane are identical with those in Figure 3. Each reaction
contained 0.04 unit of polymerase «, and was carried out at 37 °C
for 45 min.
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FIGURE 5: Comparison of the primer extension products synthesized
by the wild-type Klenow fragment and a mutant form of the enzyme
that is deficient in 3-5" exonuclease activity. The template used was
the 22-mer having an A residue on the 5’ side of the lesion (22A).
Lane 1 shows the 14-mer marker. The products synthesized on
undamaged templates by the wild-type and mutant enzymes are shown
in lanes 2 and 3, respectively. Lanes 4 (wild type) and 5 (mutant)
show the corresponding patterns of synthesis on oxidized 22A
templates. Each reaction contained 0.5 unit of enzyme (defined with
poly[d(A-T)] as a substrate).

sequence context examined (data not shown).

Role of the 3= 5" Exonuclease Activity. Our earlier studies
had suggested that increased nucleotide turnover opposite
thymine glycol contributed to the arrest of synthesis provoked
by this lesion (Clark & Beardsley, 1987). To test this pos-
sibility more directly, we examined the ability of a mutant
Klenow fragment that is deficient in editing activity to syn-
thesize past thymine glycol lesions. The mutant enzyme has
normal levels of polymerase activity and a crystallographic
structure that differs from that of the wild-type protein only
in the 3’-5 exonuclease site (Derbyshire et al., 1988). A
comparison of the ability of the wild-type and exonuclease-
deficient enzymes to synthesize past thymine glycol should
therefore directly assess the role of editing in the arrest of
synthesis provoked by this lesion. As shown in Figure 5, the
exonuclease-deficient enzyme was able to extend a considerably
larger fraction of the primer population past the lesion site
than did the wild-type Klenow fragment on the 22A template.
A similar increase in lesion bypass (on 18C and 22C templates)
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FIGURE 6: Autoradiogram of primer extension products synthesized
by AMV reverse transcriptase on control and oxidized 22-mer
templates having A, G, or C immediately 5’ to thymine or thymine
glycol. Lane 1 is the 14-mer marker. Reactions were carried out
on control (lane 2) or oxidized (lane 3) 22A templates, control (lane
4) or oxidized (lane 5) 22G templates, and control (lane 6) or oxidized
(lane 7) 22C templates. Each reaction contained 0.5 unit of AMV
reverse transcriptase and was carried out at 37 °C for 30 min.

was seen with the wild-type Klenow fragment when dAMP
was used to suppress editing (data not shown). The products
synthesized by the mutant polymerase on the lesion-containing
22-mer included fully extended primers as well as some par-
tially extended primers in which synthesis terminated one
nucleotide beyond the lesion site (Figure 5, lane 5). Sur-
prisingly, the mutant polymerase also synthesized some
products that were one nucleotide longer than expected given
the length of available (undamaged) template. For example,
synthesis on the undamaged 22A template resulted in the
appearance of a band corresponding to a fragment length of
23 nucleotides (Figure 5, lane 3). A similar result was ob-
served when synthesis was carried out on the damaged
template (Figure 5, lane 5). These extra bands are due to a
novel activity of the Klenow fragment that adds one or more
nucleotides to the 3’-hydroxyl terminus of a blunt-ended DNA
fragment. The product of this reaction is only formed in
significant yield under conditions where the 3’5’ exonuclease
function of the polymerase is suppressed (Clark et al., 1987a).

The contribution of 3’-5" exonuclease activity to synthesis
arrest by thymine glycol lesions was also assessed with reverse
transcriptase, a polymerase that lacks this function. The results
of primer extension assays carried out with this enzyme on the
22-mer templates are shown in Figure 6. Synthesis by reverse
transcriptase on the 22A template was virtually unimpeded
by the presence of thymine glycol since the majority of the
primer population was fully extended on both control (Figure
6, lane 2) and lesion-containing templates (Figure 6, lane 3).
Similarly, synthesis on the 22G (lanes 4 and 5) and 22C (lanes
6 and 7) templates was relatively unaffected by the presence
of thymine glycol. Thus the effect of DNA sequence context
on the frequency of bypass was minimal for this enzyme.

DiscussionN

We have identified three parameters that affect the ability
of DNA polymerases to synthesize past cis-thymine glycol
lesions in vitro. These are the length of single-stranded
template available to the polymerase, the identity of the
template base immediately 5’ to thymine glycol, and the
presence or absence of 3’-5’ exonuclease activity. Our con-
clusion that thymine glycol is responsible for the effects on
DNA synthesis that we observe is based upon HPLC analysis
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of the products produced by osmium tetroxide oxidation of
free thymidine. Moreover, a similar specificity of osmium
tetroxide for producing this lesion in DNA has been reported
(Beer et al., 1966). Thus we conclude that the replicative
bypass that we observe represents synthesis past cis-thymine
glycol lesions.

The requirement that a minimum length of template be
available beyond the lesion site for significant bypass to occur
with the Klenow fragment presumably accounts for the fact
that sequence context dependent bypass was observed in the
M13 system (Hayes & LeClerc, 1986; Clark & Beardsley,
1986) but not to any significant extent with the 18-mer oli-
gonucleotide templates (Clark & Beardsley, 1987). Under
our assay conditions, the rate at which the Klenow fragment
added nucleotides up to the site of the lesion was similar for
both short and long templates (data not shown). Therefore,
the template length effect cannot be attributed simply to
differences in the initial rates of synthesis on the two templates.
The simplest explanation for the template length effect is that
the availability of more nucleotides beyond the lesion site
increases the affinity of the Klenow fragment for its substrate.
The differential binding affinity could manifest itself as either
a reduced rate of dissociation from the longer template when
a block to synthesis is encountered or a higher rate of reas-
sociation with the (partially extended) substrate. In either case
the probability of bypass would be higher on the longer
template. Consistent with this hypothesis, Joyce et al. (1986)
have reported an increased binding of the Klenow fragment
to (undamaged) DNA substrates that have 5’ single-stranded
extensions compared to molecules that have flush ends.

A more interesting possibility is that the 3’~5" exonuclease
activity of the wild-type Klenow fragment contributes to the
template length effect. It is possible that synthesis past a lesion
in the 18-mer template generates an unstable duplex that is
highly susceptible to fraying and subsequent exonucleotlytic
degradation. According to this hypothesis, the increased by-
pass frequency seen with the longer template is due to the
“locking in” of the lesion by the formation of additional base
pairs beyond the lesion site. The increase in bypass frequency
that occurs when editing is suppressed is consistent with this
idea. These two possibilities are not mutually exclusive,
however, and both processes may contribute to the overall
template length effect.

The identity of the template base immediately 5 to thymine
glycol also has an appreciable effect on the frequency of bypass
seen on the 22-mer templates with the Klenow fragment. In
particular, the presence of cytosine at this position results in
a greater frequency of bypass than is seen with either adenine
or guanine at this position (Figure 3). This result is consistent
with data obtained from the M13 system (Hayes & LeClerc,
1986). Polymerase a, shows a qualitatively similar dependence
upon local sequence context (Figure 4) whereas reverse
transcriptase synthesizes past the lesion at high frequency
regardless of the DNA sequence (Figure 6). Our computer
modeling studies suggest that the major structural perturbation
introduced into DNA by cis-thymidine glycol is a rotation of
the methyl group into an axial configuration with respect to
the pyrimidine ring. For the particular cis diastereomer of
thymidine glycol analyzed in the model (two are possible in
DNA), the axial methyl group disrupts the stacking interac-
tions between the adenine-thymine glycol base pair and the
immediately adjacent base pair that would be formed during
DNA synthesis past the lesion (Clark et al., 1987a,b). It is
possible that cytosine, being sterically smaller than either of
the purine bases, is less affected by steric hindrance with the
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methyl group of thymine glycol and thus serves as a better
template for bypass. It is also likely that other factors con-
tribute significantly to the observed sequence context effects.
For example, the additional hydrogen-bond energy provided
by a G:C base pair ¥ to thymine glycol may contribute to the
overall efficiency of bypass. Insertion of a purine (guanine)
next to the adenine residue paired with thymine glycol should
also provide additional stacking energy that may contribute
to duplex stability and promote bypass.

The increase in bypass frequency that occurs when the 3’5
exonuclease activity of the Klenow fragment is suppressed
either by mutation or by high concentrations of dAMP clearly
demonstrates that this function of the polymerase contributes
to the inhibitory effects of thymine glycol lesions on DNA
synthesis. Polymerase a,, which is capable of only a limited
amount of bypass on the 22C template, also has an associated
3’-5" exonuclease activity (Skarnes et al., 1986). Thus, it is
likely that increased nucleotide turnover at, or beyond, the site
of the lesion plays an important role in the arrest of synthesis
caused by thymine glycol. This may be particularly true for
T4 DNA polymerase, which has a very active 3'-5 exo-
nuclease activity (Huang & Lehman, 1972) and shows little
or no lesion bypass on either short or long templates (Figure
2). Conversely, AMYV reverse transcriptase, an enzyme that
lacks an editing function, shows a high frequency of bypass
on both the 18-mer (Clark & Beardsley, 1987) and 22-mer
templates (Figure 5). The physicochemical basis for enhanced
turnover at the lesion site is uncertain since our experimental
(Clark & Beardsley, 1987) and computer modeling studies
(Clark et al., 1987b) indicate that thymine glycol forms hy-
drogen bonds with adenine that have a reasonable geometry
and are energetically favorable. Thymine glycol is therefore
unlikely to be a highly mutagenic lesion. The requirement for
the insertion of dAMP opposite the lesion during bypass on
the 22C template by the Klenow fragment is consistent with
this hypothesis and suggests that most of the translesion
synthesis that we observe is nonmutagenic. However, we
cannot exclude the possibility that thymine glycol may be
mutagenic at frequencies below the detection limit of our assay
(ca. 5%).
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Registry No. 5 CCTTTTCGTCGGCC, 117369-28-5; 3’
GGAAAAGCAGCCGGGTCG, 117369-29-6; 3 GGAAA-
AGCAGCCGGGTAGAGAA, 117369-33-2; 3’ GGAAA-
AGCAGCCGGGTCGAGAA, 117369-31-0; 3’ GGAAA-
AGCAGCAGGGTGGAGAA, 117369-34-3; 3’ GGAAA-
AGCAGCCGGGT(glycol)CG, 117369-30-9; 3’ GGAAA-
AGCAGCCGGGT(glycol) AGAGAA, 117369-35-4; 3’ GGAAA-
AGCAGCCGGGT(glycol) CGAGAA, 117369-32-1; 3/ GGAAA-
AGCAGCCGGGT(glycol) GGAGAA, 117369-36-5; 5’
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CCTTTTCGTCGGCC-3 GGAAAAGCAGCCGGGT (glycol)CG,
117497-32-2; 5 CCTTTTCGTCGGCC-3 GGAAA-
AGCAGCCGGGT(glycol) AGAGAA, 117497-31-1; 5
CCTTTTCGTCGGCC-3¥ GGAAAAGCAGCCGGGT(glycol)-
CGAGAA, 117526-04-2; 5 CCTTTTCGTCGGCC-3' GGAAA-
AGCAGCCGGGT(glyco) GGAGAA, 117497-33-3; cis-thymine
glycol, 1124-84-1; 3'-5" exonuclease, 79393-91-2; DNA polymerase,
9012-90-2.
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