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ABSTRACT: Cyclobutane pyrimidine dimers (CPDs) are responsible for a considerable fraction of sunlight-
induced C to T and 5-methycytosine (mC) to T mutations in mammalian cells, though the precise mechanism
is unknown. One possibility is that the C ormC of a CPD is not mutagenic and must first deaminate to
U or T, respectively, for A to be inserted by a DNA polymerase. Alternatively, A might be directly
inserted opposite the C ormC prior to deamination via anE-imino tautomer of the C ormC or by a
nontemplated mechanism in which the photoproduct is sterically excluded from the active site. We have
taken advantage of the retarding effect of C5 methylation on the deamination rate ofcis-syn-cyclobutane
dimers to prepare a template containing thecis-syn-cyclobutane dimer ofmCT. Through the use of single-
hit and multiple-hit competition assays, the catalytic core of polη was found to insert dGMP opposite the
mC of the CPD with about a 120:1 selectivity relative to dAMP. No significant insertion of dTTP or
dCMP was detected. The high fidelity of nonmutagenic insertion opposite themC of the CPD provides
strong support for the deamination-bypass mechanism for the origin of sunlight induced Cf T mutations.

Sunlight is a major epidemiological risk factor for skin
cancers. In basal cell and squamous cell carcinomas, the most
common types of skin cancer, the p53 tumor suppressor gene
exhibits a very high percentage of CfT transition mutations
at dipyrimidine sites, including the tandem CCfTT mutation
(1-5). Most CfT mutation hotspots occur at 5′-PyCG sites
where the C is methylated at the 5 position (6-8). Previous
studies of solar UV-induced mouse skin tumors indicate that
a large percentage (30-50%) of these mutations are due to
cyclobutane pyrimidine dimer (CPD1) photoproducts that
form abundantly in sunlight at these sites and are slowly
repaired (9, 10). Furthermore, CPD formation in sunlight is
enhanced 15-fold at 5′-PyCG sites in the p53 gene by the
methylation of C (11). A comparison of sunlight-induced
mutation spectra of thecII and lacI transgenes as well as
the p53 gene in skin tumors indicates that 5-methylcytosine
(mC) is involved in 25-40% of all mutations in all three
systems and that cyclobutane dipyrimidine dimers are
responsible for a considerable fraction of these mutations
(12). Whereas C andmC are very stable, C andmC in a CPD
are unstable and can readily deaminate to U or T, respec-
tively, in a matter of hours or days (13-16) (Figure 1). The
facile deamination of C andmC in CPDs suggests that UV-
induced C andmC to T mutations at dipyrimidine sites arise
from the insertion of A opposite the U or T of a deaminated
C or mC-containing CPD (the deamination-bypass mecha-
nism). (17-19) (Figure 1).

In eukaryotic cells, the bypass ofcis-syn-pyrimidine dimers
(CPDs) involves polymeraseη (20, 21), a member of the
pol Y family of DNA damage bypass polymerases (22-
25). Mutations in human polη are responsible for the variant
form of xeroderma pigmentosum (XP-V), a genetic disease
that predisposes patients to an increased risk of skin cancer
(26-28). Cells from XP-V individuals are deficient in UV-
damaged DNA replication and are hypermutable to UV light,
suggesting that polη suppresses UV-induced mutations by
synthesizing past cyclobutane dimers in an error free manner.
Both yeast and human polη efficiently bypass TT CPDs in
a nonmutagenic manner by incorporating two As opposite
the two Ts of the dimer (26, 29). Evidence for error-free
bypass in vivo comes from mutagenesis studies with a
plasmid bearing a site-specific TT CPD in yeast strains
deleted for various polymerases (20). It is thought that yeast
pol η also catalyzes the error-free bypass of C-containing
CPDs because UV-induced CfT mutations in yeast occur
primarily at the 3′-C of TC and CC sites, and the incidence
of these mutations is about 5-fold higher in the Rad30∆ yeast
strain than in the wild type (30). The results in yeast are
also consistent with an observation that a site-specific
C-containing dimer was replicated with>95% accuracy in
E. coli under SOS conditions (31) in which it is presumed
that pol V, another member of the pol Y family, is involved.
Although the selectivity of nucleotide insertion opposite the
TT CPD by both yeast and human polη (32-36) and by
pol V (37) has been well characterized in vitro, determining
the selectivity of nucleotide insertion opposite C-containing
CPDs in vitro presents a significant challenge because of
their instability and has not yet been reported.

Without knowing the precise nucleotide insertion specific-
ity opposite a C ormC in a CPD, the possibility remains
that the mispairing of C ormC with A also contributes to
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UV-induced C andmC to T transitions. Such mispairing could
explain the formation of C to T mutations observed at
dipyrimidine sites in UV-irradiated DNA that are not given
time to deaminate (38, 39). The mispairing of C in a dimer
might occur at a greater frequency for a native C because
saturation of the 5,6 double bond of C increases the fraction
of imino tautomers, theE-isomer of which has the same base
pairing properties as that of T (40) (Figure 1). Saturation of
the 5,6 double bond of C results in a loss of aromatic
resonance energy that would otherwise stabilize the amino
tautomer of C and thus increases the fraction of the imino
tautomer. Spectroscopic and pKa measurements of 5,6-
dihydrocytosine show that it predominantly adopts the amino
tautomeric form in water but exists as a mixture of amino
and imino tautomers in nonpolar solvents (40). Theoretical
studies oncis-syn-pyrimidine dimers, however, predict that
the imino tautomer of cytosine is more stable than the amino
tautomer in the gas phase and that it is further stabilized in
water (41). Both experimental and theoretical work suggest
that some fraction of C in a dimer could adopt theE-imino
tautomeric form and direct the insertion of A.

Herein we report the preparation and characterization of
templates containing thecis-syn-cyclobutane dimer ofmCT
and the selectivity of dAMP and dGMP insertion opposite
the mC in this dimer by the catalytic core of yeast pol eta.
We found that dGMP is inserted with>99% selectivity

relative to dAMP. This observation suggests that mostmC
to T and possibly C to T mutations must arise from a
deamination-bypass mechanism.

MATERIALS AND METHODS

Enzymes, Substrates, and Equipment.5-Methyldeoxycy-
tidine-containing template ODNs were prepared by auto-
mated DNA synthesis on an Expedite 8909 synthesis
machine (PE Biosystems) with 5-methyldeoxycytidine-CE
phosphoramidite from Glen Research and all other nucleoside
phosphoramidites and CPG columns from PE Biosystems.
Primer ODNs were prepared by Integrated DNA Technolo-
gies, Inc. and purified by 15% denaturing PAGE. Purification
of the mCT-containing ODN was carried out on an Xterra
MS C18 column (4.6× 250 mm, 3.5µm particle size and
300 Å pore size) from Waters, with a Beckman 126 solvent
delivery module and a 168 detector HPLC system. T4
polynucleotide kinase was purchased from New England
Biolabs, [γ-32P] ATP from Amersham, and dNTPs from
Invitrogen. All other standard reagents were from Sigma.
Mass spectrometry was carried out on a Classic LCQ ion-
trap mass spectrometer (Finnigan, San Jose, CA) The
catalytic core of yeast polη with a 6×His tag on its
N-terminal was purified as previously described (42).

Preparation of a DNA Template Containing a cis-syn-
mC)T CPD.The 14-mer ODN d(GTAmeCTATGAGGTGC-
3′) was synthesized by standard automated solid-phase
phosphoramidite synthesis and purified by reverse phase
HPLC with 90 min 0-20% gradient of acetonitrile in 50
mM aqueous triethylammonium (pH 6.5). After lyophiliza-
tion of the appropriate HPLC fractions, the ODN was
resuspended in 300µL of distilled water and placed into a
5 mm NMR tube, degassed with a stream of argon for 5
min. The tube was then strapped to the outside of a Pyrex
immersion well reactor (Ace Glass) containing a Hanovia
450 W medium-pressure mercury vapor arc lamp and
irradiated for 1.5 h at a distance of 2-3 cm while immersed
in an ice bath. The reaction mixture was then immediately
subjected to HPLC purification at room temperature with
sequential 1 mL/min linear gradients of 0-10% (5 min), 10-
15% (40 min), and 15-30% (10 min) acetonitrile in 100
mM aqueous triethylamonium acetate solution (pH 6.5). The
collected fractions were immediately frozen on dry ice and
then lyophilized to dryness and stored at-20 °C for further
analysis. This procedure resulted in a sample of themC)T
14-mer that was about 20% deaminated.

In a second procedure designed to reduce the deamination
of the purified sample, 30µg of DNA in 90 µL of 10 mM
Tris (pH 8.8) was irradiated for 55 min on a piece of Saran
wrap on a 302 nm transilluminator at 4°C in a cold room.
HPLC purification was carried out with 50 mM triethy-
lamine-acetate at pH 8.0 in place of the pH 6.5 solution used
before to yield about 1.9µg of the cis-syn dimer eluting in
1 mL of about 10% acetonitrile. This sample was not
lyophilized but was stored at-20 °C prior to use.

Preparation of a DNA Template Containing the cis-syn
T)T Dimer. The pH of the mC)T 14-mer sample was
adjusted to pH 7.0 by adding HCl and heated for 17 h at 57
°C to promote complete deamination.

DNA Photoproduct Identification and Characterization by
Mass Spectrometry.The fractions corresponding to the major

FIGURE 1: Mutagenic properties of C andmC in a cis-syn dimer
and their deamination products, U and T, respectively. (A) The
major tautomers of C andmC in a cis-syn dimer and their base
pairing properties compared to their deamination products U and
T. (B) Mutagenic consequences of the base pairing properties of
the tautomers of C in a dimer and their deamination product, U.
The same pertains to the tautomers ofmC and their deamination
product T.
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photoproduct peaks from the HPLC purification of themC)T
14-mer prepared by the first method were redissolved in
distilled water and analyzed by an enzyme-coupled mass
spectrometry assay (43, 44). In a typical assay, 1µL of a 1
unit/µL aqueous solution of nuclease P1 was added to a 30
µL aliquot of the ODN sample and incubated at room
temperature for 3 min, then cooled on ice, and immediately
analyzed by ESI coupled to MS/MS. MS/MS data were
acquired on the selected [M- H] ions. To select both the
deaminated and undeaminated components for fragmentation,
the mass width for precursor selection was set at 5-6 m/z
units.

Deamination Rates by a Single-Hit Kinetic Assay.The
mC)T 14-mer template (60 nM) prepared by the first method
was adjusted to pH 8.2 with Tris base (10 mM) and incubated
at 4, 23, 39, or 50°C. Aliquots (5 µL) were removed at
various times and quickly frozen on dry ice before storing
overnight at-70 °C. All subsequent steps were performed
in a cold room (4°C). To each of the 5µL aliquots was
added 5µL of 20 nM 5′-[32P]-end-labeled primer, 20 mM
Tris-HCl at pH 7.5, and 10 mM DTT and allowed to anneal
for 10 min before the addition of polymeraseη (300 nM).
Each sample was incubated for an additional 7 min before
initiating the single-hit synthesis by the addition 1:1 dATP-
dGTP (200µM each) containing 10 mM MgCl2, 10 mM
Tris-HCl atpH 7.5, in 30µL 10 mg/mL sonicated/denatured
salmon sperm DNA as a polymerase trap. The synthesis
reaction was quenched after 10 s by the addition of 80µL
of formamide containing 0.1% xylene cyanol, 0.2% SDS,
25 mM EDTA, and 1µg of cold primer (stop mix). The
samples were then heated at 100°C for 10 min before loading
on a 40 cm× 0.4 mm 10% polyacrylamide gel containing
25 mM citrate at pH 3.5, which was the same as the reservoir
buffer. The gel was polymerized by adding 400µL of ferrous
sulfate (250 mg/100 mL), 400µL of 10% ascorbate, and
120µL of 3% hydrogen peroxide. The gel was run at 2000
V until the xylene-cyanol dye marker reached 25 cm (about
3 h).

Analysis of the Deamination Rate Data.For the analysis
of the single-hit competition assay, we assumed that at equal
concentrations of dGTP and dATP only dGMP would be
introduced in a significant amount opposite that of themC)T
CPD that was in the amino tautomeric form (FE). Conversely,
we assumed that dAMP would be inserted opposite the
E-imino tautomeric form of the C and any T that results from
the deamination of the C. We also assumed that themC of
the CPD would deaminate by a 1st order process, and that
some fraction (FT) of the original CPD would be present as
the deaminated product at zero time. Thus, the fraction of
dGMP inserted, G/(G+ A), as a function of time can be
expressed by ln[G/(G+ A)] ) ln[FE*(1 - FT)] - kt. At
zero time, ln[(G/G+ A)]0 is equal to they intercept, from
which the fraction of A inserted oppositemC)T is equal to
1 - [G/(G + A)]0 - FT.

CompetitiVe Insertion Assays.These experiments were
generally carried out as described above. For the single-hit
synthesis, 5 nM primer/template, 5 mM DTT, 10 mM Tris-
HCl at pH 7.5, and 500 nM polη in 10µL were preincubated
for 7 min at 4°C before adding 300µg of sonicated and
denatured salmon sperm DNA containing 10 mM MgCl2 and
the indicated concentration of nucleotide in 30µL of 10 mM
Tris-HCl at pH 7.5. After 10 s, the reactions were quenched

with 80 µL of stop mix. For reactions under multiple-hit
conditions, 5 nM primer/template, 500µM each of dNTP,
10 mM MgCl2, 5 mM DTT, 10 mM Tris-HCl at pH 7.5,
and 500 nM polη were incubated at 4°C. At the specified
time or times, a 10µL aliquot was removed and added to a
tube containing 300µg of sonicated and denatured salmon
sperm DNA before quenching the reaction with 80µL of
stop mix.

RESULTS

Design of the Dimer-Containing Templates.Because there
are no DNA synthesis building blocks available for C-
containing CPDs, the required substrate had to be prepared
by the irradiation of an ODN followed by HPLC purification
(31). Based on our experience, the ODN had to be about 15
nucleotides or less in length and contain a single dipyrimidine
photoproduct site to enable the desired C-containing cis-syn
CPD to be separated from the other dipyrimidine photo-
products and their deamination products by HPLC. Further-
more, the ODN had to be long enough to form a suitable
template primer substrate for polη. To minimize deamination
during purification, we made use of the observation that C5
methylation reduces the rate of deamination of the C in
dipyrimidine photoproducts (16, 45). Taking into account
these criteria as well as the physical and enzymatic data we
have accumulated on the thymine dimer embedded within
the d(-GTATTATG-) sequence context, we prepared the
CPD of the 14-mer sequence d(GTAmCTATGAGGTGC)
(Figure 2). This template is also long enough to be used with
a 10-mer primer, which is sufficiently long for standing start
kinetics assays (42). We also attempted to prepare the T)mC
CPD of the same sequence but were unsuccessful at
identifying and isolating the desired product.

Preparation and Characterization of cis-syn-5-Methylcy-
tosine Cyclobutane Dimer-Containing 14-mers.In our first
attempt, we irradiated themCT 14-mer with medium-pressure
mercury arc light in a Pyrex tube that was immersed in an
ice-water bath to minimize the amount of deamination. The
reaction mixture was then purified by reverse phase HPLC
at room temperature (Figure 3A) and the various fractions
cooled immediately on dry ice and then concentrated to
dryness in vacuum in a centrifugal evaporator. The desired
cis-syn dimer product was identified by mass spectral
analysis after nuclease P1 digestion of the individual HPLC
fractions. Nuclease P1 digests dipyrimidine photoproduct-
containing ODNs to trinucleotides of the form pd(Py[]PyN),
which can be assigned to a specific photoproduct on the basis
of the characteristic fragment ions produced (43). The extent
of deamination of the dimer could be estimated by the mass
of the [M-Ade-H]- fragment ion of the trinucleotide digestion
product, which increases by one, from 802 to 803, following
deamination (Figure 3B).

FIGURE 2: Oligodeoxynucleotides used in this study.
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Three major products with retention times of 49, 51.5, and
52.5 min were detected by HPLC, all of which yielded
trinucleotide products upon nuclease P1 digestion. The first
product to elute was assigned to thecis-syn-cyclobutane
dimer ofmCT on the basis of the presence of a single major
ion at m/z 802, which is characteristic of both the cis-syn
and (6-4) products ofmCT (Figure 4A), and the absence of
a significant ion atm/z 825 ion, which is characteristic of
the (6-4) product (43). The second peak was assigned to the
(6-4) product ofmCT on the basis of the presence of both of
these ions (Figure 4C), whereas the third peak was assigned
to the cis-syn dimer of TT on the basis of the presence of
an m/z 803 ion and the absence of anm/z 825 ion.

As further confirmation of the assignments, the product
assigned as the cis-syn dimer ofmCT slowly converted to
the product eluting at 21.7 min, which corresponds to the
cis-syn dimer of TT, and gained one unit of mass (Figure
5). In contrast, the product assigned as the (6-4) product of
mCT did not gain a unit of mass upon incubation under the
same conditions (data not shown), which is consistent with
the slow deamination rate of the (6-4) product of d(mCpT)
(45). The ODN containing the cis-syn dimer ofmCT
contained about 7( 1% of the deamination product on the
basis of the ratio of the 802 and 803 peaks in four separate
MS determinations with a mass window of 5 amu. This
estimate, however, assumes that both themC)TA and T)TA
products have the same response factor and are produced
with equal rates or in quantitative yield during the degrada-
tion of the ODN by nuclease P1, which may not be true.

Single-Hit Competition Assay for dAMP and dGMP
Insertion Opposite themC)T Dimer by polη. We expected
the amino tautomer of themC in the mC)T CPD to direct

FIGURE 3: Analysis of the UV irradiation products of 14mCT,
d(GTAmCTATGAGGTGC). (A) HPLC analysis of the photoprod-
uct mixture with a shallow gradient that allows the resolution of
all of the major products. (B) Zoom scan analysis of them/z 802-
804 ion peaks in the nuclease P1-coupled MS/MS spectrum of the
fraction corresponding to the cis-syn dimer ofmCT with a mass
window of 5 centered on them/z 803 ion.

FIGURE 4: Nuclease P1-coupled ESI-MS/MS mass spectra of the
three major irradiation products of d(GTAmC)TATGAGGTGC).
(A) The MS of HPLC peak one corresponding to the cis-syn dimer
of mCT (A1: parent ionm/z ) 937, full MS; A2: zoom scan at
m/z ) 802). (B) Spectra of HPLC peak two corresponding to the
(6-4) product ofmCT (A1: parent ionm/z ) 937, full MS; A2:
zoom scan atm/z ) 802). (C) Spectra of HPLC peak three
corresponding to the cis-syn dimer of TT (A1: parent ionm/z )
937, full MS; A2: zoom scan atm/z ) 802). In the zoom scans,
them/z804 was largely filtered out because of the use of too small
a mass window and centering on them/z 802 ion.

FIGURE 5: Deamination of themC)T CPD containing ODN. The
ODN containing the cis-syn dimer ofmCT prepared by the first
method that eluted in peak one (Figure 3) was incubated at 37°C
for the times shown, frozen, and then thawed immediately before
the HPLC and nuclease P1-coupled MS/MS assays; (A) 0 h of
incubation, (B) 1 h of incubation, and (C) 2 h of incubation. The
pH of the solution was not measured, but on the basis of the rate
of deamination, the pH of the sample must have been below 7.
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the insertion of dGMP and theE-imino tautomer and the T
resulting from deamination to direct the insertion of dAMP.
To determine the frequency of dAMP and dGMP insertion
opposite the dimer site, we used a single-hit competition
assay that we developed for this purpose. In this assay, the
template primer is first incubated with a large excess of
enzyme after which a 50:50 mixture of dATP and dGTP is
added together with a large excess of sonicated calf thymus
DNA to trap any free polymerase. Single-hit primer extension
was performed at 4°C to minimize deamination during the
assay and to simplify gel analysis by limiting the number of
nucleotides added to the primer. To resolve the products of
dAMP and dGMP addition, we made use of polyacrylamide
gel electrophoresis in the presence of 25 mM citrate at pH
3.5 (Figure 7A).

Temperature Dependence ofmC)T Dimer Deamination.
When the single-hit competition reaction was carried out at
4 °C with the sample prepared by our first method, 20% of
the insertion occurred with dAMP, which would be indicative
of the presence of theE-imino tautomer and/or the deami-
nation product. To confirm that no significant amount of
deamination occurred during the assay, the primer template
was incubated for various lengths of time at 4°C at pH 8
prior to the addition of the polymerase (Figure 6). Under
these conditions, we found the fraction of dAMP insertion
remained constant with deamination time. We also carried
out the incubation at higher temperatures to determine the
effect of temperature on the deamination rate and to better
estimate the amount of dAMP inserted at zero time by a
linear fit to the equation ln[G/(G+ A)] ) ln[G/G + A)]0 -

k*t (see Materials and Methods). From the intercepts of the
line fits to this equation, the fraction of dGMP inserted att
) 0 at various temperatures was also found to be 80( 1%.
From the slope of the lines, the deamination rates were
determined to be 0.00031, 0.0011, and 0.0031 min-1 at 23,
39, and 50°C at pH 7.5, corresponding to deamination half-
lives of 37, 10.5, and 3.7 h, respectively.

Frequency of dGMP and dAMP Insertion Opposite the
mC of themC)T CPD.With the first sample ofmC)T dimer-
containing DNA, we observed about 20% insertion of dAMP.
To determine how much of the dAMP was being inserted
opposite themC)T CPD, we needed to know how much
T)T CPD was present. Unfortunately, without a pure sample
of mC)T, we could not calibrate analytical methods such as
the nuclease P1-coupled MS assay. Rather than rely on an
analytical method to determine the amount of T)T dimer
present, we decided to see if we could prepare a purer sample
of the mC)T CPD-containing ODN. A likely source of
deamination may have been the triethylammonium buffer
at pH 6.5 used in the HPLC purification step, which may
have become even more acidic when it was evaporated. We
therefore prepared a second sample in which the pH of the
elution buffer was raised to 8.5, and the fraction containing
the mC)T CPD was immediately stored at-20 °C without
evaporation. When these changes were made,<1% of dAMP

FIGURE 6: Temperature dependence ofmC)T CPD deamination
at pH 8.2. (A) Single-hit nucleotide insertion competition assay
carried out with a 1:1 mix of dGTP and dATP on themC)T CPD-
containing 14-mer prepared by the first method as a function of
time at the temperature shown. (B) Plot of ln[G/(G+ A)] extension
opposite the 5′-pyrimidine of the cis-syn dimer as a function of
time for four different temperatures.

FIGURE 7: Comparison of nucleotide insertion selectivity opposite
mCT, mC)T, and T)T. (A) Mobility of ODNs corresponding to
the possible A and G extension products of the 10-mer primer
opposite the dimer-containing 14-mer template ODN. (B) Single-
hit nucleotide insertion competition assay carried out on themC)T
CPD-containing ODN prepared by the second method, on its
deamination product, the T)T CPD, and on the undimerizedmCT
precursor. (C) Competition assay carried out under multiple-hit
conditions with 500µM of each dNTP on themC)T CPD-
containing 14-mer prepared by the second method. C) primer
alone, 1-7 ) 20 s, 1, 2, 3, 5, and 10 min. The full-length products
corresponding to A and G insertion opposite themC of the dimer
were identified by comparison to authentic synthetic ODNs (not
shown).
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was observed to be inserted opposite themC of the CPD in
the single-hit competition experiment using equimolar dATP
and dGTP (Figure 7B). The amount of dAMP inserted
opposite themC of the CPD was very similar to that inserted
opposite the undimerizedmC of mCT.

We also carried out the competition reaction under multiple
hit conditions in the presence of all four dNTPs leading to
complete extension to the end of the template. The products
of complete extension could also be easily resolved on a
5% citrate PAGE gel allowing the quantification of the
amount of dAMP and dGMP inserted opposite the dimer
site (Figure 7C). At short reaction times, we primarily
observed products corresponding to authentic 14-mers with
either A or G inserted opposite the 5′-pyrimidine of the
dimer. At longer reaction times, we observed slower migrat-
ing bands (14N+) that probably corresponded to products
of blunt-end addition to the 14-mer, given that these bands
appeared to increase at the expense of the 14-mer band.
Assuming this to be the case, we found that<1% of the
insertion opposite the 5′-mC of either the native or the
dimerized mCT site occurred with dAMP in very good
agreement with the single-hit competition results. Other
products were also observed, which appeared to be in
common between themCT andmC)T substrates or between
the T)T andmC)T substrates, which could have been the
result of incomplete synthesis or misinsertion. Single-hit
competition experiments (next section) suggest that these
were not, however, due to the misinsertion of C or T opposite
the mC of the dimer.

SelectiVity of Nucleotide Insertion.To determine the
selectivity of dGMP insertion opposite themC of the CPD
relative to dAMP, we varied the ratio of [dGTP] to [dATP]
in a single-hit experiment (Figure 8A). When this experiment
was carried out, the selectivity of dGMP insertion relative
to dAMP insertion was calculated to be 120( 3 from the
slope of a least-squares line fit to a plot of 10A/10G vs
[dATP]/[dGTP] (Figure 8B) (46). We also carried out single-
hit competition experiments between dGTP and dATP, and
dTTP and dCTP under a single biased nucleotide ratio of
100:1 competitor-dGTP (Figure 8C). To assign the product
bands, we carried out the primer extension of the product
that would result from the insertion of the competitor or
dGMP (10N or 10G) in the presence of both competing
nucleotides. Whereas we could readily identify the product
resulting from the insertion of dAMP in competition with
dGMP, no products over the background could be detected
resulting from the insertion of either dTMP or dCMP in
competition with dGMP, indicating that they are much less
efficiently inserted.

Single Nucleotide Insertion Experiments.We also exam-
ined the efficiency of dAMP and dGMP insertion under
single nucleotide insertion conditions, in which a nucleotide
does not have to compete with another nucleotide for
insertion (Figure 9A). Surprisingly, the insertion of dAMP
under single-hit conditions occurs more efficiently opposite
mC in the CPD than opposite undamagedmC, and dGMP is
inserted opposite the 5′-T of the T)T CPD. Likewise, under
multiple-hit conditions, the insertion of dAMP oppositemC
in the mC)T dimer reached 80% in 20 s, whereas it only
reached 38% opposite undamagedmC. The insertion of
dAMP oppositemC in themC)T CPD appeared to be equal

to or even slightly more efficient than the insertion of dAMP
opposite the 5′-T of the T)T dimer.

DISCUSSION

In human skin cancers, more than 30% of all mutations
are C to T or CC to TT transitions at 5′-PyCG sites, and the
origin of these transitions has been the subject of intense

FIGURE 8: Selectivity of dGMP insertion oppositemC of mC)T
relative to other nucleotides. (A) Results of single-hit nucleotide
insertion with varying ratios of dATP/dGTP at a fixed dATP
concentration of 100µM. (B) Linear regression analysis of the ratio
of products formed vs the dATP/dGTP ratio. (C) Results of single-
hit nucleotide insertion with 100µM dNTP (N ) A, T, or C) and
1 µM dGTP along with authentic products resulting from the
insertion N or G opposite the 5′-mC and their extension with 200
µM dNTP and 200µM dGTP.

FIGURE 9: Single nucleotide insertion assays oppositemCT, mC)T,
and T)T. (A) Single-hit insertion assay carried out with either 500
µM dGTP or dATP. (B) Single nucleotide insertion assay carried
out with 500µM dATP under multiple-hit conditions.
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speculation and investigation. The deamination-bypass
mechanism (17, 18) is generally accepted as the origin of
UV-induced mutations for which there is much evidence in
both prokaryotes (38, 47-54) and eukaryotes (15, 39, 55).
The most important lines of evidence are that (1) the C in a
site-specific cis-syn T)C CPD codes primarily (>95%) as
C in E. coli (31), (2) the level of UV-induced C to T
mutations increases when irradiated DNA is allowed to stand
prior to transfection intoE. coli (52, 53) and human cells
(39), (3) C- andmC-containing CPDs deaminate within hours
(13-16), and (4) T and U- and T-containing dimers direct
the insertion of A by the CPD bypass polymerase pol V of
E. coli (37) and polη of yeast (29) and humans (56, 57).

Even at zero incubation time, however, C to T mutations
are observed, which might arise from deamination of the
dimers within the cell prior to trans-lesion synthesis. It is
also possible that some C to T mutations arise from the
insertion of A opposite the C in a dimer by a nontemplated
transient abasic site-like mechanism as found for T7 poly-
merase (46, 58, 59) or by a tautomer-bypass mechanism (60,
61), or simply by a low fidelity mechanism.

In this study, we determined the extent to which dAMP
is inserted opposite 5-methylcytosine in a cis-syn dimer by
the catalytic core of yeast DNA polymerase polη. Pol η
has been proposed to suppress UV mutagenesis, by synthe-
sizing past cis-syn-cyclobutane pyrimidine dimers in a
nonmutagenic manner. In vitro studies have shown that yeast
pol η inserts dAMP opposite the 5′-T of a cis-syn-thymine
dimer in a highly nonmutagenic manner, making a transition
or transversion error with a frequency of less than 0.5% (62).
This agrees with our single-hit competition assay, which
detected the insertion of<1% dGMP opposite the 5′-T of
the dimer in the presence of equimolar dGTP and dATP
(Figure 7B). Because the nucleotide insertion efficiency of
pol η depends on H bonding in a Watson-Crick geometry
(63, 64), we expected dGMP to be inserted oppositemC of
the cis-syn dimer in its amino tautomeric form and dATP
opposite itsE-imino tautomeric form with selectivity similar
to that observed for dATP opposite the T in a TT dimer. In
this study, we observed<1% insertion of dAMP opposite a
highly pure sample of themC)T dimer in both single-hit
and multiple-hit competition experiments (Figure 7B and C),
consistent with the 0.5% expected if themC were exclusively
in its amino tautomeric state. We also found that the
selectivity of insertion corresponding to (kcat/KM)dGTP/(kcat/
KM)dATP was 120:1 for dGMP insertion relative to dAMP
oppositemC of themC)T CPD (Figure 8B). This selectivity
is very similar to that of 217:1 for the insertion of dAMP
relative to dGMP opposite a T)T CPD (62). No evidence
was found for the competitive insertion of dTMP or dCMP
(Figure 8C).

Interestingly, with single nucleotides under single-hit
conditions, the insertion of dAMP oppositemC of themC)T
CPD occurred at a reproducibly higher frequency than
opposite undimerizedmC or for the insertion of dGMP
opposite the 5′-T of the T)T CPD (Figure 9A). The
increased efficiency might be explained by the facile
equilibration of the amino tautomer with a small amount of
theE-imino tautomer, which could base pair with dATP in
a Watson Crick geometry (Figure 1). The possible existence
of theE-imino tautomer ofmC is consistent with the results
of spectroscopic studies on dihydrocytosine (40), which like

the cis-syn dimer, no longer possesses a 5,6 double bond,
and hence lacks aromaticity to stabilize the amino tautomer.
The spectroscopic studies found that 4% of dihydrocytosine
was present as the imino tautomer in water, whereas it was
the exclusive tautomer in chloroform. It has also been found
that 5,6-dihydrocytidine triphosphate can substitute for either
CTP or UTP by RNA polymerases (65), and A is incorpo-
rated exclusively opposite a C6 methoxylamine adduct of
C, which also contains a saturated 5,6 double bond (66).

Whereas the enhanced insertion of dAMP opposite mC
in the CPD relative to undimerized mC under single
nucleotide conditions suggests that the E-imino tautomer is
able to equilibrate with the amino tautomer, the competition
experiments suggest that the fraction of E-imino tautomer
is very low. Although the active site of polη appears to be
hydrophobic, as judged by its preference to insert the
hydrophobic pyrene nucleotide relative to A opposite a
normal template T (67, 68), and should favor the imino
tautomer, the amino group of themC in the dimer, which
lies in the major groove, may be largely exposed to water
which would favor the amino form. It is also possible that
the 5-methyl group on C disfavors theE-imino tautomer
more than the amino tautomer because of steric interactions.

CONCLUSIONS

We have shown within limits of detection thatmC located
in the 5′-position of a cis-syn dipyrimidine dimer codes as
C. These data lend further support to a deamination-bypass
mechanism for UV-induced CfT mutations in which
nucleotide insertion opposite the C in a dimer is largely
nonmutagenic and requires deamination to significantly
increase the insertion frequency of dAMP. It remains to be
determined, however, the extent to which the coding proper-
ties of C in a dimer are modulated by the specific polymerase
involved, the position of the C within the dimer and its
methylation state, and the flanking sequence.
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