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The oxidation of thymine in DNA can generate a base pair between
5-hydroxymethyluracil (HmU) and adenine, whereas the oxidation
and deamination of 5-methylcytosine (5mC) in DNA can generate
a base pair between HmU and guanine. Using synthetic oligonu-
cleotides containing HmU at a defined site, HmU-DNA glycosylase
activities in HelLa cell and human fibroblast cell extracts have been
observed. An HmU-DNA glycosylase activity that removes HmU
mispaired with guanine has been measured. Surprisingly, the
HmU:G excision activity is 60 times greater than the corresponding
HmU:A activity, even though the expected rate of formation of the
HmU:A base pair exceeds that of the HmU:G base pair by a factor
of 107. The HmU:G mispair would arise from the 5mC:G base pair,
and, if unrepaired, would give rise to a transition mutation. The
observation of an unexpectedly high HmU:G glycosylase activity
suggests that human cells may encounter the HmU:G mispair much
more frequently than expected. The conversion of 5mC to HmU
must be considered as a potential pathway for the generation of
5mC to T transition mutations, which are often found in human
tumors.

Oxidative DNA damage has been implicated in cancer and
aging (1-3). The oxidation of the thymine methyl group of
a T:A base pair can generate 5-hydroxymethyluracil (HmU; refs.
4 and 5). The biological implications of this DNA damage are
currently unclear; however, the laboratories of Ames (6) and
Teebor (7) have identified a specific glycosylase in higher
eukaryotes that removes HmU from an HmU:A base pair in
DNA. The need for DNA repair activities is generally discussed
within the context of removing lesions that miscode or block the
progression of a DNA or RNA polymerase. However, HmU is
not miscoding (8), it does not perturb DNA structure (9, 10), and
it does not impede polymerases (11, 12). Indeed, in some
bacteriophage, HmU completely replaces T (13).

In the absence of an obvious need for the removal of HmU,
the existence of the HmU-DNA glycosylase activity led to the
proposal that the role of this activity was to remove HmU that
could arise in DNA by a second pathway—the oxidation and
deamination of 5-methylcytosine (5mC; refs. 7, 14, and 15). In
support of this hypothesis, it was demonstrated that the
HmU-DNA glycosylase is found only in higher eukaryotes that
have 5SmC in the genome (16). The methylated CpG dinucle-
otide is a reactive center for several carcinogens (17-19), and
transition mutations at this site are frequently observed in
human tumors (20-22). Recently, the apparent involvement of
altered cytosine methylation patterns in the development
of human cancer has renewed interest in understanding chem-
ical mechanisms that perturb cytosine methylation patterns
(23-27).

In the studies that initially identified HmU-DNA glycosylase
activity, the substrate was the DNA of HmU-containing bacte-
riophage (6, 7). In these bacteriophage, the HmU replaces T and
therefore pairs with A. Because HmU pairs with only A during
polymerase-directed DNA synthesis, the preparation of sub-
strates containing HmU paired with G required chemical syn-
thesis. A viable synthetic scheme, which is now available (28),
was used here to prepare substrates containing both HmU:A and

HmU:G base pairs. Although the HmU:G rather than the
HmU:A base pair had been proposed as the target of HmU-
DNA glycosylase (7, 16), it had not been possible to demonstrate
a glycosylase activity against HmU in an HmU:G base pair until
synthetic substrates became available.

In this paper, HmU-DNA glycosylase activities in human cell
extracts have been measured against both HmU:A and HmU:G
base pairs. An unexpectedly high activity against the HmU:G
base pair has been observed. Compared with the expected rate
of formation of the HmU:G base pair in eukaryotic DNA from
established endogenous pathways, the magnitude of the ob-
served activity is even more surprising. The abundant HmU:G
glycosylase activity in human cell extracts suggests that as yet
unknown mechanisms, potentially important in the development
of human cancer, can modify the SmC:G base pair.

Materials and Methods

Oligonucleotide Synthesis. Oligonucleotides (24-mer; Fig. 1)
were prepared by automated phosphoramidite synthesis, pu-
rified by RP-HPLC, and 5’'-3?P-end labeled by T4 polynucle-
otide kinase (New England Biolabs) with [y-*>P]ATP (Amer-
sham Pharmacia). The 5-hydroxymethyl-2’-deoxyuridine was
prepared by the method of Shiau er al. (29). The HmU
phosphoramidite was synthesized by using a method developed
by this laboratory (28). The 5-hydroxymethyl-2'-deoxycytidine
and the 5-hydroxymethylcytosine (HmC) phosphoramidite
were prepared by methods also developed by this laboratory
(30). T:G, U:G, or HmU:G mispairs and T:A, U:A, HmU:A,
C:G, 5SmC:G, and HmC:G base pairs were prepared by an-
nealing a 5-fold molar excess of unlabeled complementary
strand to the appropriate labeled strand in 5 mM Hepes-KOH,
pH 7.4, 1 mM NaCl, 0.1 mM EDTA, and 0.1 mM DTT. The
oligonucleotides were heated together to 100°C and cooled
slowly to room temperature.

Assays with Cell Extracts and Cloned Enzymes. Nuclear extracts of
HeLa cells were obtained from Promega, stored as aliquots at
—70°C, and used before a maximum of two freeze—thaw cycles.
Normal human fibroblasts, HF-57, were obtained from Timothy
O’Connor (Department of Biology, City of Hope National
Medical Center, Duarte, CA). Whole fibroblast cell extracts
were prepared from confluent cells according to a slightly
modified procedure developed by Dignam et al. (31). Pelleted
cells were suspended in 5 vol of 25 mM Tris-HCI (pH 7.5)/10
mM KCI/1.5 mM MgCl,/0.2 mM EDTA/0.1 mM EGTA/0.3 M
sucrose/0.5 mM PMSF/2 mM B-mercaptoethanol/0.5% Non-
idet P-40 and allowed to stand for 25 min on ice. The cells were
then collected by centrifugation at 4°C for 10 min at 1,306 X g
with an Eppendorf 5415C and suspended in 2.5 packed cell pellet
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5.2p.GGCTATCGTGGCXGGCCACGACGG
CCGATAGCACCGPCCGGTGCTGCC

Fig. 1. Sequence of the oligonucleotides used in this assay, where X = U, T,
HmU, C, 5mC, or HmC and where P = A or G.

vol (vol before the initial wash) with 25 mM Tris-HCI (pH
7.5)/1.5 mM MgCl,/0.2 mM EDTA/0.1 mM EGTA/5%
glycerol/0.42 M NaCl/0.5 mM PMSF/2 mM B-mercaptoetha-
nol. The cells were then homogenized vigorously for 1 min, left
on ice for 10 min, and centrifuged at 4°C for 10 min at 11,268 X
g. The supernatants from these steps were eluted through a
NAP-10 column (Pharmacia Biotech) to exchange the extract
into a buffer containing 20 mM Hepes (pH 7.5), 2 mM EDTA,
10 mM EGTA, 2 mM DTT, 0.5 mM PMSF, and 10 ug/ml
leupeptin. Cloned uracil-DNA glycosylase (UDG) and reaction
buffer were obtained from Amersham Pharmacia, and cloned
thymine-DNA glycosylase (TDG) and reaction buffer were
obtained from Trevigen (Gaithersburg, MD).

Base excision with human cell extracts was measured by using
a slightly modified method developed by Wiebauer and Jiricny
(32) and further modified by Jones and coworkers (33). End-
labeled (5'-32P) duplexes or single-stranded oligonucleotides (5
pmol) were incubated with HeLa cell nuclear extract (5.5 pg
protein/ul) or human fibroblast cell extract (6.0 pg protein/ul)
in buffer containing 50 mM Pipes (pH 6.7), | mM DTT, 0.5 mM
EDTA, and 10 uM ZnCl, at 30°C in a total volume of 25 ul. In
the cloned enzyme assays, 5 pmol end-labeled duplexes or
single-stranded oligonucleotides were incubated with UDG
(0.49 g protein/ul) in reaction buffer or TDG (8.82 pug
protein/ul) in reaction buffer at 37°C in a total volume of 10 ul.
Protein concentrations were measured by using the Bio-Rad
protein assay.

The samples were removed at the indicated times. The reac-
tion was stopped by adding 0.1 M NaOH or an equal volume of
a formamide solution, which contained electrophoretic marker
dyes, and heating at 90°C for 30 min. Labeled full-length
oligonucleotide substrates and cleaved product oligonucleotides
were subsequently separated by PAGE with 6 M urea and 18%
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Fig. 2. Polyacrylamide gel of oligonucleotides following incubation with
Hela cell nuclear extract. The sequence of the duplex is indicated in Fig. 1. The
identity of the base pair at the cleavage site is indicated in the figure. Lanes
marked HmU-control and HmU ss refer to the HmU-containing single strand
not treated with extract, and the HmU-containing single strand treated with
extract.
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polyacrylamide. A Molecular Dynamics PhosphorImager per-
formed the visualization and quantitation.

Results

Fig. 1 shows the sequence of the oligonucleotides used in this
study. The rates of excision of HmU from both HmU:G and
HmU:A base pairs were measured by using normal human
fibroblast cell extract and HeLa cell nuclear extract. Duplexes of
the same sequence, but containing either an HmU:G or HmU:A
base pair at the 13th position, were 5’-3?P-end labeled on the
strand containing HmU and incubated with the HeLa cell
nuclear extract. The removal of HmU generated an abasic site
that was subsequently cleaved by apurinic endonucleases present
in the extract. The extent of HmU removal was assayed by
electrophoresis on a denaturing gel that separated the cleaved
oligonucleotides from the uncleaved oligonucleotides, followed
by Phosphorlmager analysis (Fig. 2). To compare the relative
rates of base excision with different substrates by the HeLa cell
nuclear extract, this assay was also performed with single-
stranded HmU-containing oligonucleotides, and with U:G and
U:A base pairs in the same sequence context (Fig. 2). Treatment
of the U:G and U:A duplexes with the extract led to almost
complete excision of U after incubation for 90 min. Treatment
of the HmU:G and HmU:A duplexes under the same conditions
resulted in ~50% cleavage of the HmU:G duplex and substan-
tially less cleavage of the HmU:A duplex. Single-stranded oli-
gonucleotides with HmU were not effectively cleaved. Experi-
ments were conducted to determine the initial rates for the
removal of U and HmU from these single- and double-stranded
oligonucleotides with the HeLa cell nuclear extract. Table 1
presents the measured activities.

The degree of HmU excision from HmU:A and HmU:G base
pairs by the HeLa cell nuclear extract was measured as a function
of time (Figs. 3 and 4). Removal of HmU from both base pairs
was also linear with increasing amounts of nuclear extract (data
not shown). Surprisingly, measured activities were ~4.7 X 10~ 1
wmol oligo/ug protein/min for the removal of HmU from
HmUE:A base pairs, but 2.7 X 10~° umol oligo/ug protein/min
for the removal of HmU from HmU:G base pairs (Table 1, and
Fig. 4).

Parallel studies were also conducted with duplexes containing
a T:G base pair. However, the mispaired thymine glycosylase
activity present in the extracts was observed only at trace levels
in these assays and could not be quantified accurately. Other
groups have similarly noted problems with observing thymine
glycosylase activity in unfractionated cell extracts and in extracts
containing high concentrations of salt (34, 35). In contrast to
UDG and HmU-DNA glycosylase, purified TDG acts stoichio-
metrically rather than catalytically on T:G mispairs, potentially
confounding the quantitation of activity (36).

To determine whether the UDG or TDG activities present in
the cell extracts were contributing to the removal of HmU,

Table 1. Excision activity in HelLa cell nuclear extract
(nmol oligo/png protein/min)

Substrate Activity

Uss 23X 1078
U:A 6.3 X 10°8
U:G 8.0 X 10-8
HmU ss 3.2x 10"
HmU:A 4.7 X 10-11
HmU:G 2.7 X 1072

Excision activities on oligonucleotide substrates containing U or HmU
[single-stranded (ss), paired with A, or mispaired with G] were calculated from
measurements of the initial rates.

Rusmintratip and Sowers



& \‘"&o %Q@? OP&Q Ny d

D W W e e | — 24mer

« 12mer

Fig.3. Cleavage of duplex containing HmU:G base pair at target site treated
with Hela cell nuclear extract for the periods of time indicated in the figure.

oligonucleotide cleavage assays were conducted with cloned
UDG (Escherichia coli) and TDG (Methanobacterium thermo-
autotrophicum). Table 2 summarizes excision data from the
experiments using these cloned enzymes. UDG acted only on the
uracil-containing substrates, whereas TDG acted on the U:G,
T:G, and HmU:G base pairs. TDG was more active against T:G
mispairs than HmU:G mispairs.

Furthermore, excision efficiencies of C:G, 5SmC:G, HmC:G,
T:G, HmU:G, T:A, and HmU:A base pairs in human fibroblast
cell extract were measured to compare the relative rates of base
excision of the different base pairs that might be involved in the
generation of HmU:G and HmU:A base pairs (Scheme 1 and
Fig. 5). U:A and U:G base pairs were included in the panel to
verify that the enzymes in the extract were active. The human
fibroblast cell extract did not induce observable cleavage of the
labeled duplexes containing a C, 5SmC, HmC, or T at the target
site, incubated for 90 min. As with the HeLa cell nuclear extract,
extracts from normal human fibroblasts had substantially more
HmU:G than HmU:A activity.

Discussion

This paper describes an assay for the quantitative measurement
of HmU-DNA glycosylase activity in human cell extracts. The
oligonucleotide substrates, containing the HmU lesion at a
defined site, were prepared by chemical synthesis using a method
described previously (28). The composition of the oligonucleo-
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Fig. 4. Plot of the amount of duplex containing an HmU:G or HmU:A base
pair cleaved per microgram of protein as a function of time.
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Table 2. Excision activity of cloned UDG and TDG (umol
oligo/ng protein/min)

Substrate uUDG TDG

Uss 43 X 1076 <1 X 1012
U:A 7.8 X 1076 <1 X 10712
U:G 1.0 X 10> 23X 1076
HmU ss <1 X 1012 <1 X 1012
HmU:A <1 X 1012 <1 X 1012
HmMU:G <1 X 10712 9.0 X 10-8
T:G <1 X 1012 1.5%x 1077

Excision activities of cloned UDG and TDG on oligonucleotide substrates
containing U, HmU, or T [single-stranded (ss), paired with A, or mispaired
with G].

tides was verified by HPLC analysis of the liberated deoxynucleo-
sides following enzymatic digestion and by GC/MS analysis
following acid hydrolysis (37, 38). By using these synthetic
substrates, the excision activity against HmU when mispaired
with G has been measured, allowing direct comparison of
HmU:A and HmU:G glycosylase activities.

Using this assay, an excision activity against HmU:G was
demonstrated to be substantially greater than the observed,
corresponding excision activity against HmU:A. In previous
studies, the use of HmU-containing phage DNA limited the
examination of HmU-DNA glycosylase activity to the HmU:A
base pair (6, 7). If the results of the current study demonstrated
similar activity against HmU:A and HmU:G, one could assume
that the previously described HmU-DNA glycosylase activity
was responsible, and that the target was the HmU base rather
than the base pair, as is true for uracil-DNA glycosylase.
However, because the HmU:G excision capacity is markedly
greater than the corresponding HmU:A excision capacity,
either a separate and previously undescribed activity exists in
human cells to repair the HmU:G lesion, or the endogenous
substrate of the previously described HmU-DNA glycosylase
activity is the HmU:G mispair rather than the HmU:A base
pair.

Previous structural studies suggest that the preference for the
excision of the HmU:G lesion cannot be attributed to significant
perturbation of the oligonucleotide duplex. The structures of
duplexes containing both HmU:A and HmU:G base pairs have
been studied by NMR spectroscopy (9). The replacement of a

oxidation

T.A — HmUA

oxidation

5mC:G — HmC:G

deamination

T.G — HmMU:G

Scheme 1. Pathways by which HmU:G and HmU:A base pairs may be formed

in DNA.
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Fig. 5. Polyacrylamide gel of oligonucleotides following incubation with

human fibroblast whole cell extract. The sequence of the duplex is indicated
in Fig. 1. The identity of the base pair at the cleavage site is indicated in the
figure.

thymine residue by HmU in a T:A base pair does not alter overall
DNA conformation or Watson-Crick base pairing, consistent
with the replacement of T by HmU in some bacteriophage.
When HmU is mispaired with G, both bases are observed to be
intrahelical in a wobble geometry, and the 5-hydroxymethyl
group of HmU forms an intrabase hydrogen bond with the
O4-carbonyl group. The HmU:G base pair does not disturb
overall DNA conformation, and the HmU:G mispair is essen-
tially identical to T:G and U:G mispairs (39). Therefore, it is
unlikely that the HmU:G excision activity is simply recognizing
a substantial structural perturbation in DNA induced by the
HmU:G mispair.

DNA repair activities in human cells are often redundant and
overlapping. The possibility that the actual target of the apparent
HmU-DNA glycosylase activity was some other lesion was
considered. Human cells have high levels of UDG, and therefore
the capacity of a cloned UDG to cleave the HmU-containing
substrates was examined. Under conditions where the corre-
sponding uracil-containing oligonucleotides were completely
cleaved, no activity for this enzyme was observed against either
the HmU:A or HmU:G base pairs (Table 2).

The deamination of SmC to T generates a T:G mispair,
structurally similar to the HmU:G mispair. The T:G mispair is
repaired by a specific glycosylase activity (TDG). The activity
of the cloned TDG was therefore examined with HmU-
containing substrates. TDG does cleave HmU when mispaired
with G, but not when paired with A. Nevertheless, the activity
is in the order: U>>T>HmU. Prior studies, based on the
relative reactivity of TDG, have argued that the actual sub-
strate for TDG is not mispaired T, but mispaired U (36, 40).
Because the activity of TDG against HmU is even less than that
against T, TDG would not appear to explain the excision
activity against HmU:G observed in the human cell extracts.

The magnitude of the observed HmU:G excision activity is
much higher than expected, especially when taking into account
the anticipated rate of formation of the HmU:G lesion generated
in vivo. Spontaneous or endogenous reactions such as oxidation
and deamination are relatively slow reactions under physiolog-
ical conditions. Nevertheless, because of the size of the human
genome, a substantial number of endogenous DNA damage
events occur daily in every human cell (1-3). It has been
estimated that the rate of formation of HmU from T is ~620 per
cell per day (2), corresponding to a rate constant of 2.1 X
1077/day. The oxidation of T in DNA would generate an
HmU:A base pair.

The HmU:G base pair would be derived from the SmC:G base
pair. Scheme 1 shows that the reaction pathway could involve
either deamination and then oxidation of 5SmC or oxidation
followed by deamination (7, 14, 15). The overall rates for each
pathway can be estimated based on data reported in the litera-
ture. Jones and coworkers (41) have shown that SmCin a SmC:G

14186 | www.pnas.org

base pair deaminates two to four times faster than C in a C:G
base pair. The rate constant under physiological conditions is
~5.0 X 10~8/day. The oxidation of T to HmU in a T:G base pair
would be roughly similar to that of T to HmU in a T:A base pair,
with a corresponding rate constant of 2.1 X 1077/day as
discussed above. Therefore, the overall rate constant for the
deamination and subsequent oxidation of SmC to HmU would
be 1.1 X 10~'%/day.

The rate of the second pathway, oxidation and then deami-
nation, can be similarly estimated. In solution, SmC is slightly
more reactive than T toward free radical oxidation (42). The rate
constant for the oxidation of SmC in DNA would then be slightly
higher than that of T, with a corresponding rate constant of
approximately 2.3 X 1077/day. Drake and Baltz (43) have
measured the rate of deamination of HmC in DNA to be
approximately 4.0 X 10~8/day, slightly lower than that of 5mC,
but similar to the rate of C deamination in DNA. Thus, the
overall rate constant for the oxidation and subsequent deami-
nation of 5mC to HmU would be approximately 9.2 X 1015 /day.

Based on these two potential reaction pathways, the rate at which
SmC is converted to HmU, generating an HmU:G mispair, can be
estimated to be approximately 2.0 X 107!4/day. In the human
genome, there are approximately 7 X 107 5SmC:G base pairs (44).
Therefore, roughly one SmC:G base pair per cell would be con-
verted to an HmU:G base pair per 2,000 years. This number
represents an upper limit, as this would be the expected frequency
of formation of the HmU:G base pair if the intermediate T:G or
HmC:G base pairs were not repaired. Because repair activities for
both intermediate base pairs have been reported (14, 36), the rate
of conversion of SmC:G to HmU:G base pairs is expected to be
vanishingly small under physiological conditions.

Enzymatic pathways by which cytosine methylation patterns in
eukaryotes may be altered have been proposed. Activities that
remove (45, 46), deaminate (47), and directly demethylate (48, 49)
SmC residues in DNA have been discussed. In each case, subse-
quent studies either have not supported these mechanisms or the
activities have proven difficult to characterize (50-53). Data re-
ported here obtained with both HeLa cells and normal human
fibroblasts (Figs. 2 and 5) clearly demonstrate an HmU:G glyco-
sylase activity. In fact, of the possible base pairs that might arise
from the SmC:G base pair by established reaction pathways
(Scheme 1 and Fig. 5), the HmU:G base pair is acted on most
readily. The astonishingly low expected frequency of formation of
the HmU:G base pair, coupled with the unexpectedly abundant
excision activity, indicates that additional, and perhaps enzyme-
mediated mechanisms may exist for modification of SmC:G base
pairs.

The transition mutation from 5SmC:G to T:A is the most
frequent substitution mutation found in human cancer (21). In
the p53 gene, nearly half of the observed point mutations are
C:G to T:A changes at methylated CpG dinucleotides (20, 22).
The mechanism for this conversion is generally believed to be
hydrolytic deamination of SmC to T with the generation of the
poorly repaired T:G mispair. The coding properties of T and
HmU are the same during polymerase-directed DNA replica-
tion (8). Therefore, the modification of 5mC to T or HmU
would result in the same mutation following DNA replication.
The observation of a high HmU:G glycosylase activity in
human cells suggests that the HmU:G mispair is encountered
more frequently than anticipated. Therefore, the possibility
that transition mutations at methylated CpG dinucleotides
might proceed via the HmU:G mispair must be considered.
The HmU:G glycosylase activity described here may thus be
important in preventing transforming mutations in human
cells.

This work was supported in part by National Institutes of Health Grants
GM 50351 and CA 84487.
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