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The hydrolytic deamination of cytosine and 5-methylcytosine
drives many of the transition mutations observed in human
cancer. The deamination-induced mutagenic intermediates
include either uracil or thymine adducts mispaired with guanine.
‘While a substantial array of methods exist to measure other types
of DNA adducts, the cytosine deamination adducts pose unusual
analytical problems, and adequate methods to measure them
have not yet been developed. We describe here a novel hybrid
thymine DNA glycosylase (TDG) that is comprised of a 29-amino
acid sequence from human TDG linked to the catalytic domain
of a thymine glycosylase found in an archaeal thermophilic
bacterium. Using defined-sequence oligonucleotides, we show
that hybrid TDG has robust mispair-selective activity against
deaminated U:G and T:G mispairs. We have further developed a
method for separating glycosylase-released free bases from oli-
gonucleotides and DNA followed by GC-MS/MS quantification.
Using this approach, we have measured for the first time the
levels of total uracil, U:G, and T:G pairs in calf thymus DNA. The
method presented here will allow the measurement of the for-
mation, persistence, and repair of a biologically important class
of deaminated cytosine adducts.

Cytosine to thymine transition mutations are the most
abundant single-base changes observed in human cancer cells
(1-5). These mutations are believed to arise from the hydro-
lytic deamination of cytosine and cytosine analogs, which
involves a water molecule adding to the C4 carbon, displacing
the amino group (6-10). This reaction results in a mispaired
intermediate with guanine (Fig. 1). The deaminated bases
comprise an important class of DNA adducts; however, they
cannot be measured by current approaches. Methods are
therefore needed to measure the formation and persistence of
the deaminated mispairs.

Several laboratories have developed sensitive and specific
methods for measuring a wide array of DNA base adducts;
however, such methods would require either enzymatic or acid
hydrolysis prior to analysis (11-16). The mutagenic signifi-
cance of the deaminated cytosine adducts is a consequence of
residing in a base mispair with guanine. Methods that use
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DNA hydrolysis eliminate this base-pairing context. Further-
more, PCR-based analytical methods would convert the mis-
paired intermediate to a G:C base pair and an A:T mutation,
erasing the initial mispair context as well.

Other laboratories have used DNA repair glycosylases to
selectively remove damaged bases from DNA for analysis by
mass spectrometry (MS)-based methods (17-21). Uracil-DNA
glycosylase (UDG or UNG) has been used to measure total
uracil in DNA; however, UDG removes uracil from single-
stranded DNA as well as U:A and U:G base pairs and there-
fore cannot distinguish a deaminated base pair (U:G) from a
dUTP misincorporation event (U:A). On the other hand,
thymine DNA glycosylases (TDGs) can remove uracil and
thymine selectively from mispairs (U:G and T:G). However,
the activity of the human TDG (hTDG) is very weak against
T:G (22, 23).

Our previous studies suggested that a thermophile TDG
glycosylase from Methanobacterium thermoautotrophicum
(MIG) might have the requisite selectivity for U and T mis-
paired with guanine (24). We therefore generated a hybrid
TDG (hyTDG) by joining a 29 amino acid sequence shown to
substantially increase the activity of hTDG (25) to the catalytic
core of MIG. In this article, we describe the cloning and pu-
rification of hyTDG. We demonstrate that hyTDG has the
requisite selectivity for mispaired intermediates and sufficient
activity to release deaminated cytosine analogs from DNA for
subsequent analysis using MS-based methods.

Results

Construction and characterization of a hybrid human-
thermophile mispaired TDG (hyTDG)

A DNA sequence was constructed containing a His-tag, a
sequence encoding a 29 amino acid sequence derived from the
amino terminus of the hTDG (25), and the catalytic core of a
thermophile TDG, MIG (26-28). The amino acid sequence is
shown in Figure 2, and the DNA sequence is shown in
Figure S1.

The plasmid encoding this sequence was cloned into BL3
competent cells and induced. Proteins isolated from the cell
extract were fractionated, and the His-tagged protein was
isolated using a Ni** column. Isolated protein was analyzed by
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Figure 1. Pathway for mutations induced by deamination of cytosine and analogs. Deaminated intermediates can be converted to mutation by DNA
replication or repair synthesis. Mispaired intermediates can also be repaired by excision repair pathways.

gel electrophoresis. The predominant band had an apparent
molecular weight of 26.5 kDa (Fig. S2).

The purified protein was characterized by LC-MS/MS
proteomic methods. A list of observed peptide fragments is
provided in Table S1. Protein characterization by MS analysis
of tryptic fragments does not always provide 100% coverage. In
the case of hyTDG, 98% coverage was obtained. It is valuable
to determine which peptides are observed and to map these
peptides to regions of the protein critical for enzymatic ac-
tivity. When hybrid proteins are constructed, analysis of tryptic
fragments can be used to confirm the amino acid sequence of
the construct.

In the case of hyTDG prepared here, the peptide KVDR/
LDDATNK (amino acids 34—44) was observed (Fig. 3). This
peptide is the junction between the human sequence and the
MIG enzyme. The peptide SKEKQEKITDTFK (amino acids
18-30) is derived from the human 29 amino acid sequence
(Fig. S3). The observation of these peptides confirms correct
construction of the hybrid protein.

Previous studies have established functionally important
motifs within MIG (26-28), and several peptides mapping to
these regions were observed. Single amino acid substitutions
within key protein regions can place a glycosylase into a
different family, and other changes can dramatically alter
substrate selection and enzymatic activity.

The glycosylases that function in base excision repair
generally flip a target base from the duplex into an active site
pocket. We observed the peptide DPYVILITEILLRR (amino
acids 71-84), which contains the “R” base flipper for this class
of glycosylase (Fig. 54).

Among the DNA repair enzymes, the catalytic core of
MIG is within a group defined by an integral helix—hairpin—

MGHHHHHHSK
STILTFWNTD
YKCFEDILKT
RKAILDLPGV
YNHKALWELA
SYYEKCST

KSGKSAKSKE
RRDFPWRHTR
PKSEIAKDIK
GKYTCAAVMC
ETLVPGGKCR

KQEKITDTFK VKRKVDRLDD
DPYVILITEI LLRRTTAGHV
EIGLSNQRAE QLKELARVVI
LAFGKKAAMV DANFVRVINR
DFNLGLMDFS AIICAPRKPK

ATNKKRKVFV
KKIYDKFFVK
NDYGGRVPRN
YFGGSYENLN
CEKCGMSKLC

Figure 2. Amino acid sequence of hyTDG. The 29 amino acid peptide
derived from hTDG is shown in red and functionally significant peptides
observed by mass spectrometry are shown in bold. hTDG, human thymine
DNA glycosylase; hyTDG, hybrid thymine DNA glycosylase.
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helix (HhH) motif. We observed the peptide
KAILDLPGVGK (amino acids 152-162; Fig. S5), which
contains the LPGVGKY HhH motif. The HhH motif con-
sists of two a-helices flanking a p-hairpin with the
conserved sequence LPGVGX(K/S), which binds the DNA
backbone nonspecifically (28). The HhH motif places the
thermophile TDG (MIG) in the same class with the Mut Y
and Endo III glycosylases.

A catalytically important conserved aspartic acid residue is
common to MIG, Mut Y, Endo III, and glycosylases, which
interacts with the C1’ position of the target 2'-deoxyribose.
Peptide KAAMVDANFVR (amino acids 176-186; Fig. S6) was
observed, and this peptide contains the conserved aspartic acid
residue (bold). Also common to MIG, Mut Y and Endo III
are an iron-sulfur cluster. We observed the peptide
DFNLGLMDFSAIICAPR (amino acids 221-237; Fig. S7),
which contains the first cysteine residue of the iron—sulfur
cluster.

Examination of the activity of hyTDG using a gel cleavage
assay

We first examined the activity of hyTDG on a series of 5'-6-
carboxyfluorescein (6FAM)-labeled oligonucleotides (2.5
pmol) containing single-stranded U or U paired with A or G
(Fig. S8). As shown in Figure 4, UDG (2.5 units; 1.6 pmol)
cleaves completely single-stranded oligonucleotides containing
U as well as duplexes containing U:A base pairs or U:G mis-
pairs in 1 h at 37 "C. In contrast, UDG does not cleave T when
paired with A or mispaired with G. Our hyTDG (16.8 pmol)
cleaves oligonucleotides containing U:G (95%) or T:G (86%)
mispairs but not those containing U:A or T:A base pairs or
single-stranded oligonucleotides containing U, in 1 h at 65 C.
The hTDG (29-31) (31.0 pmol) was mispair specific as was
hyTDG, cutting U:G (73%) but much less T:G (6%). These data
confirm that hyTDG is specific for mispaired pyrimidines and
in contrast to hTDG, has substantial activity against T:G
mispairs.

The results shown in Figure 4 were obtained with a molar
excess of hyTDG. We also conducted a gel assay where
0.5 equivalents of hyTDG were incubated with 25 pmol of the
U:G duplex (Fig. S9). Approximately 50% of the duplex was
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Figure 3. Mass spectrum of peptide KVDR/LDDATNK, which forms the junction between hTDG and MIG sequences. The sequence of the peptide is
determined from examination of the b or y ion fragments as indicated in the figure. h\TDG, human thymine DNA glycosylase; MIG, thymine DNA glycosylase

from Methanobacterium thermoautotrophicum.

cleaved at 1 h, and further cleavage was not observed at 4 h.
These data suggest that hyTDG excises a target base, remains
bound to the abasic site, and does not turn over under the
conditions described here.

Examination of the activity of hyTDG using a real-time
fluorescence assay

We next analyzed hyTDG cleavage using a real-time fluo-
rescence assay (32, 33) with 5'-6FAM oligos duplexed with a
complementary strand containing a 3'-black hole fluorescence
quencher 1 (BHQ1) quencher (Fig. S8). In this assay, glyco-
sylase cleavage generates an abasic site, which is then cleaved
chemically using N,N-dimethylethylenediamine (DMDA) (34),
separating the 5-6FAM from the quencher and allowing
continuous monitoring of the fluorescence intensity (Fig. 5).

The real-time assay contained 25 pmol of labeled oligonu-
cleotide duplexes containing either a U:G or a T:G mispair
and 25 pmol hyTDG. Reactions were conducted at 65 °C in a
96-well plate in a Roche 480 quantitative PCR instrument.
Fluorescence was measured every 20 s. Three independent
assays were conducted simultaneously. Fluorescence data were
normalized to the total percentage of cleaved oligonucleotide.
This was measured by gel electrophoresis after the last fluo-
rescence time point was acquired. Example data are shown in
Figure S10. In panel A, the raw cleavage data from three in-
dependent experiments are shown. In panel B, the average of
the three runs is shown as a solid line, and the standard de-
viation is represented by vertical lines. Finally, a single expo-
nential was fit to the experimental data as shown in
Figure S10C. The equation describing the theoretical line is

Y, = A(1 - ) (1)

where Y, is percent cleavage at time ¢ (min), A is the percent
cleavage at 60 min, and k is a rate constant (min™Y).

SASBMB

Data for the cleavage of U:G-containing and T:G-containing
duplexes are shown in Figure 54, and values for A and k
(Equation 1) are presented in the figure legend. The initial
cleavage velocity, v,, was calculated from the fitted rate con-
stant and Equation 1 at 5% cleavage. The initial velocity for
hyTDG cleavage of the U:G oligonucleotide was measured to
be 2.62 + 0.3 pmol/min and for the T:G oligonucleotide, 1.69 +
0.20 pmol/min. No cleavage was observed for U:A-containing
or T:A-containing oligonucleotides.

In a second experiment, hyTDG cleavage was measured in the
presence of 20 g calf thymus DNA (Fig. 5B). The initial cleavage
velocities under these conditions were measured to be 2.77 +
0.40 pmol/min for U:G and 1.49 + 0.30 pmol/min for T:G.
hyTDG cleaves U:G faster than T:G under both conditions.
Surprisingly, v, did not decrease significantly in the presence of
excess calf thymus DNA for either U:G or T:G mispairs.

We also examined the activity of MIG on the U:G substrate
in this assay (Fig. S11). The v, for MIG in the absence of calf
thymus DNA was measured to be 2.23 + 0.3 pmol/min. In the
presence of calf thymus DNA, it was 1.15 + 0.2 pmol/min. Our
hyTDG is slightly faster than MIG in the absence of excess calf
thymus DNA. Furthermore, the rate of hyTDG does not
diminish in the presence of excess calf thymus DNA, unlike
MIG. These data suggest that the major advantage of the
appended 29 amino acid sequence from hTDG is to facilitate
scanning of the DNA for a target base.

Examination of pyrimidines released from oligonucleotides
and DNA by hyTDG

The aforementioned assays allow the examination of
hyTDG activity against defined substrates. However, a more
robust assay would involve hyTDG activity against multiple
substrates simultaneously. We therefore developed an
approach that separates free bases and isotope-enriched in-
ternal standards from oligonucleotides or DNA and protein
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Figure 4. Comparison of UDG, hyTDG, and hTDG activity using a gel
cleavage assay. Oligonucleotides with a 5'-FAM label (2.5 pmol) containing
U or T at the target site were either unpaired or paired with complementary
sequences to form U:A or T:A base pairs or U:G or T:G mispairs. Oligonu-
cleotides were incubated for 1 h with UDG (2.5 units, 0.04 ug, 1.6 pmol) at
37 °C, hyTDG (0.5 pg, 16.8 pmol) at 65 °C, or hTDG (1.5 pg, 31.0 pmol) at
37 °C. Sodium hydroxide was then added to hydrolyze the phosphate
backbone of oligonucleotides containing an abasic site, and oligonucleo-
tides were resolved by PAGE, visualized, and quantified with a STORM
imager. UDG cleaves all uracil-containing oligonucleotides completely but
has no activity on T. The hyTDG cleaves only mispaired U (95%) and T (86%).
The hTDG cleaves U mispaired with G (73%) but much less T mispaired with
G (6%). 6-FAM, 6-carboxyfluorescein; hTDG, human thymine DNA glyco-
sylase; hyTDG, hybrid thymine DNA glycosylase; UDG, uracil-DNA
glycosylase.

using a spin filter. Isolated free bases can be chemically
derivatized with t-butyldimethylsilyl (TBDMS) groups and
analyzed by GC-MS/MS. This workflow is shown schemati-
cally in Figure 6.

We first applied this approach to a mixture of duplex oli-
gonucleotides containing T:G and U:G mispairs in a two to
one ratio. A mixture of 8.3 pmol U:G duplex, 16.7 pmol T:G
duplex, and 250 pmol hyTDG with U + 3 and T + 4 standards
in a volume of 25 pl was incubated at 65 °C for up to 120 min.
The progress of the hyTDG reaction was followed simulta-
neously using both gel and GC-MS/MS methods (Fig. 7). A
volume of 5 pl was used for the gel assay and 20 pl for the GC—
MS/MS assay. Each time point was analyzed three times by
GC-MS/MS.

As shown in Figure 7A, approximately 91% of the mis-
paired duplexes were cleaved in 120 min as measured by the
gel assay. Base release was also monitored by GC-MS/MS
analysis (Fig. 7B). Consistent with the gel assay, cleavage of
both U and T appeared to plateau after 60 min. At 120 min,
6.42 + 0.49 pmol of U was released and 13.33 + 0.34 pmol of
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Figure 5. Analysis of glycosylase activity of hyTDG on oligonucleotides
using a real-time fluorescence assay. In the absence (A) and presence (B)
of added calf thymus DNA. About 25 pmol duplexes with 5'-FAM (upper
strand) and 3'-BHQ1 (lower strand) were incubated with 25 pmol hyTDG at
65 °C in the presence of DMDA, which cleaves abasic sites. Fluorescence
was monitored in a Roche 480 qPCR instrument. The equation for the solid
lines in each figure is Y = A(1 — e %), where Y is the percent oligonucleotide
cleaved, A is maximum percent cleaved, k is the rate constant (min™"), and t
is time in minutes. In panel A, the values of A and k for U:G are 96.2 + 0.6%
and 0.1075 + 0.103 min~" and for T:G are 924 + 1.10% and 0.0694 +
0.009 min~". In panel B, the experiment is identical to panel A, except that
20 pg of calf thymus DNA was added. Values of A and k in the presence of
calf thymus for U:G are 99.9 + 1.1% and 0.1136 + 0.0147 min~' and for T:G
103 + 1.1% and 0.0613 + 0.0122 min~". The rate of U:G cleavage exceeds
T:G, by factors of 1.6 to 1.9. The rate of U:G and T:G cleavage does not
change significantly upon addition of calf thymus DNA. BHQ1, black
hole fluorescence quencher 1; DMDA, N,N-dimethylethylenediamine; FAM,
6-carboxyfluorescein; hyTDG, hybrid thymine DNA glycosylase; qPCR,
quantitative PCR.

T was released. The amount of U and T released is consistent
with the amount of U and T oligonucleotides in the reaction.
As a control, the oligonucleotide mixture was also incubated
with UDG at 37 °C for 120 min. Gel analysis indicated 43%
cleavage, slightly higher than the 33% expected based upon
the composition of the mixture. The amount of U released by
UDG as measured by GC-MS/MS was 7.58 + 0.20 pmol, also
slightly higher than expected.

In a final series of experiments, the content of mispairs in
calf thymus DNA was examined. First, calf thymus DNA was
digested with the EcoRlI restriction endonuclease to reduce its
viscosity. Next, a portion of the calf thymus DNA was hy-
drolyzed in formic acid and the base composition examined by
GC-MS using stable isotope—enriched standards of C, T, and
5-methylcytosine (5-mC). The base composition was observed
to be 0.52 * 0.04 nmol C, 0.78 + 0.02 nmol T, and 0.03 *

SASBMB
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Figure 6. Workflow for measuring bases released by hyTDG or UDG using mass spectrometry. Oligonucleotides or DNA are incubated with hyTDG or
UDG in the presence of one or more stable-isotope standards. Following incubation, free bases are isolated by spin filtration. Isolated bases are derivatized
and analyzed by GC-EI-MS/MS or GC-NCI-MS. Pyrimidines released by the glycosylase are quantified by comparing the integrated peak area of the
unenriched pyrimidine with the peak area of a corresponding stable isotope-enriched standard. Created in part with BioRender.com. El, electron ionization;
hyTDG, hybrid thymine DNA glycosylase; NCl, negative chemical ionization; UDG, uracil-DNA glycosylase.

0.0002 nmol 5-mC per microgram of calf thymus DNA,
consistent with prior reports (35, 36).

To measure the content of U:G and T:G mispairs, a solution
of EcoR1-digested calf thymus DNA (400 pg) containing
isotope-enriched T + 4 (14.5 pg T + 4/ug DNA) and U + 3
(5 pg/ug DNA) was incubated with either UDG (37 °C) or
hyTDG (65 °C) for 90 min. Released free bases were separated

SASBMB

from DNA and enzymes by spin filtration. Filtrates were
dried, and the pyrimidine composition was measured by two
analytical approaches. In the first approach, pyrimidines
released by the glycosylases were converted to the TBDMS
derivatives and analyzed by GC-MS/MS. In the second
approach, pyrimidines were converted to the 3,5-
bis(trifluoromethyl)benzyl bromide derivatives and analyzed

J. Biol. Chem. (2022) 298(3) 101638 5
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Figure 7. Cleavage of a mixture of oligonucleotides containing T:G and
U:G mispairs by hyTDG followed simultaneously by gel electrophoresis
and GC-MS/MS. Mixtures of 5'-FAM-labeled oligonucleotides containing
U:G (8.3 pmol) or T:G (16.7 pmol) were incubated with 250 pmol hyTDG and
isotope-enriched standards (U + 3, T + 4) in a total volume of 25 pl at 65 °C.
At selected time intervals, 5 pl was used for gel electrophoresis, and the
remaining 20 ul was used for the measurement of released bases. Released
bases were separated by spin filtration, derivatized, and analyzed by GC-
MS/MS. Gel analysis indicated predominant cleavage of U:G and T:G oli-
gonucleotides by hyTDG by 60 min (panel A). The oligonucleotide mixture
was also incubated with UDG at 37 °C (1 unit, 0.6 pmol), which cleaved the
U:G but not T:G oligonucleotide (panel A, far right). Base release was
measured by GC-MS/MS as shown in panel B. Each time point was analyzed
three times. At 2 h, 6.42 + 0.49 pmol U and 13.33 + 0.34 pmol were released,
representing nearly complete release of U:G and T:G in the sample. The
amount of U released by UDG at 2 h was 7.58 + 0.2 pmol. FAM, 6-
carboxyfluorescein; hyTDG, hybrid thymine DNA glycosylase.

by GC-MS using negative chemical ionization (GC-NCI-
MS). All measurements for each approach represent three
independent experiments.

Incubation with UDG releases uracil in U:A and U:G base
pairs as well as in single-stranded DNA. Total uracil in the calf
thymus DNA released by UDG was 9.39 + 0.29 pg/ug DNA by
GC-MS/MS (Fig. 84). The amount of U released from U:G
mispairs by hyTDG was 1.30 + 0.29, and the amount of T:G
released from T:G mispairs was 558 + 0.42 pg/ug DNA.
Chromatograms from the GC-electron ionization—-MS/MS
analyses are shown in Figure S12.

The amount of U and T released was also measured using
GC-NCI-MS (Fig. 8, panel B). The amount of U released by
UDG was measured to be 8.46 + 0.63 pg/ug DNA. The amount
of U released by hyTDG was measured to be 0.54 + 0.13 pg/ug
DNA, and the amount of T released was measured to be 4.14 +
0.21 pg/ug DNA. Chromatograms for the GC-NCI-MS ana-
lyses are shown in Figure S13.

The experiments depicted in Figures 7 and 8 were con-
ducted in the presence of U + 3 and T + 4 internal standards
for GC—MS analysis. To ensure that the internal standards did
not inhibit base excision by hyTDG, we conducted a gel-based
assay under similar conditions except that up to 50 pmol of U
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Figure 8. Analysis of the release of U and mispaired T from calf thymus
DNA by UDG and hyTDG. Approximately 400 pg of EcoRI-digested calf
thymus DNA was incubated with UDG (10 units, 6.2 pmol, 37 °C) or hyTDG
(295 pmol, 65 °C) for 90 min. Released bases were isolated by spin filtration,
derivatized, and analyzed by GC-EI-MS/MS (panel A) or GC-NCI-MS (panel
B). Data presented above represents observed amounts minus background
from three independent experiments. In panel A, total uracil (single
stranded, U:A and U:G) released by UDG was 9.39 + 0.29 pg/ug DNA. The
amount of uracil from U:G released by hyTDG was 1.30 + 0.29 pg/ug, and
the amount of T from T:G released was 5.58 + 0.42 pg/ug. These amounts
correspond to one deaminated U:G mispair per 4.48 x 10* C:G base pairs
and one deaminated T:G mispair per 6.71 x 10? 5-mC:G base pairs. In panel
B, total uracil (single strand, U:A and U:G) released by UDG was 8.46 + 0.63
pg/ug DNA. The amount of uracil from U:G released by hyTDG was 0.54 +
0.13 pg/pg, and the amount of T from T:G released was 4.14 + 0.21 pg/ug.
These amounts correspond to one deaminated U:G mispair per 1.08 x 10°
C:G base pairs and one deaminated T:G mispair per 9.09 x 10 5-mC:G base
pairs. Most of the U is in U:A base pairs or single-stranded DNA (86% panel
A, 94% panel B). The amount of T in T:G mispairs exceeds the amount of U in
U:G mispairs by a factor of 4.3 (panel A) to 7.7 (panel B). El, electron ioni-
zation; hyTDG, hybrid thymine DNA glycosylase; NCl, negative chemical
ionization; UDG, uracil-DNA glycosylase.

free base was added. The additional U free base had no
observable effect upon glycosylase cleavage under the condi-
tions of this experiment (Fig. S14).

Discussion

Cytosine to thymine transition mutations are abundant in
human cancers and believed to result from the deamination of
cytosine and its analogs (1-10). These mutations proceed
through an intermediate mispair where the deaminated cyto-
sine adduct or uracil analog is paired with guanine (Fig. 1). The
deaminated mispair can either be repaired by excision repair
pathways or converted to a mutation following DNA replica-
tion or repair synthesis. The relative rates of mispair forma-
tion, repair, and replication therefore determine the frequency
with which the deamination of cytosine or its analogs results
in mutation. Currently, adequate methods are lacking for
measuring the deaminated intermediates.

To address this gap, we have constructed a hybrid glyco-
sylase (hyTDG), which cleaves uracil and thymine, key
deamination products, selectively from mispairs. The hybrid
enzyme contains a 29 amino acid peptide from the hTDG
linked to the catalytic domain of a thermophile TDG, MIG.
The 29 amino acid N-terminal peptide of hTDG (residues
82-110) is unstructured and positively charged, which may
promote nonspecific interactions with the DNA phosphate
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backbone to promote lesion searching (25). Coey et al. (25)
demonstrated that the addition of these residues to
TDG™' 3%, forming TDG® 3%, substantially increased the
affinity and glycosylase activity to levels observed for the full-
length hTDG. Thus, our rationale for linking the human
peptide with a more active T:G glycosylase, MIG, was to
enhance lesion scanning and facilitate overall glycosylase ac-
tivity in the hybrid enzyme.

In contrast to hTDG, which cleaves U:G >> T:G, our
hybrid enzyme has strong activity against both U:G and T:G
mispairs, fulfilling the needed activity for our assay. Our
hyTDG retains the mispair specificity previously reported for
MIG (24). On oligonucleotide substrates, the hyTDG, which
contains 29 amino acids from hTDG, is about 20% faster than
MIG in the absence of calf thymus DNA. In the presence of
excess calf thymus DNA, the v, for our hyTDG is approxi-
mately 2.3-fold higher than MIG. The primary advantage of
the 29 amino acid peptide from hTDG appears to be in
scanning genomic DNA to find its target.

The mispair selectivity of hyTDG, coupled with its high
activity on T:G mispairs and ability to rapidly scan DNA,
makes it a highly valuable tool for measuring mispaired U:G
and T:G in genomic DNA. Using hyTDG and GC-MS quan-
titation methods, we have probed calf thymus DNA for the
presence of U:G and T:G mismatches and UDG to measure
total U.

Uracil can occur in DNA by two distinct mechanisms
(37-40). The deamination of cytosine in a duplex would
generate a U:G mispair. Alternatively, dUMP could be mis-
incorporated by DNA polymerase into a U:A base pair during
DNA replication. The amount of uracil in DNA from cytosine
deamination (U:G) would increase with time and UDG
deficiency. Uracil misincorporation can occur during DNA
replication into U:A base pairs as polymerases show little
discrimination against dUTP. Uracil in DNA from mis-
incorporation of dUMP would increase from defects in
one-carbon metabolism and deficiencies in UDG or dUTPase
activity.

Previous methods to measure uracil in DNA have relied
upon UDG release or DNA hydrolysis prior to analysis. Both
methods measure total uracil. Importantly, the biological sig-
nificance of uracil in DNA depends upon the base pairing
context. Uracil in U:A base pairs reflects metabolic distur-
bances and if unrepaired could interfere with DNA—protein
interactions (41-43), whereas uracil in a U:G mispair is pro-
mutagenic. Using two independent analytical approaches, we
measured the total amount of uracil in calf thymus DNA to be
approximately 9 pg/pg of DNA. We note that previous studies
have reported levels as low as 0.2 pg/ug DNA in freshly iso-
lated DNA (44) but can exceed 100 pg/pg in DNA isolated
from cells with defects in one-carbon metabolism (45).
Consistent with our findings, the level of uracil in salmon
sperm DNA is reported to be approximately 4.5 pg/ug
DNA (46).

Using the approach described here, we have determined the
distribution of uracil between U:A and U:G base pairs in calf
thymus DNA. We find that approximately 90% of the uracil in
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calf thymus DNA is in U:A base pairs, which result from
dUMP misincorporation opposite A.

As with uracil, thymine could occur in a T:G base pair by
deamination of 5-mC or by the misincorporation of T opposite
G during DNA replication. In human cancer cells, C to T
mutations occur with high frequency at CpG dinucleotides
(47-49). In eukaryotic DNA, cytosine methylation occurs
predominantly at CpG dinucleotides. In addition, most CpG
dinucleotides are methylated in most tissues (50-52). While
polymerase misincorporation could generate a T:G mispair,
available data suggest that polymerase misincorporation or
extension is not strongly sequence dependent (53, 54). The
rate of deamination of 5-mC is slightly faster than cytosine
(10, 55, 56). However, the repair of T:G mispairs in eukaryotic
cells is slower than U:G mispairs by orders of magnitude (57).
Therefore, the predominance of T:G mispairs in DNA likely
arose from the deamination of 5-mC in CpG dinucleotides.

Using our method we have, for the first time, measured the
level of T:G base pairs in DNA. We measured approximately 5
pg of T:G mispairs per microgram of DNA. The number of
T:G mispairs exceeds that of U:G mispairs by a factor of 4 to 8.
However, cytosine is approximately 17 times more abundant
than 5-mC in calf thymus DNA. Therefore, a 5-mC:G base pair
is 60 to 120 times more likely to be found as a T:G mispair
than a C:G base pair found as a U:G mispair. Slow repair of
T:G mispairs in eukaryotic cells (57) is consistent with their
increased levels, despite 5-mC being 17-fold less abundant
than C. The method reported here could allow measurement
of the rates of formation and repair of T:G and U:G mispairs in
cells.

Endogenous DNA damage, including deamination and
oxidation, is an important source of mutation in human cells.
It can also generate apparent “noise” in next-generation DNA-
sequencing studies. Recently, several groups have sought to
reduce damaged-related noise by incubating DNA with a
cocktail of DNA repair enzymes prior to sequencing (58—64).
A limitation of current approaches is that available repair
enzymes do not efficiently act on the T:G mispair, which in our
studies of calf thymus DNA is the most abundant mutagenic
base pair examined here. The hyTDG enzyme described here
should prove valuable in developing additional assays to both
detect and study these frequent and critical DNA damage
adducts.

Experimental procedures
Stable isotope standards

Enriched cytosine (C + 2, 21—[2, H5, and H6) and enriched
5-mC (5-mC + 4, methyl—zHg, and H6) were obtained from
CDN isotopes. Enriched thymine (T + 4, methyl Hj, and *H6)
was obtained from Cambridge Isotope Laboratories. Enriched

uracil (U + 3, '°N,, and '*C2) was obtained from Sigma—
Aldrich.

Construction, cloning, and purification of the hyTDG

A DNA sequence was constructed with an amino-terminal
His-tag (6xHis-tag), joined to the sequence encoding a 29
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amino acid peptide from hTDG (amino acids 82-112,
NM_003211.6) and the full-length TDG from Meth-
anothermobacter thermoautotrophicus (MIG, Orf 10, WP_
010889848.1). This hybrid DNA sequence was inserted into
the pET-28a(+) expression vector between the Ncol and Xhol
restriction sites. The hybrid DNA sequence is shown in
Figure S1, and the corresponding amino acid sequence of the
hyTDG is shown in Figure 2.

The pET-28a(+)-hyIDG plasmid was transformed into
Escherichia coli strain BL21 (DE3). Transformants were
selected on an agar plate containing kanamycin. Selected
clones were grown in 100 ml LB broth supplemented with
kanamycin and induced with IPTG for 6 h at 30 °C. Cells were
harvested by centrifugation at 4100 rpm for 5 min and stored
at —20 °C until used. Cell pellets were thawed and suspended
in 4 ml lysis buffer (50 mM potassium phosphate, 20 mM
imidazole, 3000 mM sodium chloride, 10 mM B-mercaptoe-
thanol, 1% Triton, and 1 mM PMSF) and sonicated for eight
cycles, 30 s each with 30 s breaks on ice.

Supernatants were then centrifuged (12,000 rpm, 10 min),
loaded onto previously equilibrated nickel-charged resin
(HisPur Ni-NTA resin; catalog no.: 88221; Thermo Fisher
Scientific), and incubated for 1.5 h at 4 °C. The resin and
supernatant were centrifuged on a column at 1000g and
washed as recommended by the vendor. The bound His-
tagged protein was eluted with buffer (50 mM potassium
phosphate, 300 mM sodium chloride, 10 mM [B-mercaptoe-
thanol, and 100 mM imidazole). Total protein concentration
was measured with a Bradford protein bioassay. Isolated pro-
tein was analyzed on a 12% Tris-glycine polyacrylamide gel
stained with Coomassie blue (Fig. S2), which indicated an
apparent molecular weight of 26.5 kDa.

Characterization of the purified hyTDG by LC-MS/MS analysis

Approximately 10 pg of recombinant hyTDG was purified
by SDS-PAGE. Gel bands were cut from the gel, destained with
50% methanol in water, and dried. Gel bands were resus-
pended in 50 pl acetic anhydride and 200 pl acetic acid to
chemically acetylate protein lysine residues. After incubation
at 37 °C for 1 h, the liquid was removed, and gel bands were
washed three times with 1 ml deionized water. Gel bands were
then dried and ground into a fine powder. Ammonium
bicarbonate solution (100 pl, 50 mM) was added, and the pH
of the resulting gel was increased to approximately 8 with
aqueous ammonia. Trypsin was then added, and the proteins
were digested overnight at 37 °C.

Tryptic peptides were extracted with acetonitrile, dried, and
resuspended in 50 pl of 1% formic acid for LC-MS/MS
analysis. Tryptic peptides were loaded onto a reversed-phase
ProteoPre column loaded with Waters 5 p XSelect HSS T3
resin and Waters YMC ODS-AQ S-5 100 A resin and eluted
with a gradient of acetonitrile in 0.1% formic acid. The LC
column was directly interfaced with a QExactive mass
analyzer, which acquired data at a resolution of 35,000 in full
scan mode and 17,500 in MS/MS mode. The top most intense
peptides in each MS survey were selected for MS/MS analysis.
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Peptides were identified with the PEAKS 8.5 software for
de novo peptide sequencing. A maximum of three missed
cleavages was set. Acetylation of K, S T, C, Y and H as well as
oxidation of methionine and deamination of asparagine and
glutamine were set as variable modifications. Otherwise, no
fixed modifications were set. Parent mass tolerance was set to
20.0 ppm, and fragment mass was set to 0.05 Da.

Gel-based cleavage assay

A series of oligonucleotides (Fig. S8) were constructed con-
taining a central pyrimidine, X, cytosine (C), uracil (U), or
thymine (T) paired opposite a purine (P), adenine (A), or guanine
(G). One sequence (5-6FAM-CGT-GGC-XGG-CCA-CGA-
CGG-3') contained the fluorophore, 6FAM on the 5’ end. The
complementary strand (5'-CCG-TCG-TGG-CCP-GCC-ACG)
was synthesized with and without the 3’-BHQI synthesized with
4/-(2-nitro-4-toluyldiazo)-2'-methoxy-5'-methyl-azobenzene-
4/"-(N-ethyl-2-O-(4,4’ -dimethoxytrityl))-N-ethyl-2-O-glycolate-
linked controlled pore glass resin.

In a typical assay examined by gel electrophoresis, 2.5 pmol
of 5'-6FAM-labeled oligonucleotide and two equivalents of an
unlabeled complementary sequence were incubated in 10 pl
buffer (10 mM potassium phosphate, 30 mM sodium chloride,
and 40 mM potassium chloride) with UDG (2.5 units, 0.04 pg,
1.6 pmol, E. coli UDG, New England Biolabs, 37 °C), hyTDG
(0.5 pg, 16.8 pmol, 65 °C), or hTDG (1.5 pg, 31.0 pmol, 37 °C,)
for 1 h (30, 31). The reaction was terminated, and the phos-
phate backbone of the oligonucleotide containing an abasic
site was cleaved with 2 pl and 1 M NaOH at 95 °C for 10 min.
Formamide (10 pl) was then added, and the reaction mixture
was loaded onto a 6 M urea denaturing 20% polyacrylamide
gel. The oligonucleotide mixture was resolved by electropho-
resis for 45 min. Gels containing fluorescent bands were
visualized and quantified on a Storm 860 phosphorimager.

Real-time fluorescence assay

In a typical real-time florescence assay, 25 pmol of 5'-
6FAM-labeled oligonucleotide was annealed with 50 pmol of
the complementary sequence containing the 3'-BHQ1
quencher in a 25 pl reaction volume containing 10 mM po-
tassium phosphate buffer, pH 7.7, 30 mM NaCl, and 40 mM
KCl. To ensure cleavage of the phosphate backbone following
glycosylase release of a target base, DMDA (final concentration
of 100 mM) was added. The reaction was initiated upon the
addition of the glycosylase, and fluorescence was monitored at
65 °C every 20 s in a Roche 480 quantitative PCR instrument.
Real-time fluorescence assays were acquired in triplicate.
Graphs of data were prepared with the PRISM software
(GraphPad).

Oligonucleotide cleavage assays monitored by gel and
GC-MS/MS

To follow cleavage by gel electrophoresis and GC-MS/MS,
a series of mixture containing 8.3 pmol 5'-6FAM-labeled U:G
oligonucleotide, 16.7 pmol 5'-6FAM-labeled T:G oligonucle-
otide, U + 3 (8.3 pmol) and T + 4 (16.7 pmol) internal
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standards, and 250 pmol hyTDG in buffer were incubated at
65 °C in a volume of 25 pl.

At selected time intervals, 5 ul of the reaction mixture was
taken for gel electrophoresis and 20 ml for GC-MS/MS
analysis. Oligonucleotides were analyzed by gel electrophoresis
as described previously. Samples examined by GC-MS/MS
were first diluted to 400 pl with water and spin-filtered (catalog
no.:. UFC500396; Amicon Ultra Ultracel 3k) at 14,000g for
45 min. Solutions were then dried under reduced pressure.

Pyrimidines released by hyTDG were converted to their
TBDMS derivatives in acetonitrile, and 0.5 ul of the reaction
solution was injected onto an Agilent 7890B GC containing an
HP-5 column. The GC oven temperature was held constant at
100 °C for 2 min, ramped to 260 °C at 30 °C/min, and held
at that temperature for 10 min. The GC was directly coupled
to an Agilent 7000C triple quadrupole detector. The most
predominant ions of both uracil (283 amu) and thymine (297
amu) derivatives correspond to the M-57 (¢-butyl) fragment.
The transitions used to monitor uracil were 283 to 169 amu
and for thymine 297 to 183. The corresponding transitions for
the U + 3 internal standard were 3 amu higher than U, and for
T + 4, 4 amu higher than T.

Preparation of calf thymus DNA and analysis of base
composition

Calf thymus DNA was dissolved in buffer containing 5 mM
NaCl, 1 mM Tris (pH 7), 1 mM MgCl,, and 0.1 mM DDT.
DNA (~50 mg) was digested with ~20,000 units of EcoRI
endonuclease (New England Biolabs) at 37 °C for 4 h to reduce
viscosity (64). Digested DNA was precipitated with ammo-
nium acetate/ethanol, resuspended in buffer, and dialyzed
overnight.

A portion of the digested calf thymus DNA was hydrolyzed
in 88% formic acid at 140 °C for 40 min. Isotope-enriched
standards of thymine (T + 4), cytosine (C + 2), and 5-mC
(5-mC + 3) at a ratio of 20:1 (C/5-mC) were added to the
vials, which were then evaporated to dryness under reduced
pressure. Bases were converted to the TBDMS derivatives in
acetonitrile at 140 °C for 40 min. Samples were injected onto
an Agilent 7890A GC containing a DB5 column. The initial
GC oven temperature was 100 °C for 2 min, ramped to 260 °C
at 30 °C per min, and then held at 260 °C for 10 min. The GC
was directly interfaced to an Agilent 5975C mass selective
detector, and data were collected in the selected ion mode.
Molar amounts of C and T were determined by comparing
experimental peak areas to standard curves. The molar
amount of 5-mC was determined by comparing peak areas of
unenriched C and 5-mC to peak areas of the isotope-enriched
standards. Base composition determinations were done in
triplicate.

Analysis of bases released from calf thymus DNA by UDG and
hyTDG

EcoRI-digested DNA was dissolved in buffer containing
10 mM phosphate (pH 7.7), 30 mM NaCl, and 40 mM KCl,
and isotope-enriched internal standards were added (14.5 pg
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T + 4/pg DNA and 5 pg U + 3/pg DNA). Approximately
400 pg of DNA plus internal standards was then incubated
with UDG (10 units, 6.2 pmol, 37 °C, 2 h) or hyTDG (295
pmol, 65 °C, 2 h). Reaction mixtures were spin filtered, and the
filtrate was dried under reduced pressure.

Two analytical approaches were used to measure released
pyrimidines. In the first approach, released pyrimidines were
converted to the TBDMS derivatives and analyzed by GC-MS/
MS as described previously.

In the second approach, released pyrimidines were con-
verted to the 3,5-bis(trifluoromethyl)benzyl bromide de-
rivatives and analyzed by GC-MS using NCI (GC-NCI-MS).
Data were collected in the selected ion mode for the ions
337 m/z (U), 340 m/z (U + 3), 351 m/z (T), and 355 m/z
(T + 4). The amounts of uracil and thymine in each sample
were determined by comparing the integrated peak areas for
each with the integrated peak areas of the corresponding
isotope-enriched internal standards. Levels of released T and U
were then obtained by subtracting the background levels of the
pyrimidines in control calf thymus DNA and glycosylase so-
lutions. All measurements were made in triplicate

Data availability

All data are contained within the article and supporting
information. The MS proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE partner
repository (65) with the dataset identifier PXD030459 and
10.6019/PXD030459.
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