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ABSTRACT GOT mispairs, the sole mismatch type that can
arise in "resting" mammalian DNA (through spontaneous
hydrolytic deamination of 5-methylcytosine), are corrected in
vivo with high efficiency and mostly to a GiC. We identified a
protein factor, present in HeLa cell extracts, that binds
selectively to DNA substrates containing this mismatch. The
partially purified protein was shown by gel-filtration chroma-
tography and UV cross-linking experiments to have an appar-
ent molecular mass of 200 kDa. Its binding to GOT mispairs was
not influenced by sequences flanking the mismatch, but meth-
ylation of guanines either within the mismatch itself or in its
immediate vicinity abolished the formation of the protein-DNA
complex. The protein appears to lack both endo- and exonu-
clease activities and requires neither magnesium nor zinc nor
ATP for binding. We discuss the possible role of this protein in
a repair pathway, which helps mammalian cells counter the
mutagenic effect of the hydrolytic deamination of 5-methylcy-
tosine.

Methylation of cytosines within CpG dinucleotides in the
DNA of higher eukaryotes plays an important role in the
regulation of gene expression (1-3). For the differentiated
state of the cell to be maintained, the tissue-specific pattern
of DNA methylation must be protected from the effects of
spontaneous hydrolytic deamination of 5-methylcytosine to
thymine (4), which was estimated to generate about 12 G-T
mispairs per human genome per cell cycle (5, 6).
We recently reported that simian cells possess a specific

repair pathway, which counteracts the effects of 5-
methylcytosine deamination by correcting G-T mispairs al-
most exclusively to G-C pairs (7). We describe here the
identification, substrate specificity, and partial purification of
a human DNA-binding protein, which binds solely to DNA
duplexes containing a single GUT mispair. We propose that
this G-T binding protein may be a component of the mam-
malian GUT mismatch repair pathway.

MATERIALS AND METHODS
Preparation of the Cell Extracts. The entire procedure

described below was carried out at 40C. The harvested HeLa
cells [30-g aliquot obtained from 80-liter suspension culture
(8)] were suspended in three packed cell volumes of buffer A
(25 mM Hepes KOH, pH 8.0/1 mM EDTA/1 mM benzam-
idine/2 mM 2-mercaptoethanol/0.5 mM phenylmethylsul-
fonyl fluoride/0.5 mM spermidine/0.1 mM spermine) and
homogenized in a Dounce homogenizer (pestle B, 10
strokes). One volume of glycerol was added, followed by a
saturated neutralized solution of ammonium sulfate (11 ml
per 100 ml of homogenate). The mixture was allowed to stand
for 30 min, transferred into polycarbonate bottles, and
centrifuged in a Beckmann Ti 70 rotor for 90 min at 60,000
rpm at 40C. The use of polyamines in the buffer represents an

improvement on the method described by Manley (8), as it
resulted in the formation of tight pellets containing, in
addition to the cell debris, the nucleic acids.

Bandshift Assays. The synthetic 34-mer oligonucleotide
5'-AGCTTGGCTGCAGGTYGACGGATCCCCGG
GAATT-3', 32P-labeled at the 5' end, was annealed (9) with
its complementary oligonucleotide 5'-AATTCCCGGGGAT-
CCGTCRACCTGCAGCCAAGCT-3', where R and Y repre-
sent purine (A, G) and pyrimidine (T, C) nucleosides,
respectively. Forty femtomoles of the resulting duplex G-C,
G-T, A-T, or ARC was added to a reaction mixture containing
25 mM Hepes-KOH (pH 8), 0.5 mM EDTA, 10% (vol/vol)
glycerol, 0.01 mM ZnCl2, 0.5 mM dithiothreitol, and poly-
[d(IC)-d(IQC)] (1 pug per 10 ,ug of protein) in a total vol of 20
pl. Five microliters of the cell extract or the column fraction
(1-10 1Lg of total protein) was then added and the mixture was
allowed to stand at room temperature for 30 min. Five
microliters of the mixture was then loaded on a 6% nonde-
naturing polyacrylamide gel (10). Electrophoresis was car-
ried out at 10 V/cm until the bromophenol blue dye, loaded
in an adjacent well, migrated =7 cm. The dried gels were
autoradiographed for 45 min at -800C (Figs. LA and 2D).

Competition-Binding Assays. The competition experiments
were carried out as described above, except that each
reaction mixture contained, in addition to the labeled 34-mer
GUT duplex, a 40-fold excess of one of the unlabeled 16-mer
duplexes obtained by annealing the oligonucleotides 5'-GA-
TCCGTCNACCTGCA-3' and 5'-TGCAGGTNGACGGA-
TC-3', where N = G, A, T, or C. The relative amounts offree
and protein-bound duplex were determined by densitometry
of the autoradiographs of the dried gels (Fig. 1B).
Heparin-Sepharose Chromatography. The supernatant

from the previous step was decanted, diluted 1:4 with buffer
B (25 mM Hepes KOH, pH 8.0/1 mM EDTA/1 mM benz-
amidine/10 mM 2-mercaptoethanol/10% glycerol) and ap-
plied onto a column containing 50 ml of heparin-Sepharose
(Pharmacia) equilibrated with buffer B containing 0.1 M KCl.
The column was washed with 5 column vol ofthe same buffer
and then with 2 column vol each of buffer B containing 0.3,
0.5, and 1.0 M KCl. The flow rate was maintained at 1.5 ml/
min. The elution profile is shown in Fig. 2A. The proteins
present in the 0.3 M KCl fraction were precipitated with
ammonium sulfate (60% saturation) and collected by centrif-
ugation in a Sorvall SS-34 rotor at 17,500 rpm for 20 min at
40C.

Sephacryl S-300 Chromatography. The pellet from the
previous step was resuspended in buffer B (5 ml, 0.1 M KCl)
and applied onto a Sephacryl S-300 column (5 x 50 cm,
Pharmacia) equilibrated with the same buffer. Elution was
performed at 1.5 ml/min. The elution profile is shown in Fig.
2B.
Mono Q FPLC Chromatography. The S-300 fractions

containing the GUT mismatch binding activity were pooled
and loaded onto a Mono Q FPLC column (Pharmacia)
equilibrated with buffer B (0.1 M KCl) containing kalikrein
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FIG. 1. Bandshift assay showing the substrate specificity of the
GUT mismatch binding protein. (A) Labeled 34-mer oligonucleotide
duplexes G-C, GUT, ART, and A-C were incubated with a HeLa whole
cell extract in the presence of excess nonspecific competitor DNA.
Asterisk indicates the labeled strand. (B) The labeled 34-mer duplex
G-T was incubated with the cell extract as in A, except that a 40-fold
excess of unlabeled 16-mer duplexes G-C, C&G, GUT, T-G, A-T, TEA,
ARC, C-A, G-G, A-A, TUT, C-C, G-A, A-G, TIC, or CUT was present in
the reaction mixture. Data represent results of densitometric scans
of autoradiographs of dried bandshift gels such as in A.

inhibitor (20 units/ml) (Calbiochem), leupeptin (2 pug/ml),
and trypsin inhibitor (20 ,ug/ml) (Sigma). After a 10-min
wash, elution was carried out at 1 ml/min with a linear
gradient of 0. 1-0.5 M KCl over a period of 25 min. The active
fractions were pooled and flash-frozen in liquid nitrogen in
1-ml aliquots. The elution profile is shown in Fig. 2C, and the
bandshift activity assay is shown in Fig. 2D.

Cross-Linking Experiments. The protein-DNA complexes
were formed as described above, except that the G-C and G-T
substrates were constructed by annealing the 34-mer G (see
above) with the 30-mers 5'-AGCTTGGCTGCAGGTYGAC-
GGATCCCCGGG-3I, where Y = C or T, and by the
subsequent filling-in of the sticky end with Klenow polymer-
ase in the presence of 5-bromo-dUTP and [a-32P]dATP. The
remaining steps were carried out as described (11). Denatur-
ing sodium dodecyl sulfate (SDS)/polyacrylamide gel elec-
trophoresis was performed using l1o gels (Fig. 3).

Methylation Interference Assays. Synthetic 90-mer oligo-
nucleotides G90 and T90 (sequence corresponding to nucleo-
tides 6571-6660 of M13mp9) were 5' phosphorylated and
annealed as described (9). The mismatched duplex (5 pmol),
labeled either in the upper or in the lower strand, was treated
with dimethyl sulfate (12). The purified methylated G-T90
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FIG. 2. Partial purification of the GUT binding protein. (A)
Heparin-Sepharose chromatography. (B) Sephacryl S-300 chroma-
tography. (C) Mono-Q FPLC chromatography. (D) Bandshift assay
of activity-containing fractions, carried out with the labeled 34-mer
G-T duplex. Lanes: P, S-300 pool; 22-29, Mono Q fractions. The
fractions used in the cross-linking experiment (see Fig. 3) are
indicated by horizontal bars.

duplexes were used in a band-shift assay, using fraction 29
from the Mono-Q FPLC experiment (Fig. 2C). The bands
containing the free and the bound oligonucleotides were
excised; the duplexes were recovered from the gel slices and
alkali-treated as described (12) to generate strand cleavage at
modified guanine and adenine residues (G>A reaction).
Electrophoresis was carried out using an 8% polyacrylamide
(29:1) sequencing gel. The autoradiograph of the dried gel is
shown in Fig. 4.
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FIG. 3. Cross-linking of the G'C and G-T duplexes with the G-T binding protein-containing FPLC fractions. The figure shows an
autoradiograph of the dried SDS/polyacrylamide gel. Lanes: P, Sephacryl S-300 pool; 24, 27, and 29, Mono Q fractions. Numbers on right
indicate the position of the molecular mass markers (in kDa).

RESULTS
HeLa Whole Cell Extracts Contain a Factor that Binds to

Oligonucleotide Duplexes Containing a GOT Mismatch. La-
beled synthetic oligonucleotide duplexes, either fully com-
plementary (G-C, A-T) or containing a single G-T or an A-C
mispair (GOT, ARC, respectively), were incubated with crude
HeLa whole cell extracts in the presence of a large excess of
nonspecific competitor DNA and then subjected to nonde-
naturing polyacrylamide gel electrophoresis. These bandshift
experiments (10) (Fig. 1A) revealed that the lysates contain
factors that bind specifically to the duplex containing the GOT
mispair. At least three distinct DNA-protein complexes with
different electrophoretic mobilities (Fig. 1A, bands L, M, and
H) were detected. The fastest migrating band L (low) ap-
peared to lack substrate specificity, as it was observed with
all four duplexes. In contrast, the slower migrating bands M
(middle) and H (high) were observed solely with the G-T
duplex. A 40-fold excess of unlabeled duplexes containing
either a G-T or a TOG mispair could almost totally block the
labeled G-T out of the specific protein-DNA complexes M
and H, whereas duplexes containing either of the 14 remain-
ing base-base combinations failed to do so (Fig. 1B). Single-
stranded oligonucleotides G and T (constituents of the
G-T-containing duplex) were neither bound by the protein
directly nor were they able to dissociate it from its complex
with the GOT duplex (data not shown). The substrate speci-
ficity of the HeLa mismatch binding factors thus agrees with
the results of our in vivo studies, which suggested that in
simian cells the GOT mispair is addressed by a repair pathway
distinct from the other mismatch types (7, 13).

Partial Purification of the GOT Binding Protein. The whole
cell extract was further fractionated by heparin-Sepharose
(Fig. 2A) and Sephacryl S-300 (Fig. 2B) chromatography,
followed by anion exchange on a Mono Q FPLC column. The
latter purification step led to the separation of the H, M, and
L activities (Fig. 2 C and D).
The GOT Binding Factor Is a 200-kDa Protein. As the

activity-containing fractions eluted from the Mono Q FPLC
column contained several protein species, we needed to
obtain information regarding the size of the G-T binding
factor(s). We therefore carried out a series of cross-linking
experiments (11) with the Mono Q FPLC fractions 24, 27, and
29, containing the factors M, L, and H, respectively (Fig.
2D). In these experiments, the oligonucleotide substrate
contained, in addition to the radioactive label, two 5-
bromo-2'-deoxyuridine residues. The assay mixture was then
irradiated with UV light and the covalently linked protein-
DNA complexes were resolved by electrophoresis on a 10%
denaturing SDS/polyacrylamide gel. The result of this ex-
periment (Fig. 3) confirms the presence of three protein
species in the whole cell extract, corresponding to the L, M,

and H bands observed in the bandshift assays. After correct-
ing for the change in the electrophoretic mobility due to the
attached oligonucleotide duplex, the molecular masses of
these species were estimated to be around 80, 120, and 200
kDa, respectively. These sizes agree with those estimated
from chromatography on a Superose-12 FPLC column (data
not shown), suggesting that the G-T-binding protein is present
in the cell lysates in its monomeric form. The cross-linking
experiment also confirmed the substrate specificities of the
three species. As shown in Fig. 3, the protein present in the
Mono Q fraction 24 (factor M) was cross-linked almost
exclusively with the GOT duplex. In contrast, factor L present
in fraction 27 and, to a small extent, also in fraction 29,
reacted equally well with both GOT and G-C substrates.
Protein H, present in fraction 29, showed the highest sub-
strate specificity, as it was selectively cross-linked only with
the G-T mismatch-containing substrate. The amount of pro-
tein M was found to increase, relative to H, upon prolonged
storage at 40C (data not shown), suggesting that the 200-kDa
species undergoes proteolytic degradation to yield the 110-
kDa fragment. However, this degradation could be prevented
by the addition of trypsin and kallikrein inhibitors and
leupeptin to the extracts prior to the chromatographic sepa-
ration steps.
The GOT Binding Protein Possesses No Apparent Endo- or

Exo-Nucleolytic Activity. To further characterize the 200-kDa
protein, we carried out a series of experiments aimed at
elucidating whether it possessed any enzymatic activity. GOT
mismatch-containing DNA substrates (a 90-mer synthetic
duplex and an M13 heteroduplex) were incubated with the
partially purified protein fractions in the presence or absence
of a variety of cofactors. This series of experiments revealed
that the binding reaction required neither magnesium nor zinc
nor ATP. Furthermore, no mismatch-dependent nicking or
degradation of either strand ofthe DNA duplex was observed
under the conditions of the assay (data not shown).
Guanine Methylation in the Immediate Vicinity of the GUT

Mispair Adversely Affects the Protein Binding. Methylation
interference studies, using G-T-containing synthetic 90-mer
fragments, yielded invaluable information regarding the
mode of binding of the 200-kDa protein to the substrate. As
shown in Fig. 4, only methylation of the guanine and to some
extent adenine bases situated either in the mismatch itself or
immediately adjacent to it decreased the affinity of the
protein for the mispair. Modification of guanine residues
lying 2 nucleotides in either direction on the T-containing
strand, or 2-5 nucleotides away on the G-containing strand,
had no influence on the binding of the protein. This suggests
that the mode of recognition of the substrate by the GOT
binding protein differs from that of other sequence-specific
DNA binding proteins, such as transcription factors. The
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FIG. 4. Methylation interference footprinting. The 32P-labeled
G-T9 duplex, partially methylated with dimethyl sulfate, was incu-
bated with the Mono Q FPLC fraction 29. Parts of the sequences of
the labeled 90-mer strands are shown along the gel, with the
mismatched nucleotides shown in larger letters. The position of the
mismatch is denoted by arrows. Asterisks mark the missing G- or
A-specific bands. Lanes: G+A, purine-speciflic reference cleavage
pattern of the unmodified 90-mer with formic acid (12); U, G>A-
specific cleavage pattern of the unbound modified 90-mer; B,
G>A-specific cleavage pattern of the bound modified 90-mer,
excised from the retarded band in the bandshift assay. The three left
lanes were labeled in the G strand; the three right lanes were labeled
in the T strand.

latter proteins bind to their respective recognition sites by
forming a series of intermolecular hydrogen bonds between
the protein and the target DNA sequence. It is therefore
common that guanine methylation at several individual sites
within the recognition sequence interferes with protein bind-
ing. By contrast, our protein must, by definition, bind to GOT
mispairs in any sequence context. It must thus recognize a

specific structure rather than a specific sequence. Its binding
to mismatched DNA should therefore be influenced only as
the result of a modification of the recognized structure or its
immediate vicinity, which is precisely what we found. The
results of the methylation interference experiments support

the findings of the substrate specificity bandshift studies and
suggest that the GOT mispair is the true substrate for this
200-kDa protein.

DISCUSSION
What is the possible biological role of the G&T mismatch
binding protein? Mismatches arise in DNA as the result of
replication errors, recombination events, and 5-methylcyto-
sine deamination. As with any other DNA repair event,
efficient mismatch correction relies on the recognition of the
mispair by the cellular repair machinery. In Escherichia coli,
for example, the role of mismatch recognition is attributed to
the 97-kDa product of the mutS gene (14). Possessing no
apparent endonuclease activity, the MutS protein was shown
to bind with the highest affinity to duplexes containing
mispairs most frequently associated with replication errors;
i.e., GOT and ARC (15, 16). Interestingly, this protein is also
involved in the very short patch (VSP) repair pathway of E.
coli, which addresses G-T mispairs resulting from the deam-
ination of 5-methylcytosines within the recognition sequence
of DNA cytosine methylase Dcm (17). VSP repair leads
almost invariably to correction of the G&T mispair to restore
a G-C pair (17-19). As this finding closely parallels our results
with the simian system (7), it seems conceivable that the
200-kDa protein could be one of the components of a
VSP-like GOT mismatch repair pathway that may play a role
in determining the efficiency and, more importantly, the
directionality of correction of this lesion in mammalian cells.
The evidence pertaining to the role of the G&T binding

protein in mammalian mismatch repair should come from the
results of in vitro correction experiments with cell-free
extracts. However, bandshift experiments with Drosophila
and Saccharomyces cerevisiae lysates failed to indicate the
presence of a G-T binding activity (data not shown). As the
DNA of these organisms contains no or only negligible
amounts of 5-methylcytosine (20), it seems conceivable that
the GOT binding protein, identified in HeLa and, more
recently, in CV-1 cell extracts, is a component of a specific
repair pathway, which helps mammalian cells counteract the
detrimental effects of the loss of 5-methylcytosine through
spontaneous hydrolytic deamination (7).
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