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Specific binding of simian virus 40 large T antigen to origin region DNA requires the interaction of T antigen
with multiples of a consensus recognition pentanucleotide sequence (5'-G[T]-A[G]-G-G-C-3'). To assess the
interaction of T antigen with cytosine residues in the recognition sequences, bacterial methylases were used to
methylate simian virus 40 form I DNA in vitro at specific cytosine residues. Methylation of a subset of the
cytosine residues in the pentanucleotide sequences resulted in enhanced binding of T antigen to origin region
DNA. Enhanced binding to the methylated pentanucleotides indicates that the methyl groups introduced on this
subset of pentanucleotide cytosine residues could not have sterically interfered with the interaction of T antigen
with the recognition sequences. This lack of steric interference suggests that T antigen does not make close
contact in the major groove with these particular cytosine residues during normal binding.

Nucleolytic protection assays have defined three adjacent
but relatively independent T-antigen binding regions (I, II,
and III) on the simian virus 40 (SV40) genome (3, 15-18).
Within each region, bound T antigen protects a specific
subset of the guanine residues from methylation by the
reagent dimethylsulfate (3, 13, 18). A consensus pentanu-
cleotide recognition sequence which accounts for all of the T
antigen-protected guanines in the origin region has been
defined and has the sequence 5'-G(T)-A(G)-G-G-C-3' (3, 18).
For most of the region I and II pentanucleotide guanines,
prior methylation also inhibits binding by T antigen (8). The
guanine protection and inhibition data support the conclu-
sion that close contact occurs in the major groove between
T-antigen amino acids and these particular guanine residues.
However, similar studies to assess the importance of
pentanucleotide pyrimidine residues in T-antigen contact
and binding have been lacking.
The experiments discussed in this paper were undertaken

to examine the interaction of SV40 T antigen with a subset of
the cytosine residues present in the region I and II
pentanucleotide recognition sequences. Form I SV40 DNA
was methylated in vitro by using either HaeIII methylase or
AluI methylase, as specified by the manufacturer. Unmeth-
ylated DNA was prepared by a mock methylation in which
the S-adenosylmethionine was excluded from the reaction.
The bacterial enzyme HaeIII methylase methylates the
internal cytosine in the recognition sequence 5'-G-G-C-C-3'.
HaeIII methylation of SV40 DNA generates a pair of
methylcytosines in four of the seven region I and II
pentanucleotides (Fig. 1). AluI methylase methylates the
cytosine in the sequence 5'-A-G-C-T-3'; however, none of
the methylcytosines generated by this enzyme occurs within
the T-antigen recognition pentanucleotides (Fig. 1). As with
guanine methylation, the enzymatically introduced cytosine
methyl groups are located in the major groove of the DNA
helix (19). If T antigen normally makes close contact with
these cytosine moieties, then methylation should sterically
inhibit T-antigen binding in a manner analogous to inhibition
by guanine methylation.
The efficiency of the in vitro methylation was demon-

strated by subjecting methylated DNA to digestion with
excess amounts of the cognate restriction enzyme. HaeIII-

methylated form I SV40 DNA was more than 95% resistant
to digestion with a 40-fold excess of HaeIII or BglI, indicat-
ing successful methylation of the origin region HaeIII sites
(Fig. 2A). To further ensure the completeness of methylation
in the origin region, SV40 DNA was digested with Avall and
end labeled by T4 DNA polymerase repair of the single-
stranded overhangs, and the 682-base-pair origin-containing
fragment was isolated by elution from a preparative 5%
acrylamide gel. After digestion with excess HaeIII, the
origin fragment was analyzed on nondenaturing (Fig. 2B) or
denaturing (data not shown) acrylamide gels. Only the intact
682-base-pair fragment was observed on either the
nondenaturing or denaturing gels after HaeIII digestion of
the methylated fragment, indicating that all of the HaeIII
sites in this fragment were methylated on both strands. A
similar analysis confirmed the completeness of AluI methyl-
ation of origin region AluI sites (data not shown).
The effect of cytosine methylation on the binding of T

antigen to origin region DNA was assessed with a simple
filter binding assay. For the experiments shown in Fig. 3
through 5, T antigen was purified biochemically from in-
fected CV-1 cells as described by Tegtmeyer and Andersen
(14). (Immunoaffinity-purified T antigen gives identical re-
sults [unpublished observations].) Purified T antigen was
incubated with SV40 DNA that had been digested with AvaIl
and end labeled as described above. Standard reaction
mixtures consisted of 20 ng ofDNA in a final volume of 100
,ul containing 20 mM piperazine-N,N'-bis(2-ethanesulfonic
acid) (PIPES) (pH 7.0)-75 mM NaCl-0.1 mM EDTA-5%
glycerol-0.02% (wt/vol) bovine serum albumin-750 ng of
sonicated salmon sperm DNA. After 1 h at 4°C, the reaction
mixture was diluted with 500 ,ul of ice-cold STOP buffer (20
mM PIPES [pH 7.0], 75 mM NaCl, 10 mM EDTA) and the
protein-DNA complexes were collected by passage through
nitrocellulose filters. After the filters were washed three
times with 1.0 ml of ice-cold STOP buffer and three times
with 1.0 ml of ice-cold PNE (20 mM PIPES [pH 7.0], 1 mM
NaCl, 0.1 mM EDTA), the DNA was extracted from the
filters with 30 ,ul of TBE sample buffer (10 mM Tris borate
[pH 8.3], 0.2 mM EDTA, 5% glycerol, 0.2% sodium dodecyl
sulfate, 0.025% bromophenol blue, 0.025% xylene cyanol).
The extracted DNA was analyzed on nondenaturing
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FIG. 1. T-antigen binding regions. The top line depicts the SV40 AvaII D restriction fragment (nucleotides 5118 to 557) which contains

T-antigen binding regions I, II, and III. The closed squares represent the pentanucleotide consensus sequences. Above the Avall D fragment
are arrows indicating the locations of the HaeIII and AluI sites. Below the Avall D fragment is an expansion of binding regions I and II.
Pentanucleotide sequences are shown in enlarged type, and their orientations are indicated by arrows. The recognition sequence for HaeIII
(5'-GGCC-3') is indicated by the solid lines. Cytosines which are methylated by HaeIII methylase are indicated by asterisks.

acrylamide gels, as previously described (16). For quantita-
tion of the bound fragments, the regions of the gel containing
the DNA fragments were excised and the amount of radio-
activity was determined by Cherenkov counting. Likewise,
the relevant fragments in the marker lanes were excised and
quantitated by Cherenkov counting to determine the amount
of labeled input DNA fragment in the binding reaction
mixtures.
At each concentration of T antigen, approximately 1.5-

fold more HaeIII-methylated Avall fragment D was bound
than unmethylated Avall fragment D (Fig. 3). These binding
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FIG. 2. Resistance of HaeIII-methylated DNA to digestion with
HaeIII. Shown is unmethylated (-) or HaeIII-methylated (+) SV40
DNA after mock digestion (-), digestion with HaeIII (H), or

digestion with BgII (B). Digestions were done with a 40-fold excess
of enzyme. (A) Ethidium bromide-stained 1% agarose gel of form I
DNA; (B) autoradiograph of the end-labeled SV40 Avall D frag-
ment. Samples were electrophoresed on a 5% nondenaturing
acrylamide gel. bp, Base pairs.

studies have been performed with NaCl concentrations of 1
to 100 mM and over a 100-fold range ofDNA concentrations
without affecting the relative enhancement in binding to the
HaeIII-methylated origin fragment (unpublished observa-
tions). Unlike the HaeIII-methylated DNA, the amount of
Alul-methylated AvaI fragment D bound at each T-antigen
concentration was identical to that of unmethylated SV40
DNA. Since the Alul-methylated and HaeIII-methylated
Avall D fragments have the same total number of
methylcytosines (Fig. 1), the failure to detect enhanced
binding to Alul-methylated origin DNA indicates that the
enhancement effect was specific for certain cytosines and
was not a general consequence of the presence of 5-
methylcytosine in the vicinity of T-antigen binding sites.
Further support for the conclusion that enhanced binding of
T antigen to the HaeIII-methylated origin fragment was
related to methylation of specific cytosines comes from the
observation that there was no general increase in the binding
of T antigen to HaeIII-methylated non-origin-containing
restriction fragments (for example, see Fig. 4).
To determine which of the six pairs of methylcytosines on

the Avall D fragment contributes to enhanced binding by T
antigen, Avall-digested and end-labeled SV40 DNA was
further digested with DdeI. DdeI digestion divided the Avall
D fragment into three subfragments of 302, 270, and 110 base
pairs. The 302-base-pair fragment contained binding regions
II and III, including three pairs of methylcytosines. How-
ever, since this was an internal fragment, it was no longer
labeled and was not detected in the binding assay. The
270-base-pair fragment was derived from the late region end
ofAvaII-D and included two pairs of methylcytosines but no
T-antigen binding sites. The 110-base-pair fragment con-
sisted of the early region end of AvaII-D and included
binding region I, containing a single pair of methylcytosines.
The binding of T antigen to Avall-digested or Avall-plus-

DdeI-digested SV40 DNA is shown in Fig. 4. No binding of
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FIG. 3. T-antigen binding to unmethylated, HaeIII-methylated, and AluI-methylated SV40 DNA. SV40 form I DNA was digested with
Avall, end labeled, and assayed for T-antigen binding as described in the text. (A) Graph of percentage of input Avall fragment D bound with
increasing amounts of T antigen for HaeIII-methylated DNA (D), AIuI-methylated DNA (0), and unmethylated DNA (0). Each point
represents the average of at least three experimental samples. (B) Portions of an autoradiograph showing the Avall D fragment region from
an experiment typical of those used to derive the quantitative data shown in panel A.

T antigen to the 270-base-pair AvaIl-
detected for either unmethylated or
DNA. Consequently, the two methylcyt
known T-antigen binding regions did n
enhanced binding observed with the
There was, however, enhanced bind
methylated 110-base-pair fragment. Ap
more methylated than unmethylated 11
was bound at each T-antigen conce
enhanced binding to the 110-base-pa
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FIG. 4. T-antigen binding to isolated rel
HaeIII methylation. Unmethylated (-) or
form I SV40 DNA was digested with Ava
described in the text (Ava lanes). A portion c

subsequently digested with DdeI to subdivid
and isolate region I on a 110-base-pair frag
left-hand and right-hand marker lanes (M) cc

Avall-digested and AvaII-plus-DdeI-digeste
The AvaII D fragment and the AvaII-DdeI
are marked with asterisks. The 270-base-pair
the late region end of the AvaIl D fragm(
arrowhead. The binding of increasing amour
digested DNA sample was assayed as descri
fragments were analyzed by electrophoresis
ing acrylamide gel and visualized by auto-ra

-DdeI fragment was attributed to a single pair of methylcytosines in pentanucleo-
HaeIII-methylated tide 2 of region I. Furthermore, since there were approxi-

tosines outside of the mately equimolar amounts of the Avall D and 110-base-pair
lot contribute to the fragments bound at each T-antigen concentration, the en-
Avall D fragment. hanced binding to the AvaIl D fragment can be accounted for
ling to the HaeIII- almost entirely by enhanced binding to the methylated
oproximately 1.5-fold region I. This is consistent with the high-affinity binding
0-base-pair fragment region I being the primary contributor to fragment binding
ntration. Therefore, under these conditions (10, 13).
Lir fragment can be Since the region II-containing restriction fragment was not

labeled in the experiment for which results are shown in Fig.
4, the effect of cytosine methylation on the binding of T
antigen to region II could not be determined in this experi-

____ ment. To examine whether the methylation of cytosines in
- three of the pentanucleotides of region II affected binding, a

cloned region II sequence was tested. Plasmid pOR1 (kindly
provided by A. DeLucia) contains an 84-base-pair SV40
fragment (SV40 nucleotides 5171 to 41) which contains a
region I deletion but an intact region 11 (2). This plasmid was
methylated at the HaeIII sites in vitro, digested with AvaII,
end labeled, and tested for binding to T antigen (Fig. 5).
Enhanced binding to the methylated 892-base-pair region
II-containing restriction fragment was observed (Fig. 5). In
repeated experiments, the average enhancement of binding
to the methylated region II-containing restriction fragment
was approximately fourfold. The basis of the fourfold en-

gion I with or without hancement observed for region II binding versus the 1.5-fold
HaeIII-methylated (+) enhancement for region I is not known but may simply
II and end labeled as reflect the greater number of methylcytosines introduced in
Af the labeled DNA was region II.

e the AvaIl D fragment Implicit in the finding of enhanced binding to HaeIII-
,ment (Dde lanes). The methylated origin DNA is the conclusion that the
)ntained samples of the methylcytosines do not sterically inhibit the binding of T
d DNAs, respectively. antigen to pentanucleotide sequences. This is in contrast to

110-base-pair fragment1

fragment derived from most pentanucleotide guanine residues, including those com-
ent is indicated by an plementary to most of the origin region cytosines methylatedetS of T antigen to each by HaeIII methylase, whose methylation inhibits binding by
ibed in the text. Bound T antigen (8). Since both the guanine and cytosine methyl
on an 8% nondenatur- groups are located in the major groove (19), the failure of the
diography. cytosine methyl groups to inhibit T-antigen binding suggests
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that T antigen does not normally make close contact with
these cytosine residues.
Enhanced binding to a methylated 1,229-base-pair plasmid

fragment also was observed in the experiment shown in Fig.
5. The methylated 1,229-base-pair fragment and the
unmethylated region II-containing 892-base-pair fragment
were bound to similar extents, indicating that the methylated
plasmid fragment has a significant affinity for T antigen.
Specific binding to the unmethylated 1,229-base-pair frag-
ment was not observed, even at higher T-antigen concentra-
tions, nor was there binding to the smaller 222-base-pair
plasmid fragment when it was methylated or unmethylated
(the 88-base-pair fragment contains no HaeIII site and so
does not become methylated). Therefore, it is likely that
T-antigen binding to the 1,229-base-pair fragment was a
consequence of methylation of some specific site(s) rather
than simply cytosine methylation in general. It should be
noted that the 1,229-base-pair fragment contains seven T-
antigen consensus recognition pentanucleotides, two of
which can be methylated with HaeIII methylase. Studies are
in progress to determine whether methylation of the consen-
sus sequences is responsible for the enhanced binding of T
antigen to this plasmid fragment.
There are several potential mechanisms which could ex-

plain the enhanced binding ofT antigen to methylated DNA.
A direct explanation could be a fortuitous hydrophobic
interaction of T-antigen amino acids with the appropriately
positioned cytosine methyl group. Indirect mechanisms
could include an alteration in the major groove width or an
overall change in the conformation of the binding region (5,
9, 11, 12). Opening the major groove could provide greater
access for T-antigen amino acids to important contact nucle-
otides, and changes in the conformation of the binding region
might favorably stabilize T antigen-DNA or T antigen-T
antigen interactions (1, 12). Further studies are necessary to
determine the actual mechanism by which methylation of
specific cytosines enhances T-antigen binding.
Although this study was undertaken to examine biochem-

ical features of T antigen-DNA interactions in vitro, it is
nonetheless germane to consider biological implications of
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FIG. 5. T-antigen binding to methylated and unmethylated re-

gion II. Unmethylated (-) and HaeIII-methylated (+) pOR1 form I
DNA was digested with Avall, end labeled, and assayed for binding
to increasing amounts of T antigen, as described in the text. Bound
fragments were analyzed as described in the legend to Fig. 4. The
marker lanes (M) contained samples of the AvaIl-digested plasmid
DNA. The sizes of the AvaIl fragments are indicated in the margin
in base pairs.

the findings. We showed that cytosine methylation can
potentiate the binding of a viral regulatory protein to its
recognition sequences in vitro. In addition, we found that
methylation of a plasmid DNA sequence, which normally is
not bound by T antigen, created a functional T-antigen
binding site or sites de novo. Similar methylation-dependent
sequence-specific binding has been observed recently for a
human placenta nuclear protein (20, 21). The implication of
these findings is that the methylation state of DNA may
directly affect the binding of T antigen and perhaps cellular
regulatory proteins as well. Although methylation is not
believed to play a role in the regulation of gene expression
from the SV40 genome (4, 6, 7), there is very little informa-
tion about the direct interaction of T antigen with cellular
genes during lytic growth or transformation. Whether the
potentiation of T antigen-DNA binding by cytosine methyl-
ation is biologically significant for cellular gene expression
during SV40 infection remains to be determined.

This work was supported by grant MV-206 from the American
Cancer Society and by Public Health Service grant RR05814 from
the National Institutes of Health.
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