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The specificity and regulation of protein-DNA interactions play a crucial role in all aspects of communication
between genotype and phenotype in a cell. The large T antigen of simian virus 40 binds to identical, yet quite
differently arranged, pentanucleotide motifs in the simian virus 40 control region, sites I and II. Wild-type T
antigen preferentially binds site I. We demonstrate that a bacterial peptide encoding residues 1 to 259 (T260)
includes the essential amino acids required for binding to both DNA sites but predominantly binds site II.
However, a longer peptide (residues 1 to 369; T370) binds almost exclusively to site I. Thus, the addition of
amino acids 260 to 369 to the T260 peptide results in the loss of site II binding. This region includes a single
putative metal-binding region, and mutation of T370 at either conserved cysteine of the finger results in equal
but inefficient binding to both sites. While no metal binding has been shown to be directly associated with this
sequence, these results suggest a novel, perhaps structural, function for such a finger motif, since this domain
of T antigen appears to play a crucial role in modulating the DNA-binding behavior of T-antigen peptides.

T-antigen origin DN A-binding activity is highly controlled
since only a fraction of the protein present in lytically
infected cells has specific DNA-binding activity (24). In
addition, differential binding to either site I or site II is
influenced by numerous parameters, including phosphoryla-
tion, oligomerization, ATP, and Mg?* (reviewed in refer-
ences 8 and 27), but what determines how T antigen binds
with different activities to either site is still not understood.
It is known, however, that T-antigen binding to site II, which
contains two pairs of pentanucleotide in inverted orienta-
tion, is essential for the initiation of simian virus 40 (SV40)
DNA replication, while the minimal site I, involved primar-
ily in autoregulation of early transcription, contains two of
the same pentanucleotides as direct repeats (Fig. 1A) (re-
viewed in references 6 and 27). Thus, the two sites are not
only involved in different functions but are presented in a
very different DNA conformational context: site II with each
pair of inverted repeats appropriately spaced to lie on one
side of a normal B-DNA helix, and the site I direct repeat
motif present as bent DNA due to the A+T-rich spacer (21)
(Fig. 1A).

We and others have previously located the DN A-binding
domain of T antigen for both sites between amino acids 131
and 259 (1, 18, 27, and references therein). While it is clear
that these sequences are both necessary and sufficient for
specific binding to both sites I and II, data obtained with
longer peptides (1, 18) indicated that additional regions of T
antigen play a role in modifying the DNA-binding activity.
This prompted us to investigate further the effect of se-
quences outside of the DNA-binding domain on the DNA-
binding profile with the aim of characterizing features essen-
tial for efficient binding to either site I or site II in the SV40
control region.

Site I and site II DNA binding. We analyzed the DNA-
binding profile of full-length T antigen and several truncated
T-antigen peptides (depicted schematically in Fig. 1B)
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expressed in Escherichia coli, either as crude extracts or
after immunopurification to near homogeneity (Fig. 2) (1).
Expression vectors, bacterial growth conditions, prepara-
tion of E. coli crude extracts, and purification of peptides
expressed in E. coli were essentially as previously described
(1, 13). From 500 ml of cells, approximately 2 mg of greater
than 90% pure T260 or 0.1 mg of pure T370 was obtained. All
purified proteins were analyzed by immunoblotting with the
appropriate monoclonal antibodies to confirm the expected
T-antigen epitopes (data not shown). Cell lysate superna-
tants from induced E. coli cultures (6 ml of T1, T302, T305;
2 ml of all others) or 250 ng of purified baculovirus T antigen
or 200 ng of purified bacterial mutant peptides were incu-
bated with equimolar amounts (50 fmol) of restricted, end-
labeled pONwt and pl097 or pSVwt DNA (Fig. 1A) in
binding buffer 20 mM HEPES [N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid] [pH 7.8, 50 mM NaCl, 2 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 8% glycerol, 0.2 mg of glycogen per ml, 1 mg of
bovine serum albumin per ml, 1 pg of salmon sperm DNA
per ml). After 1 h at 4°C, bound complexes were immuno-
precipitated with monoclonal antibody Pab419 (12) or, for
T131-260, Pab220 (gift from S. Mole and D. Lane). The
bound DNA was separated on 1.5% agarose gels and visu-
alized by autoradiography as described previously (1, 26).
In all cases tested, the material from the crude extracts
bound the DNA fragments in a manner indistinguishable
from that of the purified material (Fig. 3, compare panels A
and C). The control protein in these experiments was T
antigen purified from insect cells (recombinant baculovirus),
the expression and purification of which have been described
elsewhere (13a). Baculovirus T antigen bound both site I-
and site II-containing fragments, but preferably site I, in a
manner similar to that of T antigen from mammalian cells
(Fig. 3A, lane 4) as reported previously (15, 20). Full-length
T antigen expressed in E. coli, however, only detectably
bound site I (Fig. 3A, lane 3) as previously described (19).
The failure to bind site II has been ascribed to the under-
phosphorylated nature of this protein (17, 19). The bacterial
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FIG. 1. (A) Top (WT): Diagram of the arrangement of the perfect pentanucleotides GAGGC (shaded boxes) and one imperfect
pentanucleotide (empty box) found in site I and site II of the SV40 control region, their direction and side of the DNA helix (indicated by the
arrows), and the early palindrome (EP) located between them. Site II contains two pairs of perfect inverted pentanucleotides separated by
7 base pairs, while site I contains two perfect pentanucleotides in direct repeat separated by a 7-base-pair A+T-rich spacer (dotted region)
which confers a bend in the DNA (21). The sequence between the HindIII (H; nucleotide 5171) and Ncol (N; nucleotide 37) sites was the
substrate for DNase I footprinting of the wild-type origin (see Fig. 4). Below: Substrates used in the McKay DNA-binding assays (see Fig.
3A, C, and D). The site II substrate (middle) was a HindlIII (H; nucleotides 5171 to 1046) digest of p1097 which carries a deletion of 31 base
pairs encompassing all of site I (7). The site I substrate (bottom) was an EcoRI (R)-Sall (S) fragment from pONwt (22) which contains a 19-
base-pair oligonucleotide with the two shaded pentanucleotides plus spacer region from site I cloned into pAT153 (double lines), and which
is bound with affinity equal to wild-type site I (22). The wild-type origin fragment (WT) for the McKay assays (see Fig. 3B) is the 1,117-base-
pair HindIII fragment of pSVwt (pAT153 containing the entire SV40 genome) (26). (B) Diagram of the peptides described in this report with
T-antigen residues numbered below. The peptides were cloned and expressed from the lac promoter of pUC9 as described previously (1). N-
terminal fusion amino acids are indicated by dashes. Stop codons, novel restriction sites to remove the intron, and amino acid substitutions
(Cys-302 or -305 to Ser [X]) were introduced by oligonucleotide site-directed mutagenesis as described previously (1, 26). The DNA-binding
domain and putative finger region are shown above, and the clustered phosphorylated residues (P) are shown below (23). T-Ag, T antigen.

peptide T370 (residues 1 to 369) bound the mixture of
fragments in a manner identical to that of the full-length

in vitro by cdc-2 kinase. This difference may stem from
variations between the assay conditions, since we observed

bacterial protein (Fig. 3A, compare lanes 2 and 3). Contrary
to this, T131-260 (residues 131 to 259) bound both sites but
preferred site II (Fig. 3A, lane 5). Similarly, a peptide
including the first 259 residues of T antigen, T260, bound
preferentially to site II, although site I binding was also
detected with higher amounts of protein (Fig. 2A or C, lane
1).

This result is in direct contrast to previously reported data
(17) which showed that an almost identical peptide bound
well to site I but very poorly to site II unless phosphorylated

preferential site II binding with that peptide (gift from D.
McVey). Therefore, to confirm the site II DNA-binding
specificity of the peptide T260, we performed alternative
assays, including DNase I footprint analyses of the wild-type
origin region. Purified baculovirus wild-type T antigen, used
as a control, protected site I with low amounts of protein,
while with greater amounts, full protection extended through
the early palindrome and site II and sometimes into the
A+T-rich region (Fig. 4A and B). In contrast, T260 pro-
tected site II with the lowest amount of protein and with
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FIG. 2. Polyacrylamide gel electrophoretic analysis of T antigen and peptides purified by immunoaffinity chromatography. (A) E. coli-
expressed peptide T260, Coomassie blue-stained gel. (B) E. coli-expressed peptide T370, silver-stained gel. (C) Baculovirus-expressed full-
length T antigen, silver-stained gel. Lanes M, Prestained protein size markers (Sigma). Sizes are shown by numbers on sides of gels (in

kilodaltons).

increasing amounts partially protected site I, but failed to
protect the early palindrome between (Fig. 4B). While this
may be because T260 is a much smaller protein than full-
length T antigen, its failure to protect the early palindrome is
not due to an inability of T260 to form oligomers (A. Hoss
and A. K. Arthur, unpublished data). Filter binding experi-
ments with isolated site I or site II DNA restriction frag-
ments showed that T260 bound site II with a greater affinity
than site I (Hoss and Arthur, unpublished data). These
results confirm the specific and preferential binding of T260
to site II.

Influence of finger domain on DNA binding. The only other
mutations so far described which modulate the DN A-binding
activity of T antigen, particularly site II binding, are con-
servative amino acid changes of potentially phosphorylated
serine or threonine residues clustered at the N and C termini
of the protein (8, 26) (Fig. 1B). However, by expressing our
mutants in E. coli, we are essentially analyzing unphos-
phorylated peptides (A. Arthur, unpublished data) as dem-
onstrated by their being excellent substrates for various
cellular kinases in vitro (13a). In addition, the peptide
T131-T260, which contains none of the potentially phosphor-
ylated residues (Fig. 1B), bound site II efficiently, in a
manner equivalent to that of the T260 peptide, which does
contain the N-terminal cluster of phosphorylation sites.
However, the peptides T260 and T370 bear identical N
termini (Fig. 1B) but bind sites I and II quite differently,
implicating the sequence between residues 259 and 369 as
being responsible for the results reported here.

Located between residues 260 and 370 is a possible
metal-binding sequence (14, 16), which is highly conserved
among six related papovavirus T antigens (J. M. Pipas,
personal communication). Replacement of either cysteine
residue 302 or 305, which would be involved in forming a
finger structure, by serine reduced specific origin DNA-
binding activity of full-length T antigen to levels which are
undetectable by this assay (Fig. 3B, lanes 4 to 6) (1). These

mutations have also been shown to greatly reduce T-antigen-
mediated SV40 DNA replication in monkey cells and trans-
formation in rat cells (16). When these mutations were
introduced into the truncated T370 peptide, specific DNA
binding was retained (T302/370, T305/370; Fig. 3B, lanes 2
and 3). However, it is clear that the overall binding capacity
of these mutants was greatly reduced, since they bound only
S to 10% of the origin fragment that was bound by the T370
peptide or full-length T antigen (determined by densitometry
of the autoradiogram in Fig. 3B; data not shown), despite
using appropriate volumes of each extract such that equiv-
alent amounts of T antigen and peptides were present in all
assays (as determined by immunoblot; data not shown).

When binding to the individual sites I and II was tested
with equivalent amounts of purified mutant T370 proteins,
binding to site I was found to be considerably reduced
compared with wild-type T370, while binding to site II was
increased (Fig. 3D). These mutations, therefore, neither
confer the efficient site II binding which results from the
deletion of the finger region, as demonstrated by the T260
mutant, since detectable site II binding required a longer
exposure of the autoradiograph (compare Fig. 3C and D),
nor do they retain the efficient site I binding of their
progenitor, T370. The DNA-binding profile of the mutants
T302/370 and T305/370 is thus intermediate between that of
T260 and T370 and may be due to the single amino acid
substitution partially disrupting the finger, which could then
lead to reduced DNA binding, with no strong preference for
either site.

There is still no conclusive evidence that the finger se-
quence of T antigen specifically binds any metal ion. Obvi-
ously, vigorous testing of purified peptides, both biochemi-
cally and structurally, will be required to determine whether
this sequence is indeed a metal-binding finger. Nevertheless,
our data show that both cysteines 302 and 305 appear crucial
for some structural feature of T antigen, since their deletion
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FIG. 3. (A and B) Specific DNA binding of E. coli extracts containing mutant peptides or full-length T antigen (T1). Immunoaffinity-
purified recombinant baculovirus T antigen was tested as a control (T-Ag). Site I-, site II-, or wild-type origin-containing fragments are
indicated. (B) A long exposure of the autoradiogram (wild-type origin binding) is shown so that binding in lanes 2 and 3 (T302/370, T305/370)
is visible. No specific bands were detected in lanes 5 or 6 (full-length bacterial T antigen containing Cys-Ser substitutions at position 302 or
305; see text), regardless of the exposure time. Equivalent amounts of protein expressed by all constructs were used, as determined by
immunoblot (data not shown). (C and D) DNA binding of immunoaffinity-purified peptides from E. coli or the wild-type baculovirus T antigen
(T-Ag). (C) Lane M, 20% of the input DNA used in the binding reactions, 6-h film exposure time; lane M*, a shorter exposure of the marker
lane to show the individual restriction fragments. (D) Overnight exposure of lanes 1 to 3; lane M*, a shorter exposure of the marker lane.

or substitution has such a profound effect on the DNA-
binding activity of the protein.

Metal-binding finger motifs have been implicated, and in
some cases proved to be directly involved in sequence-
specific protein-DNA interactions of transcription factors
(reviewed in references 2, 9, and 14). However, it is also
becoming clear that they may often perform other roles
related to protein conformation, stability, and protein-pro-
tein interactions (9, 28), for example, being essential for the
activity but not the sequence specificity of GAL4 DNA
binding (5) or, in the case of the second finger of the
glucocorticoid-estrogen receptors, the protein-protein inter-
actions between subunits (2, 11). Other functions include
non-sequence-specific interactions with DNA, as, for exam-

ple, in the gene 32 protein of bacteriophage T7, which binds
single-stranded DNA (10), or adenovirus E1A (4); double-
stranded RNA binding of a retroviral gag protein (25); or
primase activity of the T7 gene 4 (3).

Our results suggest that the finger sequence of T antigen
does not play a direct role in contacting the pentanucleotides
of either site I or II, since the T260 peptide can bind both
sites specifically. Instead, the wild-type finger sequence
seems to modulate the DNA-binding specificity of the pro-
tein, either interfering with site II binding or favoring site I
binding. While it has yet to be tested whether the altered
DNA-binding preferences of T260 and T370 are due to
protein-protein interactions or to a protein conformational
change induced by the finger structure, the mutants de-
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FIG. 4. DNase I protection analysis of a wild-type SV40 origin fragment (Fig. 1A, WT) with purified bacterial T260 or recombinant
baculovirus wild-type T antigen. The single end-labeled (*?P) fragment in panel A was subjected to Maxam-Gilbert sequencing reactions (A+G
and C+T) with Merck kit (catalog no. 6889) or digested with DNase I in the absence of protein (lane M) or after incubation with 500 ng (lane
1) or 10 mg (lane 2) of wild-type baculovirus T antigen. Reactions were incubated with 20 fmol of the wild-type origin fragment (144 base pairs)
for 20 min at room temperature in 25 ml of binding buffer with 500 ng of sonicated salmon sperm DNA as the competitor. DNase I (Pharmacia)
was added to 50 pg/ml in a 70-ml reaction mixture (final volume; 10 mM HEPES [pH 7.8], 10 mM MgCl,, 5 mM CaCl,) for 1 min at room
temperature. The reaction was stopped by adding 10 mM EDTA, 0.3 M sodium acetate, and 50 mg of salmon sperm DNA per ml. The DNA
was phenol extracted, ethanol precipitated, and analyzed on an 8% DNA-sequencing gel. (B) Incubation with increasing amounts of T260
(lane 1, 200 ng; lane 2, 500 ng; lane 3, 1,250 ng; lane 4, 2.5 ug; lane 5, 5 pg) or baculovirus T antigen (lane 1, 200 ng; lane 2, 500 ng; lane 3,
2.0 pg; lane 4, 5 pg; lane S, 20 pg) protein before digestion with DNase 1.

scribed here provide a relatively simple system to test
directly which residues, modifications, or amino acid se-
quences influence the capacity of peptides to bind specifi-
cally to site I or II.
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