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T antigen (Tag) from simian virus 40 binds specifically to two distinct sites in the viral origin of replication
and to single-stranded DNA. Analysis of the protein domain responsible for these activities revealed the
following. (i) The C-terminal boundary of the origin-specffic and single-strand-specific DNA-binding domain is
at or near amino acid 246; furthermore, the maximum of these DNA-binding activities coincides with a narrow
C-terminal boundary, spanning 4 amino acids (246 to 249) and declines sharply in proteins with C termini
which differ by a few (4 to 10) amino acids; (ii) a polypeptide spanning residues 132 to 246 of Tag is an
independent domain responsible for origin-specific DNA binding and presumably for single-stranded DNA
binding; and (iii) a comparison of identical N-terminal fragments of Tag purified from mammalian and
bacterial cells revealed differential specificity and levels of activity between the two sources of protein. A role
for posttranslational modification (phosphorylation) in controlling the DNA-binding activity of Tag is
discussed.

Simian virus 40 (SV40) large T antigen (Tag) is a multi-
functional DNA-binding protein necessary for the produc-
tive infection of permissive cells and for the malignant
transformation of nonpermissive cells (72). During the lytic
life cycle of SV40, Tag is essential for the autoregulation of
early transcription (26, 50, 71) and replication of the viral
genome (59, 70). Both of these activities require Tag to
interact directly with sequences found within the SV40 early
promoter and origin of replication. This region contains two
unique DNA-binding sites that differ in the organization of
the pentanucleotide sequence 5'-GAGGC (16, 30), which is
recognized by Tag. Site I encompasses a 17-base-pair high-
affinity binding site composed of two pentanucleotides sep-
arated by a 7-base-pair adenine-plus-thymidine-rich spacer
(53), and conformation of this site is temperature sensitive
(52). Binding of Tag to this site is required primarily for
autoregulation of early transcription (51) but also provides
an auxiliary function for viral replication (38, 67). Site II
consists of four pentanucleotides which form a perfect
27-base-pair palindrome and is an essential component of the
core origin of replication (13, 14, 16, 22, 38, 67), which is also
involved in the autoregulation of early transcription (51).
The ability of Tag to bind to these sites is defined by a

small region of the linear sequence of the protein whose
activity is modulated by posttranslational modifications and
cofactors. A variety of genetic and biochemical studies have
identified the region of Tag responsible for interacting with
the viral origin of replication. Mutations clustered between
residues 140 and 220 severely reduced the ability of Tag to
bind to the origin of replication (33, 48, 49). In addition,
when virus harboring a defective origin was used to select
second-site revertants, these revertants mapped to amino
acids 157 and 166 (40, 59). Biochemical analysis of Tag by
partial proteolysis of the protein in solution or when bound
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to DNA yielded a protein domain spanning residues 131 to
371 which retained the ability to bind SV40 origin sequences
(61). Extended exposure of the Tag-DNA complex to high
concentrations of protease resulted in a peptide spanning
amino acids 140 to 280 remaining associated with the origin
(62). The carboxy-terminal boundary of the origin-binding
domain has been further refined to amino acid 259 (1, 68),
suggesting that the DNA-binding domain of Tag lies between
amino acids 130 and 259. Distal to residue 259 is a potential
metal-binding motif spanning amino acids 302 to 320 that is
required for DNA-binding activity in a variety of proteins
(4), but this motif is dispensable for origin-specific DNA-
binding activity by Tag.
The specific DNA-binding activity of large Tag is modu-

lated by a variety of effectors. One such effector is posttrans-
lational phosphorylation of Tag. The phosphorylated resi-
dues of Tag reside in two clusters, one each at the amino and
carboxy termini of the protein (55), and both lie outside the
DNA-binding domain. Phosphorylation of these residues
affects the ability of Tag to bind origin sequences (34, 44, 63)
and support replication of SV40 origin-containing DNA (24,
44). Partial dephosphorylation of Tag with calf intestinal
alkaline phosphatase stimulated replication activity in vitro
(24, 44) and was paralleled by an increased binding to site II
(35, 44, 63), an essential element in the SV40 origin of
replication. Furthermore, monomers of Tag are active in
DNA binding (9, 19, 20) and contain a different phosphory-
lation pattern than oligomeric forms of the protein (56).
Genetic studies corroborate these biochemical analyses.
Point mutations introduced at several of the phosphorylated
residues alter the ability of Tag to bind specific DNA
sequences in the SV40 origin of replication and to replicate
SV40 origin-containing DNA in vivo (57). Like phosphory-
lation, ATP modulates the DNA-binding activity of Tag (5,
15). The nucleotide-binding domain of the protein is located
in the carboxy-terminal portion of the molecule (8), far
removed from the region of the protein responsible for
physically interacting with the SV40 origin of replication.
ATP induces the assembly of a multimeric nucleoprotein
complex over the core origin of replication (5, 12, 15).
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Chemical and enzymatic protection studies have revealed
that assembly of this structure is accompanied by limited
unwinding of the early imperfect palindrome and structural
deformation of the A+T-rich region (6), both of which reside
in the core origin of replication (14, 38, 67).

In addition to recognizing origin-specific double-stranded
DNA sequences, Tag is involved in limited unwinding of the
viral origin, which generates regions of single-stranded DNA
(74). The ability of Tag to function as a helicase (65) requires
it to interact efficiently with single-stranded DNA. However,
relatively little is known about its single-stranded DNA-
binding activity. Early studies were performed with a repli-
cation-defective mutant of Tag (SV80) which possesses
reduced origin-specific DNA-binding activity (19, 21, 64).
Experiments with nondefective protein demonstrated that
single-stranded DNA is an inefficient competitor of origin-
specific DNA-binding activity (3). These experiments, how-
ever, do not exclude the possibility that both origin-specific
and single-stranded DNA-binding activity reside in the same
protein domain.
The interaction of Tag with DNA is complex and responds

to a variety of factors. The biological consequences of these
interactions are diverse but tightly integrated. To understand
better the structural and functional interactions of these
activities, we defined in detail the intrinsic properties of this
DNA-binding domain.

MATERIALS AND METHODS

Construction of Bal 31 deletion series. The starting material
used in the construction of the deletion series was a clone
capable of expressing the amino-terminal 259 amino acids of
Tag in Escherichia coli. The clone was described in detail
previously (68). Briefly, a cDNA of Tag whose ATG had
been converted to a NdeI site by site-directed mutagenesis
was directionally cloned (NdeI-BamHI into a modified
pAR3038 plasmid [69]) 3' of the bacteriophage T7 gene 10
promoter and 5' of the T7 transcription termination signal
(43b). All Tag sequences distal to nucleotide 4040 were

deleted, and an XbaI stop linker (CTAGTCTAGACTAG)
was introduced. A unique BamHI site is adjacent and 3' to
the stop linker. The resulting clone served as the starting
material for our set of Bal 31 deletions. This clone was
restricted with BamHI, treated with Bal 31, and phenol
extracted to stop the exonuclease reaction. The ends of the
DNA were filled with Klenow fragment of DNA polymerase
I and all four deoxynucleotides. End-filled DNA was incu-
bated with nonphosphorylated XbaI stop linker and T4
ligase. Competent E. coli DH5 was transformed and
screened for plasmid containing the XbaI linker. A number
of clones were sequenced from the Xbal stop linker by the
chemical degradation technique (41). Transcriptional termi-
nators were reconstituted into selected clones, thereby rein-
troducing the unique BamHI site from the vector next to the
XbaI stop linker. These clones are isogenic with respect to
vector sequences found in the starting material.

Construction of recombinant adenoviruses. The adenovirus
vectors used contained the coding region of the truncated
Tags with the Tag intron reintroduced, starting from the
HindIII site (nucleotide 5171), covering the Xba stop linker,
and ending with a BamHI site derived from pT7Tag. This
BamHI site was fused to the BclI site of the SV40 BclI-
BamHI fragment, which contains the polyadenylation signal.
The HindIII-BamHI fragment was expressed behind the
major late promoter and one late mRNA leader of adenovi-
rus type 5 after insertion into early region I of a nondefective
adenovirus vector (Y. Gluzman, manuscript in preparation).

Protein production. Tag from a mammalian source was
produced in HeLa cell suspension cultures (5 x 105/ml)
infected with a mixture of wild-type adenovirus type 5 (as a
helper) and a defective adenovirus carrying the coding
sequence of SV40 Tag in early region I at multiplicities of
infection of 10 and 100, respectively. Cells were harvested 42
to 44 h postinfection, and extracts were prepared as de-
scribed previously (60). Approximately 100 ,ug of truncated
protein can be purified from 4 liters of HeLa cells.

E. coli-produced Tag was prepared in the following man-
ner. Cultures of BL21(DE3) Lys S carrying the expression
plasmid were grown at 37°C in LB medium containing 50 ,ug
of ampicillin per ml. When the optical density at 60 nm
reached 0.5, isopropyl-,-D-thiogalactopyranoside was added
to a final concentration of 0.4 mM and the flasks were kept in
a shaking incubator at 37°C for an additional 2 h. Bacteria
(500 ml) were harvested by centrifugation and suspended in
buffer C (5 ml) (50 mM Tris hydrochloride [pH 7.4], 500 mM
LiCl, 1 mM EDTA, 10% glycerol). Phenylmethylsulfonyl
fluoride was added to a final concentration of 1 mM, and the
suspension was lysed under 1,500-lb/in2 nitrogen in a French
press. After centrifugation at 76,800 x g (ravg), the clarified
extract was loaded onto a Sephadex G-50 column (3.5 by
47.5 cm) equilibrated in buffer C and developed at a flow rate
of 12 ml/h. This step allowed some separation of the full-
length protein from shorter contaminants. Fractions contain-
ing full-length protein were loaded sequentially onto a pro-
tein A-Sepharose column followed by a protein A-Sepharose
column onto which the monoclonal antibody PAb419 (27)
had been coupled (60). The column was then washed and
eluted as described previously (60). Protein concentrations
were determined by commercially available Bradford color-
imetric dye (Bio-Rad Laboratories, Richmond, Calif.) fol-
lowing the instructions of the manufacturer. Bovine serum
albumin was the protein standard used. All the amino-
terminal truncated proteins of 246 amino acids and larger
yielded 1 to 2 mg/liter of cells.
DNA binding reactions. Plasmid DNA templates contain-

ing site I (pOS-1; SV40 nucleotides 5171 to 5228), site II
(pSVOdl3; SV40 nucleotides 5209 to 128), and the wild-type
origin (pSVO+; SV40 nucleotides 5171 to 128) have been
described previously (67, 68). An equimolar mixture of these
plasmids was assembled and digested to completion with
TaqI. This enzyme releases intact SV40 origin sequences
and generates several plasmid-derived fragments. The mix-
ture was labeled with the Klenow fragment of DNA poly-
merase I, extracted with phenol and chloroform, and precip-
itated with ethanol. This mixture (50 ng) was incubated with
various amounts of each Tag in origin binding buffer (10 mM
HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid] [pH 7.4], 100 mM KCl, 1 mM MgCl2, 5% glycerol, 50
,ug of bovine serum albumin per ml) with a final volume of 50
,ul for 1 h at 0°C. Purified PAb419 (5 jig) (27) was added, and
the incubation continued for an additional 60 min. A 10%
(vol/vol) protein A-Sepharose slurry (100 RI) in NET buffer
(50 mM Tris hydrochloride [pH 7.4], 150 mM NaCl, 5 mM
EDTA, 0.05% Nonidet P-40) was then added, and the
reaction mixtures were incubated on a rocker for 50 min at
4°C. The beads were pelleted, washed three times with 1 ml
of NET buffer, suspended in 1% sodium dodecyl sulfate
(SDS)-25 mM EDTA, incubated at 65°C for 15 min, and
electrophoresed on a 6% native polyacrylamide gel in a
Tris-borate-EDTA buffer system. Gels were dried onto
DE81 paper (Whatman, Inc., Clifton, N.J.) and exposed to
Kodak XAR film.
To assay DNA-binding activity directly from bacterial
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lysates, we used the following procedure. Growth condi-
tions, times of induction, and harvest of the E. coli produc-
ing Tag were essentially as described above. Isopropyl-
P-D-thiogalactopyranoside-induced cells (10 ml) were
concentrated by centrifugation, and the pellet was washed
with 4°C 50 mM Tris hydrochloride [pH 8}-10 mM EDTA,
transferred to a microcentrifuge tube, and repelleted. The
pellet was suspended in 333 ,ul of 10 mM Tris hydrochloride
[pH 8}1- mM EDTA-50 mM NaCl-0.05% Nonidet P-40 and
sonicated (three times for 30 s each on ice). Lysates were
clarified by centrifugation. Tag was immunoprecipitated
with 9 ,ug of antibody (1 h on ice) and 100 ,ul of 10% protein
A-Sepharose beads (rocking at 4°C for 50 min). The beads
were washed once with NET buffer, followed by a wash with
50 ,ul of origin binding buffer. The beads were incubated with
50 ng ofDNA containing an equimolar mixture of site I, site
II, and wild-type origin fragments, as described above, in 20
pul of origin binding buffer. The pellet was gently agitated and
allowed to incubate for 1 h on ice. The beads were peileted,
washed three times with NET buffer, suspended in 1%
SDS-25 mM EDTA, incubated at 65°C for 15 min, and
electrophoresed on a 6% native polyacrylamide gel in a
Tris-borate-EDTA buffer system. Gels were dried onto
DE81 paper and exposed to Kodak XAR film.
The nitrocellulose filter binding assay used to generate the

gel shown in Fig. 4A employed conditions identical to those
used above with the purified proteins. The reaction mixtures
that did not receive PAb419 were incubated for the same
period as the reaction mixtures that did. Tag-DNA com-
plexes were collected by filtration onto nitrocellulose and
washed three times with NET buffer. To elute the DNA, we
treated each filter with 10 mM Tris hydrochloride [pH 7.41-5
mM EDTA-0.2% SDS-1 mg of predigested pronase per ml
for 2 h at 37°C. Carrier tRNA was added before the eluate
was extracted with phenol and chloroform. After being
ethanol precipitated, dried, and suspended in 10 mM Tris
(pH 7.4)-i mM EDTA, the DNA was electrophoresed on a
6% native acrylamide gel. The alkaline-treated nitrocellulose
used in these experiments was prepared as described in
reference 42. Before use, the filter was washed three times
with origin binding buffer lacking bovine serum albumin.
To determine relative affinities for the wild-type origin

fragment by nitrocellulose filter binding, we incubated vari-
ous amounts of purified Tag with 1 ng of gel-purified end-
labeled wild-type fragment in 30 plI of origin binding buffer.
The wild-type fragment was derived from a TaqI digest of
pSVO+ as described above. The reaction mixtures were
incubated for 1 h on ice and slowly filtered through alkaline-
treated nitrocellulose. After drying, the filters were counted
in liquid scintillant.

Heteroduplex DNA binding assay. mpSV2 contains the
HindIII-HpaII SV40 fragment (nucleotides 5171 to 346)
cloned into Sma-HindIII-digested M13mp9. A synthetic
42-base oligonucleotide (5'-GTTTTCCCAGTCACGACGT
TGTAAAACGACGGCCAGTGAATT-3') was synthesized
on a DNA synthesizer (model 380-A; Applied Biosystems)
and purified by electrophoresis in a denaturing polyacryl-
amide gel. After adsorption onto a reverse-phase C18 Sep-
Pak cartridge (Waters Associates, Inc., Milford, Mass.), the
oligonucleotide was eluted with 60% methanol, lyophiized
to dryness, and suspended in H20. Purified oligonucleotide
(50 ng) was annealed to 1.5 pug of mpSV2 in 10 mM HEPES
(pH 7.4)-S50 mM NaCl at 50°C for 1 h. After slow cooling to
room temperature, the annealed template was labeled with
the Klenow fragment of DNA polymerase I (in the presence
of [a-32P]dCTP) and [c_-32P]dGTP and sequentially extracted

with both phenol (twice) and chloroform. The labeled DNA
was loaded onto a column constructed from a 1-ml syringe
containing Sepharose CL-4B. The column was equilibrated
and developed in 10 mM HEPES (pH 7.4-S50 mM NaCl, and
peak fractions containing labeled DNA were collected and
ethanol precipitated, dried, and resuspended in 10 mM
HEPES (pH 7.4)-50 mM NaCl so that the final concentration
was 10 ng/,ul. Labeled heteroduplex DNA (20 ng) was
incubated with various amounts of Tag in 30 pl1 of origin
binding buffer for 1 h on ice. The protein-DNA complexes
were collected by filtration onto alkaline-treated nitrocellu-
lose, washed three times with NET buffer, dried, and
assayed for radioactivity.
The competition experiments were done under conditions

identical to those used in the heteroduplex binding experi-
ments. Using an amount of protein in the linear portion of
the heteroduplex binding curve, we determined whether
increasing amounts of nonradioactive mpSV2 (0, 20, 60, and
180 ng) would compete with the ability of the protein to
complex with 20 ng of labeled substrate.

RESULTS

Isolation of truncated Tags from procaryotic and mamma-
lian cells. The amino-terminal 259 amino acids of SV40 large
Tag were previously shown to bind to the SV40 origin of
DNA replication in a sequence-specific manner (68). The
specific DNA-binding activity of this 259-amino-acid protein
was found to be greater than those of larger amino-terminal
proteins containing 266 and 272 amino acids (68). To deter-
mine the DNA-binding properties of proteins shorter than
259 amino acids, we constructed a set of clones coding for
such proteins. The truncated proteins were expressed and
purified from both bacterial and mammalian cells followed
by examination of their DNA-binding activities.

Various purified proteins isolated from both sources are
displayed in Fig. 1A and B. A maximum of four exogenous
amino acids can be found at the carboxy terminus of the
truncated proteins. These exogenous amino acids are de-
rived from the XbaI translational stop linker used in the
cloning strategy to generate the expression clones. The exact
number of additional amino acids is indicated in the nomen-
clature of these proteins by the number following the deci-
mal point in their names. The nucleotide and amino acid
sequences of the Tag-XbaI linker boundary of each protein
are shown in Fig. 1C. All the amino-terminal proteins were
easily produced in E. coli except for those proteins with
deletions extending beyond residue 246. Although small
quantities of a 242.2-amino-acid protein could be purified, a
number of proteins copurified and constituted the majority of
the isolated protein (Fig. 1A). Proteins of 240.0 and 235.2
amino acids could not be isolated from E. coli, and only
small quantities of the 235.2-amino-acid protein could be
isolated from HeLa cells (Fig. 1B).

Properties of truncated Tags isolated from E. coli. The
sequence-specific DNA-binding activity of the purified pro-
teins was examined by a modified McKay assay (43, 68). In
this assay, an equimolar mixture of three fragments contain-
ing site I, site II, or the wild-type origin (which contains both
sites I and II on the same DNA fragment) was used to assess
the relative affinity of each protein for these sites in one
reaction mixture (Fig. 2D). To ensure that comparisons of
origin-specific DNA-binding activity between the truncated
proteins were quantifiable, protein concentrations were mea-
sured by a dye binding assay and confirmed by electropho-
reses on an SDS-polyacrylamide gel.
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The results from Fig. 2A confirm that smaller proteins
have greater specific DNA-binding activity (68), culminating
in an amino-terminal protein of 246.4 amino acids. To
quantitate relative binding affinities between the various
proteins, individual bands were excised from the gel (Fig.
2A) and counted in liquid scintillant, and the resultant counts
per minute were divided by the number of moles of protein
used in the reaction. It was found that proteins containing
the amino-terminal 246, 249, 259, and 272 amino acids of Tag
when produced in E. coli bind to the wild-type origin
fragment with relative affinities of 100:50:5:1.7, respectively.
Although proteins of 259.3 amino acids and larger were not
observed to bind to either site I or site II when less than 1 ,ug
of protein was used in an assay, it was possible to detect
binding to these sites with higher quantities of protein (Fig.
2B).

FIG. 1. Purified truncated Tags and their sequences in the vicin-
ity of the XbaI stop codons. (A) Purified Tags produced in E. coli are
displayed on an SDS-12.5% polyacrylamide gel stained with
Coomassie brilliant blue. Each lane contains 1 ,ug of protein. The
arrow identifies the position of the 242.2-amino-acid protein. (B)
Proteins isolated from HeLa cells (1 ,ug) are shown on a denaturing
15% polyacrylamide gel after silver staining. The arrow identifies the
position of the 235.2-amino-acid protein. The numbers on the left
indicate molecular size in kilodaltons. (C) The presence of additional
amino acids translated from the XbaI linker sequence is reflected in
the nomenclature of the truncated proteins. Thus, 246.4 refers to a
truncated protein containing the N-terminal 246 amino acids from
Tag and 4 additional amino acids originating from the Xba linker
sequences. The 360.1-amino-acid protein was created by insertion of
the linker into the HpaI site at nucleotide 3733, while the other
truncations were generated by Bal 31 treatment. Capital letters
represent SV40 nucleotide sequences or amino acid sequences.
Lowercase letters represent nucleotide sequences derived from the
XbaI stop linker or additional amino acids translated from the linker
nucleotides. For the sequences of the 272.0-, 266.1-, and 259.3-
amino-acid proteins, see reference 68.

A protein of 242.2 amino acids which lacks only four
amino acids from Tag compared with polypeptide 246.4 was
found to bind approximately 50-fold less efficiently to the
wild-type fragment than polypeptide 246.4 (data not shown).
The precise quantitation of relative DNA-binding activity
was impossible to determine owing to a lack of adequate
amounts of polypeptide 242.2 (Fig. 1A). The very low
DNA-binding activity of the 242.2-amino-acid protein and
the apparent instability of this and shorter proteins when
produced in E. coli is consistent with the view that deletions
beyond amino acid 246 disrupt a folded protein domain
responsible for sequence-specific DNA binding, thus result-
ing in the production of unstable proteins that are degraded
in vivo. A small quantity of a stable 235.2-amino-acid protein
was successfully produced in mammalian cells (Fig. 1B).
This protein had no detectable DNA-binding activity (data
not shown).

Properties of truncated Tags isolated from mammalian
ceUs. SV40 large Tag undergoes substantial posttranslational
modifications (7, 23, 29, 36). To investigate what effects
these modifications might play in DNA binding, selected
clones coding for amino-terminal fragments of Tag were
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FIG. 2. Origin-specific binding of truncated proteins. Various amounts of purified proteins were incubated with an equimolar mixture of
end-labeled fragments (lane M). After 60 min at 0°C, the protein-DNA complex was immunoprecipitated and the bound DNA was
electrophoresed on a native 6% polyacrylamide gel. (A and B) Tag proteins purified from E. coli assayed for their origin-binding activity. (C)
Tag proteins isolated from E. coli and HeLa cells assayed for their origin-binding activity. The source, amount, and size of the proteins tested
are indicated. (D) DNA templates containing site I, site II or the wild-type (wt) origin from SV40 used in the origin-binding assays. The boxes
represent the individual sites, and the horizontal arrows show the pentanucleotide recognition sites of Tag. Vertical arrows show cleavage
sites for restriction endonucleases.

expressed in HeLa cells with an adenovirus vector system
and the purified proteins displayed in Fig. 1B were assayed
for their origin-specific binding properties.
The relative binding activities of these mammalian pro-

teins were calculated as described above. The proteins of
246.4, 259.3, and 360.1 amino acids bound to the wild-type
origin DNA fragment with relative ratios of 100:30:3 (Fig.
2C), reaffirming the observation found with the E. coli
truncated proteins that the smaller proteins had higher
DNA-binding activities than the larger proteins.
Mammal- and bacterium-derived truncated proteins were

directly compared, and differences relating to their affinities
for the wild-type fragment and for the individual sites were
observed. When the 246.4-amino-acid protein from both
sources was analyzed, the E. coli-produced protein bound
approximately twofold better to the wild-type fragment than
its mammalian counterpart (Fig. 2C). It appears in this case
that a protein isolated from HeLa cells is less active than the
same protein purified from E. coli. However, a comparison
of the 259.3-amino-acid protein from the same two sources
displayed the opposite effect, with the mammal-derived
protein binding three- to fourfold better to the wild-type

fragment than the bacterial derivative (extrapolated from
data found in Fig. 2A and C and reference 68). A clear
distinction was found between the mammalian and bacterial
proteins in their preference of binding to the individual site I
and site II fragments. The truncated proteins purified from
mammalian cells demonstrated a substantially greater af-
finity for the site II fragment than for the site I fragment (Fig.
2C) (68), while the same proteins isolated from E. coli
displayed preferential binding to the site I fragment (Fig. 2A,
B, and C). The differences in preferential binding between
the two sources were well illustrated if the ratio of site II
versus site I binding was compared for the 246.4-amino-acid
proteins (Fig. 2C). In this comparison, a 10-fold increase in
the site II-site I ratio was found between the mammal- and
bacterium-derived proteins.

Full-length Tag from HeLa cells was 4- to 10-fold more
active in origin-specific DNA binding than the 246.4-amino-
acid proteins. There are sequences, therefore, distal to
residue 246 necessary for full DNA-binding activity. How-
ever, there are also sequences distal to residue 246 that are
inhibitory to origin-specific DNA binding since proteins
larger than protein 246.4 had reduced levels of activity. The
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FIG. 3. Origin-specific binding activity of the 132-246.4 polypeptide. E. coli lysates containing polypeptide 132-246.4 or 246.4 were assayed
in parallel for origin-specific binding and Tag content. (A) After immunoprecipitation, the immunocomplex was incubated with an equimolar
mixture of end-labeled fragments (lane M) and bound DNA was electrophoresed on a 6% native acrylamide gel. The volume of each extract
and antibody used is indicated. The positions of the origin fragments are shown to the right of the autoradiogram. wt, Wild type. (B)
Immunoprecipitates from E. coli extracts to determine protein concentrations. The volume of extract and antibody used is indicated. The
proteins were processed by electrophoresis on an SDS-17% acrylamide gel. The gel was silver stained to visualize the proteins. The arrow
on the right locates the 132-246.4 polypeptide. Lane M contains 1 ,ug of immunopurified polypeptide 246.4. The numbers on the left indicate
molecular size in kilodaltons. The two major bands at 25 and 50 kilodaltons are immunoglobulin light and heavy chain, respectively.

presence of the metal-binding motif between residues 302
and 320 is not sufficient to overcome the inhibitory effect of
the sequences distal to residue 246 as evidenced by the low
activity of the 360.1-amino-acid protein. Whether this inhi-
bition is biologically significant is not known.
The results obtained with the McKay assay were all

reproducible. After multiple repetitions, however, small
variations between the different proteins in relative affinities
for the wild-type origin DNA fragment were noted. Like-
wise, the extent of relative affinities displayed by individual
proteins for the site I and site II fragments also varied.
Nevertheless, the general trends mentioned above were
always observed.
DNA-binding domain of SV40 large Tag is located between

amino acids 132 and 246. The cumulative data from various
laboratories placed the amino-terminal boundary of the
origin-specific DNA-binding domain between amino acids
131 (1, 61) and 140 (62). From the work described here, the
carboxy-terminal boundary is located at or near amino acid
246. Therefore, it was of interest to determine whether a
polypeptide consisting of amino acids 132 to 246 (132-246
polypeptide) would possess origin-specific DNA-binding ac-
tivity. The polypeptide used in these studies was synthesized
in E. coli and contained an exogenous initiation methionine
and four exogenous amino acids at its carboxy terminus
identical to those of the 246.4-amino-acid protein (Fig. 1C).
Since this polypeptide lacked the epitope employed to
immunopurify the other Tag proteins, our standard purifica-

tion procedure could not be utilized. Attempts to isolate
sufficient amounts of the polypeptide by standard chromato-
graphic techniques were unsuccessful. The origin-specific
DNA-binding activity of this polypeptide was therefore
determined directly from bacterial extracts by employing a
variation of the McKay assay used above. PAb221 (45), a
monoclonal antibody that recognizes an epitope between
residues 132 and 246 (S. E. Mole and D. P. Lane, personal
communication), was used in these experiments. To assess
DNA-binding activity of the 132-246.4 protein, the polypep-
tide was initially immunoprecipitated and washed and then
incubated with the identical mixture of origin-bearing DNA
fragments used in the previous experiments. This resulted in
the 132-246.4 polypeptide binding efficiently in a sequence-
specific manner to the wild-type, site I, and site II DNA
fragments (Fig. 3A). Thus, this contiguous stretch of 115
amino acids of Tag defines a domain which contains all the
structural information necessary to recognize the origin
fragments in a sequence-specific manner. Determinants in-
volved in nonspecific DNA binding are also found within this
domain.

Relative origin-specific DNA-binding activities between
polypeptides 132-246.4 and 246.4 were estimated with pro-
teins from E. coli extracts. To compare the DNA-binding
activities of these two proteins, PAb419 (27) was required
to immunoprecipitate the 246.4-amino-acid protein since
PAb221 does not recognize this protein well (Fig. 3B). The
reason for the difference in avidity between the two antibod-
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FIG. 4. Origin-specific binding as determined by a nitrocellulose filter binding assay. (A) Increasing amounts of full-length Tag purified

from HeLa cells were incubated on ice for 60 min with 5'-labeled DNA fragments (as described in the legend to Fig. 2). Antibody was added
to the reaction mixtures as indicated followed by either nitrocellulose filtration (NCF) or immunoprecipitation (IP) of the mixtures. The bound
DNA was eluted and subjected to electrophoresis in a 6% native acrylamide gel. The fragments containing the origin sequences are indicated
to the right of the autoradiogram. wt, Wild type. (B) Various amounts of truncated and full-length Tag were incubated on ice for 60 min with
gel-purified wild-type origin fragment (Fig. 2D). The reaction mixtures were filtered through nitrocellulose and washed, and levels of
radioactivity were determined.

ies for polypeptide 246.4 is unknown. By comparing the
quantity of protein immunoprecipitated from 100 ,ul of ex-
tract containing protein 132-246.4 by PAb221 and the quan-
tity of protein 246.4 immunoprecipitated by PAb419, it was
possible to estimate a twofold-higher concentration of the
132-246.4 polypeptide compared with the 246.4-amino-acid
protein in these lysates (Fig. 3B). Since polypeptide 132-
246.4 is approximately one-half the size of polypeptide
246.4, this translates into a fourfold molar excess of the
shorter protein in the bacterial lysates. Taking this into
account, the 1-itl lane of protein 132-246.4 and 3-,ul lane of
protein 246.4 immunoprecipitated by PAb221 and PAb419,
respectively, (Fig. 3A) should contain similar moles of
protein. We therefore estimate that both polypeptides have
comparable affinities for the wild-type origin fragment, with
polypeptide 132-246.4 possibly being slightly more active
(twofold). Precise quantitation of sequence-specific DNA-
binding activity of polypeptide 132-246.4 will have to await
analysis with purified proteins.
Comparison of results obtained by the McKay assay and the

nitroceliulose filter binding assay. To confirm the conclusions
based on the immunoprecipitation assays used above by an
independent method, we used a filter binding assay. Initial
experiments were directed at determining the relative affinity
that full-length Tag from HeLa cells had for the origin
fragments. This was accomplished by incubating Tag for 1 h
on ice with an equimolar mixture of origin-bearing DNA
fragments identical to those used in the immunoprecipitation
experiments. Protein-DNA complexes were subsequently
filtered onto nitrocellulose, and the bound DNA was eluted
and analyzed by electrophoresis. This experiment was done
in both the absence and presence of PAb419, the antibody
employed in the McKay assay, to assess the effects this
antibody might have on DNA binding (Fig. 4A). In the
absence of PAb419, the full-length protein was detected
interacting with the site I fragment at lower protein concen-

trations than that required to detect binding to the site II
fragment. The presence of the antibody, however, increased
the overall DNA-binding activity of Tag. This enhancement
was nearly uniform for all the DNA fragments in the reaction
mixture, except that a slightly higher stimulation of site II
binding compared with site I binding was observed. The
addition of PAb419 to the reaction may influence the filter
binding assay by stabilizing the Tag-DNA complex or by
increasing the retention of the complex on the nitrocellulose
filter. The results obtained with the nitrocellulose filter
binding assay in the presence of PAb419 were very similar to
those of the McKay assay (Fig. 4A). Tag was detected
preferentially complexing with the wild-type fragment ver-
sus the site I and site II fragments. Although Tag displayed
approximately equal affinity for sites I and II in the McKay
assay (Fig. 4A), the protein was predominantly observed
complexing preferentially to site I rather than site II (data
not shown) (68). However, a slight preference by Tag for the
site II fragment was also observed (Fig. 2C) (7). Neverthe-
less, the overall results obtained from the McKay and
nitrocellulose filter binding assays were very similar.
The nitrocellulose filter binding assay was further em-

ployed to assess relative affinities for the wild-type origin
fragment between full-length Tag purified from mammalian
cells and the amino-terminal proteins 259.3 and 246.4 iso-
lated from E. coli. This was accomplished by titrating each
protein against a constant amount of wild-type fragment that
had been gel purified. The shorter amino-terminal protein
was more active than the larger truncated protein, while the
full-length protein contained the highest origin-specific
DNA-binding activity of the three proteins (Fig. 4B). The
same hierarchy of relative DNA-binding activities between
these three proteins was also observed when the McKay
assay was employed. This suggests that the McKay and
nitrocellulose filter binding assays are detecting the same
general Tag-DNA complex formation. The methodologies,
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FIG. 5. Single-stranded DNA-binding activities of full-length and truncated Tags. (A) A heteroduplex substrate consisting of a
single-stranded circular DNA annealed to a 32P-labeled oligonucleotide was incubated with various amounts of protein for 60 min on ice. The
reaction mixtures were filtered through nitrocellulose, washed, and assayed for levels of radioactivity. (B) The ability of polypeptide 246.4
from E. coli to complex with the labeled heteroduplex substrate, employing nonsaturating amounts of protein, was decreased in a linear
fashion by increasing amounts of nonlabeled single-stranded DNA. Protein (500 ng) and 20 ng of heteroduplex along with either 0, 20, 60, or
180 ng of single-stranded DNA were incubated on ice for 60 min. The reaction mixtures were filtered through nitrocellulose and washed, and
levels of radioactivity were determined.

however, are not identical since relative activity levels
among the three proteins are different for the two assays.
The differences recorded between the two methodologies
could be attributed to the antibody-antigen interaction of the
McKay assay preferentially stabilizing the DNA-binding
activity of the shorter proteins or possibly to differential
sensitivity of the protein-DNA complexes to denaturation on
the nitrocellulose filter.

Single-stranded DNA-binding activity is associated with the
amino-terniinal 246.4-amino-acid protein. In contrast to the
wealth of data defining the origin-specific DNA-binding
domain, the precise region of Tag involved in binding
single-stranded DNA has not been identified. To evaluate
the single-stranded DNA-binding affinities of the various
proteins, we used a heteroduplex helicase substrate in con-
junction with a nitrocellulose filter binding assay. Each
protein was incubated for 1 h on ice with circular single-
stranded DNA (mpSV2) annealed with an a-32P-labeled
oligonucleotide. Protein-DNA complexes were subsequently
filtered onto nitrocellulose, and levels of radioactivity were
determined. The single-stranded DNA-binding domain was
localized to the amino-terminal 246 amino acids of Tag (Fig.
SA). To ensure that single-stranded DNA binding was being
assayed, competition between the labeled heteroduplex and
single-stranded DNA was assayed. When either full-length
Tag from mammalian cells (data not shown) or the amino-
terminal 246.4-amino-acid protein isolated from E. coli (Fig.
5B) was tested in the competition assay, detection of heter-
oduplex binding was decreased in a 1:1 molar ratio by
single-stranded DNA, thus confirming that single-stranded
DNA binding was being assayed. As was found with origin-
specific binding, the metal-binding motif located between
residues 302 and 320 is dispensable for single-stranded
DNA-binding activity.
By comparing the single-stranded DNA-binding activities

of polypeptides 246.4 and 259.3 produced in E. coli, one can

see that the shorter protein is detected complexing with
single-stranded DNA more efficiently, recapitulating the
same phenomenon observed in the origin-specific DNA-
binding assays. However, wild-type levels of single-stranded
DNA-binding activity require carboxy sequences missing
from the truncated proteins as evidenced by full-length Tag
derived from HeLa cells. To investigate the possibility that
the source of the protein affected single-stranded DNA-
binding activity, we compared the amino-terminal 246.4-
amino-acid proteins derived from mammalian and bacterial
cells. The truncated protein isolated from E. coli was de-
tected complexing with single-stranded DNA at lower pro-
tein concentrations than its mammalian counterpart, impli-
cating posttranslational modifications affecting single-
stranded DNA-binding activity.

DISCUSSION

To better understand the biological functions of Tag, we
defined the protein domain responsible for DNA binding.
Tag binds specifically to two unique sites in the SV40 origin
of replication (sites I and II) and to single-stranded DNA.
These three DNA-binding activities colocalize to the amino-
terminal 246 amino acids of the protein. The polypeptide
consisting of residues 132 to 246 is an independent domain
capable of binding efficiently to both sites in the SV40 origin
in a sequence-specific manner. We propose that this domain
is also responsible for the single-stranded DNA binding of
Tag. All three of these DNA-binding activities appear to be
regulated by posttranslational modifications, because amino-
terminal fragments of Tag when produced in mammalian and
bacterial cells had distinct DNA-binding properties. Inter-
estingly, as the amino-terminal proteins decreased in size,
their levels of origin-specific DNA-binding activity increased
from near background to levels approaching those of the
full-length protein.

a-
C)
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To localize the protein domain responsible for single-
stranded and origin-specific DNA-binding activity of Tag, a
series of progressively smaller amino-terminal proteins were
purified to near homogeneity and their DNA-binding activity
was determined. As the truncated proteins declined in size,
their ability to bind single-stranded and origin-specific DNA
increased progressively. This held true for both mammal-
and bacterium-derived proteins. The larger, less active trun-
cated proteins could be detected binding to the SV40 origin-
specific sequences only when large quantities of purified
protein were assayed. When these proteins were tested
directly from cellular extracts, however, they displayed no
detectable origin-specific DNA-binding activity (10, 48),
potentially giving the DNA-binding domain a false carboxy-
terminal boundary. In addition, a sharp peak in activity
spanning approximately four amino acids (246 to 249) was
found with truncated proteins that define the carboxy bound-
ary of the DNA-binding domain. Proteins either slightly
larger or smaller (polypeptides 259.3 and 242.2, respective-
ly), separated by only 17 amino acids, were a minimum of
10-fold less active in origin-specific DNA binding. Identify-
ing the sequence-specific DNA-binding domain of other
proteins may also require the use of purified proteins of
several closely spaced deletion mutants. This will ensure
that a false boundary of the DNA-binding domain of the
protein is not merely confirmed by a large deletion mutant
that extends into the DNA-binding domain. The resurgence
of DNA-binding activity by the shorter proteins of Tag
continued to increase until a maximum of activity was found
in a protein of 246.4 amino acids. Sequences inhibitory to
DNA binding apparently begin very near residue 246 since
deletions down to this amino acid continued to have increas-
ing levels of DNA-binding activity. Mutations C terminal to
amino acid 246, which include mutants in the putative
metal-binding motif (1, 39) as well as the temperature-
sensitive mutants (73), also have reduced origin-specific
DNA-binding activity. The sequence-specific DNA-binding
activity of two transcription factors, Spl (31, 32) and even-
skipped (28), are similarly influenced by protein sequences
distal to their DNA-binding domain. Although sequences
distal to amino acid 246 inhibit origin-specific and single-
stranded DNA-binding activities, the full-length protein from
mammalian cells exhibited higher DNA-binding activities for
both these properties. The enhanced binding activity dis-
played by full-length Tag may reflect an ability to contour the
DNA-binding domain into an optimal configuration not ob-
tainable by the smaller proteins. Likewise, it is possible that
the truncated proteins are defective in an ancillary function
required to stabilize protein-DNA interactions. Oligomeriza-
tion is known to stabilize protein-DNA complexes (46, 54).
Full-length Tag forms a multimeric nucleoprotein complex
with the SV40 origin of replication (5, 12, 15) as well as
oligomeric structures in solution (19). The truncated pro-
teins, however, are found as monomers in solution (I. Mohr,
personal communication). It is, therefore, conceivable that
the defect in oligomerization of the truncated protein is
responsible for its reduced DNA-binding activity.
The single-stranded DNA-binding activity of Tag may

reside in the same protein domain responsible for origin-
specific DNA binding. Both activities localized to the first
246 amino acids of Tag and behaved in an analogous fashion
with regards to the truncated and full-length protein as just
described. The abilities of polypeptide 246.4 and full-length
Tag to bind single-stranded DNA were competed against in
qualitatively the same manner by DNA homopolymers,
confirming the single-stranded DNA binding of polypeptide

246.4 is a specific event (data not shown). The amino-
terminal boundary of the single-stranded DNA-binding do-
main can be assigned to residue 115 or larger since a deletion
mutant of Tag (D2) which lacks the amino-terminal 114
amino acids is capable of unwinding a linear double-stranded
DNA fragment (34). This activity requires Tag to bind
single-stranded DNA. The hypothesis that single-stranded
and origin-specific DNA binding reside in the same domain is
further bolstered by the observation that a number of aro-
matic and basic residues found within polypeptide 132-246
are conserved among papovavirus large Tag. In the well-
characterized single-stranded DNA-binding proteins en-
coded by bacteriophage Fd gene 5 and T4 gene 32, aromatic
residues have been shown to interact with the bases either
by intercalating between the bases of the nucleotides or
associating with them in a hydrophobic pocket (11). The
basic residues of these proteins are thought to interact with
the DNA sugar-phosphate backbone (11). Although the
DNA-binding activities of Tag may co-localize to the same
physical domain in the protein, the determinants which
specify single-stranded and origin-specific DNA binding
appear to be quite different. This notion is supported by
mutations within the origin-specific DNA-binding domain
which render Tag incapable of sequence-specific DNA bind-
ing but display wild-type levels of single-stranded DNA
binding (3, 44a). Furthermore, deletion mutants of Tag are
capable of separating their ability to bind to either site I or
site II. However, the interaction by Tag with the two origin
sequences must be closely linked since point mutations
inside the DNA-binding domain that disrupt origin-specific
binding activity abolish both site I and site II binding (44a).
These data imply that Tag exists in three unique conforma-
tions, each responsible for single-stranded, site I, or site II
DNA binding.
The expression of a mammalian gene product in an E. coli

system most probably results in a protein lacking mamma-
lian posttranslational modifications, and as such, these pro-
teins may have different properties than proteins purified
from mammalian cells. Thus, any conclusions ascribed to a
mammalian protein derived from bacterial sources must be
confirmed by studies of the mammalian derivative of the
protein. In the case of full-length Tag, the abilities of the E.
coli-produced protein to bind to site II and function in a
replication assay were dramatically reduced, while its
ATPase and helicase activities were unaffected compared
with those of the HeLa-derived protein (44b). As with full-
length Tag, the truncated proteins from mammalian and
bacterial cells retained a variety of basic functions but
diverged in specificity and levels of activity. Amino-terminal
proteins of 259.3 and 266.1 amino acids bound with an
approximate threefold-higher affinity for the wild-type origin
fragment when produced in mammalian cells than they did
when produced in bacterial cells (Fig. 2) (68). The specificity
ofDNA binding is also affected by the source of the protein,
which is most apparent when comparing polypeptide 246.4
from mammalian and bacterial cells. The bacterial derivative
of this protein bound efficiently to both site I and II, while
the mammalian derivative bound efficiently to site II with
little or no detectable site I binding. These differences in
activities strongly suggest that mammalian posttranslational
modifications alter the content of the DNA-binding domain
and thus alter its level of activity and specificity for the
individual origin sites. The inability of mammalian posttrans-
lational modifications to enhance the DNA-binding activity
of polypeptide 246.4 is consistent with the notion that the
DNA-binding domain in this protein is in an optimal config-
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uration. This idea is supported by the observation that
protein 246.4 contains the highest DNA-binding activity of
all the truncated proteins. The source of the protein also
proved to have an effect on single-stranded DNA-binding
activity, with the E. coli-produced protein binding better
than its mammalian counterpart.

Phosphorylation is the posttranslational modification most
likely responsible for the differences in DNA-binding activ-
ities between the mammal- and bacterium-derived truncated
proteins. Biochemical and genetic analysis has demonstrated
posttranslational phosphorylation of Tag to be a modulator
of origin-specific DNA-binding activity (35, 44, 63). Tag is
phosphorylated at two clusters of amino acids, one at the
carboxy terminus and the other at the amino terminus of the
protein (55); both lie outside the DNA-binding domain. Each
cluster contains four serines and one threonine as sites of
phosphorylation. The amino-terminal truncated proteins re-
tain the amino-terminal phosphorylation cluster. Biochemi-
cal analysis has shown that the phosphoserines on Tag are
susceptible to dephosphorylation by calf intestinal alkaline
phosphatase, while the phosphothreonines are refactory (35,
58). Calf intestinal alkaline phosphatase treatment of full-
length mammalian Tag stimulates its DNA-binding activity
(35, 44, 63). However, calf intestinal alkaline phosphatase
treatment of the mammal- and bacterium-derived truncated
proteins had no effect on their ability to bind DNA, suggest-
ing that the amino-terminal serines require the entire protein
to exert their effect or are not involved in regulating DNA
binding (68). Genetic analysis supports this latter notion, as
single mutations which convert the amino-terminal phospho-
serine residues into alanines do not affect the DNA-binding
properties of the full-length protein (57). In striking contrast,
when the amino-terminal threonine at residue 124 is mutated
to an alanine, site II binding is completely lost while binding
to the wild-type origin is maintained, suggesting that site I
binding is maintained (57). Some mutations of the carboxy-
terminal phosphoamino acid residues had little or a much
reduced effect on site II binding of Tag, although a mutation
at serine 677 did affect site I binding (57). This is opposite to
the mutations of threonine 124. These data strongly suggest
that phosphorylation of threonine 124 is the causative agent
for the differences in activities between the mammal- and
bacterium-produced truncated proteins.
Tag is a model system to study both static and dynamic

nucleoprotein complexes. However, the structural confor-
mation of the DNA-binding domain from Tag has yet to be
elucidated. The helix-turn-helix motif found in various bac-
terial DNA-binding proteins (54, 66) and in eucaryotic ho-
meobox DNA-binding proteins (37, 47) is missing from Tag.
Likewise, the zinc finger required for DNA binding in
various proteins (18, 25) is dispensable for both origin-
specific (68) and single-stranded DNA binding. It is possible
that the physical requirements placed on the DNA-binding
domain of Tag for it to interact with single-stranded DNA
and two unique sites in the viral origin of replication obscure
a simple motif involved in complexing with DNA, or a novel
motif may be required for such complexity. Having defined
the protein domain responsible for single-stranded and ori-
gin-specific DNA binding, it is now possible to study its
structure and regulation with greater clarity.
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ADDENDUM

The 259.3-amino-acid protein derived from bacterial cells
can be phosphorylated in vitro uniquely on threonine 124 by
employing the human p34-cdc2 kinase. This phosphorylation
event stimulated sequence-specific binding to the wild-type
and site II origin fragments 20-fold, while site I binding was
unaffected. Similarly, a 10-fold stimulation in the site II
binding activity of full-length Tag from bacteria occurred
after treatment with p34cdc2 kinase. Furthermore, the phos-
phorylated protein was more active than the mammalian
protein in an in vitro replication assay (D. McVey, L.
Brizuela, I. J. Mohr, D. R. Marshak, Y. Gluzman, and D.
Beach, Nature [London] 341:503-507).
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