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To map the polyomavirus large T antigen binding sites on the viral genome we
employed a quantitative immunoassay. Defined, radiolabeled fragments of the
viral genome were reacted with crude nuclear extracts prepared from lytically
infected mouse 3T6 cells, and the fragments bound by large T antigen were
immunoprecipitated with anti-T serum and Formalin-fixed Staphylococcus aur-
eus. The immunoprecipitated DNA was then analyzed by gel electrophoresis and
autoradiography. By the use of a variety of restriction endonuclease-generated
fragments of wild-type and mutant viral DN As, the region of high-affinity binding
was localized to a 153-base-pair stretch between nucleotides 5292 and 152. At
least two independent binding sites lie within this region, one upstream and the
other downstream of the Bgll site at nucleotide 87. One of the binding sites is
located within sequences required in cis for DNA replication; the other overlaps
the TATA box and cap sites of the early transcription unit. The two sites share a
common sequence, A/TGAGGC-N4/5-A/TGAGGC, which may serve as the
recognition sequence for large T antigen.

Like other members of the papovaviruses,
polyomavirus has served as a model to study
gene structure and expression, DNA replication,
and tumorigenesis. The entire sequence of the
double-stranded, circular genome has been de-
termined, and the boundaries of its two tran-
scription units and the six viral proteins they
encode have been largely elucidated (11). Ac-
cordingly, many recent studies have focused on
the viral genetic control signals and the interac-
tion of cellular and viral proteins with these
regulatory regions. The large T antigen, encoded
by the early transcription unit of polyomavirus,
is an example of a regulatory protein that likely
interacts with these genetic control signals.
Polyomavirus large T antigen is comprised of
785 amino acids and has a calculated molecular
weight of 87,991 (5, 33), but direct measure-
ments of the molecular weight of the protein
under denaturing conditions have led to esti-
mates that range from 81,000 to 102,000 (38).
Large T antigen is found almost exclusively in
the nucleus of infected or transformed cells in
close association with DNA (34). Consistent
with this finding is the observation that the
protein displays affinity for double-stranded
DNA in vitro (6) and binds with specificity to a
single site on the viral genome (7). An ATPase
activity has been ascribed to large T antigen;
however, the protein has not been purified suffi-
ciently to assign this activity to it unequivocally

©).

Genetic analyses of the function of large T
antigen have revealed that it is required for the
initiation of each new round of viral DNA repli-
cation (4) and the repression of early transcrip-
tion (2). The latter results in the reduced synthe-
sis of the products of the early transcription unit,
including large T antigen, and is an example of
autogenous regulation (10). By analogy to simian
virus 40 (SV40) (15, 27), it is thought that
autogenous regulation results from the binding
of polyomavirus large T antigen to promoter-
proximal sequences, thereby blocking transcrip-
tion initiation. Large T antigen must also inter-
act with viral DNA to initiate DNA replication.
This has been most elegantly demonstrated for
SV40 by the use of mutants bearing cis-acting
mutations that map within the origin of DNA
replication (9, 31) and revertants of these origin-
defective mutants that carry second-site muta-
tions within large T antigen coding sequences
(30), and by measurement of the physical inter-
action between SV40 large T antigen and viral
DNA (36). Knowledge of the location of the
SV40 T antigen binding sites on SV40 DNA, the
limits of the origin of replication, and the posi-
tion of the early promoter has permitted the
formulation of models to explain autogenous
regulation and replication initiation (15, 27, 37).
By comparison, we know very little about the
interaction of polyomavirus large T antigen with
viral DNA or the boundaries of the replication
origin and the early promoter. These studies
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have lagged in part because abundant quantities
of polyomavirus large T antigen are not avail-
able. Recently, however, McKay (24) described
an immunoassay that permits the measurement
of the direct interaction of SV40 large T antigen
present in crude cell extracts with viral DNA.
We have adopted this assay to map the polyoma-
virus large T antigen binding sites on the viral
genome. Moreover, we and others have defined
the boundaries of the polyomavirus early pro-
moter (13; C. Mueller, A.-M. Mes, and J. A.
Hassell, data not shown) and the sequences
required in cis for polyomavirus DNA replica-
tion (26), thereby permitting us to examine the
generality of the models proposed for autoregu-
lation and replication initiation by SV40 large T
antigen. Here we report on the spatial organiza-
tion of the polyomavirus large T antigen binding
sites, relative to the aforementioned genetic
control signals, and discuss their arrangement
in comparison to those found in SV40 DNA.
Polyomavirus large T antigen binds indepen-
dently to at least two closely spaced sites on the
viral genome. One of the T antigen binding sites
resides within a region of DNA required in cis
for viral DNA replication and is likely the same
site identified previously (7). The other site
overlaps with sequences of the early promoter,
including the TATA box and start sites for the
early mRNAs.

MATERIALS AND METHODS

Cells and viruses. Cells were grown on plastic dishes
in Dulbecco modified Eagle medium supplemented
with 10% (vol/vol) fetal calf serum and antibiotics, and
maintained at 37°C in a humidified CO, atmosphere
(12). Polyomavirus stocks were prepared by infection
of primary baby mouse kidney cultures at low multi-
plicities of infection (0.01 to 0.1 PFU per cell). The
cells were harvested 10 to 14 days postinfection, and
the virus was released by freezing and thawing the
cells three times. Titers of about 10° PFU/ml were
normally obtained.

Construction of recombinant plasmids. All plasmids
were propagated in Escherichia coli HB101. Their
structures are shown in the various figures. The con-
struction of pPH1-8 (14) and pPBR2 (25) has been
described previously. pPBR1 was constructed by liga-
tion of the BamHI (nucleotide 4632)-to-EcoRI (nucleo-
tide 1560) fragment of polyomavirus DNA to BamHl/
EcoRlI-cleaved pBR322 DNA. Note that pPBR2 and
pPBR1 carry identical viral sequences but different
plasmid sequences. The plasmid sequences within
pPBR2 are derived from pMK16.1 (8, 19). The recom-
binant plasmid pPin7 is a derivative of pPBR2 in which
the sole Bgll site within the viral sequences has been
converted to a HindIII site. This was accomplished by
Bgll cleavage of pPBR2 DNA, removal of the 3’
projections by incubation with the Klenow fragment of
DNA polymerase I, and addition of a synthetic
HindIII linker 10 base pairs (bp) long. pdPBHp was
constructed by ligation of the BamHI (nucleotide
4632)-to-Hphl (nucleotide 152) fragment of polyoma-
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virus DNA to BamHI/HindIlI-cleaved pML-2 DNA
(20). After ligation of the BamHI ends of the vector
and the viral insert, the remaining ends were treated
with the Klenow fragment of DNA polymerase I to fill
in the HindIIl 5’ projection (on the vector) and to
remove the Hphl 3’ projection on the viral sequences.
Ligation across these blunt ends resulted in the con-
struction of pdPBHp. pdPBBg was obtained by clon-
ing the viral BamHI-to-HindIIl fragment of pPin7
within the large BamHI-to-HindIII fragment of pML-
2. The resulting recombinant contains polyomavirus
sequences between nucleotides 4632 (BamHI) and 90
(HindIlI, formerly a Bgll site). To confirm the struc-
ture of the recombinant plasmids described above, the
virus-plasmid joints and the virus-linker junctions
were sequenced by the chemical method of Maxam
and Gilbert (22).

Preparation of DNA and its modification. Recombi-
nant plasmid DNAs were isolated from bacteria and
purified by CsCl density gradient centrifugation. Di-
gestions of these DN As with restriction endonucleases
were performed according to the conditions specified
by the manufacturers of the enzymes.

To end label the DNA fragments, 100 ng of restric-
tion enzyme-cleaved DNA was incubated in a volume
of 50 ul with 10 mM Tris-hydrochloride (pH 7.6), S
mM MgCl,, 1 mM dithiothreitol, 25 uCi of the appro-
priate a-32P-deoxynucleotide triphosphate (3,000 Ci/
mmol), and 5 U of the Klenow fragment of E. coli
DNA polymerase I for 1 h at 15°C. The reaction was
terminated by phenol extraction, and the aqueous
phase was chromatographed on a Sephadex G-50
column to separate the unincorporated deoxynucleo-
tide triphosphates from the labeled DNA fragments.
Typically the specific activity of the labeled DNA
fragments averaged 10® cpm/pg.

Preparation of crude nuclear extract. Nuclear ex-
tracts were prepared from 3T6 cells infected with
polyomavirus essentially as described by McKay (24).
From 0.5 x 10° to 1.0 x 10° 3T6 cells growing on the
surface of plastic petri dishes were infected with
polyomavirus at a multiplicity of infection of about 10.
At 40 to 46 h postinfection at 37°C, the cells were
harvested by scraping and then washed twice with ice-
cold phosphate-buffered saline solution. The cells
were suspended in lysis buffer (10 mM Tris-hydrochlo-
ride [pH 7.4], 10 mM NaCl, 1.5 mM MgCl,, 0.5 mM
dithiothreitol, and 100 pg of phenylmethylsulfonyl
fluoride per ml) at a density of 5 x 107 cells per ml.
They were allowed to swell at 4°C for 10 min and then
were lysed by 10 to 15 strokes with a type B pestle in a
glass Dounce homogenizer. The nuclei were pelleted
by centrifugation (2,000 rpm for 10 min at 4°C) and
washed in lysis buffer. The nuclei were then suspend-
ed in nuclear extraction buffer (10 mM Tris-hydrochlo-
ride [pH 8.0], 300 mM NaCl, 0.5 mM dithiothreitol,
and 100 pg of phenylmethylsulfonyl fluoride per ml)
and incubated at 4°C for 5 to 15 min. The nuclei were
pelleted by centrifugation, and the supernatant was
used as a source of large T antigen. These preparations
were stored at —70°C until used. We have tested
various cell fractions for binding activity (cytoplasmic
extract as well as 150, 300, and 600 mM NaCl nuclear
extract). Some activity is eluted from the nuclei with
150 mM NaCl, and very little activity is found in the
cytoplasmic fraction. The use of 600 mM NaCl leads to
nuclear lysis and the release of proteins that bind
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nonspecifically to the DNA. No specific binding activ-
ity was found in uninfected 3T6 cells (data not shown).

Immunoassay. The conditions of the immunoassay
were essentially those described by McKay (24).
Briefly, reactions were carried out in a 1-ml volume
containing 20 mM NaPO, (pH 7.0), 2 mM dithiothrei-
tol, 0.01% (wt/vol) bovine serum albumin, 0.1 mM
EDTA, 0.05% (vol/vol) Nonidet P-40, 40 ug of phenyl-
methylsulfonyl fluoride per ml, and 3.0% (vol/vol)
dimethyl sulfoxide. From 1 to 28 ng of labeled DNA
fragments and various amounts of the crude T antigen
extract were also included. After a 1-h incubation at
25°C, 2 ug of unlabeled rat cellular DNA was added,
and incubation was continued for 20 min at 25°C. The
inclusion of nonradioactive DNA reduces the nonspe-
cific binding of large T antigen to the labeled DNA.
The large T antigen-DNA complexes were immuno-
precipitated by sequential incubation with antibodies
directed against the polyomavirus T antigens and
Formalin-fixed Staphylococcus aureus. Polyclonal an-
tiserum directed against polyomavirus large T antigen
was obtained from ascites fluid of brown Norwegian
rats bearing tumors induced by polyomavirus-trans-
formed rat cells. The antiserum was not purified
before use. The latter reactions were performed at
25°C for 20 min in each instance. The immunocom-
plexes were then washed twice with 1 ml of 10 mM
Tris-hydrochloride (pH 8.0)-150 mM NaCl-0.5%
Nonidet P-40. Finally, the DNA was released from the
immunocomplexes with 1% (wt/vol) sodium dodecyl
sulfate-10 mM EDTA and deproteinized with phenol
and chloroform-isoamyl alcohol (24:1, vol/vol), and a
portion was electrophoresed through an agarose gel.
Before autoradiography the gels were immersed in
ethanol for 30 min and dried under vacuum with
heating. Generally, the dried gels were exposed to
Kodak XAR-5 film for 3 to 4 h in cassettes with Du
Pont Lightning-Plus intensifying screens.

RESULTS

Specific binding of large T antigen to polyoma-
virus DNA. Because the amount of pure polyo-
mavirus large T antigen obtainable from infected
cells is insufficient to study its interaction with
DNA by traditional binding assays (i.e., nitro-
cellulose filter binding), we used a technique
that permits measurement of DNA-protein bind-
ing in complex cell extracts (24). This assay
makes use of the fact that DNA bound to a
particular protein can be separated from free
DNA by immunoprecipitation with antibody
specific to that protein. In brief, defined radiola-
beled DNA fragments are reacted with crude
nuclear preparations of large T antigen, and the
fragments bound by T antigen are immunopreci-
pitated with an antiserum (isolated from rats
bearing tumors induced by polyomavirus-trans-
formed cells) and Formalin-fixed S. aureus. The
immunocomplexes are washed, and the eluted
DNA is analyzed by gel electrophoresis and
autoradiography. By utilizing a variety of re-
striction endonuclease-generated fragments of
viral DNA, whose sites of cleavage on the viral
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genome are known, a map can be established of
the high-affinity large T antigen binding sites.

To test the applicability of this method for
measuring the binding of polyomavirus large T
antigen to specific viral DNA fragments, we
incubated increasing amounts of nuclear extract
from lytically infected mouse cells with a fixed
quantity of end-labeled DNA fragments ob-
tained by Hinfl cleavage of a recombinant plas-
mid that carries the HindIII-1 fragment of the
viral genome. This segment of DNA contains
those viral sequences between nucleotides 3918
and 1656. We have used the nucleotide number-
ing scheme suggested by Soeda et al. (33) and
report nucleotide numbers in the clockwise di-
rection on the conventional polyomavirus physi-
cal map. The results are shown in Fig. 1. The
antiserum selectively precipitates the Hinfl-4
fragment of pPH1-8 DNA, which is solely com-
posed of polyomavirus sequences (from nucleo-
tide 5073 to 385). No other fragments are selec-
tively precipitated, and increasing the extract
concentration within the reaction mixture re-
sults in increased precipitation of the Hinfl-4
fragment (Fig. 1). In the absence of nuclear
extract a fraction of all the fragments is retained
in the immunocomplexes (Fig. 1). This is due to
the presence of DNA-binding proteins in the
antiserum preparations (data not shown). More-
over, large T antigen binds nonspecifically to
DNA fragments, and this leads to their immuno-
precipitation according to size. The largest frag-
ments are preferentially precipitated under these
conditions (Fig. 1). Two independent lines of
evidence suggest that it is polyomavirus large T
antigen, and not middle or small T antigen, that
binds specifically to the viral DNA. First, im-
munoprecipitation of [>*S]methionine-labeled
proteins from the nuclear extract used as a
source of large T antigen revealed the presence
of large T antigen and small quantities of small T
antigen, but no middle T antigen (data not
shown). Middle T antigen is not solubilized from
the membrane fraction of infected cells with the
purification procedure used (17) and hence does
not appear in either the cytoplasmic or nuclear
fraction. It is unlikely that small T antigen binds
specifically to the viral genome because the
cytoplasmic fraction from polyomavirus-infect-
ed 3T6 cells, which is enriched for small T
antigen by comparison to large T antigen, is
incapable of binding to viral DNA with specific-
ity (data not shown). Second, menoclonal anti-
bodies that recognize antigenic determinants
unique to large T antigen immunoprecipitate the
same DNA fragments that are precipitated with
conventional antiserum (data not shown). These
data suggest that large T antigen mediates the
immunoprecipitation of specific viral DNA frag-
ments.
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To map the T antigen binding sites on the viral
genome more precisely and to determine wheth-
er binding to DNA occurs from other areas of
the genome, we performed the binding assay
with polyomavirus DNA isolated from infected
cells and subgenomic, cloned viral DNA frag-
ments cleaved with a variety of restriction endo-
nucleases. Hpall cleavage of polyomavirus
DNA vyields eight fragments whose locations are
shown in Fig. 2A. In the presence of nuclear
extract from infected cells the antiserum selec-
tively precipitates the Hpall-5 or -6 fragment of
viral DNA, or both (Fig. 2A). These fragments
comigrated in this gel. Analysis of the immuno-
precipitated fragments on polyacrylamide gels
clearly revealed that large T antigen binds to the
Hpall-5 but not to the Hpall-6 fragment of
polyomavirus DNA (data not shown). Addition-
al evidence that large T antigen binds to the
Hpall-5 fragment is shown in Fig. 2B. In this set
of reactions, end-labeled, Hpall-cleaved pPH1-
8 DNA was used as the substrate in the binding
reactions. The Hpall-5 fragment of polyoma-
virus DNA (the fifth largest fragment in the
Hpall digest of pPH1-8 DNA) is specifically
retained in immunocomplexes with antiserum
and S. aureus. This fragment is located between
nucleotides 5291 and 399 (Fig. 2). To more
narrowly define the large T antigen binding
region we employed the recombinant plasmid
pPBR1 and the restriction endonuclease Hphl.
pPBR1 is composed of the small BamHI-to-
EcoRI fragment of polyomavirus DNA (nucleo-
tides 4632 to 1560) and the large BamHI-to-
EcoRI fragment of pBR322 DNA (Fig. 2).
Reaction of the crude preparation of polyoma-
virus large T antigen with the end-labeled frag-
ments obtained by Hphl cleavage of pPBR1
DNA yielded one fragment after immunoprecipi-
tation (Fig. 2C). This DNA fragment contains
those polyomavirus sequences that lie between
the BamHI cleavage site at nucleotide 4632 and
the Hphl cleavage site at nucleotide 153 (Fig.
2C). The data obtained by performing the bind-
ing assay with the Hinfl (Fig. 1), Hpall, and
Hphl cleavage products of the various recombi-
nant plasmids (summarized in Fig. 2D) allow us
to map a high-affinity, large T antigen binding
site between nucleotides 5292 and 153 on the
polyomavirus genome. This 154-bp fragment
spans the sites where DNA replication and early
transcription initiate.

Multiple large T antigen binding sites within a
restricted area of the viral genome. In SV40 DNA
there are three closely spaced large T antigen
binding sites that together span a region of about
120 bp in length (29, 35, 36). SV40 large T
antigen binds to these sites with different affini-
ties (23, 27, 28). Thus, large T antigen binding to
one site (binding site I) precedes and may facili-
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FIG. 1. Immunoprecipitation of the Hinfl restric-
tion fragments of pPH1-8 after reaction with increasing
quantities of nuclear extract from polyomavirus-in-
fected cells. pPH1-8 DNA was cleaved to completion
with Hinfl, and the fragments were end labeled and
reacted with increasing quantities of nuclear extract
from polyomavirus-infected 3T6 cells. In these reac-
tions 10 ng of DNA fragments per ml was incubated
with 0, 10, 25 and 50 pl of extract and processed as
described in the text. M indicates the marker lane,
which shows the Hinfl fragments of pPH1-8 DNA
used as substrate. Several fragments comigrate in this
gel; they include the HinfI-5, -6, and -7 fragments and
the Hinfl-10 and -11 fragments of pPH1-8 DNA. The
circular diagram below the autoradiogram depicts the
recombinant plasmid pPH1-8. Polyomavirus se-
quences are represented by the boxed area, and plas-
mid sequences are indicated by the thick line. Lines
intersecting the circle represent those Hinfl cleavage
sites that bracket the Hinfl-4 fragment, and stippled
areas represent fragments which are specifically im-
munoprecipitated. The arrow indicates the junction
between polyomavirus nucleotides 5292 and 1.

tate the subsequent binding of more protein to
sites II and III. Moreover, large T antigen binds
very poorly or not at all to binding sites II and III
when binding site I has been altered by mutation
(23, 27). To ascertain whether the large T anti-
gen binding region in polyomavirus DNA was
organized in a related way, we measured the
binding of polyomavirus large T antigen to DNA
fragments containing subsets of the sequences
known to encompass the high-affinity large T
antigen binding region. This was accomplished
by the use in the DNA binding immunoassays of
DNA substrates that carried only part of the
large T antigen binding region. To perform this
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FIG. 2. Mapping the polyomavirus DNA sequences to which polyomavirus large T antigen binds. Immuno-
precipitation of the various DNA fragments was performed as described for Fig. 1. Different quantities of nuclear
extract from polyomavirus-infected cells were reacted with 28 ng of the Hpall fragments of polyomavirus DNA
per ml (A), 10 ng of the Hpall fragments of pPH1-8 DNA per ml (B), and 25 ng of the Hphl fragments of pPBRI
DNA per ml (C). In (D) the polyomavirus DNA fragments which were immunoprecipitated in the assays shown
in Fig. 1 and 2 are displayed to define those sequences which they commonly possess. The symbols and markings
are the same as those shown in Fig. 1. Note that the numbering of the Hpall fragments of pPH1-8 DNA (B)
corresponds to the polyomavirus numbering scheme (A) and not to their position in the gel shown above the
figure.
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analysis, we used a recombinant plasmid called
pPin7. pPin7 is a derivative of pPBR2 (25) that
carries a HindIIl linker at the Bgll site (begin-
ning at nucleotide 87) in polyomavirus DNA. A
3-bp stretch of viral DNA (nucleotides 91, 92,
and 93) have been removed and replaced with 10
bp of linker DNA. Cleavage of pPin7 DNA
simultaneously with HindIII, BamHI, and
EcoRl yields four fragments of which two (frag-
ments 2 and 4; Fig. 3A) are composed only of
viral sequences. Employment of these DNA
fragments, which had been radiolabeled at their
termini, in the binding assay revealed the pres-
ence of a large T antigen binding site on both
fragments 2 and 4 (Fig. 3A). Therefore, there are
at least two large T antigen binding sites in pPin7
DNA, one upstream and one downstream of the
inserted HindIII linker. To insure that both of
these sites were located entirely within the pre-
viously mapped T antigen binding region we
utilized defined DNA fragments prepared from
several recombinant plasmids that carried one or
the other T antigen binding site alone in the
binding assay.

pdPBHp is a recombinant plasmid that carries
polyomavirus sequences between nucleotide
4632 (the BamHI site) and nucleotide 152 (near
an Hphl cleavage site). These viral sequences
were cloned between the HindIII and BamHI
sites of the vector pML-2, a deletion derivative
of pBR322 (20). Cleavage of pdPBHp DNA
simultaneously with BamHI and Bgll yields four
fragments whose locations are shown in Fig. 3B.
When these fragments were end labeled and
reacted with a crude preparation of large T an-
tigen, two fragments were specifically immuno-
precipitated (fragments 2 and 3; Fig. 3B). One of
the fragments (number 2) carries only those viral
sequences between nucleotides 94 and 152. These
results confirm those shown in Fig. 3A and
reveal that one of the large T antigen binding
sites (between nucleotides 94 and 152) resides
entirely within the region previously shown to
harbor sites of binding of large T antigen (Fig.
2D).

To map the other large T antigen binding site
we constructed another recombinant plasmid,
pdPBBg, and cleaved it with the restriction
endonuclease Hpall. pdPBBg is composed of
pML-2 DNA and the BamHI (nucleotide 4632)-
to-Bgll (nucleotide 90) fragment of polyoma-
virus DNA (Fig. 3C). The viral sequences were
cloned as a BamHI-to-HindIII fragment within
the large BamHI-to-HindIII fragment of pML-2
DNA. Cleavage of pdPBBg DNA with Hpall
yields 19 fragments, and 2 of these (fragments 1
and 2) carry viral sequences. Employment of the
DNA binding assay with these end-labeled frag-
ments revealed that one of the fragments was
specifically immunoprecipitated (fragment 2;
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Fig. 3C). The viral sequences borne by this
fragment span the region from the Hpall site at
nucleotide 5292 to the Bgll site at nucleotide 90.
These results demonstrate that large T antigen
can bind independently to at least two sites
within the 153-bp region that includes nucleo-
tides 5292 and 152. One of the large T antigen
binding sites is located between nucleotides 5292
and 90, whereas the other maps between nucleo-
tides 94 and 152. We refer to the latter as binding
site I and to the former as binding site II
throughout the remaining text.

While our research was under way, Gaudray
et al. (7) reported the existence of a large T
antigen binding site on polyomavirus DNA that
overlaps with binding site II. However, they
were unable to find evidence for any other
binding sites on the viral genome. These investi-
gators employed an indirect assay that measures
the release by viral DNA fragments of ATPase
activity from infected-cell extracts bound to calf
thymus DNA-cellulose columns. The ATPase
activity is inhibited by antibodies directed
against the polyomavirus T antigens and is only
released by specific viral DNA fragments (7).
One explanation for the discrepancy between
the data of Gaudray et al. and ours is that these
investigators employed 300 mM KCl in the large
T antigen (ATPase) release assay, whereas we
used 20 mM NaCl. If the affinity of large T
antigen for site I is reduced at high salt concen-
trations, then this would provide an explanation
for the difference between their data and ours.
To test this hypothesis we measured the affinity
of large T antigen for the specific viral sequences
at several different NaCl concentrations. First,
the end-labeled fragments generated by Hpall
cleavage of pPH1-8 DNA (see Fig. 2B for a map)
were used as substrate in the binding assay, and
the reactions were carried out at 20, 50, 100, 150,
and 300 mM NaCl. The polyomavirus Hpall-5
fragment, which carries sites I and II, was
specifically immunoprecipitated at all salt con-
centrations below 150 mM NaCl, but very little
binding could be demonstrated at salt concentra-
tions greater than 150 mM NaCl (Fig. 4). Sec-
ond, the affinity of large T antigen for the
separated binding sites was assayed at various
NaCl concentrations. Employment of the end-
labeled fragments generated by simultaneous
cleavage of pPin7 DNA with BamHI, HindIll,
and EcoRI (see Fig. 3A for a map) in the binding
assay at various salt concentrations revealed
that the affinity of large T antigen for site I was
less affected at high salt concentration than was
its affinity for site II (Fig. 4). At 20 mM NaCl the
fragments bearing site I (the second largest
fragment) and site II (the smallest fragment)
were specifically immunoprecipitated. Howev-
er, at 100 mM NaCl the fragment bearing site II
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FIG. 3. Mapping of two large T antigen binding sites on the polyomavirus genome. End-labeled DNA
fragments that contain only a portion of the previously identified large T antigen binding region were employed in
the immunoassay. (A) End-labeled fragments obtained after the simultaneous digestion of pPin7 DNA with
HindlIlI, EcoRI, and BamHI were reacted at 10 ng/ml with 50 pl of nuclear extract and processed as described in
the text. Similarly, 10 ng of pdPBHp DNA per ml, cleaved with BamHI and Bgll and end labeled, was reacted
with 50 pl of nuclear extract (B). Note that the ends of DNA fragments generated by Bgll cleavage (which
produces 3’ protrusion) are not as efficiently labeled by the Klenow fragment of DNA polymerase I as are termini
with 5’ protrusions (i.e., BamHI, HindIII; lane M in B). This is more evident in shorter exposures of the
autoradiogram, shown in (B), which show that the two smallest fragments that bear BamHI-BgllI ends are more
efficiently labeled than the two largest that bear only Bgll ends. (C) End-labeled fragments of pdPBBg DNA
obtained by Hpall digestions were reacted at 10 ng/ml with 20 and 40 pl of nuclear extract.

was not specifically immunoprecipitated, where-
as the fragment carrying site I was (Fig. 4).
These observations suggest that the affinity of
large T antigen for site I is greater than is its
affinity for site II, and they directly contradict
the explanation provided earlier to account for
the difference between the observations of Gau-
dray et al. and ours. An alternative hypothesis is

that there are several different-large T antigen
species within infected cells that interact at
different sites on the viral genome. The species
with ATPase activity may bind only to site II
and not to site I. Whatever the explanation, it is
clear that the two large T antigen binding sites or
the large T antigen species that interact with
these sites are not equivalent.
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DISCUSSION

We have identified a 153-bp segment of DNA
within the polyomavirus genome to which large
T antigen binds with high affinity. This region is
located outside of structural gene sequences and
can be subdivided into at least two large T
antigen binding sites. Binding of large T antigen
to each site occurs independently of binding to
the other site, and under our standard conditions
of assay, the affinity of large T antigen for each
site appears to be nearly the same (Fig. 3 and 4).
We have numbered these sequences binding
sites I and II, with binding site I lying closest to
the position where the 5’ ends of the most
abundant early mRNAs map (Fig. 5).

Binding site I lies within a 58-bp sequence
bracketed by nucleotides 94 and 152. Located
within this area of the viral genome are the early
Goldberg-Hogness TATA box (polyomavirus
nucleotides 120 through 130) and a 5-bp stretch
of DNA that displays homology to the consen-
sus cap site, PyCATTCPu (polyoma virus nucle-
otides 149 through 155). Both of these elements
are required for accurate and efficient initiation
of transcription in vitro (18; Mueller et al., data
not shown). However, neither of these se-
quences is absolutely necessary for early gene
expression in vivo. Viable deletion mutants of
polyomavirus have been isolated that remove all
the sequences between nucleotides 94 and 152
(1), and mutant, recombinant viral DNAs have
been constructed that also remove the afore-
mentioned sequences with little consequence on
early gene expression (Mueller et al., data not
shown). That these sequences play a role at all in
early gene transcription has been determined by
the analyses of the phenotype of mutants of the
viral genome cloned in plasmids. These studies
revealed that deletion of the early TATA box
and cap sites from DNA molecules that had no
other upstream promoter elements resulted in a
100-fold reduction in the specific transforming
activity of the DNA (Mueller et al., data not
shown). Therefore, these sequences are compo-
nents of the polyomavirus early promoter that
function in conjunction with other upstream
elements. The location of T antigen binding site
I, relative to the early promoter elements and
the position from which transcription initiates,
strongly suggests an involvement of this site in
autogenous gene regulation.

Binding site II is located within a 90-bp tract
of DNA encompassed between nucleotides 5292
and 90 (Fig. 5). The initiation of viral DNA
replication is known to occur near this region of
the genome (3), and this binding site overlaps
with sequences that are required in cis for viral
DNA replication (21, 26, 38). However, part of
binding site II is dispensable for lytic growth of
the virus for constructed mutants (1, 21), and
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FIG. 4. Reactions of nuclear extracts from poly-
omavirus-infected 3T6 cells with DNA substrates at a
variety of NaCl concentrations. End-labeled Hpall
DNA fragments of pPH1-8 DNA were reacted at 8
ng/ml with 50 ul of crude nuclear extract at the NaCl
concentrations shown, and the samples were proc-
essed as described in the text (left-hand panel). The
BamHI, EcoRl, and HindlII fragments of pPin7 DNA
were reacted at 10 ng/ml with 100 ul of crude nuclear
extract at the NaCl concentrations shown, and the
samples were processed as described in the text (right-
hand panel).

variant strains of polyomavirus have been isolat-
ed that lack sequences contained within this site
(5, 32). It is not known whether large T antigen
binds to the DNA of the aforementioned mu-
tants, but the protein does bind to the DNA of
the A2 and A3 strains (7) and to our strain of
polyomavirus. The A3 strain has 11 bp deleted
between nucleotides 43 and 55 (nucleotides 44
through 54 are deleted) as compared to the A2
strain (5, 32; Fig. 5). Moreover, the strain of
polyomavirus used in our studies has 10 bp
deleted between nucleotides 44 and S5 as com-
pared to the A2 strain (Fig. 5). Therefore, bind-
ing site II is composed of no more than 79 bp of
DNA. Itis very likely that at least part of large T
antigen binding site II is required for viral DNA
replication because mutant viral DN A molecules
that lack binding site II fail to replicate when
provided with large T antigen in trans (26).
Comparison of the DNA sequences in large T
antigen binding sites I and II reveals that the
sequence A/TGAGGC, spaced by 4 or S bp, is
repeated three times within each site (7, 32; Fig.
5). These sequences occur on the opposite DNA
strand and in the opposite orientation when the
two binding sites are compared (Fig. 5). Howev-
er, only two of the repeats in each site are
required for large T antigen binding in vitro.
Deletion of the central AGAGGC within binding
site II, as occurs in the A3 and our strain of
polyomavirus, does not impair the binding of



608 POMERANTZ, MUELLER, AND HASSELL

J. VIROL.

A7, dl 2419

Al g
di 1004

>

G6GGACCCCT GGCCCGCTTA CTCTGGAGAA AAAGAAGAGA GGCATTGTAG AGGCTTCCAG AGGCAACTTG TCAAAACAGG ACTGGCGCC

10 20 30 40

A75

TATA
di 1004

TGGAG6CGCT GTGGEGCCAC CCAAATTGAT ATAATTAAGC CCCAACCGCC TCTTCCCGCC TCATTTCAGC CTCACCACCA TC@GATAG
120

100 o 130

di 2-19 "‘I

v

>

T
50 60 70 80 90

A5
A7

&

«
| EER RAR

140 150 160 170 180

FIG. 5. Comparison between the DNA sequences in large T antigen binding sites I and II. Nucleotides 1
through 180, reading left to right, have the same polarity and sense as the early mRNAs of the A2 strain of
polyomavirus. The sequences deleted in the various strains and viable mutants are indicated by the vertical lines
bearing arrows. Al refers to our strain of polyomavirus. The TATA consensus sequence and the putative
initiation codon for translation of the early mRNAs are boxed. The asterisks denote the 5’ termini of the early
mRNAs (7). Repeats of the A/TGAGGC sequence are marked by the horizontal arrows. Note that the repeats
within binding site I occur on the opposite DNA strand from the one shown. Large T antigen binding site I has
been mapped between nucleotides 94 and 152 (bottom); site II is located between nucleotides 5292 and 90 (top).

large T antigen to this site. Similarly, deletion of
the terminal TGAGGC that straddles nucleotide
160 does not impair the binding of large T
antigen to site I. Large T antigen binds efficient-
ly to DNA fragments from pdPBHp DNA that
contain viral sequences between nucleotides 90
and 152 (site I; Fig. 3B). In this context it is
noteworthy that all of the viable deletion mu-
tants isolated to date retain at least two copies of
the hexanucleotide repeat, spaced by S bp, in
binding site II (Fig. 5). Taken together, these
observations suggest that a tandem repeat of the
hexanucleotide sequence A/TGAGGC, separat-
ed by 4 or 5 bp, serves as a recognition site for
large T antigen binding.

Although there is a great deal of sequence
conservation between the two large T antigen
binding sites, there are nonetheless important
differences between them. First, the two sites
appear to play distinct roles during the virus life
cycle. Binding site I is likely the locus with
which large T antigen interacts to repress early
transcription, and site II probably serves as part
of the replication origin of polyomavirus. Be-
sides their functional distinctiveness, the two
binding sites interact differently with large T
antigen. The affinity of large T antigen for site I
is greater than its affinity for site II at high salt
concentrations. This was indicated by the obser-
vation that the binding of large T antigen to site
II is reduced at high salt concentrations (100 mM
NaCl), whereas binding to site I is hardly affect-
ed (Fig. 4). This could be due to the presence of
three repeats of the AGAGGC sequence in the
DNA fragment bearing site I and only two
repeats of this sequence in the DNA fragment

containing site II (Fig. 4 and 5). However, we
have also observed that some crude nuclear
preparations of large T antigen contain more
activity for binding site II than for site I (data not
shown). These apparently contradictory results
can be explained if we postulate that there are at
least two forms of large T antigen within infected
cells, with different affinities for the two binding
sites, and that the ratio of the two forms varies
during the course of infection. A further embel-
lishment of this hypothesis is that the large T
antigen species that interacts with site II pos-
sesses an associated or intrinsic ATPase activi-
ty. This would explain the results of Gaudray et
al. (7).

Comparison of the large T antigen binding
sites in SV40 DNA and polyomavirus DNA
relative to the genetic control regions of the
viruses reveals a remarkable degree of similar-
ity. Both viral DNAs contain multiple binding
sites, and each of these can be assigned indepen-
dent functions. Binding sites I of polyomavirus
and SV40 both straddle sequences important for
accurate initiation of early transcription and are
likely the sites with which large T antigen inter-
acts to repress early mRNA synthesis. Similar-
ly, binding sites II of the viruses are probably
involved in the initiation of viral DNA synthesis,
for they form part of the origins of viral DNA
replication. The similarity between the T antigen
binding sites in SV40 and polyomavirus DNA is
not limited to their position relative to viral
control signals. Inspection of the sequences
within the T antigen binding sites of SV40 and
polyomavirus DNA reveals the occurrence of
homologous sequences. The sequence GAGGC
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is found repeated twice in SV40 binding site I,
spaced by a run of 6 bp, and this repeat occurs
again in binding site II, spaced by a single base
pair. The pentamer is also found three times in
binding site III, but it occurs on the opposite
strand and the sequences are widely separated.
The related sequence A/TGAGGC is repeated
and spaced by 4 to S bp in both binding sites in
polyomavirus DNA. It is possible that the hex-
amer repeat and the related pentamer repeat
serve as recognition sequences for polyomavirus
and SV40 large T antigen. Because these repeats
are homologous, one would predict that the
SV40 and polyomavirus T antigens could inter-
act with each other’s binding sites. This predic-
tion is supported by the observation that SV40
large T antigen binds with specificity to se-
quences that encompass both polyomavirus
large T antigen binding sites, and polyomavirus
large T antigen specifically binds to SV40 DNA
fragments containing the three SV40 large T
antigen binding sites (B. J. Pomerantz and J. A.
Hassell, data not shown). Whether the penta-
meric and hexameric repeats serve as T antigen
recognition sites and whether they are sufficient
for specific binding to occur remain to be deter-
mined. Since this research was completed Hay-
day et al. (16) obtained independent evidence
that at least two large T antigen binding sites
exist in polyomavirus DNA.
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