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By using a DNA fragment immunoassay, the binding of simian virus 40 (SV40) and polyomavirus (Py) large
tumor (T) antigens to regulatory regions at both viral origins of replication was examined. Although both Py
T antigen and SV40 T antigen bind to multiple discrete regions on their proper origins and the reciprocal
origin, several striking difrerences were observed. Py T antigen bound efficiently to three regions on Py DNA
centered around an MboII site at nucleotide 45 (region A), a Bgll site at nucleotide 92 (region B), and another
MboII site at nucleotide 132 (region C). Region A is adjacent to the viral replication origin, and region C
coincides with the major early mRNA cap site. Weak binding by Py T antigen to the origin palindrome centered
at nucleotide 3 also was observed. SV40 T antigen binds strongly to Py regions A and B but only weakly to
region C. This weak binding on region C was surprising because this region contains four tandem repeats of
GPuGGC, the canonical pentanucleotide sequence thought to be involved in specific binding by T antigens. On
SV40 DNA, SV40 T antigen displayed its characteristic hierarchy of affinities, binding most efficiently to site
1 and less efficiently to site 2. Binding to site 3 was undetectable under these conditions. In contrast, Py T
antigen, despite an overall relative reduction of affinity for SV40 DNA, binds equally to fragments containing
each of the three SV40 binding sites. Py T antigen, but not SV40 T antigen, also bound specifically to a region
of human Alu DNA which bears a remarkable homology to SV40 site 1. However, both tumor antigens fail to
precipitate DNA from the same region which has two direct repeats of GAGGC. These results indicate that
despite similarities in protein structure and DNA sequence, requirements of the two T antigens for
pentanucleotide configuration and neighboring sequence environment are different.

Two well-characterized papovaviruses, simian virus 40
(SV40) and murine polyomavirus (Py), are sufficiently closely
related that they share extensive structural as well as func-
tional homology (6, 27, 31). In particular, the large tumor (T)
antigens of these viruses have numerous similarities, al-
though one of the notable differences between these two
proteins is that the T antigen of SV40 is capable of most of
the tumorigenic activities of that virus, whereas the T
antigen of Py has few (24, 33). Despite this difference, the
functions of the two proteins are virtually identical in direct
control of viral replication and induction of the cellular
processes required for viral replication. The structures of the
T antigens from Py and SV40 are sufficiently similar that it is
possible to match amino acid homologies with areas in the
SV40 early gene products known to be involved with its
functions in virus replication and stimulation of cellular
DNA synthesis (6, 28, 30). Furthermore, the structures of
the two T antigens are similar enough to permit on occasion
cross-reactivity between high-titer anti-SV40 T-antigen anti-
sera and the T antigen of Py (19).

In addition to the similarity of the two T antigens, the
control regions of the two viruses have certain homology,
especially in the regions bound by the two T antigens, as
determined by DNase I and dimethyl sulfate protection by
SV40 T antigen (2, 12, 32) and, recently, by protection from
DNase I nicking by Py T antigen (3). The regions of greatest
sequence homology include a palindrome at the site of
initiation of viral DNA replication, with an adenine-thy-
mine-rich region immediately adjacent to the palindrome. In
addition, both regulatory regions contain tandem T-antigen
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binding sites adjacent to and including the origin palindrome.
These sites contain the pentanucleotides GAGGC and
GGGGC, which have been identified as the contact points
for SV40 T-antigen binding (2, 12, 32). Although the distri-
bution of these pentanucleotides is different in each of the
two viruses, it has been reported that SV40 and Py T
antigens bind to the regulatory region of the other virus (21).
However, the locations of the binding regions on the other
origin of replication for either T antigen were not identified,
other than that the pentanucleotide GAGGC was involved.
To gain possible insight into both the similarities and

differences of the two proteins in their roles in viral replica-
tion and interactions with DNA, we have examined and
compared the specific binding of SV40 and Py T antigens to
both viral DNAs. In addition, as there have been as yet few
reports on the binding of these T antigens to specific nonviral
DNA sequences, we also have examined the interaction of
both proteins with DNA from the Alu family of repetitive
DNA (11, 23) that bears homology to SV40 regulatory
sequences. From the interactions of the two T antigens with
these DNAs, we have drawn inferences concerning the
distribution and the context of the pentanucleotides required
to support high-affinity binding to DNA.

MATERIALS AND METHODS

Cells and viruses. Cos 7 cells are SV40-transformed mon-
key CV-1 cells (8). 3T6 cells were infected with Py wild-type
strain LL 3. CV-1 cells were infected with SV40 wild-type
strain 776 (33).

Preparation of cell extracts for DNA binding. Extracts from
107 cells were made as follows. A 150-mm plate of cells was
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washed four times with phosphate-buffered saline, drained
well on ice, swelled with 2 ml of cold nuclear retention buffer
{10 mM MES [2-(N-morpholino)ethanesulfonic acid], 4 mM
MgCl2, pH 6.0} for 10 min, and then scraped into a Dounce
homogenizer. The cells were disrupted with 10 strokes of an
A pestle and pelleted for 8 min at 8,000 rpm in an SS34 rotor.
The pellet was suspended in 300 pd of high-salt HIP buffer
(0.45 M NaCl, 0.02 M HEPES [N-2-hydroxyethylpiperazine-
N'-2- ethanesulfonic acid], 1 mM EDTA, 1% Nonidet P-40,
pH 8.5), incubated for 20 min, and then spun for 30 min in an
SS34 rotor at 20,000 rpm. The supernatant could be stored
frozen at -70°C, although with some loss (up to 50%) of
specific DNA binding activity.
DNA fragment immunoassay. For binding, the supernatant

was diluted with two volumes of HM dilution buffer (10 mM
MES, 10 mM HEPES, 0.1% Nonidet P-40), and the pH was
adjusted to the desired acidity (4°C), usually 6.50 in the case
of Py extracts and 6.80 for SV40 extracts. As a rule, before
adjusting the pH, the extract was preabsorbed with NHS
(Capell Laboratories) and inactivated Staphylococcus au-
reus bacteria to reduce the background of nonspecifically
bound labeled DNA restriction fragments. After pH adjust-
ment, 5 ng of 32P-labeled probe DNA, together with 1 ,ug of
herring sperm DNA used as nonspecific carrier, was added
into the extract. Generally, 1 x 106 cells of SV40-containing
extract or 5 x 106 cells of Py-containing extract were used
for each 5 ng of probe DNA.

After incubation on ice for 1 h, 10 [lI of hamster antitumor
antiserum was added for another 1 h, followed by 50 ,ul of
10% suspension of fixed S. aureus for 25 min. The protein
DNA-S. aureus complex was isolated by centrifugation, and
the pellet was washed three times by suspension in wash
buffer. The DNA fragments were released by heating at 60°C
for 30 min, and the supernatant was deproteinized and
ethanol precipitated. The pellet was suspended in DNA
sample buffer (buffer for running gels made 5% with Ficoll),
and the DNA fragments were resolved by electrophoresis on
either a 2% agarose or a 5% polyacrylamide gel, with 90 mM
Tris-borate-2.5 mM EDTA. The gel was fixed in protein
fixer (10% acetic acid, 10% trichloroacetic acid, 30% meth-
anol), dried, and fluorographed with X-ray film with an
intensifying screen at -70°C.

Modification of the binding assay. A number of the condi-
tions used for SV40 T antigen, suc,h as binding in 0.15 M
NaCl and in the presence of carrier DNA (25), were usable
for Py T antigen. However, unlike SV40 T antigen, Py T
antigen exhibited a sharp pH optimum at 6.50, above which
the signal decreased. Below pH 6.25 the ratio of origin-spe-
cific to nonspecific binding decreased. In trials with in-
creased concentrations of Py T antigen, the pH optimum for
specific origin binding broadened to include higher pH
levels. Also, it was found that the Py origin binding activity
in these extracts varied between batches but was routinely 5-
to 10-fold less than that contained in SV40 T antigen
extracts.

Since the efficiency of viral infection caused variation
between batches of extract made from lytic infections and
since the presence of viral DNA in such extracts might be a
potent competitor for input DNA, a Py-transformed hamster
cell line was used, as well as 3T6 cells lytically infected with
Py. Comparison of the ratios of the separated binding
regions derived after binding with hamster or mouse extract
revealed no differences, and the two extracts were used
interchangeably. Most variations in the level of specificity or
background were due to the relative amount of specific
binding activity in the extract rather than to the source of the

cells used to make it. As a rule, for binding to ectopic DNAs,
at least three times more extract was required for specific
binding to be distinguishable over background.

Materials. Anti-Py antisera and anti-SV40 antisera were
prepared from tumor-bearing hamsters. Anti-SV40 T-antigen
monoclonal antibody was obtained from the tissue culture
supernatant of pAB 416 mouse hybridoma cells (9). Formal-
dehyde-inactivated S. aureus bacteria were purchased from
the Enzyme Center. Restriction endonucleases and DNA
polymerase were purchased from New England BioLabs,
Inc. DNAs used were p373A2, which is Py strain A2 inserted
into the BamHI site of pAT153 (24), and pSVR1, which is
SV40 strain 776 inserted into the EcoRI site of pBR322.
These plasmids were the generous gifts of R. Kamen and J.
Manley, respectively. Also obtained from J. Manley was a
BglII fragment, subcloned into the BamHI site of pBR322,
from the human P-glQbin locus (23) containing a represent-
ative of the Alu family. Nick translation to label DNA with
[a-32P]deoxynucleoside 5'-triphosphate was performed by
the methods of Maniatis et al. (17) as described previously
(25). Labeled DNAs were digested typically as 50 ng in 5 pul
of the buffer recommended for each restriction endonucle-
ase.

RESULTS

Py T antigen binds to discrete regions on Py DNA. Extracts
of Py T-antigen-containing cells were used in the DNA
fragment immunoassay to examine the specific binding of Py
T antigen to Py DNA. Py T antigen is the viral gene product
responsible for the high-affinity, sequence-specific DNA
binding described below. This was first demonstrated in
experiments with a Py T-antigen-specific monoclonal anti-
body (3), isolation of T-antigen-specific mutants of Py (10),
and extracts from a rat cell line (18-37) expressing, of the
three Py tumor antigens, only T polypeptide (C. Prives, K.
Cary, B. Barnet, A. Scheller, K. Chowdhury, J. Bolen, and
M. Israel, manuscript in preparation). When various restric-
tion digests were used, the approximate limits and strengths
of binding regions were estimated. These were found to
extend the results of recently reported studies with the DNA
fragment immunoassay (3, 7, 10, 22). In addition, the present
study confirms the data from DNase I footprint techniques
(3), which indicated that three specific binding regions are
present on Py DNA for Py T antigen.
A single 216-base-pair (bp) fragment (nucleotide [nt] 5265

to nt 187) was precipitated from a PvuII-DdeI digest. (Fig.
le). Further cleavage with BgII permitted fragments on
either side of the BglI site at nt 90 to nt 92 to be precipitated
(Fig. ld). The use of MboII and HaeIII restriction enzymes
in conjunction with others led to the identification of three
strong sites (regions A, B, and C) adjacent to the replication
origin on the early side. The results of these experiments are
presented.

(i) The middle site (B). After cleavage within the origin
region with MboII, three fragments are precipitated: #12
(293 bp between nt 5045 and nt 45), #24 (86 bp between nt 46
and nt 132), and #19, (133 bp between nt 132 and nt 267)
(Fig. la). Fragment #12 contains the origin palindrome, and
fragment #19 includes the major early cap site (13) at nt 150.
The intensity of #19 is weak, but data presented below
indicate that cleavage at the MboII restriction site at nt 132
damages the binding region. Besides the three fragments
identified above, the additional immune-precipitated frag-
ments visible in the digest are the result of incomplete
cleavage with MboII. These are the strong 222-bp fragment,
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FIG. 1. Binding of Py T antigen to separated regions on Py DNA. Reactions were performed as described in the text. Extracts from 2 x

106 Py-transformed cells were used to bind 5 ng of labeled p373A2 DNA digested with MboII (a), MboII plus BglI (b), MboII plus Narl (c),
PvuII plus DdeI plus BgIl (d), or PvuII plus DdeI (e). Ten-times longer exposures of lanes a to c are shown in lanes a', b', and c', respectively.
Above the point of truncation, lanes a', b', and c' were very overexposed. Capital letters indicate the input digests. Numbers along the left
side of the gel are sizes in bp. The expected fragments generated by MboII are identified on the autoradiogram as 12, 19, and 24. MboII, which
is sensitive to methylation on adenosine and cytosine residues, could not be digested to completion. Bands representing partial digests by
MboII appear, which include the 219-bp #24-19 (open arrow), the 380-bp #12-24 (+), and the 512-bp #12-24-19. Narl, which is affected by
nucleotides surrounding its recognition sequence, also was difficult to cut to completion. In lane c, less than half of the potential Narl sites
could be cleaved, as evinced from comparing the intensity of the band at 220 bp with its Narl product at 170 bp. In lane c' a solid arrow points
to the 47-bp NarI-MboII fragment. Also, note that for lanes a and a', 10 ng of MboII was added instead of 5 ng. A map of the relevant cleavage
sites within the PvuII-DdeI fragment numbered every 100 bp appears at the bottom of the figure. Beneath this map are depicted each of the
digests, with the sizes of the fragments expected in the binding region indicated. The order of these digests does not reflect the order of the
lanes. At the left side of each digest, within parentheses, is the letter of the lane to which it refers. Symbols for the various restriction
enzymes: a, AIuI; b, BglI; d, DdeI; m, MboII; n, Narl; p, PvuII.

which includes #24 and #19, and the weaker 380-bp frag-
ment composed of #12 and #24. Additional cleavages in this
region with other restriction endonucleases showed this to
be the case.

Cleavage of MboII #24 with BglI prevented either of the
resulting fragments from precipitating detectably (Fig. lb).
However, after digestion with NarI (again a partial digest;
see the legend to Fig. 1), which cuts at nt 84 to nt 86, a very

small amount of a 47-bp fragment could be precipitated,
visible with long exposure of the gel (Fig. lc and c'). Since

under even these conditions neither of the #24-BglI frag-
ments is visible (Fig. lb'), it was concluded that BgII
effectively destroys this binding region. However, since the
intensity of the precipitated #24-Narl fragment is very much
less than half that of #24, this indicates that Narl still
damages the binding region, probably cutting on the edge of
it, but leaves enough of the region intact to permit some
weak binding. It cannot be ignored that other factors can

affect the intensity of precipitation of small DNA fragments.
Local heterogeneities in the labeling of fragments by nick
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translation can become pronounced in small fragments.
Also, a minimum length may be required for T antigen to
bind to a DNA fragment containing a specific binding region.
Limits of the other side of the binding region were examined
through digestion of MboII #24 with HaeIII. A fragment of
62 bp was precipitated, which had an intensity little reduced
proportionately from that of the 86-bp fragment (data not
shown). This indicated that the sequences required for
binding in this region lie slightly beyond the Narl site at nt 84
but within the HaeIII site at nt 106.

Although cleavage of MboII #24 with BglI prevented
precipitation of the resulting halves (since fragments from
either side of the BglI site at nt 92 extending past either
MboII site at nt 45 or nt 132, as in the PvuII-DdeI-Bg1I
digest, were strongly precipitated), two strong binding re-

gions ought to lie beyond the edges of #24. However, since
neither #12 nor #19 was efficiently precipitated relative to
the #24-#19 partial band, even after cleavage with BglI,
each binding region probably was interrupted by MboII.
Although it could be argued that the weakness of #19 would
be attributable to very inefficient digestion by MboII at nt
132, two arguments can be brought against this. First, the
ratio of the intensity of #19 to that of #24 remains low,
which would be independent of the extent of digestion.
Second, the proportions of partial products varied between
batches of nick-translated DNA, and in a few cases the
partial band at 220 bp was virtually undetectable.

(ii) The site adjacent to the replication origin (A). A strong
binding region adjacent to the palindrome could be detected
by treating the origin region with HaeIII, which permitted
two fragments to be precipitated: one, 94 bp long, between
nt 12 and nt 106 (Fig. 2d), as well as one extending from nt
106 and beyond. With an HaeIII-BgIl digest, the 79-bp
fragment (nt 12 to nt 91) also was precipitated efficiently
(Fig. 2f). However, the intensity of the fragment was less
than half that of the 94-bp fragment, as if the contribution of
the binding region at the BglI site were substantial. Despite
the certainty that the MboII site at nt 45 effectively damages
the strong binding region, the endpoints of region A cannot
be placed more definitely by this method than as being
between the HaeIII site at nt 12 and the BgIl site at nt 92.
However, the endpoints probably lie well within this region.

(iii) The site containing the major early mRNA caps (C).
Evidence from this report and others (3, 13, 22) suggested
that another strong binding region existed on the early side
of the BglI site, and the MboII digest indicated that nt 132
was near the left boundary of this region. To keep sequences

left of this site intact, a HaeIII digest was used. Fragments
rightward from nt 107, either the HaeIII-DdeI 80-bp (nt 107
to nt 187) (Fig. 2d) or the HaeIII-HphI 48-bp (nt 107 to nt
155) (Fig. 2e) fragment, were precipitated. The ratio of the
intensities between the 48-bp fragment and the 80-bp HaeIII-
DdeI fragment was less than that expected from a mere

reduction in size. However, the ratio of intensities between
the HaeIII-HphI 48-bp fragment and the HaeIII-BglI 79-bp
fragment (see above) is proportional to their sizes. This
suggests that the binding region involves sequences extend-
ing past the HphI site at nt 155. But, because of the
weakness of MboII #19, another complete binding region
cannot be involved, so HphI may trim off DNA sequences

not necessarily involved in specificity but still required for
stable interaction with the protein. Therefore, the endpoints
for this binding region would appear to extend from some-

what leftward of the MboII site at nt 132 up to around the
HphI site at nt 155.
To summarize the data on binding of Py T antigen to Py

DNA by the DNA fragment immunoassay, available restric-
tion sites led to the identification of three strong binding
regions, A, B, and C. These happen to be interrupted by the
MboII site at nt 45, the BglI site at nt 91, and the other MboII
site at nt 132, respectively. In addition, a fourth region
containing the origin palindrome also was bound (MboII-
PvuII 72-bp fragment; Fig. 2c), but considerably less effi-
ciently than the others (see below). The regions are depicted
as the upper band of each set of restriction digests (see Fig.
5).

Differences in the binding of SV40 T antigen to multiple sites
on Py DNA. The ability of the T antigen encoded by the
related papovavirus SV40 to bind to Py DNA was examined.
Similar restriction digests were used to compare the relative
efficiency of binding to the different regions. As was the case
with Py T antigen, the PvuII-DdeI 216-bp fragment was the
major fragment precipitated by SV40 T antigen (Fig. 3a).
However, a striking difference between the response of the
two T antigens was revealed after digestion of this fragment
with BglI. The 125-bp fragment containing the origin and
region A was precipitated efficiently, but the 95-bp fragment
containing region C was bound only weakly (Fig. 3b). Trials
with the MboII digest revealed that fragments #12 and #24
were precipitable but #19 was not (Fig. 3c and e). For
contrast, compare the Py T-antigen precipitates in Fig. 2.
The partial digest of #24-#19 was precipitable, but after
digestion with BglI the resulting 170-bp fragment no longer
was strongly precipitable (Fig. 3d). The failure of SV40 T
antigen to bind efficiently to region C was confirmed by the
HaeIII digests. Compared with the 95-bp HaeIII fragment
containing regions A and B, the 80-bp HaeIII-DdeI fragment
containing only region C was rather weak (Fig. 3f). Conse-
quently, the HaeIII-HphI 48-bp fragment (Fig. 3g and h) was
detectable only after much longer exposures than those
shown. Thus, althoughSV40 T antigen does bind efficiently
to regions A and B, demonstrating the same sensitivity to
MboII and BglI at these sites as does Py T antigen, it binds
only very weakly to region C. As this latter region contains
four tandem repeats of GPuGGC (three of them GAGGC),
which ought to ensure efficient binding to this region, this is
a somewhat surprising observation. A summary of the
binding ofSV40 T antigen to discrete regions on Py DNA is
depicted as the lower band of each restriction digest (see
Fig. 5).

Evidence that Py T antigen and SV40 T antigen bind weakly
to sequences at the Py origin of replication. In addition to
identifying three discrete strong binding regions adjacent to
the viral replication origin, several experiments indicated
that Py T antigen binds weakly but specifically to sequences
containing the origin palindrome. First, a PvuII-MboII di-
gest yielded a 72-bp fragment (nt 5265 to nt 45) which was of
an intensity considerably less than that of MboII #24 (Fig.
4a). Second, an alternative digestion of MboII #12 with
HpaII, which cuts at nt 1, resulted in the weak binding of a
47-bp fragment mapping between nt 1 and nt 45 (Fig. 4b).
The intensity of the 47-bp HpaII-MboII fragment was greatly
reduced compared with that of the 72-bp PvuII-MboII frag-
ment. Although the possibility remained that sequences
outside of the origin palindrome adjacent to nt 45 played a
role in precipitating MboII #12, a third digest with BstNI-
HphI indicated that this was not the case. Digestion of the
origin with BstNI permitted the 79-bp fragment (nt 5227 to nt
10) to be precipitated very weakly (Fig. 4c), thereby indicat-
ing that sequences within the origin palindrome contribute to
the precipitation of MboII #12. From the reduction in
efficiency of binding relative to the 72-bp PvuII-MboII
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FIG. 2. Binding of Py T antigen to separated regions on Py DNA. Reactions were performed as described in the legend to Fig. 1. The
enzymes used were MboIl (a), MboIl plus BgIl (b), MboII plus PvuIl (c), HaeIII plus DdeI (d), HaeIII plus HphI (e), HaeIII plus BgIl plus
HphI (f), or BstNI plus HphI (g). Capital letters indicate the input digests. Numbers refer to the size in bp. At the bottom of the figure is a

map of the relevant cleavage sites in PvuII-DdeI, which is numbered every 20 bp according to Soeda et al. (27). Maps of each of the restriction
digests, with sizes of the fragments expected spanning the binding regions indicated, appear below. Symbols for the various restriction
enzymes: B, BglI; Bs, BstNI; D, DdeI; Ha, HpaII; Hp, HphI; M, MboII; P, PvuII; 3, HaeIII. In lane c, approximately half of the sample
was lost. The 72-bp band from the MboII-plus-PvuII digest (lane c) is barely visible in this figure but can be more clearly distinguished in a

four-times longer exposure of the same lane appearing in Fig. 4a below. Also, note that a 158-bp band appears, which should extend from nt
5265 to nt 133, and that the bands larger than 300 bp have been cleaved by PiuII.

fragment, it is evident that HpaII and BstNI (as well as

HaeIII) impinge upon the origin binding region.
Binding to the Py origin palindrome by SV40 T antigen

differed. Although precipitation of the 72-bp PvuII-MboII
fragment was close to the efficiency observed for Py T
antigen (Fig. 4a, cf. p and s), cleaving within the origin
palindrome with either HpaII or BstNI prevented SV40 T
antigen from precipitating the origin palindrome containing
DNA. Unlike Py T antigen, neither the 47-bp HpaII-MboII
fragment (Fig. 4b) nor the 79-bp BstNI fragment (Fig. 4c)
was precipitated by SV40 T antigen. Thus, the distribution
of SV40 T antigen on the origin palindrome differs from that

of Py T antigen. Furthermore, there is less of a possibility
that the remainder of region A left in MboII #12 contributes
to the precipitation of that fragment. The difference in
binding to the Py origin palindrome is included in the
summary presented in Fig. 5.
Py T antigen binds to discrete regions on SV40 DNA.

Considering the similarities and differences of binding of
SV40 T antigen on the Py origin, it was conceivable that Py
T antigen might differ from SV40 T antigen in its distribution
on and relative affinity for the SV40 origin. The binding of
SV40 T antigen to its own origin has been characterized
extensively and serves as a context for the efficiency of
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FIG. 3. Binding of SV40 T antigen to separated regions on Py DNA. Reactions were performed as described in the legend to Fig. 1. Before

the addition of DNA, the extracts were adjusted to pH 6.75. The following digests were used: PvuII plus DdeI (a), PvuII plus DdeI plus BglI
(b), MboII (c), MboII plus BgIl (d), MboII (e), HaeIII plus DdeI (f), HaeIII plus HphI (g), HaeIII plus BglI plus HphI (h), and BstNI plus
HphIl (i). Capital letters indicate the input digests. Lanes a to c, d and e, and f to i are from three separate trials. The map below is the same

as that described in the legend for Fig. 2.

precipitation, as well as a measure of the validity and
applicability of the assay.

All of the SV40 DNAs (Fig. 6) were digested with BstNI,
which gives endpoints at nt 5092 and nt 160. To simplify

identification, the digests will be referred to by the other
enzymes used. As shown previously, the 232-bp Hindlll
fragment (nt 5171 to nt 160) was precipitated efficiently by
SV40 T antigen (Fig. 6a, under SV40 T). After digestion of
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FIG. 4. Binding of Py and SV40 T antigen to the Py origin of replication. Reactions were performed as described in the legend to Fig. 1.

The following digests of Py DNA were used: MboII plus PvuII (a), MboII plus HpaIl (b), and BstNI plus HphIl (c). The lanes with input
digests are indicated by mp (a), mh (b), and bs (c). (See the map in fig. 5 for reference.) In each set of digests, Py extract was used for the
left lane (P) and SV40 extract was used for the right lane (S). Compared with the MboII-PvuII trial from Fig. 2c, lane a is exposed four times

longer. The lanes are truncated for comparison, since lanes b and c are very overexposed. The faint fragments of interest are at 72 bp (a),
45 bp (b), and 79 bp (c). Each of the restriction digests which span the origin region is indicated below, with the sizes of the fragments
expected.
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FIG. 5. Summary of the binding of Py and SV40 T Antigen to Py DNA. The fragments precipitated by Py T antigen and SV40 T antigen

used to map the binding regions on the Py origin appear as a pair of parallel bands opposite the name of the enzymes used for the digest. For
each digest, the upper of the pair are those fragments bound by Py T antigen and the lower of the pair are those bound by SV40 T antigen.
The fragments from the restriction digests used to map the binding of Py T antigen and SV40 T antigen are represented as bands of differing
darkness relating to the intensity of the fragment precipitated in the DNA immunoassay. The darkness is normalized to binding, for each
protein, to the intact origin fragment, which is taken to be optimal efficiency of binding for the conditions used, even if the absolute binding
is relatively weak. In descending order, the scale is bands outlined in solid lines filled with (i) all black, (ii) closely hatched, and (iii) loosely
hatched, (iv) an open outline, (v) a band outlined in broken lines, and (vi) no outline, with cut sites delineated, indicating no detectable
binding. Partial digests are not included in the summary. Above the bound fragments is a map aligned with them showing the location of the
restriction sites that generated them. Enzymes: B, BglI; Bs, BstNI; D, DdeI; Ha, HpaIl; Hp, HphI; M, MboII; Na, Narl; P, PvuII; 3, HaeIII.
The numbering noted every 100 bp is that of Soeda et al. (27), with a mark every 20 bp. Below and also aligned with the restriction fragments
is a topological map of the origin region of Py. The features noted, from left to right, are an adenosine-thymine-rich stretch and a box next
to the origin palindrome, which includes six - -GGC boxes. Region A includes three boxes representing GAGGC, and region B has two solid
boxes as canonical pentanucleotides as well as three other - -GGC boxes drawn in broken lines. Another adenosine-thymine-rich region
which includes the TATA box is adjacent to region C, which is designated by four pentanucleotide boxes in an orientation opposite to that
of region A. At the bottom of the figure is a table summarizing the relative affinity of each T antigen for the intact regulatory region, under
the heading of Overall. In addition, the table includes a summary of the apparent strength of interaction for each of the binding regions,
including the origin palindrome (ori).

the BstNI fragment with DdeI, SV40 T antigen precipitated
both the 137-bp fragment containing site 1 (nt 5092 to nt
5131) and the 173-bp fragment containing sites 2 and 3 (nt
5229 to nt 160) (Fig. 6b). As expected, the fragment contain-

ing site 1 was precipitated 5- to 10-fold more efficiently than
was that containing sites 2 and 3. Cleaving the 173-bp
fragment with BglI dramatically reduced the efficiency of
binding to the resulting 167-bp fragment (Fig. 6c and e').
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FIG. 6. Binding of SV40 T antigen and Py T antigen to SV40 DNA. Binding was performed as described in the text. Either extract from
5 x 105 Cos 7 cells was adjusted to pH 6.75 or extract from 5 x 106 Py-transformed cells was adjusted to pH 6.50 before the addition of DNA.
All digests include BstNI, together with HindIll (a), DdeI (b), DdeI plus BgIl (c), DdeI plus StuI (d), BgIl plus StuI (e), or HaeIII (f). The
StuI digests were occasionally incomplete, so (d') and (e') were included to show Cos 7 extract in a different trial with more complete StuI
digestion, to allow visualization of bands at 167 bp, and to compare the 51-bp band in (e') with the 173-bp band in (d'). The sets including either
SV40 extract or Py extract are indicated. Capital letters indicate the input digests. A map below, using the Buchman et al. numbering of SV40
as described in reference 33 (in U of 100 bp), shows the location of the enzyme sites used. The sizes of fragments for each of the input digests
are indicated. These include Bs, BstNI; D, DdeI; H, HindIll; S, StuI; and 3, HaeIII.

Also, cleaving the 137-bp fragment with StuI at nt 5190
resulted in a 37-bp fragment (nt 5190 to nt 5228) to which
binding was not detected (Fig. 6d), thereby indicating that
StuI disrupts site 1. Any partial digests by StuI were most
effectively exploited by SV40 T antigen (e.g., the 137-bp
fragment in lane d and the 151-bp fragment in lane e [Fig. 6]).
Thus, it appeared that the portions of site 1 required for
efficient binding by SV40 T antigen border the Stul site and
that the solitary GAGGC on the late side of the StuI site does
not act efficiently by itself. In addition, the portion of site 2
required for strong binding includes the sequences between
the DdeI site at nt 5228 and the BgIl site at nt 5239 (12, 15).
This region contains the first pentanucleotide of site 2.
Cutting the 311-bp BstNI fragment with StuI and BglI
resulted in efficient precipitation of the 51-bp fragment (nt
5190 to nt 5240) as well as the weak 167-bp fragment (same

as above) (Fig. 6e and e'). The dramatic increase in effi-
ciency of precipitation occurs after increasing the length of
the 37-bp StuI-DdeI fragment (or the 44-bp HaeIII fragment
from between nt 5291 and nt 5234) to include the first
pentanucleotide of site 2 so as to isolate a palindrome
bracketed by facing pentanucleotides. The efficient precipi-
tation of the 51-bp StuI-BglI fragment may indicate that
some synergy occurs between polypeptides bound to dam-
aged site 1 and damaged site 2. To detect binding at site 3,
the 311-bp BstNI fragment was digested with HaeIII. How-
ever, the 158-bp fragment containing site 3 (nt 6 to nt 160)
was undetectable (Fig. 6f). From this series of digests, SV40
T antigen binds most strongly to site 1 and less efficiently to
site 2, whereas binding to site 3 was undetectable under the
conditions used in this assay. The region around the StuI site
at site 1 and the first pentanucleotide in site 2 appear to be
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FIG. 7. Summary of the binding SV40 and Py T antigen to SV40 DNA. The fragments precipitated by Py T antigen and SV40 T antigen
from the restriction digests used to map the binding regions of Py T antigen and SV40 T antigen on SV40 DNA are represented by a pair of
bands opposite the name of the enzymes used to generate the fragments. As in Fig. 5, the upper bands of each set are those bands bound by
Py T antigen and the lower bands are those bound by SV40 T antigen. Above, aligned with the precipitated bands, is a restriction map with
the following symbols: B, BgIl; Bs, BstNI; D, DdeI; F, FokI; H, Hindlll; N, NcoI; S, StuI; 3, HaeIII. The numbering is that of Buchman
et al. as described in reference 33, numbered every 100 bp and marked every 20 bp. Below the fragments precipitated is a topological map
of the origin of SV40. From left to right are indicated the enhancer 72, the promoter as three 21-bp repeats with boxes indicating sequences
it contains as GPuGGC, and a - -GGC box at the edge of the promoter in the opposite orientation. An adenosine-thymine-rich stretch which
includes the TATA box is adjacent to the origin palindrome, which contains two pairs ofGAGGC residues (solid lines) in opposite orientation.
Another cluster of pentanucleotide boxes in both orientations appears to the left of the ATG start codon. Under the map, binding sites 3, 2,
and 1 are indicated. As in Fig. 5, a table summarizing the interaction appears at the bottom of this figure.

the sequences required for strong binding to SV40 DNA. As
this hierarchy of affinities is consistent with previously
published work (2, 30, 32), it appears that the DNA im-
munoassay gives some accurate measure of the extent of
binding regions through the use of restriction fragments.
The response of Py T antigen to SV40 DNA was strikingly

different. The intact origin within the 232-bp Hindlll frag-
ment was precipitated (Fig. 6a, under Py T), although with
reduced efficiency relative to how it precipitates the Py
regulatory region. However, unlike SV40 T antigen, after
cleavage of the BstNI fragment with DdeI, the 173-bp
fragment (sites 2 and 3) was brought down at least two times
more efficiently than the 137-bp fragment (site 1) (Fig. 6b).
Furthermore, cleavage of the 173-bp fragment with BglI
reduced the intensity of the resulting 167-bp fragment to
equal that of the 137-bp fragment (Fig. 6c). From the
intensity of the bands in the 167-bp BgII fragment (nt 5240 to
nt 160), it appears unlikely that the remainder of site 2
contributes strongly to the binding of this fragment to any

degree greater than how SV40 T antigen binds to this
remnant. This was confirmed by digestion of the BstNI
fragment with HaeIII. The intensity of the resulting 158-bp
band (Fig. 6f) was not much different from the 137-bp DdeI
band or the 167-bp BgIl fragment. This indicates that Py T
antigen binds to site 3 with an apparent affinity similar to that
for either site 1 or site 2. Py T antigen also bound to the site
3 fragment with ends at nt 6 and at nt 97 as cut by HaeIII and
FokI (data not shown). Therefore, although Py T antigen
binds to each of the three binding regions on SV40 DNA,
unlike SV40 T antigen, Py T antigen does not demonstrate
relative differences in efficiency of binding these sites on the
SV40 origin. The results from comparing the binding of
SV40 T antigen and Py T antigen to SV40 DNA is summa-
rized (Fig. 7).
Another example illustrates the difference in binding of

SV40 and Py T antigens to the two viral DNAs (Fig. 8). The
binding of SV40 T antigen appears to be efficient on both
DNAs, approaching, on the 94-bp HaeIII Py fragment, an
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FIG. 8. Efficiency of binding of SV40 and Py T antigens to separated binding regions from SV40 and Py DNA. (A) With the HaeIlI-plus-
DdeI digest of p373A2 DNA (p, a, and b), extract from 2 x 106 Cos 7 cells (a) or 2 x 106 Py-transformed cells (b) was used. For binding to
the pSVRI HindIII-plus-DdeI-plus-NcoI digest (c, d, and s), extract from 5 x 105 Cos 7 cells (c) or 5 x 106 Py-transformed cells (d) was used.
A 10-fold longer exposure of lane d appears in lane d'. Input digests are in lanes p and s. A map of the restriction enzyme sites is shown below.
The location of the fragments in the SV40 digest is as follows. The 61-bp fragment (site 1) extends from the HindIll site at nt 5171 to the DdeI
site at nt 5228. The 54-bp fragment (site 2) lies between the DdeI site and the NcoI site at nt 37. The 251-bp fragment (site 3) extends from
the NcoI site to the next DdeI site at nt 288. Unlike previous trials, the extracts were bound through antiserum to S. aureus and washed before
the binding of DNA. (B) Response of Py T antigen to the same HindIII-DdeI-NcoI digest of pSVRI as in (A) but performed in binding buffer
containing 0.15 (a), 0.18 (b), or 0.22 (c) M NaCl. Washes of the DNA in the immune pellet were performed in 0.15 M NaCl wash buffer. The
binding reaction was performed as described in the legend to Fig. 6. The same three fragments as those bound in part A. are indicated.

intensity similar to that of Py T antigen on that fragment
(Fig. 8A, a and b). However, Py T antigen binds weakly to
SV40 DNA, with site 1 and site 2 only weakly apparent,
even after a 10-times longer exposure (Fig. 8d and d'). It is
noteworthy that with the SV40 origin separated into these
smaller fragments, the binding of Py T antigen to site 2
appears to be about three times greater than that to site 1.
Again, despite this weak overall binding, the affinity of Py T
antigen for SV40 site 3 is much greater than that of SV40 T
antigen for this site. SV40 T antigen binding to site 3 is not
evident even after much longer exposures. Although Py T
antigen does bind to SV40 site 3, binding to this region is
more sensitive to increased salt concentration and shows a

differential reduction relative to its binding to separated sites
1 and 2. Between the salt range of 0.15 and 0.22 M NaCl, the
efficiency of precipitation of isolated site 3 dropped to 13%
its initial value, whereas those of sites 1 and 2 were reduced
only to 44% of their initial value (Fig. 8B). This greater
sensitivity indicates that affinity of Py T antigen for site 3
depends upon interactions which are less optimal than for
the other binding regions, possibly being more sensitive to

ionic interactions with the DNA backbone than the other
binding regions.

Binding to Alu family DNA. When considering the ability
of the two T antigens to bind similar viral DNA sequences,
the question was raised as to whether there were any
nonviral DNA sequences to which the two proteins would
bind. A striking homology has been noted between half of
the origin of replication of the papovaviruses and the desig-
nated consensus sequence of the- Alu family middle repeti-
tive DNA (11). Examinations were made of the binding of Py
T antigen and SV40 T antigen to a representative of Alu
family DNA located 3' to the human beta-globin locus (23).
This DNA included sequences homologous to half of SV40
site 1, as well as to half of SV40 site 2. The sequences of the
two homologous regions are depicted, together with a com-

parison to SV40 sequences (Fig. 9). Note that a single base
change interrupts the homology in each case. The two
regions are separable through restriction digests. The site 1
homology appears in a 120-bp HincII-BstNI fragment or in a

165-bp HincII-DdeI fragment. The region homologous to site
2 appears in a 65-bp BstNI fragment. Under conditions in
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which both T antigens bound with characteristic efficiency to
both viral DNAs (data not shown), binding by Py T antigen
to fragments containing the region homologous to SV40 site
1 was observed (Fig. 9b and d). None was detectable to the
65-bp BstNI fragment. The failure of either protein to bind
efficiently to the region homologous to SV40 site 2 indicates
that two direct pentanucleotide repeats alone are insufficient
for tight binding. Furthermore, the change of a C residue to
T may be disruptive. It is surprising that Py T antigen
precipitated the site 1 homologous DNA with considerably
greater efficiency than did SV40 T antigen. In fact, the
binding of SV40 T antigen to that region can be considered to
be only marginally specific (Fig. 9a and c). This was unex-
pected since SV40 T antigen demonstrates such a preference
for SV40 site 1. This observation highlights the differences in
sequence requirements between the two proteins, involving
the content or the orientation, or both, of the sequences on
DNA. However, although it is evident from its interaction
with Py DNA that Py T antigen uses spaced tandem penta-
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FIG. 9. Binding of SV40 and Py T antigen to Alu DNA. Extracts
from 2 x 106 Cos 7 cells (a and b) or from 5 x 10' Py-transformed
cells (c and d) were attached to S. aureus through antiserum and
washed before DNA binding. The complexes were bound to Alu
DNA (23) digested with either HinclI plus BstNI (a and c) or HincIl
plus DdeI (b and d). Lanes e and f are the respective input DNAs.
Below are the pertinent sequences compared with their homologous
regions in SV40 with the homologies underlined. Note the homology
between the two Alu DNA sequences. At the bottom is a rough map
showing the location of the enzymes used: Bs, BstNI; D, DdeI; clI,
HincII. On the map, nt 1 corresponds to nt 15984 as sequenced by
Poncz et al. (23). The homology regions on the map are indicated by
boxes. Numbering is every 100 bp.

nucleotides, the failure to bind as efficiently on SV40 DNA
as it does on Py DNA indicates that some aspect of the SV40
binding regions is inappropriate for optimal usage by Py T
antigen. Similarly, in light of the ability of Py T antigen to
bind to DNA to which SV40 T antigen binds poorly, con-
straints must exist for the specific binding of DNA by SV40
T antigen.

DISCUSSION

This study demonstrates that Py and SV40 T antigens bind
to regulatory segments of either virus at multiple discrete
regions sharing homology. Although the T antigens were
capable of binding to DNA fragments containing the intact
regulatory segment when the fragment was separated into
individual binding regions a number of differences were
evident. The fragments precipitated by Py T antigen indicate
that Py T antigen binds on Py DNA at four regions, three of
these, A, B, and C, with similar strengths. Binding to the
origin palindrome by Py T antigen is much weaker. In
contrast, SV40 T antigen discriminates among the different
regions on Py DNA: SV40 T antigen binds regions A and B
but only weakly to region C and the origin palindrome. On
SV40 DNA, Py T antigen binds weakly, overall. However,
unlike SV40 T antigen, little preference is evident in the
interaction of Py T antigen with each of the three different
SV40 binding sites. Taken together, this indicates that
despite the similarities shared in the ability to bind to the
other viral regulatory sequences, Py T antigen and SV40 T
antigen do differ in the requirements of each for specific
DNA binding.
An interpretation of the differences in the specific interac-

tion between the two T antigens and DNA can be made as a
function of the subtle differences between the nucleotide
sequences. From this it is possible to derive guidelines for
the arrangement of the pentanucleotides required to support
tight binding by each T antigen. In all binding regions, the
sequence GPuGGC is arranged in groups which must be
maintained intact to support strong specific binding (2; this
study). However, the failure of the T antigens to bind all sets
of pentanucleotides with equal strength implies that con-
straints exist for optimal binding. Characteristics which
might affect specific binding include the sequences within
each pentanucleotide (composition of the - - GGC box), the
sequences surrounding the pentanucleotide (context), and
the orientation of the pentanucleotides with respect to one
another, together with the distance in nt's between them
(orientation and spacing). The nt sequences of the regulatory
regions of the two viruses which contain the pentanucleo-
tides in the binding regions are reproduced (Fig. 10).
Composition of the other two nucleotides in the - - GGC

boxes on SV40 has been considered by DeLucia et al. (2) to
influence the strength of SV40 T-antigen DNA binding. A
similar effect is evident with the binding of Py T antigen to
DNA. Both region B and region C on Py include GGGGC,
but these were not detected by Gaudray et al. (7) and were
reported by Dilworth et al. to be less strongly bound than
region A (3). Furthermore, the origin palindrome, which is
much more weakly bound by Py T antigen, has only two
classical GAGGC, between which are interposed four other
- - GGC stretches (6, 14, 34). Similarly, the binding of Py T
antigen to SV40 site 3, which is unlike SV40 sites 1 and 2 in
that it lacks any pentanucleotides of the composition
GAGGC, is differentially sensitive to increases in salt con-
centration. However, it is difficult to determine from our
studies whether SV40 T antigen and Py T antigen differ in
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-20 -10 10 20
0 -111 11 TGTATTMG CAGAGGCCGG GGGCCCCTGG CCTCCGCTTA CTCTG0~~M --= __

AMAAM MCATMTTC GTCTCCGGCC CCCGGGGACC GGAGGCGAAT GAGAC

30 40 50 60 70
A GAGAA AAAGAAGAGA GGCATTGTAG AGGCTTCCAG GCACTTC TCAAAA

CTCTT MCTTCTCT CCGTMCATC TCCGAACCTC TCCGTTGMC AGTI1
80 90 100 110 120

B CAGG ACTGGCGCCT TGGAGGCGCT CTGGGGCCAC CCAAATTGAT ATMTT
GTCC TGACCGCGGA ACCTCOGCGA CACCCCGGTG GGTTIAMCTA TATTM
130 140 150 160 170

AAiGC CCCAACCGCC TCTTCCCGCC TCATTTCAGC CTCACCACCA TCATGG
C TTCG GGGTTGGCGG AGAAGGGCGG AGTAAAGTCG GAGTGGTGGT AGTACC

914 84 74 64 54 44 34
TCCCGCCCCT AACTCCGCCC ATCCCGCCCC TAACTCOGCC CAGTTCCGCC CATTCTCCGC CCCATGGCTG
AGGGCGGGGA TTGAGGCGGG TAGGGCGGGG ATTGAGGCGG GTCAAGGCGG GTMGAGGCG GGGTACCGAC

24 14 4 5237 5227 5217
ACTMATTM MTTAMATG CAGAGGCCGA §gCGCCTCG GCCTCTGAGC TATTCCAGM
TGATTAAAAA MATAAATAC GTCTCQGGCT CCGGCGGAGC CGGAGACTCG ATAAGGTCTT

5207 5197 5187 5177 5167 5157
GTAGTGAGGA GGCTTT1TTG GAGGCCTAGG CTTTTGCAAA AAGC1TTFGCA AAGATGGATA
CATCACTCCT CGAAAAAMC CTCCGGATCC GAAAACG MlTTOGAAACGT TTCTACCTAT

FIG. 10. Nucleotide sequence of Py and SV40. Nucleotide sequence of Py (6, 27, 34) and SV40 (BBB in reference 33), separated into each
of the segments which include each of the binding regions. For Py, these binding regions are 0 (origin palindrome), A, B, and C. On SV40,
these are 3, 2, and 1. Pentanucleotide boxes are indicated in the nucleotide sequence by NNGGC. Also, the major early transcription start
site is indicated by an arrow over nt 150 on Py and over nt 5240 on SV40.

their tolerance for other deviations from the canonical
pentanucleotide.
The nucleotide context of the pentanucleotide can influ-

ence how it is bound by the T antigen molecule. Examina-
tion of Py region C and SV40 site 3, each of which is bound
poorly by SV40 T antigen, reveals that both contain the
motif GPuGGC, followed immediately 3' by the dinucleotide
GG to generate GPuGGCGG. In site 3, which is undetecta-
ble in this assay, every pentanucleotide has this form.
However, in region C, which is weakly bound but still
visible, only the two internal pentanucleotides of four have
this context. Pentanucleotide context may help to explain
the overall weak binding of Py T antigen on SV40 DNA. A
survey of the Py regulatory region reveals that the dinucleo-
tide CC is conspicuous in its absence 5' to the pentanucle-
otides. It appears two of six times on the origin palindrome
directly 5' to a - - GGC box but nowhere in the strong
binding regions. In contrast, a comparison of the pentanu-
cleotides on the SV40 regulatory region reveals that CC
frequently is directly 5' to a - - GGC box: two of four times
in site 1, four of six times in site 2, and one of seven times in
site 3. However, this context effect may be less pronounced
for the binding of Py T antigen to DNA than for that
observed for SV40 T antigen.

Examination of the sequence of the DNA fragments
bound by the T antigens reveals a preference for binding to
groups of pentanucleotides which are spaced such that the
GGC residues in each set are on the same side of the DNA
helix (12, 32). A review of the spacing within each set
indicates that pentanucleotides in a tail-to-head orientation
within the binding regions on SV40 DNA are separated by 7

bp (±1 bp), whereas on those on Py are spaced usually by 5
bp. Within the origin palindromes, pairs of pentanucleotide
repeats in the tail-to-tail orientation on SV40 are spaced by 7
bp, whereas those on Py are spaced by 5 bp. It is likely that
the greater spacing of the pentanucleotides on SV40 hinders
their effective utilization by Py T antigen, conceivably by the
prevention of mutual stabilization of polypeptides on adja-
cent pentanucleotides. However, the closer spacing of the
pentanucleotides on Py DNA appears to be better tolerated
by SV40 T antigen. Both proteins are reported to bind to
poly-XhoI linkers (21), in which the pentanucleotides in the
tail-to-head orientation are spaced by 3 bp but in the
tail-to-tail orientation are spaced by 6 bp.

Alternative spacial arrangements of - - GGC boxes may
contribute to specific DNA binding. The binding of Py to Alu
DNA homologous to SV40 site 1 raised the possibility that
Py T antigen binds more efficiently than SV40 T antigen to
pentanucleotides in a diagonally opposed configuration. This
would place the T antigen molecules on opposite sides of the
DNA helix, in contradiction of the model for SV40 T antigen
binding presented by Jones and Tjian (12), which proposed
that T antigen is arranged to be on only one side of the DNA
helix. A similar diagonal opposition appears in SV40 site 2,
with the pentanucleotide TCGGC on one strand opposed to
GAGGCCGAGGC on the other. These TCGGC strings
include the dimethyl sulfate-protected guanine residues at nt
5234 and nt 7 (2, 32), which appear between the more ideal
pentanucleotides. Even so, instead of denoting another
binding region, these residues may reflect merely the differ-
ence in the way that SV40 T antigen binds to pentanucleo-
tides in the tail-to-tail orientation as opposed to those
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arranged tail to head. However, another grouping includes
this TCGGC, in the form CCTCGGC, 5 bp 3' to a GAGGC
on the same strand, and this tandem repeat may be the
source of binding by Py T antigen to SV40 site 2. Likewise,
on the Alu DNA fragment bound well by Py T antigen, but
weakly by SV40 T antigen, there appears GAGGC 5 bp 5' to
CAGGCGG. Therefore, it is possible to correlate the binding
behavior of each T antigen with its response to the context
as well as the spacing of the pentanucleotides.

While this manuscript was in preparation, Cowie and
Kamen (1), by using DNase I footprinting under conditions
of low binding stringency, also identified weak binding by Py
T antigen both to the Py origin palindrome and to other weak
regions in the enhancer. The region bound in the enhancer
has a grouping of three - -GGC boxes, two of which are
separated by 8 intervening bp. This interval can be consid-
ered to be too great to permit efficient interaction between
bound Py T antigen monomers. As binding was evident only
under conditions of reduced ionic strength, it is not surpris-
ing that we failed to detect binding to this region. However,
in some trials with SV40 T antigen, we were able to observe
the specific precipitation of a PvuII fragment harboring only
this binding region to an extent greater than that observable
in Fig. 4 (A. Scheller and C. Prives, unpublished data). In a
recent study, Wright et al. (36) examined the binding of
SV40 T antigen to nonviral DNA containing single pentanu-
cleotides either with compositions of considerable variety or
arrayed in groups not in optimal orientation. Binding to
these sequences, as observed through DNase I protection,
was evident only under conditions of very low stringency.
These observations, along with ours, indicate a requirement
for a critical spacing of the pentanucleotides to promote
specific DNA binding by T antigen. Conceivably, this may
ensure the interaction of T antigen with viral DNA function-
ing over the background of cellular chromatin containing
sequences partially homologous to the viral origin. Further-
more, since regulatory regions at the 5' end of genes are
guanosine-cytosine rich, we suggest that the inhibitory con-
texts imposed by dicytosine or diguanosine residues adja-
cent to a - -GGC box in cellular DNA are significant. These
constraints can minimize binding by T antigen to areas of the
genome in which pentanucleotides are most likely to appear.
The question of whether either of the two T antigens

would complement the other for viral functions involving
DNA binding was not resolved. Although it appears that
binding of both T antigens to the viral origin palindrome
differs, the possibility remains that weak binding is sufficient
to align cellular components and stimulate initiation of viral
DNA replication or modify transcriptional activity at low
levels. Despite the requirement for specificity in DNA
binding, considerable plasticity appears in the system. Re-
cently a number of mutations and small deletions within the
origin palindrome of Py and SV40 have been isolated (4, 14,
16, 26, 34). A wide spectrum of effects was observed upon
DNA replication, including little or no change, outright
abolition, or dependence upon a second-site pseudorever-
sion within the protein coding sequence (18, 26). As
Tegtmeyer et al. have noted (29), the function of T antigen
bound to the origin must allow DNA and RNA multienzyme
complexes to pass the binding regions, which implies that T
antigen either should remain bound to single-stranded DNA
or should dissociate from the DNA, in which case weak
binding may be a desirable feature. Perhaps nonideal penta-
nucleotides like TCGGC in site 2 are involved. A point
mutation within this sequence was described by Shortle and
Nathans as forming small sharp plaques but overproducing

both viral DNA and T antigen protein (26). In this case,
weak binding by SV40 T antigen might be responsible.

Interactions between molecules bound to adjacent regions
have been observed through both biochemical and genetic
manipulations (4, 5, 20). Moreover, the structure of the T
polypeptide must include in its complexity the coordination
of the interactions between individual units, as when the
protein is bound to pentanucleotides in different orientations
(35). However, the configuration of the pentanucleotides as
well as the number in each set indicates that the two proteins
should display significant differences in shape, probably to
interact with cellular components which differ slightly be-
tween each normal permissive host.
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