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The fraction and DNA composition of simian virus 40 chromosomes that were
complexed with large T-antigens (T-Ag) were determined at the peak of viral DNA
replication. Simian virus 40 chromatin containing radiolabeled DNA was extract-
ed by the hypotonic method of Su and DePamphilis (Proc. Natl. Acad. Sci.
U.S.A. 73:3466-3470, 1976) and then fractionated by sucrose gradient sedimenta-
tion into replicating (90S) and mature (70S) chromosomes. Viral chromosomes
containing T-Ag were isolated by immunoprecipitation with saturating amounts of
either an anti-T-Ag monoclonal antibody or an anti-T-Ag hamster serum under
conditions that specifically precipitated T-Ag protein from cytosol extracts. An
average of 10% of the uniformly labeled DNA in the 90S pool and 7.5% in the 70S
pool was specifically precipitated, demonstrating that under these conditions
immunologically reactive T-Ag was tightly bound to only 8% of the total viral
chromosomes. In contrast, simian virus 40 replicating intermediates (RI) repre-
sented only 1.2% of the viral DNA, but most of these molecules were associated
with T-Ag. At the shortest pulse-labeling periods, an average of 72 + 18%Y of the
radiolabeled DNA in 90S chromosomes could be immunoprecipitated, and this
value rapidly decreased as the labeling period was increased. Electron microscop-
ic analysis of the DNA before and after precipitation revealed that about 55% of
the 90S chromosomal RI and 72% of the total RI from both pools were specifically
bound to T-Ag. Comparison of the extent of replication with the fraction of RI
precipitated revealed a strong selection for early replicating DNA intermediates.
Essentially all of the RI in the 70S chromosomes were less than 30% replicated
and were precipitated with anti-T-Ag monoclonal antibody or hamster antiserum.
An average of 88% of the 90S chromosomal RI which were from 5 to 75%
replicated were immunoprecipitated, but the proportion of RI associated with T-
Ag rapidly decreased as replication proceeded beyond 70% completion. By the
time sibling chromosomes had separated, only 3% of the newly replicated
catenated dimers in the 90S pool (<1% of the dimers in both pools) were
associated with T-Ag. Measurements of the fraction of radiolabeled DNA in each
quarter of the genome confirmed that T-Ag was preferentially associated with
newly initiated molecules in which the nascent DNA was nearest the origin of
replication. These results are consistent with a specific requirement for the
binding of T-Ag to viral chromosomes to initiate DNA replication, and they also
demonstrate that T-Ag does not immediately dissociate from chromosomes once
replication begins. The biphasic relationship between the fraction of T-Ag-
containing RI and the extent of DNA replication suggests either that I or 2
molecules of T-Ag remain stably bound until replication is about 70% completed
or that 4 to 6 molecules of T-Ag are randomly released from each RI at a uniform
rate throughout replication.

Simian virus 40 (SV40) gene A encodes a cells under normal growth control into cells with
96,000-dalton (96K) polypeptide called large T- oncogenic characteristics (reviewed in refer-
antigen (T-Ag) that is required for initiation of ences 8 and 28). Purified T-Ag binds specifically
viral DNA replication and transformation of to nucleotide sequences in bare SV40 DNA that

encompass the origin of DNA replication and
t Present address: Department of Molecular Biology and the initiation sites for early gene transcripts, an

Virology, Salk Institute, La Jolla, CA 92138. interaction which appears critical to the function
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of T-Ag in the modulation of both of these viral
activities (8, 28).
To examine the in situ association of T-Ag

with viral chromosomes inside lytically infected
cells, SV40 chromosomes have been character-
ized before and after reaction with tumor sera
containing antibodies directed against T-Ag (21,
27, 30). These studies have indicated that 40 to
80% of replicating (90S) and 10 to 20% of mature
(70S) SV40 chromosomes contained T-Ag (27,
30) and that T-Ag appeared to dissociate from
chromosomes upon completion of viral DNA
replication (30). This interpretation is complicat-
ed, however, by the facts that tumor sera can
contain several antibody specificities and SV40
chromosomes contain many proteins (21, 24).
Thus, precipitation may not have resulted from
T-Ag alone. Furthermore, the previous methods
of analysis have not permitted an accurate corre-
lation between the presence of T-Ag and specific
events in viral DNA replication. Therefore, we
have extended these studies in three ways. First,
immunoprecipitation of mature and replicating
SV40 chromosomes was analyzed by comparing
several tumor sera with monoclonal antibodies
specifically directed against T-Ag (15). Second,
DNA molecules from the anti-T-Ag precipitate,
the anti-T-Ag supernatant, and the untreated
chromosome fraction were quantitatively char-
acterized by electron microscopy. In this way,
circular and linear monomers, molecules con-
taining replication forks replicated to various
extents, and catenated and circular dimers were
clearly resolved. All of these species are present
in the 90S pool of replicating chromosomes (38),
and several have been implicated as DNA repli-
cation intermediates (5, 8, 36, 39). Finally, the
distribution of newly synthesized DNA in chro-
mosomes containing T antigen was determined
by restriction endonuclease mapping tech-
niques. Our results demonstrate that immuno-
logically reactive SV40 T-Ag is predominantly
associated with early replicating DNA interme-
diates and is rapidly lost after 70% of the mole-
cule has been replicated.

MATERIALS AND METHODS

Viruses and cells. SV40 derived from strain wt 800
(23) was grown at a low multiplicity of infection in an
African green monkey kidney cell line, CV-1, as
previously described (1). Experiments described be-
low were done with cells infected with sufficient virus
to give the maximum rate of viral DNA synthesis by 36
h postinfection (1, 35).

Preparation of SV40 chromosomes. SV40 DNA was
radiolabeled by incubating infected cells at 37°C with
['4C]thymidine (Thd) (100 to 200 ,uCi per 150-mm dish;
50 mCi/mmol, Schwartz/Mann) from 24 to 36 h postin-
fection. At 36 h postinfection, [3H]Thd (100 to 200 ,uCi
per 150-mm dish; 50 Ci/mmol, New England Nuclear
Corp.) was added to the culture medium, and incuba-

tion was continued for 2 to 120 min before floating the
dishes on ice water to arrest DNA synthesis (38). DNA
chromosomes were then prepared by the method of Su
and DePamphilis (34, 35). Cells from 10 dishes were
lysed in a hypotonic buffer consisting of 10 mM
HEPES (N-2-hydroxyethylpiperazine-N'-2-ethane-
sulfonic acid; pH 7.8), 5 mM KCI, 0.5 mM MgCl2, and
0.5 mM dithiothreitol at 0 to 2°C, and cytoplasmic and
nuclear fractions were isolated. Nuclei were extracted
with hypotonic buffer for 1 h in ice, and cytosol was
immediately prepared by centrifugation at either
100,000 x g for 1 h or 30,000 x g for 30 min. About 40
to 50% of the total viral DNA (20 ,ug per 150-mm plate)
that could be extracted by the method of Hirt (17) was
recovered in the nuclear extract; a similar amount was
recovered in the cytoplasmic fraction (35, 38). Viral
chromosomes were then isolated by sedimentation of
the nuclear extract through a S to 20% sucrose gradient
(layered in four steps of 5, 10, 15, and 20% sucrose and
allowed to diffuse for 1 h at 25°C and then for 2 h at
4°C) in the same buffered medium by using a Beckman
SW27 rotor at 26,000 rpm for 195 min at 4°C. Radiola-
beled DNA sedimented as two bands that represented
replicating (90S) and mature (70S) SV40 chromo-
somes. Similar results (L. Tack and P. Beard, unpub-
lished data) were obtained with a different CV-1 cell
line, but extraction required longer times (8 to 10 h)
with 1 mM disodium EDTA instead of 0.5 mM MgCI,
to prevent cleavage of the viral chromosomes (2).

Immunoprecipitation. For analytical studies, 50 p.l
(10 jig of DNA/ml) of mature (70S) or 200 .l1(2 ,ug of
DNA/ml) of replicating (90S) SV40 chromosomes was
incubated for 2 h at 0°C (unless stated otherwise) with
increasing amounts of anti-T-Ag. All incubations con-
tained final concentrations of 100 mM NaCI-10 mM
EDTA-50 mM Tris-hydrochloride (pH 7.8)-0.1%
Nonidet P-40 nonionic detergent (NET-NP40) in a
final volume of 0.5 ml. Immunoadsorption was
achieved by adding 100 p.1 of fixed Staphylococcus
aurelus suspension (The Enzyme Center, Boston,
Mass., prepared according to the manufacturer, with
NET-NP40 as the buffer) and continuing the incuba-
tion for 1 h at 0°C with occasional shaking. Immuno-
precipitates were collected by centrifugation at 3,000
x g for 5 min at 0°C, and the pellets were then
resuspended and washed twice with NET-NP40. Viral
DNA was extracted from immunoprecipitates by incu-
bating them at 65°C with 100 p.1 of 1% sodium dodecyl
sulfate (SDS)-50 mM Tris-hydrochloride (pH 7.8)-1%
P-mercaptoethanol for 2 h. S. aureus was removed by
centrifugation at 10,000 x g for 5 min, and the radiola-
beled DNA in the supernatant was quantitated either
as total or as acid-precipitable radioactivity. Previous
studies suggested using sheared CV-1 chromatin dur-
ing the immunoprecipitation of viral chromosomes to
reduce the background (30). In our hands, the back-
ground was reduced up to twofold, but the net radiola-
beled DNA in the precipitate was reduced as much as
33%.
Three antibody preparations were tested. NIH-2

was an antiserum obtained from hamsters bearing
tumors induced by an A2483-SV40-transformed cell
line (National Institutes of Health). NIH-1 was a
similar tumor serum generously provided by Valerie
Setlow (National Cancer Institute, Bethesda, Md.).
PAblOl was the medium produced by hybrid cell clone
PAblOl (formerly clone 412 [15]) and generously pro-
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vided by Elizabeth Gurney (University of Utah, Salt
Lake City). Excess EDTA was necessary in immuno-
precipitation reactions to prevent divalent cations nor-
mally present in monoclonal cell medium from precipi-
tating viral nucleoprotein complexes in the absence of
antibody. Control incubations consisted of substitut-
ing either preimmune hamster serum or medium from
the parent hybridoma cell line, NS1, in place of NIH-2
or PAblOl, respectively. Normal hamster serum or
NS1 medium was subsequently used to adjust immun-
oprecipitation reactions to a constant volume.
For preparative studies, 2 ml of the 90S or 70S SV40

chromatin pools was adjusted to contain NET-NP40
and then incubated with either 40 p.l of NIH-2 or 1 ml
of PAblOl for 2 h at 0°C, followed by the addition of
200 ,u1 of fixed S. aureus suspension. After gentle
shaking for 2 h at 0°C, the immunoprecipitate was
isolated by centrifugation and washed twice with
NET-NP40, suspending the pellet by using a gentle
vortex action. Viral DNA was extracted from the
pellet by addition of 0.6% SDS-20 mM EDTA-10 mM
Tris-hydrochloride (pH 7.8) followed by 1.1 M NaCl as
described by Hirt (17). Viral DNA was purified as
previously described (32, 38) from both the immuno-
precipitate and the supernatant portion of the immuno-
precipitation reaction and the original, untreated chro-
matin sample. After ethanol precipitation, the purified
DNA was suspended in 100 p. of 10 mM Tris-hydro-
chloride (pH 7.8)-i mM EDTA for analysis by gel
electrophoresis, electron microscopy, and restriction
endonuclease digestion. From 75 to 85% of the viral
DNA in the immunoprecipitates was recovered in the
Hirt supernatant, with about 80% of this DNA recov-
ered after purification.

Viral chromatin in the cytoplasmic fraction released
during the isolation of nuclei from infected cells was
analyzed in the same way as was the chromatin
prepared from nuclear extracts.

Analysis of immunoprecipitable proteins. Typically,
1 ml of cytosol obtained from one 150-mm-diameter
dish of infected cells was immunoprecipitated with 500
p.l of PAb-101 or 20 p.l of NIH-2, followed by 200 p.1 of
S. aureus suspension as described above. The pellets
were washed once with NET-NP40. Proteins were
then extracted with 100 p. of 2% SDS-50 mM Tris-
hydrochloride (pH 7.8)-2% ,B-mercaptoethanol at
100°C for 5 min. S. aureus was removed by centrifuga-
tion, and 50 p.l of the extract was analyzed by electro-
phoresis in a vertical SDS-containing 7.5% polyacryl-
amide gel slab (20) with an acrylamide/bisacrylamide
ratio of 75:1. For total proteins, gels were stained
overnight in 0.25% Coomassie blue in 50% methanol-
10% acetic acid and then destained in 30% methanol-
10% acetic acid before photography.
SV40-infected cells were also incubated with

[35S]methionine (13) followed by hypotonic lysis (34).
The cytosol was immunoprecipitated as before, and
the proteins were analyzed by gel electrophoresis
followed by staining, destaining, and then fluorogra-
phy (3). Pretreatment with iodoacetate (14) had no
effect except to generate a slight increase in back-
ground.

Analysis of DNA. Purified SV40 DNA was fraction-
ated by gel electrophoresis in vertical 2% agarose gel
slabs as previously described (38). Electron microsco-
py of DNA was performed by the formamide spread-
ing procedure (7), with the addition of 1 p.g of ethidium

bromide per ml to relax superhelical DNA (29). The
extent of replication for each SV40 replicating inter-
mediate DNA [SV40(RI) DNA] molecule was deter-
mined by measuring contour lengths with an Apple II
computer and digitizing board. Restriction endonucle-
ase digestion of DNA was performed first with TaqI
for 1 h at 65°C, followed by MspI and PstI also for 1 h
at 37°C under the conditions described by the manu-
facturer (New England Biolabs). Generally, 0.1 vol-
ume of lOx TaqI digestion buffer was added to the
DNA sample, followed by 2 U of enzyme per p.g of
DNA. NaCl and KCl were added to give 100 and 5
mM, respectively, before addition of MspI and Pstl.
DNA concentrations were determined as previously
described (38). Digestions were stopped with 20 mM
EDTA-1% SDS, and DNA samples were analyzed by
electrophoresis in 2% agarose gels (38). DNA bands
stained by ethidium bromide were cut out of the gel
and analyzed for radioactivity after incubation in
Econofluor (National Diagnostics) containing 3% NCS
(Amersham Corp.) at 37°C overnight in the dark.

RESULTS
Immunoprecipitation of unbound SV40 T-Ag

with either monoclonal antibody or tumor serum.
Three antibody preparations capable of reacting
with SV40 T-Ag were tested for their specificity
in an immunoprecipitation reaction with cytosol
prepared from SV40-infected and mock-infected
CV-1 cells. Cytosol was reacted with monoclo-
nal antibody (PAblO1), sera from hamsters bear-
ing SV40-initiated tumors (NIH-1 or NIH-2), or
preimmune hamster serum by using immunopre-
cipitation conditions given above. Proteins in
the immunoprecipitates were analyzed by SDS-
gel electrophoresis (Fig. 1). The only major
proteins synthesized by virus-infected cells in
the presence of [35S]methionine that reacted
with tumor sera were the 96K T-Ag and a 46K
polypeptide that may be VP1 (lanes 8 to 11).
When the gels were stained with Coomassie blue
to reveal the total proteins present, the only viral
polypeptide in the PAblOl immunoprecipitate
(lanes 4 and 6) was T-Ag (96K); the other
proteins were immunoglobulin G (IgG) heavy
chain (50K) and IgG light chain (30K). In con-
trast, the NIH-2 immunoprecipitates (lanes 2, 3,
and 5) contained many additional polypeptides.
Some of these represent normal heterogeneity in
serum IgG light chains (28 to 33K), whereas
others may be viral polypeptides such as VP1
(46K), cross-reacting cellular proteins, or T-Ag
breakdown products. For example, a dramatic
increase in the amount of the 46K polypeptide
was often observed when either NIH-2 (lane 2)
or PAblOl (not shown) was used at 37°C. Under
these conditions, T-Ag appeared to undergo
degradation, releasing a major polypeptide of
about 46K, because the same sample precipitat-
ed at 0, 25, and 37°C revealed increasing
amounts of the 46K material with a correspond-
ing decrease in the amounts of 96K T-Ag. NIH-1
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FIG. 1. Protein analysis of anti-T-Ag immunoprecipitates. Cytosol from SV40-infected CV-1 cells was
immunoprecipitated at either 37°C (lane 2) or 0°C (lanes 3 to 11) with tumor serum (NIH-2), monoclonal anti-T-
Ag (PAblOl), or preimmune serum (P.I.S.) and then analyzed by SDS-gel electrophoresis. Lanes 1 to 7 were
stained with Coomassie blue. Molecular weight standards (phosphorylase B, 96K; serum albumin, 67K;
ovalbumin, 43K; carbonic anhydrase, 30K [Pharmacia Fine Chemicals]) are shown in lane 1. Bovine serum
albumin (BSA, 0.1%) was added to the precipitation reactions shown in lanes 5 to 7. The positions of T-Ag (T),
IgG heavy chains (HC), IgG light chains (LC), and the bromphenol blue dye (front) are indicated. Cytosol from
[35S]methionine-labeled SV40-infected (SV) and mock-infected (M) CV-1 cells was immunoprecipitated with
either NIH-1 or NIH-2 tumor serum at 0°C and then analyzed by SDS-gel electrophoresis. 35S-labeled proteins
were detected by fluorography (lanes 8 to 11).

serum always precipitated more of the 46K
polypeptide (lane 10) than did NIH-2 (lane 8),
even at 0°C, and therefore was not routinely
used. Thus, optimal specificity of T-Ag precipi-
tation was obtained at 0°C. Under the conditions
used, saturating amounts of PAblOl removed at
least 80 to 90% of the T-Ag that reacted with
NIH-2 (consistent with the results of Gurney et
al. [15]) without precipitating the 46K polypep-
tide.

Immunoprecipitation of SV40 chromosomes
with anti-T-Ag. Both the monoclonal antibody,
PAblOl, and the tumor serum, NIH-2, were
tested for their ability to immunoprecipitate
SV40 chromosomes in conditions that were opti-
mal for the immunoprecipitation of unbound
SV40 T-Ag. Nuclear extracts containing SV40
chromosomes were prepared under hypotonic
conditions that permit replicating SV40 chromo-
somes to faithfully continue DNA replication
and chromatin assembly (33, 34) and that mini-
mize disassembly of previrions back into species
resembling mature viral chromosomes (8, 10, 12,
18). Extracts were then fractionated by sedi-
mentation to separate replicating (90S) from
mature (70S) viral chromosomes (Fig. 2). The
90S pool was enriched for DNA molecules rap-
idly labeled with [3H]Thd, whereas the 70S pool
contained molecules in which the [3H]- or
['4C]Thd accumulated as the radiolabeling peri-
od was extended beyond that required for one
round of DNA replication (about 20 min; refer-

ence 39). Electron microscopic analysis re-
vealed that SV40(RI) DNA acounted for 6.2% of
the DNA in the 90S pool, representing an enrich-
ment of 21-fold over the concentration of repli-
cating intermediates (RI) in the 70S pool (Table
1), in excellent agreement with our previous
analysis of these chromosome fractions (38).

Conditions for precipitating the maximum
amount of T-Ag-containing viral chromosomes
were first determined by using 90S and 70S
chromosomes that had been radiolabeled for 5
min. Samples containing about 0.5 pLg of DNA
were incubated with increasing amounts of
PAblOl, NIH-2, and control NS1 medium or
preimmune serum. In this case, a maximum of
44% of the 90S chromosomes and 18% of the 70S
chromosomes were precipitated by PAblOl,
whereas NIH-2 precipitated 54% of the 90S and
20% of the 70S chromosomes (Fig. 3). Control
medium or serum precipitated 2 to 5% of the
chromatin; these values were routinely subtract-
ed from the amount of radioactivity in the corre-
sponding anti-T-Ag precipitate before calculat-
ing the fraction of chromosomes associated with
T-Ag. PAblOl consistently precipitated 83 + 5%
as much of the 90S chromosomes as did NIH-2;
similar amounts of 70S chromosomes were pre-
cipitated by both antibodies. The fraction of 90S
chromatin (labeled for 1 h) in the immunopre-
cipitate did not vary significantly from 1 h to 3
days of incubation with S. aureius. However, a
similar experiment with 70S chromatin revealed
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a threefold drop in immunoprecipitable radioac-
tivity, suggesting that T-Ag may be less tightly
bound to mature than to replicating SV40 chro-
mosomes.

Since T-Ag is specifically involved in SV40
DNA replication and transcription, its associa-
tion with viral chromosomes likely varies during
the life cycle of the virus. Therefore, the fraction
of SV40 chromosomes complexed with T-Ag
was determined by using 90S and 70S chromo-
somes labeled with [3H]Thd at 37°C in vivo for
times ranging from 2 min to 12 h (Fig. 4). All
samples were incubated with several different
amounts of antibody to immune precipitate the
maximum number of chromosomes. As illustrat-
ed in Fig. 3, a plateau was observed for each
time point in Fig. 4. The fraction of both 90S and
70S chromosomes precipitable with anti-T-Ag
rapidly diminished with increased time of radio-
labeling. Approximately 80% of the 90S chromo-
some pool radiolabeled for the shortest times
was precipitated by PAblOl, and 95% was pre-
cipitated by NIH-2. However, the fraction of
pulse-labeled chromosomes precipitated with ei-
ther antibody was difficult to reproduce at the
shortest labeling periods. Of the 10 samples
radiolabeled for 3 to 4 min, an average of 72 +

18% contained T-Ag. By 90 min of radiolabeling,
this number had decreased to about 10%, at
which level it remained even after 12 h of
radiolabeling. Similarly, about 35% of the 70S
chromosomes containing the shortest stretch of
radiolabel reacted with anti-T-Ag, which rapidly
decreased to a plateau of 7.5% after 1 h of
labeling time. After correcting for the sixfold
greater amount of DNA in the 70S pool, these
data demonstrate that T-Ag is associated with
only about 8% of the total viral chromosomes
containing uniformly radiolabeled DNA: {[10(1)
+ 7.5(6)J/[100 + 100(6)]} x 100. However, most
of the rapidly labeled 90S viral chromosomes
(about 72%; Fig. 4A) contain T-Ag. That this
number rapidly decreased with increasing times
of radiolabel suggests that T-Ag is preferentially
associated with SV40(RI) DNA early in replica-
tion.

Electron microscopic analysis of DNA from T-
Ag-associated SV40 chromosomes. To accurately
determine the structure of DNA molecules in T-
Ag-containing SV40 chromosomes, DNA was
purified from viral chromosomes before and
after immunoprecipitation with either PAblOl or
NIH-2 and analyzed by electron microscopy.
Five distinct viral DNA structures were recog-
nized in the electron microscope by their shape
and size and identified as either SV40(RI) con-
taining two replication forks, circular monomers
that were either covalently sealed [SV40(I)] or
contained an interruption in one strand
[SV40(II)J, full-length linear DNA [SV40(III)],
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FIG. 2. Isolation of replicating and mature SV40
chromosomes. SV40-infected CV-1 cells were radiola-
beled with either [3H]Thd for 5 min or [14C]Thd for 12
h. SV40 chromosomes were then extracted under
hypotonic conditions and fractionated by sedimenta-
tion in sucrose gradients as described in the text. Total
3H (0) and 14C (0) label was measured in a sample of
each fraction, and the fractions indicated were pooled
to provide replicating (90S) and mature (70S) viral
chromosomes.

two interlocked circular monomers (catenated
dimers), or circular dimers (Fig. 5). The distribu-
tion of these molecules in the 90S and 70S pools
before immunoprecipitation is shown in Table 1.
A similar distribution was also inferred from the
relative intensities of ethidium bromide-stained
DNA bands after agarose gel electrophoresis of
the same samples.

Before precipitation, SV40(RI) DNA in the
90S pool represented about 1.2% of the total
viral DNA, a 21-fold enrichment over the RI in
the 70S pool. In both chromosome pools, SV40(I
and II) DNA accounted for at least 80% of the
molecules. Catenated dimers were found in both
pools at similar concentrations and represented
6% of the total DNA, but circular dimers were
detected only in the 90S pool and accounted for
0.6% of the total DNA (see Appendix).

After immunoprecipitation, two changes in
the DNA population were apparent. First,
SV40(RI) DNA was preferentially precipitated.
A 3.3-fold enrichment of RI was observed in the
T-Ag-containing 90S chromosomes, and a ca.
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TABLE 1. Distribution of SV40 DNA forms before and after immunoprecipitation with anti-T-Ag. as
determined by electron microscopy"

Distribution (7c) of forms in chromosome fraction:

DNA form 90S 70S 90S + 70S"
Total +T -T Total +T Total

RI' 6.2 20.3 1.8 0.3 5.6 1.2
Catenated dimers 8.3 1.4 5.3 5.5 <0.5 5.9
Circular dimers 4.1 5.4 2.5 <0.15 1.5 0.6
1, 11, and III" 81.4 72.9 90.4 94.2 92.9 92.4

Molecules scored 1,549 1,254 2,125 670 197

" Results were similar for three independent chromatin preparations. The fraction (%Y) of each form of SV40
DNA was determined with the total pool of chromosomes before immunoprecipitation (Total), with the anti-T-
Ag immunoprecipitate (+T), and with the anti-T-Ag supernatant (-T). The amount of SV40 DNA in the 70S pool
was sixfold greater than in the 90S pool, which allowed calculation of the total fraction of each DNA form (90S +
70S).
"See Appendix.
Only molecules between 5 and 95% replicated were scored as RI.

'SV40(11I) DNA represented only 2% of the total SV40 (I to III) DNA in the 90S chromosome pool and 6% in
the 70S chromosome pool. It was most likely the result of endogenous endonuclease (8).

19-fold enrichment was found in T-Ag-contain-
ing 70S chromosomes. Since the RI in the 70S
pool were 2- to 3-fold enriched for molecules
less than 30% replicated, these data suggest a
preferential association of T-Ag with chromo-
somes early in replication. Second, DNA mole-
cules that had recently completed replication
were preferentially free of T-Ag. Catenated
SV40 dimers have been shown to be an immedi-
ate product of DNA replication which eventual-
ly dissociates into SV40(I and II) DNA (36, 37).
The concentration of catenated dimers in the
immunoprecipitate was about 6-fold less than in
the total 90S pool and at least 11-fold less than in
the total 70S pool. Thus, T-Ag appears preferen-
tially associated with replicating intermediates,
particularly those beginning replication, and T-
Ag is preferentially lost by the time sibling
chromosomes are separated.
The fraction of molecules containing T-Ag

was estimated in two ways. The first method
was to compare the DNA in the T-Ag immuno-
precipitate with the DNA in the preprecipitated
population. About 13% of all uniformly labeled
90S chromosomes were precipitated with anti-
T-Ag; 10% were specific for anti-T-Ag serum or
monoclonal antibody (Fig. 3 and 4). Table 1
provides the number of each molecular species
present per 100 DNA molecules scored in the
electron microscope. Assuming that nonspecifi-
cally precipitated DNA was representative of all
molecules present, the fraction of RI in the 90S
chromosome pool that contained T-Ag was ca.
[20.3(0.1)/6.2] x 100 or 33%. The second method
was to compare the DNA in the immunoprecipi-
tate with the DNA in the immunosupernatant.
Thus, the total RI present was 20.3(0.1) +
1.8(0.9) or 3.7 RI molecules per 100 molecules

scored. Apparently, a significant number of RI
were lost during the experiment. However, with
this method, the fraction of RI containing T-Ag
was [20.3(0.1)/3.7] x 100 or 55%. Although the
reasons for this discrepancy are not clear, the
second method seems more reliable since both
the precipitate and supernatant were subjected
to procedures from which the total chromosome
population was spared.

Analysis of the uniformly labeled 70S chromo-
somes revealed a total of 10.5% of the chromo-
somes in the immunoprecipitate; 7.5% were
specific for anti-T-Ag (Fig. 3 and 4). However,
since the fraction of RI in the total chromosome
pool was very small (only 2 RI were scored),
greater than 100% of the RI appeared to have
bound T-Ag. Assuming that the 5.6% RI in the
70S immunoprecipitate was a more accurate
measure of the RI present and that essentially all
of the RI had T-Ag, the 70S pool contained
5.6(0.105) or about 0.6%o RI, as previously re-
ported (38). Since the 70S pool also contained
sixfold more DNA than did the 90S pool, the
fraction of RI in both pools of chromosomes that
was immunoprecipitated was ca. [6.2(0.55) +
0.6(6)/(6.2 + 3.6)] x 100 or 72%. By similar
calculations, the fraction of catenated dimers
containing T-Ag in the 90S chromosomes was
estimated to be 3% in the 90S chromosomes and
less than 1% in the total 90S plus 70S pools (see
Appendix). The fraction of SV40(I and II) DNA
associated with T-Ag was about 8.6% in the 90S
pool, 7.4% in the 70S pool, and 7.6% of the total
90S plus 70S chromosomes (see Appendix).
The relationship between the extent of DNA

replication and the presence of T-Ag was further
analyzed by determining the relative fraction of
SV40(RI) DNA at each stage in its replication
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that appeared in the immunoprecipitate. Viral
DNA was extracted, and only molecules be-
tween 5 and 95% replicated were scored by
electron microscopy to avoid confusion of early
SV40(RI) DNA with SV40(I and II) DNA and
late SV40(RI) DNA with catenated dimers. In
addition, both intact molecules and molecules
cut once at a unique restriction site were ana-
lyzed to insure unambiguous identification of
replicating DNA. Before immunoprecipitation,
90S chromosomes contained SV40(RI) DNA at
all stages of replication, with 85- to 95%-replicat-
ed molecules 2- to 3-fold more prevalent than
any equivalent sample of molecules earlier in
replication (Fig. 6A). This was in excellent
agreement with other analyses of either replicat-
ing chromosomes (31) or of the total SDS-
extractable pool of SV40(RI) DNA purified by
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FIG. 3. Quantitative immunoprecipitation of T-
Ag-containing SV40 chromosomes. Mature (70S) and
replicating (90S) SV40 chromosome pools prepared
from SV40-infected cells labeled for 5 min with
[3H]Thd were incubated with increasing amounts of
monoclonal anti-T-Ag medium (PAblOl [0]), tumor
serum (NIH-2 [0]), NS1 cell medium (A) or preim-
mune serum (A). The fraction of labeled chromosomal
DNA immunoprecipitated was measured as described
in the text.
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FIG. 4. Fraction of T-Ag-containing SV40 chro-
mosomes as a function of time elapsed during and after
DNA replication. Mature (70S) and replicating (90S)
SV40 chromosome pools were prepared from SV40-
infected cells incubated with [3H]Thd for periods of
time ranging from 2 min to 12 h. Samples were
immunoprecipitated with saturating amounts of either
monoclonal PAblOl (0) or NIH-2 (0). Data were
corrected for the fraction of radioactivity precipitated
by control medium or serum.

BND-cellulose chromatography (40, 41). After
immunoprecipitation, SV40(RI) DNA was again
found at all stages of replication, although the
distribution of molecules had changed; the su-
pernatant was enriched for late replicating mole-
cules, and the precipitate was enriched for early
replicating molecules (Fig. 6A).
To provide the relative number of RI bound to

T-Ag at different stages in their replication, the
fraction of RI found in the immunoprecipitate at
each 10% increment in its replication was calcu-
lated from the data in Fig. 6A. The total fraction
of RI in the anti-T-Ag immunoprecipitate from
90S chromosomes should be about 62%, based
on the data in Table 1 ({20.3(0.13)/[20.3(0.13) +
1.8(0.87)]} x 100), and about 75%, based on the
data in Fig. 4A (72% average precipitation + 3%
nonspecific precipitation). Because of the quan-
titative variation among experiments, the num-
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FIG. 5. Electron microscopic analysis of SV40 DNA prepared from 90S chromosomes. Superhelical (6 and 9)
and relaxed (4 and 9) circular monomers are about 1.7 p.m in circumference. Replication produces RI (7 to 9)
which can generate catenated dimers (1 to 3) that may recombine into circular dimers (5). Identification and
measurements were done on molecules enlarged about 35,000-fold.

ber of RI scored in each fraction was chosen to
reflect the 76% of the total RI immunoprecipitat-
ed from both 90S and 70S pools ({[6.2(0.62) +
0.6(6)J/[6.2 + 0.6(6)]} x 100). The calculation
revealed that about 88% of the RI that were less
than 75% replicated were precipitated by anti-T-
Ag. The data further indicated that about 96% of
the earliest RI were bound to T-Ag (Fig. 6B).
However, RI that had replicated more than an
average of 70% rapidly lost their T-Ag, such that
by 97% replication, only 17% of the RI were
precipitated by anti-T-Ag. Since the total RI
present in each fraction was included in these
data, the total catenated dimers present in the

90S immunoprecipitate (Table 1) was calculated
to be about 3.8% and included in Fig. 6B as
molecules 100% replicated. Thus, at least 95% of
the replicating chromosomes did not have T-Ag
by the time sibling chromosomes were separat-
ed. Possible bases for this observation are dis-
cussed later.
Genomic location of nascent DNA in SV40

chromosomes. The electron microscopic analysis
described above revealed the structures of SV40
DNA in chromosomes associated with T-Ag,
regardless of whether or not these molecules
were actively engaged in replication. The results
suggested that T-Ag was preferentially associat-
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extent of their replication was determined by electron microscopy (vertical bars) before immunoprecipitation
(total input), for the immunoprecipitated DNA (anti-T ppt), and for the resulting supernatant fraction (anti-T
sup). In addition, the number of molecules in each 10% increment of replication is indicated under the horizontal
bars. The total number of molecules scored (N) was selected based on the relative number of RI in each sample
(Table 1). (B) By using the data in (A) the fraction of replicating molecules containing T-Ag (0) was calculated for
each 10% increment in the extent of their replication (i.e., 50%c = 45 to 55% replication). To consider RI greater
than 90%o replicated, samples were digested with Bgll restriction endonuclease to cut them once at the origin of
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dimers were scored as those molecules most recently completing replication and designated as 1005% replicated.
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(A). Since this was similar to the total fraction of RI precipitated by anti-T (see text), the numbers indicated
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replication. The total fraction of catenated dimers in the anti-T-Ag immunoprecipitate of the 90S chromosomes
was about f1.4(0.13)/[1.4(0.13) + 5.3(0.87)]} x 100 = 3.8%. The theoretical relationship between the fraction of
RI bound to T-Ag and the extent of replication (dashed lines) was calculated from the expression 1 - Xh where X
is the extent of replication, n is the number of T-Ag molecules per RI molecule, and the rate of loss of T-Ag is lin-
ear. Thus, X is the probability that a T-Ag will be released from the DNA. The presence of one T-Ag molecule
per RI is assumed to be sufficient for precipitation of the RI.
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FIG. 7. Strategy for determining the genomic distribution of radiolabeled DNA in SV40 chromosomes. Viral

DNA was isolated from replicating and mature SV40 chromosomes that had been labeled in cells with [3H]Thd
for various periods of time. The purified DNA was then completely digested with PstI, MspI, and TaqI to release
four DNA fragments representing the origin region (ori, fragment D, 850 base pairs [bp]), the termination region
(ter, fragment C, 1,216 bp), the early gene region (fragment B, 1,535 bp) and the late gene region (fragment A,
1,642 bp). These four fragments were fractionated by gel electrophoresis (see insert) and excised from the gel,
and the amount of 3H label per bp was measured. The expected regions of [3H]DNA in early, middle and late RI
[SV40(RI)], as well as molecules that have completed replication [SV40(I and Il)], are indicated as darkened lines
and are based on a replication rate of 145 bp per fork per min (39). Fragments A to D, which contain replication
forks, are expected to run anomalously on agarose gels, resulting in a decrease in relative labeling for each
fragment. However, since molecules replicated to different extents are equally present in the population, no
qualitative difference in the results is predicted. Agarose gel analysis of DNA products purified from immune
complexes before restriction enzyme digestion indicated that no conversion to linear molecules had occurred
during the immunoprecipitation reaction.

ed with SV40(RI) DNA less than 70% replicated.
This conclusion was tested further by determin-
ing whether or not T-Ag was preferentially asso-
ciated with recently initiated DNA molecules.
These molecules would contain newly synthe-
sized DNA predominantly around the origin of
replication. Thus, infected CV-1 cells were ra-
diolabeled with [3H]Thd for 5, 30, or 90 min or
12 h, and SV40 replicating (90S) and mature
(70S) chromosomes were isolated as previously
described (Fig. 2). DNA was purified from 70S
and 90S chromosomes, and the genomic distri-
bution of nascent [3H]DNA was analyzed by the
strategy outlined in Fig. 7. DNA samples were
cleaved with TaqI, PstI, and MspI to generate
four restriction fragments representing the origin
region, the termination region, the early gene
region, and the late gene region. These frag-
ments were isolated by gel electrophoresis (Fig.
7) so that the amount of [3HJDNA could be
measured and then divided by the size of the
respective restriction fragment to reveal the
concentration of 3H label in each genomic seg-
ment. About 20% of the SV40 genome becomes
labeled during the relatively brief period of 5 min

(39). In a steady-state population of bidi-
rectionally replicating SV40(RI) DNA, this la-
beled region is found distributed throughout the
genome, whereas in SV40(I and II) DNA, the
[3H]DNA is found only at the termination region
in those molecules that just completed replica-
tion (26, 39). Radiolabeling cells for 30 min
allows at least one complete round of replication
to take place (39, 41). Because initiation of DNA
replication continues during the 5- and 30-min
periods, the concentration of [3H]DNA in
SV40(RI) DNA will be greatest at the origin and
least at the termination region (26). Most of the
RI are in the 90S pool. In contrast, recently
completed SV40(I and II) DNA will contain a
gradient of labeled nascent DNA that is greatest
at the termination and least at the origin region.
This occurs because molecules that were at
earlier stages of replication at the beginning of
the labeling period complete replication and join
the SV40(I and Il) DNA pool which is predomi-
nantly found in mature 70S chromosomes. Since
bidirectional replication proceeds at similar
rates in both directions (6, 11, 39), the amount of
[3H]DNA found on the early gene side should be
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FIG. 8. The genomic distribution of radiolabeled nascent DNA in SV40 chromosomes with and without T-Ag

present. Mature (70S) and replicating (90S) SV40 chromosomes were isolated from cells incubated with [3H]Thd
for indicated time periods. A portion of each of the total chromatin pools (C and F) was immunoprecipitated with
NIH-2 to separate T-Ag-containing chromosomes (+T) (A and D) from non-T-Ag-containing chromosomes
(-T) (B and E). The concentration of [3H]DNA was determined in the regions where DNA replication is
terminated (ter) and initiated (ori) as well as the early (E) and late (L) gene regions, as described in the legend to
Fig. 7. The data were normalized relative to the termination region DNA restriction fragment (ter).

similar to that found on the late gene side of the
origin of replication. As the labeling period is
increased to 90 min and 12 h, the radiolabeled
DNA becomes uniformly distributed throughout
the genome.
The above analysis was carried out with viral

DNA purified from both 90S and 70S chromo-
somes before and after immunoprecipitation of
T-Ag-associated chromosomes. All data were
normalized by comparing the r3H]DNA concen-
trations in the replication origin, early gene, and
late gene regions with that of the termination
region (Fig. 8). Before immunoprecipitation,
[3H]DNA in mature (70S) chromosomes from 5-
and 30-min labeling periods was preferentially
located in the termination region (Fig. 8C),
whereas replicating (90S) chromosomes from
the same samples were enriched for [3H]DNA in
the origin region (Fig. 8F). The slight enrichment
of label in the o)i region of 70S chromosomes
labeled for 5 min reflects the small amount of

newly initiated RI previously observed in this
sample (Table 1). After immunoprecipitation,
both 70S and 90S T-Ag-containing chromo-
somes had from 2- to 2.5-fold more nascent
[3H]DNA in the origin region (Fig. 8A, D),
relative to the total chromatin pools (Fig. 8C, F).
Furthermore. non-T-Ag-containing 70S chro-
mosomes remained preferentially 3H labeled in

the termination region (Fig. 8B), whereas the
corresponding population of 90S chromosomes
became enriched for DNA labeled in the termi-
nation region (Fig. 8E). As expected, chromo-
somes from cells labeled for 12 h with [3H]Thd
always contained uniformly labeled DNA,
regardless of the presence or absence of T-Ag,
demonstrating that the experimental procedures
did not bias the results.
The genomic distribution of newly synthe-

sized DNA in SV40 chromosomes precipitated
with anti-T-Ag (Fig. 8) confirmed the preference
of T-Ag for early replicating DNA intermediates
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as observed by electron microscopy (Fig. 6).
Immunoprecipitation of the 90S chromatin pool,
which is highly enriched for actively replicating
DNA (Fig. 2, Table 1), revealed that T-Ag-
containing chromosomes were predominantly
those which most recently initiated replication,
whereas the non-T-Ag-containing chromosomes
represented those that most recently completed
replication. Immunoprecipitation of the 70S
chromatin pool corroborated these results.
Since only 20% or less of the pulse-labeled DNA
in this pool contained T-Ag (Fig. 4), the distribu-
tion of label in the non-T-Ag-containing sample
(Fig. 8B) resembled that in the total sample (Fig.
8C). The T-Ag-containing chromosomes include
both the small number of early replicating mole-
cules whose sedimentation properties are still
similar to mature chromatin and the small frac-
tion of recently completed DNA molecules that
may still be associated with T-Ag. Comparison
of pulse-labeled T-Ag-containing 70S chromo-
somes (Fig. 8A) with the total 70S pool (Fig. 8C)
reveals a twofold enrichment for molecules that
recently initiated replication. The data obtained
for non-T-Ag-containing 70S chromatin (Fig.
8B) and T-Ag-containing 90S chromatin (Fig.
8D) are similar to those obtained from purified
SV40(I) DNA (26, 39) and SV40(RI) DNA (26),
respectively, when genomic fragments of the
same size are analyzed.

DISCUSSION
Interaction of the large viral T-Ag with ori

region DNA sequences has been demonstrated
to be required for initiation of SV40 DNA repli-
cation (reviewed in reference 8). However, the
normal association of T-Ag with viral chromo-
somes during a lytic infection has not been well
defined. To this end, we prepared SV40 chromo-
somes from virus-infected CV-1 cells during the
peak of viral DNA replication, using hypotonic
conditions that permitted continued chro-
mosome replication and minimized previrion
breakdown to analyze the fraction and DNA
composition of viral chromatin that was im-
muno-precipitated by anti-T-Ag. Viral chroma-
tin was first fractionated into 90S chromosomes
enriched for replicating molecules and 70S chro-
mosomes enriched for mature, nonreplicating
DNA. Conditions were selected to insure that
precipitation of viral chromosomes resulted only
from interaction of anti-T-Ag antibodies with
chromosome-bound T-Ag. This procedure in-
cluded using a monoclonal anti-T-Ag PAblOl,
which specifically recognizes the carboxyl ter-
minus of T-Ag (9). This antibody consistently
precipitated 83 + 5% as much of the 90S chro-
mosomes and essentially the same amount of
70S chromosomes as did NIH-2 tumor serum.

Data from both anti-T-Ag preparations resulted
in the same conclusions.
Based on the fraction of uniformly radiola-

beled DNA that could be immunoprecipitated by
saturating amounts of anti-T-Ag, T-Ag was
tightly bound to only 8% of the total isolated
viral chromosomes. However, 25 + 5% of the
chromosomal DNA in an unfractionated nuclear
extract can be immunoprecipitated (Tack and
Beard, unpublished data), indicating that T-Ag
may be less tightly bound to an additional 17% of
the chromosomes. Since the cytosol prepared
from SV40-infected CV-1 cells contained about
100-fold more free T-Ag than was bound to
isolated viral chromosomes (unpublished data),
T-Ag binding must be limited either by the
availability of DNA-binding sites or by a small
active subpopulation of T-Ag. Since PAblOl
preferentially binds mature rather than newly
synthesized T-Ag (4) and was nearly as effective
as tumor serum in precipitating viral chromo-
somes, T-Ag-containing viral chromosomes do
not appear to prefer newly synthesized T-Ag.
Electron microscopic analysis of SV40 DNA in a
nuclear extract revealed that only 1.2% (Table 1)
to 1.5% (38) of the molecules are RI. Therefore,
the remaining 6 to 7% of T-Ag-containing chro-
mosomes appear to contain nonreplicating DNA
molecules that either had just completed or were
about to begin replication. Alternatively, since
T-Ag can repress transcription of early SV40
genes (16, 25), T-Ag-containing nonreplicating
chromosomes may represent those DNA tem-
plates that are specifically available for late gene
transcription.
T-Ag was preferentially bound to chromo-

somes containing early replicating DNA inter-
mediates. The shorter the time that infected cells
were incubated with [3H]Thd, the greater the
proportion of SV40 3H-labeled chromosomes
that could be precipitated. Although 80 to 95%
of the radiolabeled DNA could be precipitated at
the shortest labeling periods, 72% was more
typical. Variation in the fraction of 3H-labeled
chromosomes in the immunoprecipitate presum-
ably reflects variation in the efficiency of precip-
itation and in the distribution of radiolabel
among RI at various stages in their replication as
a result of differences in their relative rates of
fork movement (41). These differences may be
enhanced by slight changes in the osmolarity of
the culture medium (M. L. DePamphilis, L. E.
Chalifour, M. F. Charette, M. E. Cusick, R. T.
Hay, E. A. Hendrickson, C. G. Pritchard, L. C.
Tack, P. M. Wassarman, D. T. Weaver, and
D. 0. Wirak, in N. R. Cozzarelli, ed., Mecha-
nisms ofDNA Replication and Recombination,
in press). Nevertheless, pulse-labeled DNA was
precipitated at least sevenfold more efficiently
than was uniformly labeled DNA, demonstrating
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that RI are preferentially associated with T-Ag.
Electron microscopic analysis of the pre- and
postprecipitated materials revealed that at least
55% of the RI in the 90S chromosome pool and
72% of the RI in both the 90S and 70S pools were
specifically immunoprecipitated with anti-T-Ag.
Since all of the RI in the 70S pool were less than
30% replicated and were concentrated in the
anti-T-Ag immunoprecipitate, T-Ag appeared to
be preferentially associated with early RI. This
hypothesis was confirmed in two ways. First, a
detailed analysis of the fraction of RI precipitat-
ed from 90S chromosomes as a function of the
extent of its replication revealed a biphasic
curve (Fig. 6B) that demonstrated that T-Ag was
preferentially bound to RI which were less than
75% replicated. About 88% of the RI between 5
and 75% replicated contained T-Ag, but once
these molecules had completed an average of
70% replication, T-Ag was rapidly lost. Only
17% of the RI at 97% replication and 3.8% of the
catenated dimers (defined as 100% replication
[36, 37]) were found in the anti-T-Ag immuno-
precipitate; less than 1% of the total catenated
dimers in both 90S and 70S pools specifically
contained T-Ag. Second, analysis of the geno-
mic distribution of newly synthesized DNA in
molecules with and without bound T-Ag re-
vealed a pronounced enrichment of newly rep-
licated origin regions (16% of the genome) in T-
Ag-containing chromosomes with a
corresponding enrichment for newly replicated
termination regions (23% of the genome) in the
non-T-Ag-containing chromosomes. Thus, T-
Ag binds to the ori region to initiate DNA
replication, but once this event has occurred, T-
Ag remains until about three-fourths of the DNA
has replicated.

Theoretical plots were calculated (dashed
lines, Fig. 6B) to show the fraction of RI that
would be expected to precipitate, assuming dif-
ferent amounts of T-Ag per DNA molecule and a
random but linear rate of T-Ag loss. Under these
conditions, a biphasic curve will be observed
only if 4 to 6 molecules of T-Ag are present on
each RI. Alternatively, if 1 or 2 molecules of T-
Ag per RI are present, then T-Ag dissociation
would have to be delayed until about 70% of the
RI have replicated. One complication is that the
rate ofDNA replication slows down after 70% of
the molecule is completed (40, 41). Thus, ifT-Ag
is released at a linear rate throughout replica-
tion, the fraction of RI without T-Ag will rapidly
increase as the rate of replication slows down,
but the rate of T-Ag release remains constant.
Possible mechanisms for T-Ag release include
structural changes either in the T-Ag binding site
or in T-Ag itself that normally occur during
chromosome replication, or DNA sequences
that promote T-Ag dissociation as they are

reeled through a T-Ag-DNA replication com-
plex that may involve both forks. The latter
notion suggests that T-Ag may be released from
ori sequences after initiation, but remains asso-
ciated with the replication complex at replica-
tion forks. An alternative hypothesis to the
dissociation of T-Ag from viral chromosomes
during their replication is the blocking of T-Ag
antigenic determinants either temporarily by
masking with chromosomal protein rearrange-
ments or permanently through chemical modifi-
cations. However, it seems unlikely that all
antigenic sites would be masked from the seven
different monoclonal antibodies tested so far
(unpublished data) and the NIH-2 antiserum
which presumably is directed against most, if
not all, of the sites.
The loss of T-Ag from replicating chromo-

somes may have biological significance. The
newly vacated T-Ag binding sites in recently
replicated chromosomes may be more accessi-
ble to new T-Ag binding and thus explain why
newly replicated SV40 DNA is a preferred tem-
plate for initiation of DNA replication (43).
Similarly, newly replicated chromosomes may
be preferentially used for transcription of early
viral genes, since these molecules can either
bind T-Ag and initiate DNA replication while
concomitantly blocking early gene transcription
(16, 25) or bind RNA polymerase and initiate
early gene transcription. The relative amount of
T-Ag to DNA would determine which pathway
is favored. In this way, DNA replication could
continuously provide fresh templates both for
new rounds of DNA replication and for synthe-
sis of early gene products, despite the accumula-
tion of T-Ag.

Several other observations are worth noting.
About 1.5-fold more of the SV40 chromatin
pulse-labeled for 5 min was immunoprecipitated
from the cytoplasm fraction than from the nucle-
ar extract fraction, suggesting a slight enrich-
ment for early RI in the cytoplasm fraction.
Otherwise, SV40 chromatin in the cytosol be-
haved the same as did SV40 chromatin in the
nuclear extract. Electron microscopy of the 90S
and 70S chromosomal DNA revealed that cate-
nated dimers comprised 5.9% (Table 1) to 8.5%
(38) of the viral DNA. The greater contribution
of catenated dimers in hypotonically released
chromosomes compared with SDS-salt extracts
(41) is consistent with the observation that the
SDS-salt extraction procedure (17) is inefficient
at recovering oligomeric viral DNA (22). Final-
ly, the pool of SV40 70S mature chromosomes,
like that from polyoma infections (19), contains
0.3% (Table 1) to 0.6% (38) RI, most of it less
than 30% replicated. The presence of these early
RI could account for the apparent ability of
mature polyoma chromosomes to initiate DNA
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synthesis in the ori region when provided with
the appropriate substrates and replication pro-
teins (42).

APPENDIX

Calculations of the fraction of RI, catenated dimers,
and circular dimers in the total population of SV40
chromosomes and the fraction of catenated dimers,
SV40(I) and SV40(II), that contain T-Ag.

(a) % RI in 90S + 70S pools:
Table 1: {[6.2 + 0.3(6)]/[100 + 100(6)]} x 100
= 1.2%

Table 1 in reference 8: {[8.3 + 0.6(7.2)]/[100 +
100(7.2)]} x 100 = 1.5%.

(b) % Catenated dimers in 90S + 70S pools:
Table 1: {[8.3 + 5.5(6)]/[100 + 100(6)]} x 100
= 5.9%

Table 1 in reference 8: {[5.0 + 9.0(7.2)]/[100 +
100(7.2)]} x 100 = 8.5%.

(c) % Circular dimers in 90S + 70S pools:
Table 1: {[4.1 + 0]/[100 + 100(6)]} x 100 =
0.6%.

(d) % Catenated dimers that contain T-Ag:
90S pool: {1.4(0.1)/[1.4(0.1) + 5.3(0.9)]} x 100
= 2.9%

70S pool: [0.5(0.075)/5.5] x 100 = 0.68%

90S + 70S pool: {[2.9 + 0.68(6)]/[100 +
100(6)]} = 1%.

The above is a maximum estimate because no
catenated dimers were found (<0.5%) in the 70S
immunoprecipitate (Table 1).

(e) % SV40(I) + SV40(II) containing T-Ag in the
90S pool: {[72.9(0.13) - 81.4(0.03)]/81.4} x
100 = 8.6%

70S pool: {[92.9(0.105) - 94.2(0.03)]/94.2} x
100 = 7.4%

90S + 70S pools: {[8.6 + 7.4(6)]/[100 +
100(6)]} x 100 = 7.6%.

ACKNOWLEDGMENTS
This research was supported by Public Health Service grant

CA 15579 from the National Institutes of Health and grant
MV-114 from the American Cancer Society. L.C.T. was
supported in part by a postdoctoral fellowship from the
American Cancer Society.
We are indebted to Elizabeth Gurney for providing medium

containing the monoclonal antibody directed against SV40 T-
Ag and to Peter Beard for suggesting the (1 - X') analysis in
Fig. 6.

LITERATURE CITED

1. Anderson, S., G. Kaufman, and M. L. DePamphi.is. 1977.
RNA primers in SV40 replication: identification of tran-
sient RNA-DNA covalent linkages in replicating DNA.
Biochemistry 16:4990-4998.

2. Beard, P., and K. Nyfeler. 1982. Transcription of simian
virus 40 chromosomes in an extract of HeLa cells. EMBO
J. 1:9-14.

3. Bonner, W. M., and R. A. Laskey. 1974. Detection method
for tritium-labeled proteins and nucleic acids in polyacryl-
amide gels. Eur. J. Biochem. 46:83-88.

4. Carroll, R. B., and E. G. Gurney. 1982. Time-dependent
maturation of simian virus 40 large T antigen-p53 complex
studied using monoclonal antibodies. J. Virol. 44:565-573.

5. Chen, M. C., E. Birkenmeier, and N. P. Salzman. 1975.
Simian virus 40 DNA replication: characterization of gaps
in the termination region. J. Virol. 17:614-621.

6. Danna, K. J., and D. Nathans. 1972. Bidirectional replica-
tion of SV40 DNA. Proc. Natl. Acad. Sci. U.S.A.
69:3097-3100.

7. Davis, R. W., M. Simon, and N. Davidson. 1971. Electron
microscope heteroduplex methods for mapping regions of
base sequence homology in nucleic acids. Methods Enzy-
mol. 21:413-428.

8. DePamphilis, M. L., and P. M. Wassarman. 1982. Organi-
zation and replication of papovavirus chromosomes, p.
37-114. In A. L. S. Kaplan (ed.) Organization and repli-
cation of viral DNA. CRC Press, Boca Raton, Fla.

9. Deppert W., E. G. Gurney, and R. 0. Harrison. 1981.
Monoclonal antibodies against simian virus 40 tumor
antigens: analysis of antigenic binding sites, using adeno-
virus type 2-simian virus 40 hybrid viruses. J. Virol.
37:478-482.

10. Fanning, E., and I. Baumgartner. 1980. Role of fast
sedimenting SV40 nucleoprotein complexes in virus as-
sembly. Virology 102:1-2.

11. Fareed, G. C., C. F. Garon, and N. P. Salzman. 1972.
Origin and direction of simian virus 40 deoxyribonucleic
acid replication. J. Virol. 10:484-491.

12. Fernandez-Munoz, R., M. Coco-Prados, and M.-T. Hsu.
1979. Intracellular forms of simian virus 40 nucleoprotein
complexes. I. Methods of isolation and characterization in
CV-1 cells. J. Virol. 29:612-623.

13. Griffin, J. D., S. Light, and D. M. Livingston. 1978.
Measurements of the molecular size of the simian virus 40
large T antigen. J. Virol. 27:218-226.

14. Gurd, F. R. N. 1967. Carboxymethylation. Methods En-
zymol. 11:532-541.

15. Gurney, E. G., R. 0. Harrison, and J. Fenno. 1980.
Monoclonal antibodies against simian virus 40 T antigens:
evidence for distinct subclasses of large T antigen and for
similarities among nonviral T antigens. J. Virol. 34:752-
763.

16. Hansen, U., D. G. Tenen, D. M. Livingston, and P. A.
Sharp. 1981. T-antigen repression of SV40 early transcrip-
tion from two promoters. Cell 27:603-612.

17. Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.

18. Jakobovits, E. B., and Y. Aloni. 1980. Isolation and
characterization of various forms of simian virus 40 DNA-
protein complexes. Virology 102:107-118.

19. Krauss, M. R., and R. M. Benbow. 1981. Polyoma virus
minichromosomes: associated DNA molecules. J. Virol.
38:815-825.

20. Laemmli, U. K. 1970. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature (London) 227:680-685.

21. Mann, K., and T. Hunter. 1979. Association of simian
virus 40 T antigen with simian virus 40 nucleoprotein
complexes. J. Virol. 29:232-241.

22. McMaster, G. K., R. J. Samulski, J. L. Stein, and G. S.
Stein. 1980. Rapid purification of covalently closed circu-
lar DNAs of bacterial plasmids and animal tumor viruses.
Anal. Biochem. 109:47-54.

J. VIROL.



T-ANTIGEN AND SV40 CHROMOSOMES 295

23. Mertz, J., and P. Berg. 1974. Defective SV40 genomes:
isolation and growth of individual clones. Virology
62:112-124.

24. Milavetz, B. I., L. D. Spotila, R. Thomas, and J. A.
Huberman. 1980. Two-dimensional analysis of proteins
sedimenting with simian virus 40 chromosomes. J. Virol.
35:854-864.

25. Myers, R. M., D. C. Rio, A. K. Robbins, and R. Tijian.
1981. SV40 gene expression is modulated by the coopera-
tive binding of T-antigen to DNA. Cell 25:373-384.

26. Nathans, D., and K. J. Danna. 1972. Specific origin in
SV40 DNA replication. Nature (London) New Biol.
236:200-202.

27. Reiser, J., J. Renart, L. V. Crawford, and G. R. Stark.
1980. Specific association of simian virus 40 tumor antigen
with simian virus 40 chromatin. J. Virol. 33:78-87.

28. Schaffhausen, B. 1982. Transforming genes and gene prod-
ucts of polyoma and SV40. Crit. Rev. Biochem. 13:215-
286.

29. Sebring, E. D., C. F. Garon, and N. P. Salzman. 1974.
Superhelical density of replicating SV40 DNA molecules.
J. Mol. Biol. 90:371-379.

30. Segawa, M., S. Sugano, and N. Yamaguchi. 1980. Associa-
tion of simian virus 40 T antigen with replicating nucleo-
protein complexes of simian virus 40. J. Virol. 35:320-330.

31. Seidman, M. M., and N. P. Salzman. 1979. Late replica-
tive intermediates are accumulated during simian virus 40
DNA replication in vivo and in vitro. J. Virol. 30:600-609.

32. Shelton, E. R., J. Kang, P. M. Wassarman, and M. L.
DePamphilis. 1978. Chromatin assembly in isolated mam-
malian nuclei. Nucleic Acids Res. 5:349-362.

33. Shelton, E. R., P. M. Wassarman, and M. L. DePamphilis.
1980. Structure, spacing and phasing of nucleosomes on
isolated forms of mature SV40 chromosomes. J. Biol.
Chem. 255:771-782.

34. Su, R. T., and M. L. DePamphilis. 1976. In vitro replica-

tion of SV40 DNA in a nucleoprotein complex. Proc.
Natl. Acad. Sci. U.S.A. 73:3466-3470.

35. Su, R. T., and M. L. DePamphilis. 1978. Simian virus 40
DNA replication in isolated replicating viral chromo-
somes. J. Virol. 28:53-65.

36. Sundin, O., and A. Varshavsky. 1980. Terminal stages of
SV40 DNA replication proceed via multiply intertwined
catenated dimers. Cell 21:103-114.

37. Sundin, O., and A. Varshavsky. 1981. Arrest of segrega-
tion leads to an accumulation of highly intertwined cate-
nated dimers: dissection of the final stages of SV40 DNA
replication. Cell 25:659-669.

38. Tack, L., P. M. Wassarman, and M. L. DePamphilis.
1981. Chromatin assembly: relationship of chromatin
structure of DNA sequence during SV40 replication. J.
Biol. Chem. 256:8821-8828.

39. Tapper, D. P., S. Anderson, and M. L. DePamphilis. 1979.
Maturation of replicating SV40 DNA molecules in isolated
nuclei by continued bidirectional replication to the normal
termination region. Biochim. Biophys. Acta 565:84-97.

40. Tapper, D. P., S. Anderson, and M. L. DePamphilis. 1982.
Distribution of replicating simian virus 40 DNA in intact
cells and its maturation in isolated nuclei. J. Virol. 41:877-
892.

41. Tapper, D. P., and M. L. DePamphilis. 1978. Discontinu-
ous DNA replication: accumulation of simian virus 40
DNA at specific stages in its replication. J. Mol. Biol.
120:401-422.

42. Waldeck, W., U. Spaeren, G., R. Mastromei, R. E. Elias-
son, and P. Reichard. 1979. Replication of polyoma DNA
in nuclear extracts and nucleoprotein complexes. J. Mol.
Biol. 135:675-689.

43. Wang, H.-T., and A. Roman. 1981. Cessation of reentry of
simian virus 40 DNA into replication and its simultaneous
appearance in nucleoprotein complexes of the maturation
pathway. J. Virol. 39:255-262.

VOL. 48, 1983


