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Simian virus 40 (SV40)-containing DNA was rescued after the fusion of SV40-transformed VLM cells with
permissive COS1 monkey cells and cloned, and prototype plasmid clones were characterized. A 2-kilobase
mouse DNA fragment fused with the rescued SV40 DNA, and derived from mouse DNA flanking the single
insert of SV40 DNA in VLM cells, was sequenced. Insertion of the intact rescued mouse sequence, or two
nonoverlapping fragments of it, into wild-type SV40 plasmid DNA suppressed replication of the plasmid in TC7
monkey cells, although the plasmids expressed replication-competent T antigen. Rat cells were transformed
with linearized wild-type SV40 plasmid DNA with or without fragments of the mouse DNA in cis. Although all
of the rat cell lines expressed approximately equal amounts of T antigen and p53, transformants carrying SV40
DNA linked to either of the same two replication suppressor fragments produced significantly less free SV40
DNA after fusion with permissive cells than those transformed by SV40 DNA without a cellular insert or with
a cellular insert lacking suppressor activity. The results suggest that two independent segments of cellular DNA
act in cis to suppress SV40 replication in vivo, either as a plasmid or integrated in chromosomal DNA.

Mammalian cells transformed by simian virus 40 (SV40)
harbor viral DNA sequences integrated in their chromo-
somal DNA and, in general, constitutively express SV40
large T antigen (for a review, see reference 48). T antigen is
able to induce and maintain cell transformation, in part
through its association with cellular proteins such as p53 and
the retinoblastoma susceptibility gene product Rb105 (7; for
a review, see references 24 and 48), although our under-
standing of the transformation process remains very incom-
plete. Clearly, however, activities of T antigen required for
productive infection of monkey cells, such as initiation of
viral DNA replication, are not essential for initiation or
maintenance of cell transformation (48). The fact that many
SV40-transformed cells express T antigens defective in their
ability to initiate viral DNA replication has led to speculation
that cell transformation by SV40 selects for expression of T
antigens that maintain transformation but are no longer able
to replicate SV40 DN A, perhaps thereby avoiding rearrange-
ments of chromosomal DNA induced by T antigen (48).
Alternatively, because T-antigen replication functions are
not required to initiate or maintain cell transformation,
replication-defective mutations in T antigen can accumulate
in transformed cells (48).

Upon fusion of many SV40-transformed cell lines with
permissive monkey cells, viral origins are activated by the
resident T antigen, followed by amplification and recombi-
nation to yield free rescued SV40 DNA (for a review, see
reference 48). This mobilization depends on the presence of
an intact origin region and a replication-competent T antigen
in the transformed cells (20, 41). In the event that the
resident T antigen is replication defective, SV40 DNA can be
rescued by fusion with COS1 monkey cells, which constitu-
tively express a replication-proficient T antigen (20, 21). A
number of replication-defective T-antigen mutants isolated
by this method have proved useful in elucidating the bio-
chemical activities of T antigen required for viral DNA
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replication, such as SV40 DNA binding and ATPase-helicase
activities (for a review, see references 8 and 55).

The SV40-transformed mouse line VLM (66) expresses
large T and super T antigens able to bind specifically to both
major sites in the SV40 control region and to cleave ATP
(33). Fusion of VLM cells with TC7 cells yielded little free
SV40 DNA, whereas viral DNA was efficiently rescued from
VLM-COS1 fusions, suggesting that the VLM T antigens
were almost inactive in replication (33). Thus, it seemed
likely that identification of the presumed mutationin VLM T
antigen could provide genetic evidence for other biochemical
activities possibly involved in SV40 replication.

We report here the characterization of a prototype clone
rescued from VLM-COS1 fusions and compare it with
genomic VLM DNA. Contrary to prediction, no defect in the
origin function, early gene expression, or replication profi-
ciency of the rescued T-antigen gene could be found. How-
ever, we demonstrate that mouse DNA sequences present in
the SV40 late region of the rescued clone and derived from
sequences flanking the SV40 integration site in VLM DNA
suppress replication of SV40 plasmid DNA in uninfected
monkey cells in an orientation-dependent manner. Further-
more, integrated viral DNA carrying the suppressor se-
quences in cis was rescued fivefold less efficiently from
newly created transformed rat cell lines than viral DNA
lacking the suppressor elements.

MATERIALS AND METHODS

Cells. All cells were cultured in Dulbecco modified Eagle
medium (DMEM) (GIBCO-Bethesda Research Laborato-
ries, Inc., Eggenstein-Leopoldshafen, Federal Republic of
Germany) supplemented with 5% fetal calf serum (Hyclone;
Greiner, Niirtingen, Federal Republic of Germany). VLM
(67), TC7, a subline of CV1 African green monkey kidney
cells (49), Rat2 (60), and COS1 (20) cells were described.
VLM cells were cloned in soft agar prior to construction of
genomic libraries. Seven of eight cell clones analyzed by
genomic blotting with SV40 DNA probes revealed the same
viral DNA integration pattern described previously (33)
(data not shown).
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FIG. 1. Restriction maps of the SV40 integration site in VLM
DNA and the rescued plasmid clones pV4 and pV8. (A) Diagram of
the EcoRI (E) and BamHI (B) cleavage sites in the genomic DNA of
a representative clone of VLM cells. The map was deduced from
Southern blotting of VLM DNA fragments separated by pulse-field
gel electrophoresis and analysis of genomic clones (Willnow and
Fanning, unpublished data). Mouse DNA is depicted as a black line
and SV40 DNA as an open bar. Two genomic clones carrying the
SV40-mouse DNA junction regions are indicated above. (B) Region
rescued in pV4 and pV8. Both circular DNAs were inserted in the
BamHI site of pBR322, as indicated below. Open bars indicate SV40
sequences, horizontal lines indicate mouse DNA, and dashed lines
represent plasmid vector DNA. The arrow under the early region
shows the direction of transcription of the large-T-antigen (T Ag)-
coding sequence. Mouse fragments E, C, and K, common to both
rescued clones, were sequenced and characterized (cf. Fig. 2A and
B). The diagrams show the cloned DNA linearized at the junction
between viral and cellular DNA (SV40 nucleotide 196), as shown.
ori, Origin of replication. kb, Kilobases.

Plasmids. pSVwt is wild-type SV40 DNA (strain SV-S)
cloned in the BamHI site of pAT153 (14, 62). pV4 and pV8
are prototype viral genomes rescued after VLM-COS1 cell
fusion and cloned into the BamHI site of pBR322 (Fig. 1B)
(B. Huber, Ph.D. dissertation, Ludwig-Maximilian-Uni-
versity of Munich, Munich, Federal Republic of Germany,
1986). pK1 contains the SV40 genome cloned into the EcoRI
site of pMK16/6 (21).

Genomic cloning. A genomic library was constructed with
partially digested Mbol fragments of genomic DNA from a
subcloned line of VLM cells. DNA was cloned into the
lambda replacement vector EMBL3 (15), as described pre-
viously (34). Bacteriophage clones were grown in Esche-
richia coli K803 (65).

Plasmid constructions. Standard cloning techniques were
used for the constructions (40), and all plasmids were
propagated in E. coli HB101.

The pV4 mouse DNA fragments E1 (1,028 base pairs
[bpl), E2 (129 bp), C (254 bp), K (958 bp), Hi (484 bp), Ha
(206 bp), and Sa (278 bp) (Fig. 2B) were subcloned in pUC
vectors (66). For replication studies, fragments C, K, Hi,
Ha, and Sa were cloned into the late region of pSVwt (Fig.
3).
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All SV40 nucleotide numbers are given in the BBB system
(59). The pV4 nucleotide numbering is simply continued
from the viral-cellular DNA junction site (SV40 nucleotide
196) (Fig. 2A). Thus, the pV4 BamHI site in the SV40 region
of pV4 is at pV4 nucleotide 2716 rather than at 2533, as in the
BBB system.

In pSV-KV4, the SV40 Kpnl-BamHI fragment (nucleo-
tides 294 to 2533) was replaced by the pV4 K segment
(Kpnl-BamHI; 1758 to 2716). pSV-CV4 harbors the C frag-
ment (EcoRI-Kpnl; 1504 to 1758) in the opposite orientation
to that of pV4, replacing the SV40 Kpnl-EcoRI (294 to 1782)
sequences. In pSV-AN, the 1,482-bp Banll fragment (778 to
2258) was simply deleted. The subcloned Sa segment (Accl-
Hincll; 1964 to 2242) in pUC-SaV4 was excised by using the
Kpnl and HindIII sites of the pUC18 polylinker and inserted
in place of the SV40 Kpnl-HindIII fragment (294 to 1708) of
pSVwt, resulting in pSV-SaV4.

pSV-sSaV4 contains the Sa fragment shifted 1.3 kilobases
upstream of the origin-promoter region. For this purpose,
the SV40 fragment of pSVwt Accl-BamHI (nucleotides 1628
to 2533) was replaced by the pV4 Accl-BamHI segment
(1964 to 2716). pSV-HaV4 bears the Ha sequences Kpnl-
Accl (1758 to 1964) in pSVwt instead of the original SV40
segment (Kpnl-Accl; 294 to 1628). In pSV-iHV4, the Hi
fragment (Kpnl-Hincll; 1758 to 2248) was inserted into
plasmid pSV-AN in the opposite orientation to that in
pSV-KV4 by replacing the SV40 Kpnl-Pvull fragment (294
to 270).

Constructions derived from pV4 are pV-AE, from which
the E1 and E2 fragments (EcoRI-EcoRI; nucleotides 293 to
1504) were deleted, and pV-Kwt, which contains pSVwt
late-region sequences (Kpnl-BamHI; 294 to 2533) instead of
the pV4 K fragment (Kpnl-BamHI; 1758 to 2716).

The Hi (Kpnl-Hincll; 1758 to 2242) and Ha (Kpnl-Accl;
1758 to 1964) segments were inserted into the Kpnl site
(nucleotide 294) of pSV2Cat (22). Thus, pSV-HiV4Cat and
pSV-HaV4Cat contain these fragments upstream of the
SV40 enhancer repeats (Fig. 4). In pSV-pV4Cat, the entire
origin-promoter region of pV-AE (HindIII-Pvull; 5171 to
381) replaces the original sequences (HindIII-Pvull; 5171 to
270) of pSV2Cat.

DNA replication. Semiconfluent TC7 cells (10° per 100-mm
dish) were washed with Tris-buffered saline and transfected
with precisely determined concentrations of uncut plasmid
DNA (0.25 to 1.0 pg) in DEAE-dextran, as described previ-
ously (61). After 45 min at 37°C, the cells were washed again
and supplied with fresh medium. Low-molecular-weight
DNA (30) was isolated after 2 days.

As a control, input DN As were linearized and analyzed by
gel electrophoresis in parallel with the Hirt supernatant
DNAs. SV40 plasmid DNA was detected by blot hybridiza-
tion (54) by using >?P-nick-translated (47) pBR322 or pAT153
DNA as a probe to ensure that all plasmids would yield a
hybridization signal in proportion to their concentrations,
regardless of the different SV40 and cellular sequences
present in the variant late-region constructs.

DNA sequencing and analysis. Sequencing was performed
by using the dideoxy-chain extension method with double-
stranded DNA (6). The large fragment of E. coli DNA
polymerase I (Pharmacia, Freiburg, Federal Republic of
Germany) or chemically modified T7 DNA polymerase (U.S.
Biochemicals-Renner, Dannstadt, Federal Republic of Ger-
many) was applied as described previously (57).

The late region of pV4 containing the cellular insertion
was subcloned in the sequencing vectors pUC18 and pUC19
(66). The sequence of the fragments was determined from
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FIG. 2. Organization and sequence features of the pV4 late region. (A) C1, SV40 DNA starting at the Bgll site (nucleotide 0) and
extending to the viral BamHI site; R , and El, mouse DNA sequences replacing the SV40 late region from nucleotides 196 to 2173.
The different shading patterns indicate the fragments E1 plus E2, C, and the cellular segment of the K fragment. One copy of the 72-bp repeat
is missing in pV4 (A72). ¥, Positions of di- and trinucleotide repeats; »4 and we, locations of inverted and direct repeated sequences of
11 to 19 nucleotides, respectively; *, CpG dinucleotides; + and O, AT- and GC-rich regions, respectively. (B) The same region as that in panel
A is shown, indicating the restriction fragments analyzed in this report (below the bars). 1, SV40 sequences; lll, mouse sequences with
no detectable homology to SV40: EE , mouse sequences with up to 25% homology with SV40 DNA; t, possible topoisomerase II cleavage
sites (13 matches with the 15-nucleotide consensus) (51); A and T, A and T boxes, respectively, found in SAR sequences of Drosophila spp.
(9 matches with a 10-nucleotide consensus sequence) (17). (C) SV40 DNA replication-suppressing activity of each of the mouse DNA
segments tested is given at the right (+, suppression; —, no suppression). The orientation of each fragment tested is indicated (—» , @ ).

both directions by using the pUC reverse primer (a gift from
P. Heinrich) (5'-CAGGAAACAGCTATGAC-3’) and spe-
cific internal primers. Sequence analysis and homology
searches were carried out by using previously described
programs (18, 37, 45). The entire sequence will be made
available upon request (GenBank accession no. M33654).

CAT assay. Calcium phosphate DNA precipitates were
prepared with 15 pg of plasmid DNA (23) and applied to 60%
confluent TC7 cells (100-mm dishes) by published methods
22).

After 4 h, the cells were shocked with 20% dimethylsul-
foxide in DMEM for 2 min and incubated for another 48 h.
Protein extracts were prepared as described previously (35),
and 150 pl of clarified lysate corresponding to 300 pg of
protein was mixed with 20 ul of 4 mM acetyl coenzyme A
(Pharmacia) and 2 pl of [**C]chloramphenicol (New England
Nuclear, Dreieich, Federal Republic of Germany). After 1 h
of incubation at 37°C, chloramphenicol and acetylated deriv-
atives were analyzed by ascending thin-layer chromatogra-
phy as described previously (35).

RESULTS

Isolation and characterization of SV40 genomes from VLM
cells. A subcloned line of VLM cells was fused with COS1
monkey cells (20). Supercoiled SV40 DNA rescued from

VLM-COSI fusions was purified by centrifugation in equi-
librium density gradients as described previously (21), lin-
earized with BamHI, and ligated into the BamHI site of
pBR322 to yield two major families of plasmid DNA (Huber,
Ph.D. dissertation). Prototype plasmids pV4 and pV8 were
chosen for further characterization. Restriction mapping and
blot hybridization experiments (Fig. 1B) revealed that pV4
bears a subset of the SV40 sequences found in pV8 and that
both clones carry the same 2-kilobase mouse DNA sequence
in place of the SV40 late region (M. Hartl, Ph.D. disserta-
tion, Ludwig-Maximilian-University of Munich, Munich,
Federal Republic of Germany, 1989). pV4 contained an
apparently intact SV40 early region and origin-promoter-
enhancer region (Hartl, Ph.D. dissertation).

The structure of the rescued clones was then compared
with that of the integrated SV40 DNA in VLM cells. A single
integration site of tandemly repeated SV40 DNA was de-
tected by detailed blot hybridization analysis of VLM DNA
(33; Hartl, Ph.D. dissertation; Huber, Ph.D. dissertation).
The mapping was confirmed and extended by restriction
mapping analysis of genomic clones of VLM DNA bearing
SV40 sequences (Fig. 1A) (T. Willnow and E. Fanning,
unpublished data). Apparently, the rescued clones were
created by recombination between cellular sequences adja-
cent to the E fragment and viral sequences adjacent to the
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FIG. 3. Replication of SV40 plasmid DNA bearing different parts of the pV4 cellular sequence. (A) Late-region constructs are depicted
by bars above each lane. Open bars represent wild-type SV40 DNA, and different shaded bars represent the various arrangements of pV4
fragments (note the reverse orientation of the C-V4 segment in lanes 6). Numbers at the bottom of each lane denote the corresponding samples
of each Hirt supernatant and input DNA. Light shading indicates fragment E1 plus E2; hatching indicates fragment C and its orientation; dark
shading indicates mouse sequences in fragment K. Supercoiled plasmid DNA was transfected into TC7 cells and low-molecular-weight DNA
was isolated after 2 days, as described in Materials and Methods. One-fifth of the sample was digested with Dpnl prior to linearization with
Sall. A 3-ng sample of each type of Sall-digested input DNA was analyzed in parallel by electrophoresis in a 1% agarose gel and blot
hybridization against nick-translated pBR322 DNA (5 X 10”7 cpm/pg). Autoradiography was done for 6 h. The amount of newly replicated
DNA was evaluated by microdensitometry and expressed as a percentage of the wild-type DNA. Lanes: 1, 100%; 2, 34%; 3, 18%; 4, <10%;
S, 100%; 6, 98%; 7, 8%. (B) Supercoiled DNA (250 ng) was transfected into semiconfluent TC7 cells, and low-molecular-weight DNA was
isolated, digested with Dpnl and Clal, and analyzed as in panel A. Lane 1, pSV-AN (7.4 kilobases); lane 2, pSV-KV4; lane 3, pSV-iHV4; lane
4, pSV-HaV4; lane 5, pSV-SaV4; lane 6, pSV-sSaV4. The smear visible above the bands in some lanes was caused by a slight displacement
during blotting. Microdensitometry of the autoradiogram was used to compare the amounts of newly replicated DNA. Lane 1, 100%; lane 2,
25%; lane 3, 120%; lane 4, 70%; lane S, 24%; lane 6, 27%. kb, Kilobases. Open bars represent SV40 DNA; light shading indicates the Ha
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fragment; solid bars show the Sa fragment (see Fig. 2B for a map).

late side of the enhancer region (Fig. 1B). Thus, the rescued
clones pV4 and pV8 are colinear with VLM chromosomal
sequences and span the mouse-SV40 junction region on one
side of the integration site.

The origin region and late region of pV4 were character-
ized in greater detail by determination of the DNA sequence
(Hartl, Ph.D. dissertation). Interestingly, much of the mouse
sequence displayed up to 25% homology with SV40 se-
quences, whereas the remainder shared no sequence homol-
ogy with SV40 DNA (Fig. 2B). Repetitive sequences were
dispersed throughout most of the mouse-derived portion of
the late region (Fig. 2A; Hartl, Ph.D. dissertation). Repeti-
tive (GT),, and trinucleotide stretches were located at both
ends of the mouse sequence (Fig. 2A). However, restriction
fragment C (Fig. 2B) carried only single-copy mouse se-
quences, as shown by blot hybridization analysis of VLM
and mouse L-cell DNAs (Hartl, Ph.D. dissertation). Exten-
sive regions of direct and inverted repeats were found,
particularly clustered in A+T-rich portions of the sequence
(Fig. 2A). A large cluster of CpG dinucleotides was located
in the central portion of the mouse sequence.

In the early region and control region of pV4, several
nucleotide changes with respect to SV-S strain SV40 DNA
were also noted. Nucleotide 4839 was changed from C to T,
creating an Accl site but no amino acid change in the
T-antigen-coding sequence. Nucleotide 5209 was changed
from C to T, and nucleotide 81 was deleted. All these
sequence changes were also found in sequencing the Baylor

SV40 strain used to derive the VLM line and thus are strain
specific (67; Hartl, Ph.D. dissertation; R. Lanford, personal
communication). In addition, one of the 72-bp repeats was
deleted (nucleotides 179 to 250). Both the origin region of
pV4 (Hartl, Ph.D. dissertation) and the enhancer (Fig. 4)
were fully functional in TC7 cells.

Cellular DNA sequences suppress SV40 plasmid replication.
Contrary to our expectations from the fusion experiments,
the early region of pV4 was able to replace wild-type
T-antigen-coding sequences of plasmid pK1 in DNA repli-
cation assays in TC7 cells, demonstrating that it was fully
functional when placed in a wild-type SV40 background
(Hartl, Ph.D. dissertation).

The apparent contradiction between this result and those
from the cell fusion experiments (33) raised the question
whether the mouse sequences in the late regions of pV4 and
pV8 could affect SV40 DNA replication or mobilization upon
cell fusion. To test this idea, SV40 plasmids carrying pV4
mouse DNA in whole or in part were constructed and
assayed for replication in monkey cells. The following two
groups of constructs were used: one set in which cellular
sequences were deleted from pV4 or replaced by wild-type
viral sequences and a second set in which pV4 cellular DNA
was inserted into a wild-type SV40 plasmid. Each clone had
an intact origin of replication and encoded a functional T
antigen, derived from either pSVwt or pV4. All the clones
expressed T antigen after transfection of TC7 cells, as judged



2888 HARTL ET AL.

«Hincll

-Accl-
-cellular DNA

-Kpni-

-Pvull
j “Pvulls RN
§
|}
[ N
1 NN
N.N.
-Hindlli- __J Hind111-B

-viral DNA

pSVPV4Cat [
pSV 2Cat
 pSVHiv4cCat
pSVHaV4Cat
pSV 0Cat

©
e
=
=
(o]
o
@
£
=
N
c
w

. @
P = 8§

o * 0
®

9 + @
- o

1 2 3 4 5 6

FIG. 4. CAT activity of constructs containing cellular sequences
linked to the SV40 early promoter. The structure of the CAT clones
is depicted above each lane. The negative control pSV0Cat lacks the
entire SV40 early promoter (36). Transfection and CAT assays were
performed as described in Materials and Methods. Acetylated
products were detected by thin-layer chromatography followed by
autoradiography for 48 h.

by immunoperoxidase staining with an antibody specific for
T antigen (data not shown).

The clones were tested for replication by transfection into
TC7 cells, followed 2 days later by isolation and analysis of
Hirt supernatant DNA (Fig. 3A). Replication of pV4 was
significantly reduced compared with pSVwt, as demon-
strated by the smaller amount of Dpnl-resistant pV4 (Fig.
3A, lane 2) compared with pSVwt (lane 1) DNA. Compari-
son of the input DNAs (Fig. 3A, lanes 1 and 2) demonstrated
that equal amounts of DNA were transfected. To identify the
sequences responsible for the observed reduction in replica-
tion efficiency, the two EcoRI fragments were deleted from
pV4 DNA. Replication of the resulting plasmid dropped to
an even lower level than that of pV4 (Fig. 3A, lane 3),
indicating that the distal part of the cellular region (fragment
K) was sufficient to suppress replication. Conversely, the E
fragment (E1, E2, and C) was also sufficient to suppress
plasmid replication (Fig. 3A, lane 4) in the absence of the K
fragment.

The clones of the second set are almost identical in size
and bear the early region and origin-promoter region of
pSVwt DNA. The plasmid pSV-AN (Fig. 3A, lane 5), from
which viral sequences in the late region were deleted, was
used as a control, demonstrating that the reduced replication
observed with pV4 and its derivatives was not caused by the
absence of the late region. Insertion of the pV4 C fragment
into pSVwt DNA did not cause any detectable suppression

J. VIROL.

of replication (Fig. 3A, compare lane 6 with lane 5). Insertion
of the pV4 K fragment into the pSVwt plasmid severely
reduced DNA replication (Fig. 3A, lane 7). Figure 3A thus
demonstrates that two independent segments of pV4 cellular
mouse DNA suppress SV40 DNA replication when located
in cis upstream of the origin and enhancer.

Since the pV4 K fragment carries 484 bp of mouse
sequences in addition to SV40 sequences (Fig. 2B), we
wished to test whether the entire sequence, or only part of it,
was required to suppress wild-type SV40 replication. A third
series of plasmids, in which portions of the pV4 K fragment
were inserted into the late region of pSVwt DNA, was
constructed and tested for replication activity after transfec-
tion into TC7 monkey cells (Fig. 3B). The plasmid pSV-AN
carrying a deletion in the late region was used as a wild-type
control (Fig. 3B, lane 1). As expected, a plasmid bearing the
entire pV4 K fragment replicated poorly (Fig. 3B, lane 2)
compared with the control (lane 1). However, inversion of
the K-V4 mouse DNA sequences (Fig. 2B, fragment Hi)
relative to the origin restored replication activity to a level
slightly greater than that of the wild type (compare lane 3
with lane 1), indicating that the suppression was orientation
dependent.

The cellular sequences of the K fragment were dissected
into two portions, the Ha (206 bp) and Sa (278 bp) fragments
(Fig. 2B), and each was inserted into pSVwt DNA. The
plasmid bearing the Ha fragment replicated with nearly
wild-type efficiency (Fig. 2B, lane 4), whereas the Sa-bearing
plasmid (lane 5) replicated more weakly than the wild type
but better than pSV-KV4. Insertion of the Sa fragment 1.3
kilobases more distal to the origin-enhancer region resulted
in the same reduction in replication observed with the
origin-proximal Sa plasmid (Fig. 2B, compare lanes 5 and 6).
These results demonstrate that a 278-bp segment of the pV4
K fragment is sufficient to suppress replication of wild-type
SV40 DNA, in a manner independent of distance but depen-
dent on orientation relative to the origin-enhancer region.

SV40 promoter-enhancer activity is not suppressed by pvV4
mouse DNA sequences. Although the pV4 origin and early
regions were shown to be functional (Hartl, Ph.D. disserta-
tion), it was conceivable that the expression of replication-
competent T antigen could be limited by the presence of the
pV4 cellular sequences upstream of the promoter-enhancer
region. To address this question, the pV4 origin-promoter-
enhancer region was placed upstream of the bacterial chlor-
amphenicol acetyltransferase (CAT) gene and CAT enzyme
activity was assayed after transfection of plasmid DNA into
TC7 cells. The CAT activity expressed from the pV4Cat
construct was comparable to that expressed from the wild-
type control pSV2Cat (Fig. 4, lanes 1 and 2). The Hi
fragment bearing the entire cellular portion of the pV4 K
fragment which showed replication suppression activity, or
the suppressor-negative Ha fragment (Fig. 3A and B), was
placed upstream of the enhancer in pSV2Cat. CAT activity
measured with both these constructs was indistinguishable
from that measured with the pSV2Cat control plasmid (Fig.
4, compare lanes 3 and 4 with lane 1). These results indicate
that the replication suppression activity of the pV4 mouse
DNA sequences is unlikely to be due to their effect on
promoter-enhancer activity.

Mouse DNA sequences suppress mobilization of chromo-
somal SV40 DNA. The ability of pV4 mouse DNA sequences
to suppress replication of wild-type SV40 plasmid DNA (Fig.
3A and B) suggested that these sequences might also affect
the efficiency of rescue of SV40 genomes from transformed
rodent cells by cell fusion. This idea was tested by construct-
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FIG. 5. Transformation of Rat2 cells by SV40 DNA carrying mouse DNA sequences in cis. Rat2 cells were transfected with
Sall-Clal-linearized SV40 plasmid DNA carrying the K, C, or E fragment of pV4 or without an additional fragment (Fig. 1B). Foci, picked
after 20 days, were purified in soft agar as described previously (52). Single colonies were taken to establish the cell lines R-WT, R-CV4,
R-KV4, and R-EV4. Several colonies of each type (lettered A and C) were characterized in detail. Semiconfluent dishes (2 x 10° cells per
60-mm dish) were fixed by using 3% paraformaldehyde—0.1% Triton X-100 in phosphate-buffered saline. T antigen was visualized by indirect
immunofluorescence staining (53) using 4 ug of Pab416 and Pab 419 (27) per ml as the first antibody. Cells were photographed by using a Zeiss
IM3S microscope equipped with a Plan-Neofluar63 oil immersion objective.

ing a series of SV40-transformed Rat2 cell lines with or
without pV4 mouse sequences in cis. Wild-type SV40 plas-
mid DNA or SV40 plasmids carrying insertions of the pV4 E
(E1 + E2 + ), C, or K fragments in the late region were
transfected into Rat2 cells. The plasmid DNAs showed
nearly equal transformation activity, and all four types of
transformants grew in soft agar. Colonies isolated from soft
agar were expanded into cell lines and characterized. All the

cells expressed nuclear T antigen (Fig. 5). Immunoblot
analysis of protein extracts from four representative trans-
formed lines demonstrated that all of the lines expressed
similar amounts of T antigen of wild-type size and similar
amounts of p53 (Fig. 6A and B).

Blot hybridization analysis of genomic DNA from each
transformed line digested with Bg/II, which does not cleave
any of the transfected DNAs, revealed that one of the lines
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FIG. 6. Immunoblots of protein extracts from rat cell lines transformed by SV40 DNA with and without pV4 mouse DNA in cis. (A)
Protein extracts were prepared from each cell line (lanes 2 through 5), and 125 pg of each were fractionated by sodium dodecyl sulfate-gel
electrophoresis, as described previously (53). Prestained marker proteins (Sigma, Munich, Federal Republic of Germany) of known M, (listed
at the left in kilodaltons) were electrophoresed in parallel (lane M). Immunoblotting (12) and staining for SV40 large T antigen (53) were carried
out exactly as described previously by using KT3 immunoglobulin G as the first antibody (39). (B) The immunoblot analysis was repeated by
using Pab 122 culture supernatant (25) as the first antibody to stain pS53.

(Fig. 7, lane 5) had one major integration site of viral DNA,
whereas the others had two insertions of viral sequences
(Fig. 7, lanes 2 through 4). Blot hybridization analysis with
BamHlI-cleaved genomic DNAs confirmed these results
(data not shown).

Each of the transformed lines was fused with TC7 monkey
cells to rescue the integrated viral DNA (Fig. 8). Abundant

kbp
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FIG. 7. Genomic blots of rat clones transformed by SV40 DNA
with and without pV4 mouse DNA in cis. Genomic DNA (20 ug)
isolated as described previously (56) from cloned rat lines was
digested with Bgl/II and fractionated by pulse-field gel electrophore-
sis. Marker DNAs (lanes M) were electrophoresed in parallel (lane
1, ligated lambda DNA; lane 6, HindIll-digested lambda DNA).
Lanes 2 through 5 were blotted and hybridized with random-primed
(Amersham, Braunschweig, Federal Republic of Germany) 3?P-
labeled pSVwt DNA. kbp, Kilobase pairs.

low-molecular-weight DNA was generated from the wild-
type-transformed line (Fig. 8, lane 1) and the line carrying
the pV4 C fragment (lane 2). The amount of low-molecular-
weight SV40 DNA rescued from the lines bearing the K and
E fragments was reduced by more than 80 to 90% (Fig. 8,
lanes 3 and 4), as shown by microdensitometric scanning of
the autoradiograms. Similar results were obtained with sev-
eral independent lines of each type of transformant (Hartl,
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FIG. 8. Rescue of SV40 DNA from transformed rat cell lines by
fusion with TC7 monkey cells. TC7 cells (2 X 10° were fused (X)
with each of the indicated rat lines (10°%) as described previously
(33). Half the low-molecular-weight DNA obtained from each
fusion was digested with BamHI and analyzed by blot hybridization
with nick-translated pSVwt DNA (specific activity, 10® cpm/pg)
(lanes 1 through 4). BamHI-digested pSVwt DNA served as a size
marker (lane M). The blot was autoradiographed for 30 h. kb,
Kilobases.
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FIG. 9. Replication suppressor fragment Sa (209 bp) carries sequences homologous to the pV4 E1 fragment, human (hu) mitochondrial
(mt) D loop DNA, E. coli replication terminator core sequence, and SV40 termination region. Nucleotide matches are given in uppercase
letters, and mismatches are given in lowercase letters. For details, see text. Homol., Homology; NT., nucleotides; REF., reference.

Ph.D. dissertation), indicating that the presence of a plasmid
replication suppression element flanking the integrated SV40
DNA is correlated with inefficient mobilization of the viral
DNA after cell fusion and suggesting that these elements
may be responsible for the inefficient rescue observed.

DISCUSSION

Mouse DNA sequences rescued together with SV40 DNA
from the SV40-transformed cell line VLM have been shown
to severely suppress viral DNA replication in cis in TC7
monkey cells (Fig. 3) and the mobilization of integrated
SV40 DNA upon fusion with TC7 cells (Fig. 8). A compara-
ble degree of suppression was observed in both approaches.

Two separate segments of the mouse DNA were shown to
have replication suppression activity, as assayed by plasmid
replication and by viral DNA rescue from cell fusions.
Control experiments ruled out an effect of the mouse repli-
cation suppressor elements on the activity of the SV40 early
promoter-enhancer in transient assays (Fig. 4) and on the
steady-state level of T antigen in the transformed rat lines
used for viral DNA rescue (Fig. 5 and 6A). The supply of
replication-competent T antigen in the cell fusion experi-
ments could be limited by complex formation with p53,
which has been shown to inhibit SV40 replication (3, 16, 58,
64). However, all the transformed rat lines contained similar
steady-state amounts of p53 (Fig. 6B), thus excluding this
explanation for the rat cell fusion results.

The supply of active T antigen could also be limiting if it
was sequestered by the cellular DNA sequences. A similar
mechanism has been proposed to explain the limited SV40
plasmid replication observed in cells transformed by SV40-
bovine papillomavirus hybrid plasmids (50). If a similar
mechanism was operating in the experiments presented
here, we would expect the cellular sequences to suppress
plasmid replication in a manner independent of orientation
relative to the origin and also when located in trans. How-
ever, inversion of one cellular suppressor element restored
wild-type replication (Fig. 3B, lane 3) and no inhibition of
plasmid replication was detected when the suppressor ele-
ments were cotransfected in trans with the SV40 plasmid
(Hartl, Ph.D. dissertation). Thus, T-antigen sequestration by
the cellular suppressor elements can be ruled out as an
explanation for their suppression activity.

In summary, then, the presence of pV4 cellular sequences
in cis appears to be directly responsible for the reduced

replication of SV40 plasmid DNAs in TC7 cells and the
inefficient mobilization of viral DNA in transformed rat cells
after fusion.

DNA sequences in the pV4 replication suppressor elements.
The general features of pV4 mouse DNA are depicted in Fig.
2A and B. Those regions of the sequence tested for replica-
tion suppression activity in both the plasmid and viral DNA
rescue assays are summarized in Fig. 2C, which shows the
orientation of each sequence tested. In general, the frag-
ments with suppression activity are rich in A and T (Fig.
2A). The shortest segment with suppressor activity (Sa)
contains 278 bp, of which 209 bp are mouse sequences.
Although it is not yet clear which of the 209-bp sequences
are responsible for the suppressor activity, we searched for
homology between these sequences and the other regions of
the pV4 late region. Two sequences with good homology to
the Sa fragment were identified in the E1 fragment, within
the replication-suppressing E fragment (Fig. 9). Several
other homologies with sequences in the replication termina-
tion regions of SV40 (32), R6K, and E. coli chromosomal
DNA (28, 31) as well as a highly conserved sequence in the
D loop of mammalian mitochondrial DNA (10, 63) (Fig. 9)
were identified.

On the basis of these homologies, it is tempting to specu-
late that the replication suppressors may act as terminators
or pause sites for replication forks. The sequences respon-
sible for replication fork pausing in vivo and the mechanisms
involved are not well understood in eucaryotic cells (8). In
contrast, in procaryotic chromosomes, not only the se-
quences required for replication termination but also the
proteins involved and their function have been elucidated
(28, 29, 31, 34a). Like the pV4 replication suppressor in the
Hi fragment (Fig. 3B), the E. coli chromosomal terminators
are inactive in the inverted orientation (29). Moreover,
preliminary evidence suggests that a trans-acting factor in
monkey cells is required to observe the Hi suppressor
activity (M. Hartl and E. Fanning, unpublished data). Ter-
mination regions of mammalian chromosomal replication
were shown to overlap with matrix or scaffold attachment
regions (9, 26), characterized in many cases by the presence
of potential topoisomerase II cleavage sites and sequences
known as A and T boxes (17, 43). Such sequences are
clustered at both ends of the pV4 mouse sequences (Fig.
2B). Two-dimensional gel electrophoresis of replicating plas-
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mid DNA (4) should reveal whether the suppression is in fact
caused by termination or pausing of replication forks.

Possible implications for chromosomal replication and re-
combination. The colinearity of the rescued plasmids with
VLM chromosomal DNA suggests, but does not prove, that
VLM cells express a wild-type T antigen. Assuming that
they do, the question arises why the VLM-TC7 cell fusions
yield so little rescued viral DNA relative to the amounts
from VLM-COSI1 fusions (33). A similar result was reported
for cell fusions with MKS-A cells, another SV40-trans-
formed mouse cell line (11, 33). The SV40 genomes rescued
from these cells also encoded replication-competent T anti-
gen (11), suggesting that a common mechanism may be
responsible for the inefficient rescue observed.

It seems unlikely that rodent cells or even mouse cells are
generally unable to permit efficient SV40 rescue after fusion
with monkey cells, since more mouse cells mobilize SV40
DNA equally well after fusion with COS1 and other monkey
cells (19, 33). Dora et al. (11) suggested that murine p53,
present in elevated amounts in MKS-A cells and capable of
inhibiting SV40 replication (3, 16, 58, 64), could explain the
paradox, an explanation that would also apply to VLM-TC7
fusions. The improved mobilization observed in COS1 fu-
sions would then be attributed to the excess of T antigen not
complexed to p53 or more weakly associated with monkey
p53 (13; D. Lane, personal communication). Another plau-
sible explanation for the poor rescue from VLM-TC?7 fusions
comes from the presence of super T antigens in VLM cells,
which in other cell lines have always been found replication
defective (for a review, see reference 48). If any of these
aberrant VLM T antigens interfered with the activity of the
functional T antigen (68 and references therein), one might
expect to overcome the interference by supplying an excess
of replication-competent T antigen through a VLM-COS1
fusion, in agreement with the observations reported previ-
ously (33).

The results in this paper suggest that a third mechanism
may contribute to the efficiency of SV40 rescue from cell
fusions. The nature of the host DNA flanking the SV40
integration site has been demonstrated to influence SV40
rescue from transformed rat lines with equivalent levels of T
antigen and p53 (Fig. 6 through 8). However, it is not yet
clear whether this mechanism is involved in the different
rescue efficiencies in VLM-TC7 and VLM-COS] fusions.

Nevertheless, the pV4 suppressor elements may play a
role in the regulation of mouse chromosomal DNA replica-
tion. For example, rat DNA flanking the integrated polyo-
mavirus DNA in transformed rat cells harbors sequences
that terminate polyomavirus amplification in chromosomal
DNA and, like the pV4 elements, reduce the level of SV40
DNA replication in monkey cells (1, 2, 46). Moreover, the
role of the pV4 mouse DNA sequences may not be restricted
to chromosomal replication. The remarkable frequency with
which the pV4-like DNA was rescued suggests that recom-
bination may be favored in this region of the mouse DNA (5,
38, 42). Unusual recombination events associated with the
mobilization of integrated polyomavirus DNA from trans-
formed mouse cells have also been noted (44).

ACKNOWLEDGMENTS

We thank Bernd Huber for isolation and preliminary characteri-
zation of clones pV4 and pV8. We are grateful to Avril Arthur for
helpful advice and a critical reading of the manuscript, Michael
Duchene for help with sequence analysis, Andrea Schweizer for
oligonucleotide synthesis, Robert Lanford for sequence information
on Baylor strain SV40, and the members of our laboratory for

J. VIROL.

stimulating and supportive discussions. We especially thank Silke
Dehde and Birgit Posch for excellent technical assistance and Maria
Ihmsen for invaluable secretarial assistance.

The financial support of the Bundesministerium fiir Forschung
und Technologie (Genzentrum), Deutsche Forschungsgemeinschaft,
and Fonds der Chemischen Industrie is gratefully acknowledged.

LITERATURE CITED

1. Baran, N., A. Lapidot, and H. Manor. 1987. Unusual sequence
element found at the end of an amplicon. Mol. Cell. Biol.
7:2636-2640.

2. Baran, N., A. Neer, and H. Manor. 1983. ‘‘Onion skin’’ repli-
cation of integrated polyoma virus DNA and flanking sequences
in polyoma-transformed rat cells. Termination within a specific
cellular DNA segment. Proc. Natl. Acad. Sci. USA 80:105-109.

3. Braithwaite, A., H.-W. Sturzbecher, C. Addison, C. Palmer, K.
Rudge, and J. R. Jenkins. 1987. Mouse p53 inhibits SV40
origin-dependent DNA replication. Nature (London) 329:458—
460.

4. Brewer, B., and W. L. Fangman. 1987. The localization of
replication origins on ARS plasmids in S. cerevisiae. Cell
51:463-471.

5. Bullock, P., J. Miller, and M. Botchan. 1986. Effects of
poly[d(pGpT) - d(pApC)] and poly[d(pCpG) - d(pCpG)] repeats
on homologous recombination in somatic cells. Mol. Cell. Biol.
6:3948-3953.

6. Chen, E. J., and P. H. Seeburg. 1985. Supercoil sequencing: a
fast and simple method for sequencing plasmid DNA. DNA
4:165-170.

7. DeCaprio, J. A., J. W. Ludlow, J. Figge, J.-Y. Shew, C.-M.
Huang, W.-H. Lee, E. Marsilio, E. Paucha, and D. M. Living-
ston. 1988. SV40 large tumor antigen forms a specific complex
with the product of the retinoblastoma susceptibility gene. Cell
54:275-283.

8. DePamphilis, M. L., and M. K. Bradley. 1986. Replication of
SV40 and polyoma virus chromosomes, p. 99-246. In N. P.
Salzmann (ed.), The papovaviridae, vol. 1. Plenum Publishing
Corp., New York.

9. Dijkwel, P. A., and J. L. Hamlin. 1988. Matrix attachment
regions are positioned near replication initiation sites, genes,
and an interamplicon junction in the amplified dihydrofolate
reductase domain of Chinese hamster ovary cells. Mol. Cell.
Biol. 8:5398-5409.

10. Doda, J., C. Wright, and D. A. Clayton. 1981. Elongation of
displacement-loop strands in human and mouse mitochondrial
DNA is arrested near specific template sequences. Proc. Natl.
Acad. Sci. USA 78:6116-6120.

11. Dora, S., C. Schwarz, M. Baack, A. Graessmann, and R.
Knippers. 1989. Analysis of a large-T-antigen variant expressed
in simian virus 40-transformed mouse cell line mKs-A. J. Virol.
63:2820-2828.

12. Dunn, S. D. 1986. Effects of the modification of transfer buffer
composition and the renaturation of proteins in gels on the
recognition of proteins on Western blots by monoclonal anti-
bodies. Anal. Biochem. 157:144-153.

13. Fanning, E., C. Burger, and E. Gurney. 1981. Comparison of T
antigen-associated host phosphoproteins from SV40-infected
and -transformed cells of different species. J. Gen. Virol.
55:367-378.

14. Fanning, E., K.-H. Westphal, D. Brauer, and D. Cérlin. 1982.
Subclasses of simian virus 40 large T antigen: differential
binding of two subclasses of T antigen from productively
infected cells to viral and cellular DNA. EMBO J. 1:1023-1028.

15. Frischauf, A.-M., H. Lehrach, A. Poustka, and N. Murray. 1983.
Lambda replacement vectors carrying polylinker sequences. J.
Mol. Biol. 170:827-842.

16. Gannon, J. V., and D. P. Lane. 1987. p53 and DNA polymerase
alpha compete for binding to SV40 T antigen. Nature (London)
329:456-460.

17. Gasser, S. M., and U. K. Laemmli. 1986. Cohabitation of
scaffold binding regions with upstream/enhancer elements of
three developmentally regulated genes of D. melanogaster. Cell
46:521-530.



VoL. 64, 1990

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

George, D. G., W. C. Barker, and L. T. Hunt. 1986. The protein
identification resource (PIR). Nucleic Acids Res. 4:11-15.
Gerard, R. D., R. A. Guggenheimer, and Y. Gluzman. 1987.
Analysis of nonpermissivity in mouse cells overexpressing
simian virus 40 T antigen. J. Virol. 61:851-857.

Gluzman, Y. 1981. SV40-transformed simian cells support the
replication of early SV40 mutants. Cell 23:175-182.

Gluzman, Y., and B. Ahrens. 1982. SV40 early mutants that are
defective for viral DNA synthesis but competent for transfor-
mation of cultured rat and simian cells. Virology 123:78-92.
Gorman, C. M., L. F. Moffat, and B. H. Howard. 1982.
Recombinant genomes which express chloramphenicol acetyl-
transferase in mammalian cells. Mol. Cell. Biol. 2:1044-1051.
Graham, F. L., and A. ]J. van der Eb. 1973. A new technique for
the assay of infectivity of human adenovirus 5 DNA. Virology
52:455-456.

Green, M. R. 1989. When the products of oncogenes and
anti-oncogenes meet. Cell 56:1-3.

Gurney, E. G., R. O. 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.

Handeli, S., A. Klar, M. Meuth, and H. Cedar. 1989. Mapping
replication units in animal cells. Cell 57:909-920.

Harlow, E., L. Crawford, D. Pim, and N. Williamson. 1981.
Monoclonal antibodies specific for simian virus 40 tumor anti-
gens. J. Virol. 39:861-869.

Hidaka, M., M. Akiyama, and T. Horiuchi. 1988. A consensus
sequence of three DNA replication terminus sites on the E. coli
chromosome is highly homologous to the terR sites of the R6K
plasmid. Cell 55:467—475.

Hill, T. M., J. M. Jenson, and P. L. Kuempel. 1987. The
terminus region of the Escherichia coli chromosome contains
two separate loci that exhibit polar inhibition of replication.
Proc. Natl. Acad. Sci. USA 84:1754-1758.

Hirt, B. 1967. Selective extraction of polyoma DNA from
infected mouse cell cultures. J. Mol. Biol. 26:365-369.
Horiuchi, T., and M. Hidaka. 1988. Core sequence of two
separable terminus sites of the R6K plasmid that exhibit polar
inhibition of replication in a 20 bp inverted repeat. Cell 54:
515-523.

Hsieh, C. H., and J. D. Griffith. 1988. The terminus of SV40
DNA replication and transcription contains a sharp sequence-
directed curve. Cell 52:535-544.

Huber, B., E. Vakalopoulou, C. Burger, and E. Fanning. 1985.
Identification and biochemical analysis of DNA replication-
defective large T antigens from SV40-transformed cells. Virol-
ogy 146:188-202.

Kaiser, K., and N. E. Murray. 1985. The use of phage lambda
replacement vectors in the construction of representative ge-
nomic DNA libraries, p. 1-47. In D. M. Glover (ed.), DNA
cloning, vol. 1. IRL Press, Oxford.

34a.Khatri, G. S., T. MacAllister, P. S. Sista, and D. Bastia. 1989.

35.

36.

37.
38.

39.

The replication terminator protein of E. coli is a DNA sequence-
specific contra-helicase. Cell 5§9:667-674.

Kruczek, 1., and W. Doerfler. 1983. Expression of the chloram-
phenicol acetyltransferase gene in mammalian cells under the
control of adenovirus type 12 promoters: effect of promoter
methylation on gene expression. Proc. Natl. Acad. Sci. USA
80:7586-7590.

Laimins, L. A., G. Khoury, C. Gorman, B. Howard, and P.
Gruss. 1982. Host specific activation of transcription by tandem
repeats from simian virus 40 and Moloney sarcoma virus. Proc.
Natl. Acad. Sci. USA 79:6453-6457.

Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 227:1435-1441.
Lowenhaupt, K., A. Rich, and M. L. Pardue. 1989. Nonrandom
distribution of long mono- and dinucleotide repeats in Droso-
phila chromosomes: correlations with dosage compensation,
heterochromatin, and recombination. Mol. Cell. Biol. 9:1173-
1182.

MacArthur, H., and G. Walter. 1984. Monoclonal antibodies
specific for the carboxy terminus of simian virus 40 large T

cis-ACTIVE ELEMENTS SUPPRESS SV40 DNA REPLICATION

41.

42.

43.

45.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

61.

62.

63.

2893

antigen. J. Virol. 52:483-491.

. Maniatis, T., E. F. Fritsch, and J. Sambrook. 1982. Molecular

cloning: a laboratory manual. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

Miller, J., P. Bullock, and M. Botchan. 1984. Simian virus 40 T
antigen is required for viral excision from chromosomes. Proc.
Natl. Acad. Sci. USA 81:7534-7538.

Pardue, M. L., K. Lowenhaupt, A. Rich, and A. Nordheim. 1987.
(dC-dA), - (dG-dT), sequences have evolutionarily conserved
chromosomal locations in Drosophila with implications for roles
in chromosome structure and function. EMBO J. 6:1781-1789.
Phi-Van, L., and W. H. Stritling. 1988. The matrix attachment
regions of the chicken lysozyme gene co-map with the bound-
aries of the chromatin domain. EMBO J. 7:655-664.

. Piché, A., and P. Bourgaux. 1987. Resolution of a polyomavirus-

mouse hybrid replicon: release of genomic viral DNA. J. Virol.
61:840-844.
Queen, C., and L. C. Korn. 1984. A comprehensive sequence
analysis program for the IBM computer. Nucleic Acids Res.
12:581-599.

. Rao, B. S., H. Manor, and R. G. Martin. 1988. Pausing in simian

virus 40 DNA replication by a sequence containing (dG-
dA),, - (dT-dC),,. Nucleic Acids Res. 16:8077-8094.

Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick-translation with DNA polymerase I. J. Mol. Biol.
98:503-515.

Rigby, P., and D. Lane. 1983. The structure and function of
SV40 large T antigen. Adv. Viral Oncol. 3:31-57.

Robb, J. A., and K. Huebner. 1973. Effect of cell chromosome
number on simian virus 40 replication. Exp. Cell Res. 81:
120-126.

Roberts, J. M., and H. Weintraub. 1988. Cis-acting negative
control of DNA replication in eukaryotic cells. Cell 52:397-404.
Sander, M., and T. Hsieh. 1985. Drosophila topoisomerase II
double-strand DNA cleavage: analysis of DNA sequence ho-
mology at the cleavage site. Nucleic Acids Res. 13:1057-1071.
Schneider, J., and E. Fanning. 1988. Mutations in the phosphor-
ylation sites of simian virus 40 (SV40) T antigen alter its origin
DNA-binding specificity for sites I or II and affect SV40 DNA
replication activity. J. Virol. 62:1598-1605.

Schneider, J., C. Schindewolf, K. van Zee, and E. Fanning. 1988.
A mutant SV40 large T antigen interferes with nuclear localiza-
tion of a heterologous protein. Cell 54:117-125.

Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

Stahl, H., and R. Knippers. 1987. The simian virus 40 large
tumor antigen. Biochim. Biophys. Acta 910:1-10.

Sutter, D., M. Westphal, and W. Doerfler. 1978. Patterns of
integration of viral sequences in the genomes of adenovirus type
12. Cell 14:569-585.

Tabor, S., and C. Richardson. 1987. DNA sequence analysis
with a modified bacteriophage T7 DNA polymerase. Proc. Natl.
Acad. Sci. USA 84:47674771.

Tack, L. C., J. H. Wright, S. P. Deb, and P. Tegtmeyer. 1989.
The p53 complex from monkey cells modulates the biochemical
activities of simian virus 40 large T antigen. J. Virol. 63:
1310-1317.

Tooze, J. 1981. Molecular biology of tumor viruses, 2nd ed.,
part 2. DNA tumor viruses. Cold Spring Harbor Laboratory,
Cold Spring Harbor, N.Y.

. Topp, W. C., D. B. Rifkin, and M. J. Sleigh. 1981. SV40 mutants

with an altered small-t protein are tumorigenic in newborn
hamsters. Virology 111:341-350.

Traut, W., and E. Fanning. 1988. Sequence-specific interactions
between a cellular DNA-binding protein and the simian virus 40
origin of DNA replication. Mol. Cell. Biol. 8:903-911.

Twigg, A. J., and D. Sherratt. 1980. Trans-complementable
copy-number mutants of plasmid ColE1. Nature (London) 283:
216-218.

Walberg, M. W., and D. A. Clayton. 1981. Sequence and
properties of the human KB cell and mouse L-cell D-loop



2894

64.

65.
66.

HARTL ET AL.

regions of mitochondrial DNA. Nucleic Acids Res. 9:5411-
5420.

Wang, E. H., P. N. Friedman, and C. Prives. 1989. The murine
p53 blocks replication of SV40 DNA in vitro by inhibiting the
initiation functions of SV40 large T antigen. Cell 57:379-392.
Wood, W. B. 1966. Host specificity of DNA produced by E. coli.
J. Mol. Biol. 16:118-133.

Yanisch-Perron, C., J. Vieira, and J. Messing. 1985. Improved
M13 phage cloning vectors and host strains: nucleotide se-

67.

68.

J. VIROL.

quences of the M13mp18 and pUC19 vectors. Gene 33:103-119.
Zarling, J., and S. Tevethia. 1973. Transplantation immunity to
simian virus 40-transformed cells in tumor-bearing mice (I). J.
Natl. Cancer Inst. 50:137-145.

Zhu, J., and C. N. Cole. 1989. Linker insertion mutants of
simian virus 40 large T antigen that show trans-dominant
interference with wild-type large T antigen map to multiple sites
within the T-antigen gene. J. Virol. 63:4777-4786.



