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One boundary of the minimal origin of replication of simian virus 40 DNA lies within the A+T-rich region.
Deletion of only a few bases into the adenine-thymine (AT) stretch results in a DNA template which is defective
for replication both in vivo and in vitro (B. Stillman, R. D. Gerard, R. A. Guggenheimer, and Y. Gluzman,
EMBO J. 4:2933-2939, 1985). In the present study, such deletion mutations have been reconstructed into a
simian virus 40 genome containing an intact early promoter-enhancer region. The resulting mutants
synthesized wild-type levels of T antigen, but were defective for replication and would not form plaques on
CV-1 monkey cells. Replication-competent phenotypic revertants were selected after transfection of large
quantities of the replication-defective viral DNAs into CV-1 cells. DNA sequence analysis showed that most of
these revertants contained insertions or point mutations which partially regenerate the length of the AT stretch.
These genotypic alterations were shown to be responsible for the revertant phenotype by replication analysis
in vivo of subcloned revertant origin fragments. In general, our results emphasize the importance of the AT
region to simian virus 40 origin function. However, one revertant retained the altered AT region but deleted
six nucleotides upstream. Experiments using this mutant indicate that the 21-base-pair repeats identified as
part of the early transcriptional promoter may compensate for defects in simian virus 40 DNA replication in
vivo caused by mutations in the A+T-rich region when positioned at an appropriate distance from the core

origin.

The boundaries of the simian virus 40 (SV40) origin of
replication have been delineated in previous studies (3, 6, 9,
21, 25, 28, 36). A 65-base-pair (bp) minimal core sequence
(nucleotide positions [np] 5209 through 30) has been defined
which contains all necessary cis-acting sequences required
for replication when introduced into a permissive cell envi-
ronment containing SV40 T antigen. The core origin encom-
passes the sequences between the transition point for leading
to lagging strand synthesis (17) and the 17-bp contiguous
stretch of adenines and thymines (AT stretch) and includes
the second binding site for T antigen (Fig. 1). Small deletions
(16, 28) or base substitutions (32) within this binding site
cumpletely abolish replication activity. Using deletion mu-
tants, we previously determined that the integrity of the
17-bp AT stretch in the core origin was crucial to ori function
both in vivo and in vitro (36). Deletion of even a few base
pairs of this region was highly deleterious to origin function.
These results are in agreement with those in which point
mutations (43) and small deletions (5, 9) within the AT region
were shown to reduce the efficiency of replication.

The AT region also serves as the TATA box for the SV40
early promoter (Fig. 1) which also contains the 21-bp (pro-
moter) and 72-bp (enhancer) repeats (1, 9, 14, 43). These
upstream repeated sequences are not necessary for origin
function (36), although they enhance the extent of replication
by S5- to 10-fold (3, 6, 9, 19, 25, 33). The extent of enhance-
ment depends on the experimental parameters of the repli-
cation assays, such as the amount of DNA transfected (33),
the duration of replication (6), or the presence of competing
origins (25). The 21- and 72-bp repeats are not required for
SV40 DNA replication in vitro (25, 33, 36).
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The experiments described in the present study were
initiated to test the effect of upstream sequences on DNA
replication potential in vivo of the AT-region deletion muta-
tions. To this end viral genomes were reconstructed which
contained wild-type sequences with the exception of the
deletions at the late boundary of the A+T-rich region. We
found that the upstream sequences did not restore the ability
of the mutant origins to replicate, even though efficient
transcription of the T-antigen gene occurred. Phenotypic
revertants of the AT-region deletion mutations, however,
could be selected which replicated more efficiently and
formed virus plaques. The structure of these revertants
confirmed that the A+T-rich region is critical for ori func-
tion. Surprisingly, alterations to the upstream sequences
comprising the Spl binding sites I through III within the
21-bp repeats affected the efficiency of replication of mutant
origins containing a shortened AT stretch.

MATERIALS AND METHODS

DNAs. (i) Viral genomes containing deletions in the 17-bp
AT stretch. Deletions in the origin of the cloned SV40
genome in pK1l have been described previously (11).
pK1dI22 contains a Bg/II linker in place of the deletion of np
5187 through 30 in the SV40 sequence. The large Bg/II-BstXI
fragment of pK1dI22 missing the SV40 origin region and the
first exon of T antigen was ligated to the small Bg/II-BstXI
ori fragment of pS1diS, pS1dl6, and pS1di8 DNAs (36) to
generate the plasmids pK1di225, pK1dI226, and pK1d[228,
respectively. The SV40 DNA sequences cloned in these
plasmids were indistinguishable from the wild-type genome,
with the exception of the sequence around the A+T-rich
region (Fig. 1).

(ii) Isolation of revertant viruses. Plasmids pK1dI225,
pK1d226, and pK1dI[228 were digested with EcoRI to re-
lease the linear SV40 genomes and ligated at a total DNA



VoL. 6, 1986 ROLE OF A+T-RICH REGION OF SV40 GENOME 4571
Hind IIL BgiI Ncol SphI SphI
[ 1 1 | 1
5171 5243/0 37 128 200
e RNA
A |
} F{aTH 22 2121 ] 72 | 72 ]

1
|
|
|
I
I
|
| ~
|
|
|
|
|
|

2> 3355

SpI b.s. (GGGCGG)

- - > — - \\\
TogT H AT j
! |
J J

GENOME r’//
wt IATAA/-\TAANV-\AN\TI'AGTCI
225 ATAAATAAAAAAAAT TcagatctgAGTC
226 ATAAATAAAAAAcagatctgAGTC
228 ATAAATAAAagatctgAGTC

Eﬁnﬁh . PSL_lAfEUE DNA .
17 large 100
16 small 100
12 none 10
10 none 1

FIG. 1. Map of the SV40 origin region depicting the relative positions of the 72- and 21-bp repeated sequences, the A+T-rich region, and
the early mRNA starts. Locations of restriction enzyme cleavage sites used in this study are shown above the map. The small arrowheads
beneath the 21-bp boxes denote the six binding sites (GGGCGG) for the Spl protein (15). The boxes labeled Tagl and Tagll represent two
regions which bind SV40 T antigen, and the arrows above these boxes represent the individual pentanucleotide binding elements (GAGGC)
for T antigen (7, 22, 38). The AT box representing the 17-nucleotide-long AT stretch is expanded to show the sequence of the wild-type DNA
from np 15 through 34 (39). The sequences of mutants used in this study are shown below. *, The length of the AT stretch is measured as
the amount of uninterrupted run of A - T pairs. **, The percentage of DNA replication in vivo of the mutant templates is given in comparison

with the wild-type template.

concentration of 5 pg/ml to promote recircularization.
Transfection of the recircularized viral genomes into CV-1
monkey cells was as previously described (11). Monolayers
were overlaid with 0.9% Noble agar containing Dulbecco
minimal essential medium and 5% fetal bovine serum on the
day after transfection and stained with neutral red after 2
weeks to visualize plaques. Individual plaques were picked
and used to prepare virus stocks. Viral DNA was prepared
by the Hirt (18) procedure.

The HindIII-Kpnl origin fragments from the viral DNAs
were cloned into m13mpl8. Sequencing of individual m13
clones was performed by the dideoxy chain termination
method (30).

(iii) Subcloning of revertant origin fragments from
ml13mp18. Revertant origin fragments were isolated from
sequenced m13 clones. After annealing of the sequencing
primer to a 0.5-pg single-strand template, second strand
synthesis was performed. Klenow fragment (2 U) extension
of the primed template was performed at 30°C for 30 min in
the presence of all four deoxynucleoside triphosphates (50
wM). The duplex DNA was digested with HindIII and either
Ncol or Sphl and ligated into a similarly digested vector.

The HindIII-Ncol origin fragments (np 5171 through 37)
from the revertant DNAs were cloned into the vector
pS1dI20. pS1d[20 was constructed by partial digestion of pS1
with Ncol as previously described (36). It contains the entire
early region of SV40 from Hpall to BamHI with a Bglll
linker at np 333 of the SV40 sequence in lieu of the Ncol site.
In the case of revertant viral DNAs lacking the Ncol site at
np 37, HindllI-Sphl origin fragments were cloned into
pAT153. Recombinant plasmids were identified by appropri-
ate restriction enzyme screening procedures. Two sets of
plasmids were obtained. The pSVO-derived series contains
SV40 sequences between the HindIIl and Sphl sites and
includes the upstream promoter 21-bp repeats. The pS1dI20-
derived series contains origin sequences between the
HindIII and Hpall sites (np 5171 through 346). Only those
origin sequences from HindIII to Ncol were derived from
the revertant DNAs.

(iv) BAL 31 deletion series of pSVO* and pSVO 226r12.
After linearization of pSVO™* and the pSVO 226r12 plasmid
with Sphl, the DNAs were digested with BAL 31 at 37°C for
various periods of time to remove between 0 and 125 bp from
each end. The DNAs were flush ended with Klenow frag-
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ment and all four deoxynucleoside triphosphates before
ligation. Plasmids containing appropriate deletions were
sequenced after cloning of HindIII-Sall origin fragments into
M13mpl8. For deletion plasmids lacking an Sall site, the
entire genome was cloned into m13mp18 via the HindIlI site.

(v) Insertion mutations of 4 bp. Plasmids containing a Bg/II
site at the deletion endpoint were digested with Bg/II, flush
ended with Klenow fragment and all four deoxynucleoside
triphosphates, and ligated in dilute solution to promote
recircularization. Insertion mutants were identified by their
resistance to BglII.

Cells and transfection. CMT3 monkey cells containing
multiple copies of the metallothionein promoter-SV40 T-
antigen structural gene have been described (11). They
support the high-level replication of SV40 origin-containing
molecules, particularly when T-antigen synthesis is induced
by the addition of heavy metals to the culture medium.
Plasmid DNAs were transfected into CMT3 monkey cells,
and the extent of replication was assessed after 50 h of
induction by heavy metals as previously described (11).
Quantitation of the extent of DNA replication was per-
formed by one of two methods. Visible DNA bands on
ethidium bromide-stained agarose gels were photographed
with Polaroid type 55 positive-negative film. Negatives were
scanned with a densitometer, and the amount of DNA in the
bands was determined by comparison of the film density to
that of a standard curve of known amounts of DNA. Alter-
natively, gels were blotted to nitrocellulose (34) and probed
with an appropriate nick-translated plasmid. Radioactive
bands were located by autoradiography, excised from the
blot, and counted in liquid scintillation cocktail. The amount
of DNA was determined by comparison of the counts with a
standard curve.

RESULTS

Construction of mutant viral genomes defective for replica-
tion. Deletion mutations in the 17-bp contiguous AT stretch
of the core origin element of SV40 have deleterious effects
on DNA replication. These results were observed in plas-
mids lacking the upstream viral sequences required for the
early promoter function (9, 36). We were curious as to
whether restoration of the upstream sequences to the plas-
mids containing AT deletions would improve replication of
the origins containing dI/6 and dI8 mutations. Restoration of
the upstream sequences was accomplished by inserting the
origin fragments from the pSld!/ series into the Ori~
pK1dI22. pK1dl22 was chosen because the Bg/II linker was
fused to np 31, which is adjacent to the AT stretch, and the
regenerated plasmids would contain the entire SV40
genome, each harboring the specific AT-region deletion. The
sequences around the late boundary of the AT stretch in the
viral genomes reconstructed from the dIS, dl6, and dI8
mutants are shown in Fig. 1. The pK1d[225 genome, hence-
forth designated simply as 225, contains a clean insertion of
a Bg/II linker between np 30 and np 31 of the SV40 sequence
and preserves a contiguous stretch of 16 A - T base pairs.
Like the parental mutation in pS1dlS, the 225 genome
replicates at wild-type levels in CV-1 cells (Fig. 1). By
comparison, the 226 genome derived from the dl6 mutation
has lost 5 of the 17 contiguous A - T base pairs (np 27
through 30) and replicates at only 10% the level of the wild
type, which is about the same as that of the dl6 parent. Like
the genome of the dI8 parent, the 228 genome is missing a
C - G base pair from the linker sequence and therefore
contains 10 of the 17 contiguous A - T base pairs (np 25
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through 30 deleted). It replicates at a level comparable to
that of dI8 and is less than 1% the efficiency of the wild type.

Expression of T antigen by mutant genomes. To determine
whether the effects on DNA replication were a consequence
of defects in early gene transcription and synthesis of T
antigen, the rate of synthesis of T antigen was measured in
cultures of CV-1 cells transfected with the recircularized
mutant genomes. [**SImethionine-labeled cell extracts were
prepared 50 h posttransfection and immunoprecipitated by
using monoclonal antibody to SV40 T antigen. Sodium
dodecyl sulfate-polyacrylamide gel electrophoresis revealed
that approximately equal amounts of T antigen were synthe-
sized by the wild-type and mutant viral genomes (data not
shown). Duplicate cultures stained for T antigen by indirect
immunofluorescence indicated that both the efficiency of
transfection and the staining intensity of individual cells
were equivalent in cultures transfected with the different
viral genomes.

Isolation and characterization of phenotypic revertants of
mutant viral genomes. The efficiency with which the mutant
viral genomes formed plaques on CV-1 monkey cells was
measured after excision and recircularation from the mutant
pK1 plasmid series. The 225 genome formed plaques with an
efficiency similar to that of the wild-type genome (225 gave
1.2 x 10* plaques per pg compared with 3.5 x 10* plaques
per pg for the wild type), although the plaques formed were
small, indicating an effect of the linker insertion on virus
growth without significantly affecting DNA replication.
DNA sequencing showed that all viruses recovered after
transfection of the 225 DN A had the same origin structure as
the original 225 plasmid genome.

Both the 226 and the 228 genomes formed plaques at low
efficiency (approximately 10 to 20 plaques per pg for 226 and
<10 plaques per pg for 228) and indicate the severe effect
that the A+T deletions have on virus growth. Restriction
enzyme patterns of viral DNAs obtained after infection of
CV-1 cells with virus stocks prepared from the individual
plaques were indistinguishable from that of wild-type virus
DNA. However, DNA sequencing of the origin regions of
these viruses revealed that in no instance was a virus with
the original 226 or 228 genome isolated. Instead, the virus
plaques isolated represent phenotypic revertants of the
original input viral genomes. The predominant genotypic
alteration was an increase in the length of the contiguous
stretch of AT residues adjacent to the 27-bp palindrome in
the core ori sequence. The sequences of these origin regions
around the AT stretch are shown in Table 1.

The most frequently observed alterations were point mu-
tations in the Bg/II linker sequence that convert G - C base
pairs to A - T base pairs. These changes increase the overall
length of the contiguous AT stretch without changing the
genome length. Although most revertants with a specific
sequence change in the A+T-rich region were isolated only
once, one particular mutation affecting the AT stretch was
independently isolated 14 times. This revertant is exempli-
fied by the double point mutant 228r1, which has converted
the BglII linker sequence AGATCTG to AAATCTA.

Only once was a single point mutation observed that
restored replication function to a mutant viral genome. This
was the revertant 228r23 in which a C - G base pair was
converted to a T - A base pair in the linker sequence. This
mutation did not increase the overall length of the contigu-
ous 10-bp AT stretch. However, the virus structure was
stable as shown by DNA sequencing of six independent
plaque isolates from the 228r23 virus stock.

Mutants containing insertions of additional base pairs
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TABLE 1. DNA structure of the revertant origins

AT
Virus Sequence Reversion® selg:;tnl:: ¢ P‘;;l:e mg;l:gns
(bp)
226 ATAAATAAAAAAcagatctgAGTCAGCC 12 None?
226r13 ATAAATAAAAAAAaAatctgAGTC (dpm) 17 Small Has T at np 53, A at np
57
226r3 ATAAATAAAAAAAAAcagatctgAGTC (+AAA) 15 Medium
226r2 ATAAATAAAAAAAagatctAAGTC (dpm) 14 Medium
226r12 ATAAATAAAAAACcagatctgAGTCAGGG (—CCATGG) 12 Medium®
228 ATAAATAAAagatctgAGTC 10 None?
228r13 ATAAATAAAAaAaATtgAGTC (+A, tpm) 16 Small
228r17 ATAAATAAAaAatTtGAGTC (dpm) 16 Small
228r28 ATAAATAAAaAatctTAGTC (dpm) 13 Medium  Has A at np 41
228rl, 228r3, 22817, 228r8, ATAAATAAAaAatctAAGTC (dpm) 13 Medium 22818 has A at np 57 and
228r10, 228r11, 228r12, 63, 228r10 has A at np
228r1S, 228rl6, 228rl8, 5221 and 5222, 228rl11
228r22, 228r24, 228r26, has G at np 48 and A
228r30 at np 63, 74, 84, and
88, 228r12 has A at np
41, 228r18 has A at np
58 and 64, 228r24 has
A at np 5221
228r4 ATAAATAAAaAaActgAGTC (dpm) 13 Small
228r23 ATAAATAAAagatTtgAGTC (spm) 10 Small

2 spm, dpm, and tpm refer to single, double, and triple point mutations, respectively.

5 No plaques with this DNA structure were recovered.
¢ Virus stocks of this mutant were unstable.

were observed at a much lower frequency than those with
simple point mutations. One of the revertants (228r13) in-
cludes the net addition of a single A .- T base pair in
conjunction with a triple point mutation to increase the
length of the AT stretch. 226r3 is an example of a virus which
has reverted by the insertion of three A - T base pairs to
lengthen the AT stretch without mutating the linker se-
quence.

Additional point mutations were sometimes observed in
revertant viruses and are indicated in Table 1. These muta-
tions clustered predominantly within two regions of the
genome. The first region is at np 5221 and 5222 within the
core origin region. Examples of revertants with these muta-
tions are 228r10 and 228r24. Apparently, both positions can
be either an adenine or a guanine residue without adverse
effects on virus growth and replication. The second region is
between np 41 and 88 within the 21-bp tandemly repeated
sequences. Examples of this class of revertants are relatively
common; 4 out of 14 independent isolates of the revertant
origin region exemplified by 228rl contain different point
mutations over the 21-bp elements. Obviously, none of these
mutations appears to have a detrimental effect on virus
growth as judged by the ability of the virus to form plaques.

Phenotypic reversion is due to increased origin function. To
determine unequivocally that the mutations observed were
responsible for the revertant phenotype, subcloning of the
revertant origins and analysis of their replicative potential in
vivo were performed. The smaller HindIII-Ncol fragment
was subcloned from the m13 vector when possible. Use of
the Ncol site makes it possible to remove any additional
mutations within the 21-bp repeats (for example, in 228r8)
from the plasmid construction used in the in vivo analysis
(Fig. 1). HindIII-Sphl fragments from viral genomes lacking
the Ncol site at np 37 were cloned out of the m13 genome
used to sequence the mutations into a plasmid vector.

In vivo replication of the subcloned ori fragments from

revertant viruses was tested in CMT3 monkey cells. Hirt
supernatant DNAs were digested with both HindIII and
Dpnl to convert all replicated DNA to a single band and to
degrade unreplicated input plasmid. Figure 2 shows a South-
ern blot of a gel demonstrating both the replication of
plasmids containing the HindIII-Ncol revertant origin frag-
ments (Fig. 2A) and that of plasmids containing the HindIII-
Sphl origin fragments (Fig. 2B). In all cases, the revertant
origins replicated to a greater extent than did their parental
origins. This increase ranged from 5- to 20-fold for the
revertants of 226 and 7- to 50-fold for the revertants of 228.
The revertant phenotype of the viruses therefore correlates
with an increased ability of the origin region to support DNA
replication in vivo.

The relative alignment of the core origin with upstream
sequences can effect replication. A totally different type of
revertant was 226r12, which has deleted the 6 bp comprising
the Ncol restriction site upstream from the AT stretch. The
BgllI linker sequence and the original length of the AT
stretch in the 226 genome were preserved. However, this
revertant virus proved to be unstable; replaquing of the
226r12 virus stock and DNA sequencing of three indepen-
dent plaque isolates revealed that these viruses had under-
gone further mutation. Specifically, the C - G base pair in the
linker sequence adjacent to the AT stretch had been changed
to an A - T base pair in all three cases. This additional
mutation was also present in the 226r13 and 226r2 revertant
viruses. No other changes in the genomic structure of the
three viral origins were observed.

We considered the possibility that the revertant phenotype
in 226r12 might be due to the deletion of specific sequences
which acted to suppress replication of a genome containing a
shortened AT stretch such as that in 226. However, the
228r23 genome retains these sequences and it contains an
even shorter AT stretch. Although the subcloned origin from
228r23 replicates only as well as the 226 origin, 228r23 can be
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TABLE 2. DNA structure of the parental and in4 origins

Mutant Sequence® Length (bp) Replication (%)
Wild type ATAAATAAAAAAAATTAGTCAGCCATGGGGCGG +0 100
225 ATAAATAAAAAAAATTcagatctgAGTCAGCCATGGGGCGG +8 97
225in4 ATAAATAAAAAAAATTcagatcGATCtgAGTCAGCCATGGGGCGG +12 114
226 ATAAATAAAAAAcagatctgAGTCAGCCATGGGGCGG +4 14
226in4 ATAAATAAAAAAcagatcGATCtgAGTCAGCCATGGGGCGG +8 42
226r12 ATAAATAAAAAAcagatctgAGTCAGGGCGG -2 44
226r12in4 ATAAATAAAAAACcagatcGATCtgAGTCAGGGCGG +2 32
228 ATAAATAAAagatctgAGTCAGCCATGGGGCGG +0 0.5
228in4 ATAAATAAAagatcGATCtgAGTCAGCCATGGGGCGG +4 3

“ The sequences of the four inserted nucleotides are shown in boldface type, and those of G-C box I are italicized.

propagated as a stable virus stock, whereas 226 cannot. We
therefore consider it unlikely that the increase in replication
of 226r12 is due to the deletion of suppressor sequences.
An alternative explanation was that the revertant pheno-
type of 226r12 was due to an alteration in the spacing
between the core origin containing the AT stretch and the
upstream sequence elements. The deletion of 6 bp results in
a change of about one-half of a helical turn of the DNA in
terms of the relative alignment of sequences upstream from
the deletion with those located downstream. Effects of
flanking sequences on SV40 replication have been demon-
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FIG. 2. Replication of subcloned ori fragments of revertant vi-
ruses. HindIII-Ncol (A) or HindIII-Sphl (B) ori fragments were
subcloned from the indicated genomes and tested for their ability to
replicate after transfection into CMT3 monkey cells. PSVOdI9 was
used as a negative control. After 2 days of incubation, low-
molecular-weight DNA was isolated (18), and the amount of DNA
from one-fifth of a 60-mm culture dish was digested with HindIII and
Dpnl. After electrophoresis on a 1.4% agarose gel, the DNA
fragments were transferred to nitrocellulose and probed with nick-
translated pSVO* DNA. The blot was exposed directly to Kodak
XAR-S film.

strated previously (3, 6, 9, 19, 25), although the effects of the
relative spacing of these sequences and the core origin have
not been examined. To test this hypothesis, 4 bp was
inserted at the BgllI restriction site in the mutant origin
regions subcloned into plasmids to alter the relative spacing
of the core origin and upstream sequences by about one-half
of a helical turn (see Materials and Methods). The sequences
of the in4 mutants are shown in Table 2. The insertion of 4 bp
changes the net length of the genomes in the manner shown.
These values represent the deviation in base pairs from the
relative alignment present in the wild-type genome. The
effects of these insertions on DNA replication in vivo are
shown in Fig. 3, and quantitation from the gel is shown in
Table 2. The ability of the 225 genome to replicate at
wild-type levels was not affected by the insertion of 4 bp.
This result was not unexpected, as the original dIS mutation
replicates at wild-type levels even in the absence of the
upstream sequences (36). The revertant phenotype of the
226r12 deletion mutant (—2 bp) was also unchanged by the
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FIG. 3. Replication of 4-bp insertion mutants. Mutant plasmids
(100 ng) were transfected into CMT3 cells and extracted by the Hirt
procedure after 2 days. The mock transfection was spiked with 0.5
ng of plasmid DNA to assess the efficiency of Dpnl digestion. After
digestion with HindIII and Dpnl, the DNA from one-third of a
60-mm dish was run on a 1.4% agarose gel, stained with ethidium
bromide, and photographed under UV light.
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TABLE 3. Deletion analysis of pSVO™* and pSVO 226r12 origins

Plasmid Endpoint (np) Replication (%)
pSVO+ 133 100
pSVOdI22L 85 68
pSVOdi16L 79 86
pSVOdI18L 59 81
pSVOdi14L 47 68
pSVOdI23L 47 70
pSVOdI19L 46 73
pSVOdi8L 37 52
pSVOdi39L 11 <1
226r12 133 38
226r12d134L 113 53
226r12d127L 86 56
226r12dI15L 82 59
226r12di31L 80 62
226r12dI18L 72 38
226r12dI47L 67 9
226r12di41L 66 9
226r12di44L 58 5
226r12di32L 58 5
226r12dl45L 56 2
226r12d29L 16 <1

insertion of 4 bp. In this case, the net insertion of 4 bp
produces a DNA template which is only slightly different
(+2 bp) from the wild-type genome in terms of the relative
spacing between the core origin and the upstream se-
quences. In contrast to these results, both 226 and 228
genomes demonstrate a three- to sixfold increase in the
ability to replicate in vivo when 4 bp is inserted at the Bg/II
site. Even though the 226in4 mutant (+8 bp) differs from the
wild type by almost a full turn of the DNA helix, its ability to
replicate has dramatically increased by comparison with 226
(+4 bp). It is apparent that the 226in4 mutation replicates at
a level indistinguishable from that of 226r12 (-2 bp), sug-
gesting that either the insertion or deletion of approximately
one-half of a helical turn into the replication-defective 226
genome will increase the efficiency of replication. Although
not rigorously tested, these results indicate that a change in
the relative spacing between the core origin and a sequence
element located upstream from the site of the 6-bp deletion
in 226r12 was responsible for the observed increase in the
level of replication. The upstream elements include the three
copies of the 21-bp repeated sequence containing the six
G - C boxes which bind transcription factor Spl (15) and a
small segment (26 bp) of the 72-bp repeat.

The critical upstream sequences are located with G - C
boxes I through III. To delineate the upstream sequence
element involved in the replication of pSVO 226r12, a series
of BAL 31 deletions was constructed which progressively
removed increasing amounts of the upstream sequences.
These deletions started at the Sphl site and progressed
toward the core origin. A similar series of deletions was
constructed in the wild-type origin. The ability of the deleted
plasmids to serve as templates for replication in vivo was
assayed by transfection into CMT3 monkey cells and anal-
ysis of Hirt DNA prepared 50 h posttransfection. The
deletion endpoints within the SV40 sequence are shown in
Table 3 together with the results of the replication experi-
ments. Deletion mutants in the wild-type sequence seemed
to show a slow, progressive decrease in the ability to
replicate as the upstream elements were removed. However,
even the removal of all upstream SV40 sequences in
pSVOdJI28L resulted in only a twofold decrease in the ability
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to replicate in vivo. These data are in agreement with our
previously published results (36), where we used the same
transfection protocol (100 ng of DNA per 6-cm dish of CMT?3
cells, chloroquine boost, and the collection of DNA 50 h
posttransfection [11]). Further deletion into the AT stretch
essentially abolished replication of the wild-type template (5,
36).

In the case of the pSVO 226r12 genome, deletion of the far
upstream sequences had essentially no effect on replication
of the revertant; removal of the remaining segment of the
72-bp repeat and of G - C boxes IV, V, and VI in deletions
ending upstream from np 72 did not result in substantial loss
of the DNA replication activity. However, further deletion
of sequences resulted in a reduction of the ability of the
template to replicate. Replication levels first dropped to the
level of the original 226 mutation in d/47L and dl41L, which
removed G - C box III. Loss of additional nucleotides cor-
responding to sequences over G - C boxes I and II in
deletions 44L, 32L, and 45L resulted in an even further loss
of the ability to replicate. Finally, deletion of the AT stretch
in d29L essentially abolished replication. The analysis of the
pSVO 226r12 deletion series indicates that the sequences
within the 21-bp repeats, presumably G - C boxes I through
III, interact with the core ori element in 226r12.

DISCUSSION

In this study, the sequences essential to the function of the
SV40 origin of replication have been analyzed in greater
detail. In particular, the effects on DNA replication of
sequences on the late side of the core origin were assessed.
Sequences upstream from np 30 were previously determined
to be unnecessary for efficient ori function (36). The present
experiments show that restoration of these sequences did
not improve the ability of A+T-rich region deletion mutants
to replicate, even though the mutants synthesize T antigen at
wild-type levels. This allowed us to select for viral revertants
which had regained a functional cis-acting ori element.
Characterization of the genomic structure of these revertant
viruses revealed alterations in the origin sequence which at
least partially restore the length of the AT stretch to that of
the wild type in most of the genomes. The restoration of the
length of the AT stretch, however, did not reproduce the
original sequence, indicating that certain sequence flexibility
is tolerated at this region in spite of a strong local homology
between origins of SV40, BK, JC, and SA12 viruses (5).

The variant 226r12 (isolated only once) represented a
different class of revertants, which led us to observe effects
of the upstream sequences on DNA replication in the ab-
sence of an intact AT stretch. The increased efficiency of
DNA replication in 226r12 was specific for sequences lo-
cated over G - C boxes I through III and was dependent on
the relative alignment of these sequences with the core origin
and the A+T-rich region. Specifically, deletion of G - C box
IIT had the largest effect on DNA replication of 226rl12 in
vivo.

The upstream elements which interact with the core origin
coincide with those previously demonstrated to comprise the
early promoter sequences and to bind the transcription
factor Spl (2, 15). The effect on DNA replication of altering
the relative spacing between the mutated core origin and the
21-bp repeated sequences containing the G - C boxes corre-
lates precisely with the effect observed previously on the
efficiency of initiation of early transcription in SV40 (37).
The relative alignment of the 21-bp repeated sequences with
either of the two TATA boxes was shown to be critical;
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misalignment of these sequences by one-half of a helical turn
dramatically reduced the frequency of initiation at early start
sites. In our experiments, the proper alignment of the 21-bp
repeats with the shortened AT stretch within the core origin
(deletion of six nucleotides in 226r12, and insertion of four
nucleotides in 226 and 228 mutant origins) was crucial for
DNA replication. Two possible mechanisms can be sug-
gested to explain this enhancement in DNA replication.
First, there may be direct interaction either between the
DNA sequences of the 21-bp repeats and the A+T-rich
region or between protein factors which recognize these
sequences. Second, the observed effect of the 21-bp repeat
could be mediated by nuclease-sensitive chromatin structure
caused by the repeats (12, 13, 19, 23). Insertion of one-half of
a helical turn of DNA between the wild-type core origin and
the 21-bp repeats, however, has no effect on either replica-
tion of the template or the nuclease-sensitive structure (19).

Many procaryotic replication origins contain direct re-
peats located immediately adjacent to AT stretches (35, 40,
42), which are required for origin function (42). In addition to
these structural similarities to the SV40 origin of replication,
the involvement of promoter sequences in procaryotic DNA
replication has been well documented (10, 20). In these
instances, the oligoribonucleotide priming process used to
initiate DNA synthesis is directed by specific promoter
elements which have been localized to specific sequences.
Although the initiation of SV40 replication also occurs by a
ribopriming process (17), the sequences responsible for this
promoter activity have not heretofore been localized on the
genome. SV40 replication in vitro is a-amanitin insensitive
(24), implying that RNA polymerase II-directed transcrip-
tion from the early promoter is not involved in the initiation
of replication. Either some other enzyme such as DNA
primase is utilized to begin the priming process, or the in
vitro system does not precisely mimic the in vivo situation.
Relevant to this latter possibility are our preliminary obser-
vations on the replication in vitro of the mutant DNA
templates reported in this study. In collaboration with Bruce
Stillman, we have not been able to observe an increase in the
replication activity of 226r12 or 226in4 by comparison with
226 in vitro.

The similarities between polyomavirus and the SV40
mutants is particularly striking. The polyomavirus origin
contains an AT stretch only 9 bp long adjacent to a G+C-rich
32-bp palindrome and the binding sites for polyomavirus
large T antigen. The presence of upstream sequences is
absolutely required for ori function (27, 41). The upstream
sequences which activate polyomavirus replication are lo-
calized to the same region as the enhancer element for early
gene transcription. The cis requirement for a functional
enhancer element has been demonstrated by replacing this
region with enhancers from either SV40 or the immunoglob-
ulin gene (8). Deletion of the AT stretch abolishes replica-
tion, even when upstream sequences are present (J. Hassell,
personal communication). Apparently, some process related
to early transcription is relevant to polyomavirus DNA
replication. The SV40 mutants 226 and 228 are similar to
polyomavirus in this regard; they contain a shortened AT
stretch, and their ability to replicate is strongly dependent on
the presence of upstream sequences normally associated
with early gene transcription.

We currently favor the idea that specific protein factors
bound to the core origin of SV40 are necessary and sufficient
for the initiation of DN A replication on a wild-type template.
Certainly T-antigen binding to site II and perhaps other
proteins which bind to the AT stretch are involved. Specific
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protein factors which bind to TATA boxes have been
described (4, 29). One may speculate that the AT stretch in
SV40 is long enough to bind two such factors, since it
contains two TATA boxes located on opposite sides of the
DNA helix. These factors may interact with one another and
activate the replication process. In the absence of a suffi-
ciently long AT stretch capable of binding two factors, the
effect of upstream flanking sequences on replication can be
observed. The G - C boxes within the flanking sequences are
known to bind the Spl protein to form a transcription
complex (15), and it may be that Spl or some other protein
facilitates the initiation of the replication process by inter-
acting with the factor bound to the AT stretch. The specific
interaction of a TATA binding protein with an upstream
binding factor which facilitates DNA binding and the tran-
scription process has been observed (31). As in procaryotic
replication, the local unwinding (26) or bending (45) of the
DNA helix by specific replication proteins may be involved
in the initiation process. Recent evidence from in vitro
competition experiments suggests that SV40 sequences be-
tween the core origin and the 21-bp repeats can bind factors
other than T antigen which are required for DNA replication
(44). However, the nature of such protein factors and the
precise mechanism by which initiation occurs remain to be
elucidated.
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