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Sequences that comprise the 244-base-pair polyomavirus enhancer region are also required in cis for viral
DNA replication (Tyndall et al., Nucleic Acids Res. 9:6231-6250, 1981). We have studied the relationship
between the sequences that activate replication and those that enhance transcription in two ways. One
approach, recently described by de Villiers et al. (Nature [London], 312:242-246, 1984), in which the
polyomavirus enhancer region was replaced with other viral or cellular transcriptional enhancers suggested
that an enhancer function is required for polyomavirus DNA replication. The other approach, described in this
paper, was to analyze a series of deletion mutants that functionally dissect the enhancer region and enabled us
to localize four sequence elements in this region that are involved in the activation of replication. These
elements, which have little sequence homology, are functionally redundant. Element A (nucleotides 5108
through 5130) was synthesized as a 26-mer with XhoI sticky ends, and one or more copies were introduced into
a plasmid containing the origin of replication, but lacking the enhancer region. Whereas one copy of the 26-mer
activated replication only to 2 to 5% of the wild-type level, two copies inserted in either orientation completely
restored replication. We found that multiple copies of the 26-mer were also active as a transcriptional enhancer
by measuring the l-globin mRNA levels expressed from a plasmid that contained either the polyomavirus
enhancer or one or more copies of the 26-mer inserted in a site 3' to the 13-globin gene. We observed a
correlation between the number of inserted 26-mers and the level of 3-globin RNA expression.

Transcriptional enhancers were originally identified within
the genomes of DNA tumor viruses simian virus 40 (SV40)
(2, 38) and polyomavirus (8, 9) as DNA segments that
stimulate the transcription of linked genes in an orientation-
independent manner and that function over long distances
(16, 26). Many other viral (19, 20, 22, 27-32) and several
cellular (1, 14, 15, 41) enhancers have since been described.
Although the general importance of enhancers in the regu-
lation of transcription has been clearly demonstrated, nu-
merous questions about their structure and function remain
unanswered. There are striking DNA sequence homologies
shared among several enhancers, but no unique consensus
sequence common to all of them has emerged. Some en-
hancers contain direct tandem repeats of sequences about 70
base pairs (bp) in length. The repeats represent redundant
copies of the same signal, because deletion of either does not
alter transcriptional efficiency (2). Other enhancers lack
direct repeats, but still involve elements dispersed over 100
to 300 bp that appear to be in some way functionally
redundant. The polyomavirus enhancer was the first exam-
ple of the latter situation (9, 46). This enhancer occurs within
a 244-bp DNA fragment that also includes cis-acting ele-
ments essential for viral DNA replication. The sequences
within the polyomavirus enhancer region that activate repli-
cation are distinct from the viral origin of replication itself,
but have not been resolved from sequences with transcrip-
tion enhancer activity (46).
Our laboratory has been interested in determining the

relationship between the polyomavirus sequences that en-
hance transcription and those that activate DNA replication.
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This question has been addressed in two ways. One ap-
proach was to remove from the viral genome the 244-bp
fragment containing both the enhancer and the replication
activator and then to introduce known viral or cellular
enhancer sequences. The results of this study, recently
reported by de Villiers et al. (10), suggested that it is the
enhancer function that is required in cis to activate polyoma-
virus DNA replication. The other approach was to construct
an extensive set of deletion mutants and use these to dissect
functionally the enhancer region. The results obtained are
presented in this paper.
We decided to localize the sequence elements important

for the activation of viral DNA replication and then to test
these for enhancer activity. The mutants were tested in a
quantitative assay that measured replicatory ability inde-
pendent of any requirement for viral gene expression. We
identified four sequence elements that are involved in the
activation of replication. These elements have little se-
quence homology, but are functionally redundant. The pres-
ence of only one element resulted in weak or undetectable
levels of DNA replication, but two or three copies of the
same element, in either orientation, completely restored the
replication efficiency to the wild-type level. Multiple copies
of this element were also active as a transcriptional en-
hancer, although we observed a quantitative difference be-
tween replication activation and transcriptional enhance-
ment.

MATERIALS AND METHODS

Cells. Mouse 3T6 fibroblast cells, COP-S (a derivative of
C127, transformed by replication-defective polyomavirus
DNA; 46) cells, and human carcinoma HeLa cells were
propagated in Dulbecco modified Eagle medium containing

649



650 VELDMAN, LUPTON, AND KAMEN

3am HI

Early

r Late

5000 - 00 5200 5295Y0

t
Bcl I

Early

100r
IEN HANCER~ 7TUYAUIIR

Pvuf

1 ORI_ t
n Bgl I

FIG. 1. Structure of pPycat. The plasmid contains the polyoma-
virus BamHI (nt 4632)-to-HphI (nt 152) fragment (comprising the
late promoter, the enhancer region, the origin of replication, and the
early promoter including the initiation sites) joined to the HindlIl-
to-BamHI fragment spanning the CAT gene, intron, and polyad-
enylation signal from plasmid pSV2cat (17). The polyomavirus
regulatory region is enlarged, demonstrating the enhancer region

located between the Bcll site and the origin-proximal PvuII site.
Small arrows indicate sequences with dyad symmetry in the en-

hancer. The replication origin (ORI) comprises an A+T-rich stretch
(A/T), a dyad symmetry (DYAD), and an inverted repeat (IR). The
major late RNA (7) and early RNA (6) start sites are indicated by
black boxes and large arrows.

5% fetal calf serum, 100 U of penicillin per ml, and 100 p.g of
streptomycin per ml.

Deletion mutants. Two sets of mutants with deletions in
the polyomavirus regulatory region were initially con-

structed with the plasmids p73.33.1 and p84.A2.X. These
plasmids contain full-length polyomavirus strain A2 DNA
cloned into the BamHI site of the vector pXf3 (35) and are

identical except for an XhoI linker inserted at either the
unique viral BglI site (nucleotide [nt] 93, p73.33.1) or at the
BclI site (nt 5021, p84.A2.X) (Fig. 1). We use throughout the
paper the nucleotide numbering system of Tyndall et al. (46).
p73.33.1 and p84.A2.X DNAs were digested with XhoI and
treated with nuclease Bal31 for different times. After ligation
to XhoI linkers the DNAs were transfected into Escherichia
coli strain HB101. Individual deletion mutants were se-

lected, and the extents of the deletions were estimated by
polyacrylamide gel electrophoresis after appropriate restric-
tion enzyme digestion. From these bidirectional deletion
mutants, as well as from certain mutants of the pdl2000
series described by Tyndall et al. (46), two sets of unidirec-
tional deletion mutants were derived. For this purpose, we

used a plasmid (pPy34BXA; 8) in which the entire 244-bp
BclI-to-PvuII enhancer fragment is deleted and replaced by
an XhoI linker. We ligated mutant fragments, extending
from the XhoI sites to an unique ClaI site within the plasmid
vector, to the appropriate XhoI-ClaI fragment from
pPy34BXA. This generated unidirectional mutants extending
to various positions within the enhancer region from either
the PvuII site at nt 5265 or from the Bcll site at nt 5021. The
constructs, at this point, contained the entire polyomavirus
genome except for the deleted sequences.

Plasmid pPycat was constructed by a series of steps
through which the SV40 regulatory region of pSV2cat (17)

was exchanged for the polyomavirus regulatory region and
the pBR322 vector was replaced with a derivative that would
not inhibit replication in animal cells. In a three-way ligation,
we joined a BamHI-to-PstI fragment from plasmid pXf3(35),
the PstI-toHindIII fragment of plasmid pBR-BglII (pBR322
with a BglII linker in the EcoRI site, kindly provided by R.
Kay, Genetics Institute, Inc.), and the HindIII-to-BamHI
chloramphenicol-acetyl transferase (CAT) gene fragment
from pSVcat (16). This yielded pBglII-cat. The small BglII-
to-HindIll fragment of pBglII-cat was replaced with the
BamHI-to-HphI (nt 4632 to 152) fragment of polyomavirus
DNA after blunting the HphI and the HindIll sites with
Klenow polymerase. The structure of the resulting recombi-
nant, pPycat (Fig. 1), was confirmed by restriction mapping
and nucleotide sequencing across the polyomavirus-to-CAT
gene junction. It should be noted that this junction
(GCCTCAGCTTGG) does not reconstitute the expected
HindlIl site, because HphI cleaves one nucleotide away
from its anticipated cutting site. Plasmid pPyAcat was con-
structed in the same way with the BamHI-to-HphI fragment
of pPy34BXA; it is therefore identical to pPycat, except for
the deletion of the 244-bp BclI-to-PvuII fragment.
The unidirectional deletions extending from either the

PvuII site or the Bcll site described above were moved from
the original constructs into pPycat derivatives by using
three-way ligations. The BglI-to-BamHI fragments (Fig. 1)
of the deleted viral genome were joined with the BglII-to-
NarI fragment spanning the ,B-lactamase gene from pBglII-
cat (see above) and the NarI-to-BglI fragment spanning the
CAT gene from pPycat. This yielded the Pvu series and the
Bcl series, which differ from pPycat in the following two
ways: the deletion in the polyomavirus regulatory region and
the removal of the nonessential small Narl fragments (791
bp) from near the replication origin in the pXf3 vector.
The structures of the final constructs were confirmed by

restriction mapping, and the deletions were precisely deter-
mined by nucleotide sequencing. To facilitate the sequenc-
ing of 60 different mutants, we synthesized two different
oligonucleotide primers and used alkali-denatured plasmids
as templates for extension in the presence of dideoxynu-
cleotides (P. Seeburg, personal communication). Approxi-
mately 24 mutants were selected for this detailed study.
The double deletion mutants, comprising the BcldP and

PvudB series, were derived from the Bcl and Pvu series,
respectively. The BcldP deletion mutants all lack the small
PvuII fragment (nt 5131 to 5265) and also have a deletion
extending from the Bcll site into the enhancer region. The
PvudB series have, besides the deletion extending from the
PvuII site at nt 5265, a common deletion from the BclI site at
nt 5021 to 5109.
To obtain the BcldP mutants, the corresponding Bcl

mutants were digested with PvuII. PvuII cuts these plasmids
at three sites, two in the enhancer region and one in the CAT
coding region (Fig. 1). The large PvuII fragment was then
ligated to the PvuII fragment spanning the polyomavirus
origin of replication and extending into the CAT gene,
derived from pPycat. Correct constructs were identified by
hybridization with a synthetic oligomer spanning the deleted
PvuII fragment (nt 5131 to 5265) and by restriction enzyme
mapping.
The PvudB mutants were constructed by ligating the large

PvuII fragment derived from the mutant B5110 to the small
PvuII fragment of the various Pvu mutants. PvuII only cuts
the Pvu mutants twice, namely, at nt 5130 and in the CAT
gene (the PvuII site at nt 5265 is deleted). Correct constructs
were identified by restriction enzyme mapping.

MOL. CELL. BIOL.



DNA REPLICATION AND GENE EXPRESSION IN POLYOMAVIRUS

Internal deletion mutants were constructed by combining
the XhoI-BamHI fragments of mutants from the Pvu and Bcl
series.
Recombinants containing synthetic DNA. Synthetic oligode-

oxyribonucleotides were made by J. Brown and E. Brown
(Genetics Institute, Inc.) with an Applied Biosystem 380A
DNA synthesizer. Two complementary 26-mers and two
complementary 42-mers were prepared; on annealing these
form the polyomavirus DNA sequences nt 5108 to 5130 and
nt 5128 to 5167, respectively, flanked by cohesive ends
corresponding to five-sixths and four-sixths of XhoI sites
(see Fig. 6). One of the two strands of each set was
phosphorylated and annealed to the second strand. The
26-mers or 42-mers were preligated for several hours to
obtain multiple, tandem repeated copies, which were pre-
dominantly in a head-to-tail orientation. The synthetic ol-
igomers were then ligated to XhoI-cleaved pPyAcat (a deriv-
ative of pPycat, in which the enhancer region is deleted and
replaced by an XhoI linker). The number and orientation of
the inserted synthetic 26-mers or 42-mers was determined by
restriction enzyme mapping and dideoxy sequencing with
oligonucleotide primers with alkali-denatured plasmids as
templates.
The 26-mers were also introduced into a plasmid contain-

ing the rabbit P-globin gene. The plasmid p,BGPy enhancer (a
P-globin polyomavirus enhancer recombinant that has the
244-bp polyomavirus enhancer fragment inserted at a syn-
thetic XhoI site about 400 bp downstream of the P-globin-
coding region; 8) was digested with XhoI, which excised the
polyomavirus enhancer fragment, and subsequently ligated
to preligated 26-mers. The number and orientation of the
inserted 26-mers was determined by double digestions with
XhoI and EcoRI. Since head-to-tail ligated 26-mers do not
restore the XhoI site, the orientation of the 26-mers could be
determined unambiguously. Mutants containing inverted re-
peated copies of the 26-mers were analyzed by Maxam and
Gilbert DNA sequencing (36).
DNA replication assay. Each 90-mm culture dish contain-

ing about 2 x 106 COP-5 cells was transfected with 0.5 or 1
,ug of plasmid DNA (pPycat or the enhancer deletion mu-
tants) in a 2.5 ml of Tris-saline buffer containing 300 ,ug of
DEAE-dextran per ml (37). Thirty minutes later, the cultures
were washed with 10 ml of Tris-saline, followed by 10 ml of
phosphate-buffered saline. Medium (10 ml) was then added,
and the cultures were incubated at 37°C. At 24 h posttrans-
fection, low-molecular-weight DNA was isolated by the Hirt
extraction method (21). Control experiments demonstrated
that the amount of replicated DNA was proportional to input
in the 0.5- to 1.0-,ug range at this time posttransfection. After
phenol extraction and two cycles of ethanol precipitation,
one-quarter of the DNA sample from each dish was digested
with DpnI and BamHI in the presence of 20 ,ug of RNase A
per ml (39). The digested DNAs were fractionated on 0.8%
agarose gels, transferred to nitrocellulose (44), and hybrid-
ized to denatured pPycat DNA, which had been labeled with
[a-32P]dCTP by T4 DNA polymerase replacement synthesis
after Sau3AI digestion (40). The band of replicated, DpnI-
resistant, linearized DNA was localized by autoradiography
and excised for quantitation, which was accomplished by
Cerenkov counting.

Analysis of I8-globin mRNA levels. Each 90-mm culture
dish containing about 3.6 x 106 HeLa cells was transfected
with 20 ,ug of plasmid DNA by the calcium phosphate
coprecipitation method (18). The plasmids used were ppGPy
enhancer (a recombinant that has the polyomavirus en-
hancer inserted at an XhoI site downstream of the P-globin

coding region; 8) or derivatives of p,BGPy enhancer contain-
ing one or more copies of the synthetic 26-mer inserted in the
same XhoI site. Cytoplasmic RNA was isolated 24 h post-
transfection (11). S1 nuclease mapping (4) was done as
described by Kamen et al. (23) with a single-stranded 32p
end-labeled DNA fragment derived from a globin gene clone
lacking the first intron (2, 8) as a probe.

RESULTS
Constructs used for deletion analysis of the polyomavirus

regulatory region were derived from the plasmid pPycat
(Fig. 1). It contains an 815-bp segment of polyomavirus
DNA spanning the enhancer, the replication origin, and both
the early and late region promoters, linked to the CAT gene
from pSV2cat (17). The viral DNA is orientated with the
CAT coding sequences immediately downstream from the
principal polyomavirus early region cap sites (6). The bac-
terial vector, a derivative of pXf3 (35), lacks sequences that
inhibit extrachromosomal replication in animal cells (33).
pPycat DNA replicates efficiently after transfection into the
polyomavirus-transformed mouse cell line COP-5 (46), but
since it requires a source of the polyomavirus large T
antigen, it cannot by itself replicate in normal mouse cell
lines such as 3T6 or C127.
The target for our deletion studies was the 244 bp of DNA

previously shown to contain the polyomavirus enhancer (8,
9) and the sequences that activate viral DNA replication (34,
39, 46). This fragment extends from the BclII site in pPycat
to the second PvuII site (Fig. 1 and 2). The replication origin
core sequence begins a few base pairs after this PvuII site
(24, 34, 45). Excision of the BclI-to-PvuII fragment from
pPycat (pPyAcat) abolishes its ability to replicate in COP-5
cells.
Homologies between DNA sequences within the 244-bp

fragment and other known viral or cellular enhancers are
remarkably frequent (Fig. 2). Clusters of homologous se-
quences are apparent, such as those around nt 5110 or 5200.
To allow for the possibility that each region of homology
might represent a sequence with at least partial biological
activity, we decided to construct a rather extensive series of
deletion mutants. This was originally motivated by results
(46) suggesting that the region was functionally repetitious
with regard to both transcriptional enhancement and activa-
tion of viral DNA replication even though the important
sequences included no direct repeats. Two sets of unidirec-
tional single deletions were constructed, one extending from
the BclI site toward the replication origin (the Bcl series) and
the other extending from the origin proximal PvuII site
toward the BclI site (the Pvu series). Double deletion mu-
tants were derived from the Bcl series by elimination of the
small PvuII fragment (the BcldP series) and from the Pvu
series by elimination of he 89 bp immediately proximal to the
BclI site (the PvudB series). All of the mutants contained
synthetic XhoI restriction sites at the point of deletion to
facilitate manipulations. The deletion mutants are numbered
according to the first nucleotide present after the deletion
irrespective of the fact that in some cases the XhoI linker
restores one or more deleted nucleotides. Internal single
deletions were constructed by combining members of the
Bcl and Pvu series.

Replication of deletion mutants. (i) Pvu series. Mutants of
the Pvu series have enhancer deletions extending from the
origin-proximal PvuII site (nt 5265) toward the endpoints
indicated by the arrows for each deletion in Fig. 3 (e.g., in
mutant P5179 the sequence between nt 5265 and 5179 is
deleted). The ability of each mutant to replicate in COP-5
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FIG. 2. Nucleotide sequence of the polyomavirus enhancer re-
gion. Arrows indicate the following homologies (80 to 100%) with
sequences found in other viral or cellular enhancers: SV, SV40
72-bp repeat (2); Ad, adenovirus 5 ElA enhancer, 170 bp (19, 20);
MoMSV, 72-bp tandem repeat from the Moloney murine sarcoma
virus long terminal repeat (28, 29); RSV, the 143-bp enhancer region
of Rous sarcoma virus (31); Ig, mouse immunoglobulin heavy-chain
enhancer, 310 bp (1). Polyomavirus DNA sequences homologous to
regions that were found to be crucial for enhancer activity in other
enhancers are boxed. The sequence AGGAAGTGAC forms an

important part of the adenovirus S ElA enhancer (19); the sequence

GTGTGGTTT is related to the consensus sequence depicted by
Weiher et al. (49) to be critical for the SV40 72-bp enhancer activity;
the repeated sequence CCACCCA has homology to a similar
sequence found twice in the bovine papilloma virus (BPV) enhancer
in a region that is essential for enhancer function (48). The polyoma-
virus late transcription initiation sites (7) are marked by asterisks.

cells was measured 24 h after transfection by digesting
low-molecular-weight DNA (21) with DpnI and BamHI.
DpnI cleaves only the methylated input (bacterial) DNA and
will leave any newly replicated DNA molecules intact.
BamHI, which cuts the pPycat constructs only once (Fig. 1),
generates a linear DNA fragment representing the total
amount of progeny DNA in the COP-5 cells. The DNA was

then fractionated on an agarose gel, blotted onto nitrocellu-
lose, and hybridized to 32P-labeled fragments of pPycat. The
single band of radioactive DNA, representing progeny mol-
ecules, could be excised and counted for quantitation.
Figure 3A shows the replication of the Pvu mutants. Dele-
tion of sequences between nt 5265 and 5129 decreased the
replication ability gradually to about 15% (P5129) of the
wild-type level. Strikingly, the removal of 3 more bp com-
pletely abolished replication (compare mutants P5129 and
P5126). We therefore identify one boundary of a minimal
element involved in the activation of DNA replication be-
tween nt 5126 and 5129.

(ii) PvudB series. The progressive decline in replication
efficiency observed with the Pvu series can be better appre-

A. Pvu Series

PvudB Series

FIG. 3. DNA replication assay of enhancer region deletion mu-
tants. COP-5 cells were transfected with 1 _ig of DNA (pPycat or
mutants of the Pvu and PvudB series) with DEAE-dextran. Low-
molecular-weight DNA was isolated 24 h posttransfection, digested
with Dpnl and Ba,nHI, fractionated on agarose gel, blotted, and
hybridized to 32P-labeled fragments of pPycat. The newly replicated
DNA, linearized by BamnHl, was visualized by radioautography. (A)
Pvu series. The deletions extend from the Psul1 site at nt 5265; e.g.,
P5214 has a deletion between nt 5214 and 5265. (B) PvudB series.
The deletions are the same as those of the Pvu series plus a common
deletion (dB) from the Bcll site to nt 5110. Mutant dB is identical to
B5110 (Fig. 4). (C) Diagram of the enhancer region. The arrows
indicate the endpoints of the deletions. Sequences that have multiple
homologies to other enhancers are hatched (Fig. 2). The deletion
common to all PvudB mutants is indicated.

ciated from the quantitative results shown in Table 1. We
suspected that important sequences involved in the activa-
tion of DNA replication were contained between the two
Pvill sites (nt 5130 to 5265), but that their effect could not be
dramatically demonstrated because of stronger redundant
element(s) between Pvi'il and Bcll (Fig. 3). We therefore
introduced into the Pvu mutants a common deletion extend-
ing from the Bcll site at nt 5021 to 5110 (dB deletion, Fig. 3C)
and tested the double PvudB deletion series for replication in
COP-5 cells. Removal of the sequence between nt 5021 and

TABLE 1. Replication efficiency of the polyomavirus enhancer
deletion mutants in COP-5 cells

Pvu series Bcl series

%7 Replication % Replication
Mutant Mutant

Pvu PvudB" Bcl BcldPh

pPycat 100 pPycat 100
B5110 100 P5130 38
P5235 83 100 B5040 108 25
P5214 61 83 B5056 122 20
P5179 61 16 B5072 103 22
P5148 40 5 B5085 125 10
P5130 30 3 B5098 100 6
P5129 13 B5110 130 4
P5126 0 B5124 12 0
P5125 0 B5137 5
P5117 0 B5166 0
P5100 0 B5183 0
P5066 0 B5198 0

' Mutants of the PvudB series are derived from the Pvu series and have an
extra deletion that extends from the BclI site toward nt 5110; the dB deletion is
equivalent to B5110.

" The BcldP series is derived from the Bcl series, but has a common second
deletion of the Pwill fragment (nt 5130 to 5265); the dP deletion is equivalent
to P5130.
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5110 did not be itself have any effect on replics
tion (mutant dB in Fig. 3B and BS110 in Table
double deletions extending from the PvuII site (
drastically decreased replication efficiencies as i
by comparing the PvudB mutants and their co
Pvu mutants (Fig. 3A and B, Table 1). We can
transition points, each causing a three- to fivefo
in replication efficiency. One transition point lier
5214 and 5179, and the other transition occurs
5179 and 5148.

(iii) Bcl series. The Bcl series (Fig. 4) compri
with deletions extending from the Bcll site at nt
the replication origin (e.g., mutant B5085 la
quences between nt 5021 and 5085). Deletion (
between the BclI site and nt 5110 did not alter ti
of replication (Fig. 4A), but a deletion up
markedly reduced replication to 5% of the wil
Because the XhoI linker in BS110 in fact resto
this identified a boundary of a sequence element
DNA replication between nt 5109 and 5124. Coi
the results obtained from the Pvu series presente
could predict that the sequence from nt 5109 to
function as a minimal replication activator.

(iv) BcldP series. The difference in replicatic
between mutants of the Pvu and PvudB ser
indicated to us already that the region between
and nt 5109 (deleted in dB) in fact contains sequ
contribute to the replicatory activation, even
was not detected in the single deletion mutant
series. We studied this more directly with the B
deletion series (Fig. 4B). These mutants have
deletion of the PvuII fragment from nt 5130 t
variable deletions extending from the BclI site
shows that, in the absence of the PvuII fragment
efficiency decreased when sequences between i
and nt 5109 were deleted (Fig. 4B, Table 1).
BS11OdP, which contains only the sequence bets
and 5130, was able to replicate, as predicte
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FIG. 4. DNA replication assay of enhancer delel
See the legend to Fig. 3. (A) Bcl series. The deletionw
the Bcll site; e.g., B5098 has a deletion between nt 5

(B) BcldP series. The double deletion mutants cont
deletion as the corresponding Bcl mutants plus a d
PvuII fragment (nt 5130 to 5265). Mutant dP is ideni
shown in Fig. 3. (C) See the legend to Fig. 3C. The dele
to all BcldP mutants is indicated.

ation activa-
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FIG. 5. DNA replication efficiency of internal deletion mutants.
All mutants with internal deletions in the enhancer region contain an
XhoI linker at the site of the deletion. The sizes of the deletions are
indicated by bars and nucleotide numbers; e.g., in mutant d5131-36
the sequence from nt 5131 to 5136 is deleted. The efficiency of
replication in COP-S cells was measured by excision of the repli-
cated DNA from the filter after hybridization followed by Cerenkov
counting. The replication efficiency of pPycat was taken as 100%.
Hatched regions in the enhancer represent sequences with multiple
homologies to other viral or cellular enhancers (Fig. 2).

5130 should unidirectional deletion series, but in the absence of the other
replication-activating elements it had an efficiency only 2 to

)n efficiency 5% of the wild-type level.
ies (Fig. 3) (v) Internal deletion mutants. We can conclude from
the BclI site results presented thus far that the polyomavirus enhancer
ences which region contains multiple sequence elements involved in the
though this activation of viral DNA replication. The difference in activ-
s of the Bcl ity between single and double deletion mutants clearly
IcldP double showed that the elements are redundant, at least under the
a common assay conditions we have used.

to 5265 plus More evidence for this redundancy was provided by the
Figure 4B study of internal deletion mutants shown in Fig. 5. The

t, replication mutant lacking nt 5101 to 5136 (dS101-36) replicated at more
the BcII site than 50% of the wild-type level even though it has lost the
The mutant entire minimal replication activation element previously
veen nt 5109 located between nt 5109 and 5130. Other mutants (d5101-23
:d from the and d5118-36) that have lost part of the minimal element also

had about one-half of the wild-type replication efficiency.
Removal of the sequence from nt 5101 to 5165 (d5101-65), by

2 * contrast, completely abolished replication (Fig. 5). This
result confirms the suggestion of Tyndall et al. (46) that there
are two elements located on either side of the PvuII site
which are critically involved in the activation of DNA
replication.
DNA replication activation by multiple copies of one ele-

ment. The results presented above establish that the poly-
omavirus enhancer region contains multiple sequence ele-
ments that are involved in the activation ofDNA replication.
We wanted to test whether these elements are functionally
equivalent. In other words, do multiple copies of one ele-
ment restore replication to the wild-type level, or is a
combination of different elements required?

5250 The minimal element capable of activating replication was
iz identified as the 22 bp from nt 5109 to 5130 in the experi-
BPJ ments described above. The sequence common to the poly-

Pvu :1 omavirus enhancer region and the adenovirus S ElA en-
hancer (19) is from nt 5108 to 5117. We therefore selected the

er -- viral sequence from nt 5108 to 5130 for synthesis and
tion mutants. amplification. The double-stranded oligonucleotide shown in
s extend from Fig. 6, comprising the 23 bp of viral DNA flanked by XhoI
021 and 5098. cohesive ends, was synthesized; one or more copies of this
eletion of the 26-mer were inserted into the XhoI site of the plasmid
tical to P5130 pPyAcat, a pPycat derivative in which the enhancer region
etion common (nt 5022 to 5267) is deleted and replaced by an XhoI linker.

The number and orientation of the 26-mers inserted in the
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Ig 5'- AG G A A G - 3'

Ad EIA 5'- AC G A A G T C A -3'

Ad EIA 5'- AG C A A G T GA C . A A -3'

5108 5130

26-me r 5'-T C G A G G A A G Ti A C T A A C TCG A C C C A C - 3'
3'- C C T T C A C T G A T T G A C T G G C G T C A G C T - 5'

111
MoMSV 3'- T C C T T g A C - 5'

SV40 3'- AC T G A T T a A C T - 5'

RSV 5'- T G C CA a A T a C g C T T T T - 3'
cs

Ig 5'- G A g g T C C T C T T T T A A/T T A . T T G - 3'

Ig 5'- C T T T T A A T T - 3'

Ig 5'- T A G T T . C T A

5128

42-mer 5'-T C G A G C T G G C C G T G C G A C A T C C T C T T T T A A T T A C T T C C T A
3'- C G A C C G G C A C G C T G T A C G A G A A A A T T A A T C A A C C A T

Ad EIA 3'- T G a A G G A A - 5'

C - 3'

167
.C C -3'
C C A C C T -5'

FIG. 6. Nucleotide sequence of the synthetic double-stranded 26-mer and 42-mer with XhoI cohesive ends. The 5' end of each oligomer
contains five-sixths of an XhoI site, whereas the 3' end contains only four-sixths of an Xhol site. This implies that upon ligation to an XhoI
cohesive end only the 5' side will restore an XhoI cleavage site. The upper panel shows that the 26-mer contains the polyomavirus DNA
sequence from nt 5108 to 5130. Homologies with sequences in the enhancers of the mouse immunoglobulin gene (Ig), adenovirus 5 ElA gene
(Ad E1A), Moloney murine sarcoma virus long terminal repeat (MoMSV), and SV40 72-bp repeat are indicated. Nonhomologous nucleotides
are shown in lowercase letters. The lower panel shows that the 42-mer contains the polyomavirus sequence between nt 5128 and 5167. It
contains several extensive homologies to sequences present in the immunoglobulin gene (Ig), the adenovirus ElA gene, and the Rous sarcoma
virus (RSV) enhancers.

plasmids were determined by analysis of restriction fragment
lengths and DNA sequencing. Constructs containing one,
two, or three head-to-tail tandem copies of the 26-mer
inserted in either orientation were assayed for their ability to
activate DNA replication. Figure 7 shows that insertion of
two copies of the 26-mer was minimally sufficient to restore
replication to the wild-type level. This activation was inde-
pendent of the orientation of the inserted 26-mers (compare
lanes 2+ and 2- in Fig. 7).
We also synthesized a double-stranded 42-mer containing

the polyomavirus sequence from nt 5128 to 5167 (Fig. 2)
flanked by XhoI sticky ends. As illustrated in Fig. 6, this
42-mer contains extensive homologies with sequences
present in the mouse heavy chain immunoglobulin gene
enhancer and the Rous sarcoma virus enhancer and some
homology to the adenovirus 5 ElA enhancer and the 26-mer.
One or more copies of the 42-mer were inserted in the XhoI
site of the plasmid pPyAcat. Constructs containing one, two,
or five head-to-tail tandem copies of the 42-mer did not
replicate at all after transfection into COP-5 cells (data not

0L
o o 0 26.mers in pPyAcat
a_ :Le)+ - -X a 1+ + 2 3 3

FIG. 7. DNA replication assay of constructs containing multiple
copies of the synthetic 26-mer. Lanes 1, 2, and 3, respectively,
contained plasmids having 1, 2, or 3 tandem repeated copies of the
26-mer inserted in the XhoI site of pPyAcat (an enhancer minus
derivative of pPycat) in the same orientation (+) as in the wild-type
enhancer or in the opposite orientation (-).

shown). This shows that the 42-mer on its own does not
contain an element that is able to activate DNA replication
and excludes the possibility that repeats of any sequence
derived from the polyomavirus enhancer region can activate
replication.

Transcriptional enhancement by the synthetic 26-mer. The
26-mer, which contains an element that activates DNA
replication, was tested for its activity as a transcriptional
enhancer. We used a 3-globin polyomavirus enhancer re-
combinant, ppGPy enhancer (8), which has the 244-bp
polyomavirus enhancer fragment inserted at an XhoI site
about 400 bp downstream of the 3-globin-coding region.
Derivatives of the ppGPy enhancer plasmid were con-
structed containing, instead of the polyomavirus enhancer,
one, two, three, four, or seven copies of the 26-mer inserted
in the XhoI site. The orientation of the enhancer in ppGPy
enhancer is such that the early side of the polyomavirus
enhancer is proximal to the P-globin gene. The tandem
repeated 26-mers in the different mutants are either in the
same (+) or opposite (-) orientation. HeLa cells were
transfected with the different DNAs, and P-globin mRNA
levels were measured 24 h posttransfection by Si nuclease
RNA analysis (Fig. 8). We observed a correlation between
the number of inserted 26-mers and the transcriptional
enhancement. Hardly detectable levels of transcription were
detected when one or two copies of the 26-mer were present.
Three or four copies of the 26-mer, however, had 10 to 30%
of the wild-type polyomavirus enhancer activity; a construct
containing seven copies of the 26-mer had a higher level of
transcription than the plasmid pbGPy enhancer, which con-
tains the wild-type polyomavirus enhancer region. The ori-
entation of the seven copies of the 26-mer is not exclusively
head to tail. The insert contains one copy in the - orienta-
tion, followed by six head-to-tail repeated copies in the
+ orientation. We cannot exclude the possibility that the
observed enhancer activity is a result of the number of
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inserted 26-mers in this construct or of the presence of an
inverted repeat of two 26-mers. We obtained the same
qualitative results upon transfection into mouse 3T6 cells,
indicating that the 26-mer enhancer activity is similar in
human and mouse cells.
The replication experiments described above have been

done with polyomavirus DNA in COP-S cells, whereas the
transcription assays were performed with P-globin DNA in
HeLa cells or 3T6 cells. To exclude the possibility that the
difference in requirements for activation of replication (two
copies of the 26-mer) and transcriptional enhancement (at
least three or four copies) was caused by the different
systems used, we also studied the replication efficiency of
constructs related to pPy34BXA (8), which contain the
complete polyomavirus genome (encoding large T antigen)
in which the enhancer region is deleted and replaced by an
XhoI site. One or more copies of the 26-mer were inserted in
this XhoI site. Replication of these constructs in 3T6 cells is
dependent on the ability of these DNAs to express polyoma-
virus large T protein from the early promoter, which re-
quires a transcriptional enhancer. All constructs containing
one to seven copies of the 26-mer were unable to replicate in
3T6 cells, although two to four copies activated replication
in COP-S cells in which large T protein is provided. These
experiments clearly demonstrate that the quantitative differ-
ences observed in the sequence requirements for transcrip-
tion as opposed to replication are independent of cell type
and of position. The fact that the mutant containing seven
copies of the 26-mer did not replicate in 3T6 cells or in
COP-S cells could be explained by the possibility that an
inverted repeat of two 26-mers interferes with the structure
of the origin of replication.

M m Py 1+9 l 2+ 2- 3+ 3- 4- 7

-fIE._ te ct
_ &-~~~~~~~~~~~~~~~~~~ct

FIG. 8. S1 nuclease mapping of 3-globin mRNA isolated from
HeLa cells 24 h after transfection with the plasmid ppGPy enhancer
(8) or derivatives lacking the polyomavirus enhancer, but containing
multiple copies of the 26-mer inserted in the XhoI site 3' of the
3-globin coding region. Lanes: M, marker of polyomavirus DNA

digested with DdeI; m, mock transfection; A, p,GPy enhancer
derivative lacking the polyomavirus enhancer region; Py, ppGPy
enhancer containing the polyomavirus enhancer region inserted in
the XhoI site 3' to the ,-globin gene; 1, 2, 3, 4, and 7, ppGPy
enhancer derivatives having 1, 2, 3, 4, or 7 copies of the 26-mer
inserted in the XhoI site, respectively, in the same (+) orientation as
in ppGPy enhancer or in the opposite (-) orientation. Abbrevia-
tions: fl, full-length single-stranded probe; ct, correct terminus of
0-globin transcript.

DISCUSSION

To identify sequences in the polyomavirus enhancer re-
gion that are involved in the activation of viral DNA
replication, we have constructed an extensive set of deletion
mutants. Previous studies by Tyndall et al. (46) and Muller et
al. (39) showed that the enhancer region consists of at least
two sequence elements located within region AL (or a, nt
5021 to 5130) and AE (or I, nt 5131 to 5265), which are
functionally redundant for replication activation. The indi-
vidual elements within AL and AE also have transcriptional
enhancement activity (5, 46; P. Herbomel and M. Yaniv,
personal communication). Due to this redundance we had to
compare numerous single and double deletion mutants for
their ability to activate DNA replication to identify all
sequence elements that contribute to this function. The
assay conditions were chosen such that the amount of
replicated DNA was proportional to the amount of input
DNA at 24 h posttransfection. This enabled us to quantitate
the replication activation by Cerenkov counting of the band
representing the progeny DNA.

Several transition points, which indicate boundaries of
functional sequence elements, were identified by a signifi-
cant decrease in replication between two adjacent mutants in
a deletion series. Mutants with deletions extending from the
origin-proximal PvuII site (Pvu or PvudB series) showed
transition points between nt 5214 and 5179, nt 5179 and 5148,
and nt 5129 and 5126. The sequence between nt 5214 and
5179 includes a region with multiple homologies to se-
quences in the enhancers of the immunoglobulin heavy-
chain gene (1), Rous sarcoma virus (31), and the adenovirus
5 ElA gene (19) and contains the consensus sequence
proposed by Weiher et al. (49), which is critical for the SV40
72-bp repeat enhancer activity. The next transition point
between nt 5719 and 5148 includes sequences with major
homologies to the immunoglobulin heavy-chain gene en-
hancer. Whether these two transition points indicate the
boundaries of two distinct elements or are part of one
element involved in replication activation cannot be deduced
from these data. It is clear that the impact of the element(s)
located between nt 5214 and 5148, which upon dejetion
cause a 15-fold decrease in replication activation, can only
be observed with the PvudB deletion series, in which other
elements located between the BclI site and nt 5110 are
deleted. The transition point between nt 5129 and 5126
indicates a very discrete boundary of a replication-activating
element because mutants P5129 and P5130 still replicate to
15 to 30% of the wild-type level, whereas mutant P5126 is
completely incompetent for replication. The mutants of the
Bcl series clearly mapped the other boundary of this func-
tional element between nt 5109 and 5124. Evidence for yet
another element comes from mutants of the BcldP series.
Removal of sequences between the Bcll site and nt 5098 in
the BcldP series gave rise to a gradual decrease in replication
efficiency. Although no significant transition points between
adjacent mutants could be observed, it is nevertheless clear
that this region also contains an element that contributes to
the replication activation.

Figure 9 shows a schematic representation of the four
elements described above. Because some of the elements
are only identified by one transition point, the boundaries of
those elements cannot be localized definitively. Herbomel
and Yaniv (personal communication) have identified two
sequence elements, A (including the adenovirus EIA homol-
ogy) and B (including the SV40 homology), in the polyoma-
virus enhancer region which enhance CAT expression under
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Pvu II

5200 5250
. . ..
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a 0
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---- A-----A B I

D

FIG. 9. Schematic representation of the polyomavirus enhancer
region sequence elements A, B, C, and D, which are involved in the
activation of viral DNA replication. Well-defined elements and
boundaries are indicated by solid lines. Undefined boundaries are

dashed. The sequences homologous to the adenovirus 5 ElA gene

enhancer (Ad) and the SV40 enhancer core (SV) are indicated.

control of the a2 collagen promoter. According to their
nomenclature we have named the well-defined replication
activator located between nt 5108 and 5130 element A and
the element identified by the transition between nt 5214 and
5179 element B. As discussed above, element C, identified
by the transition between n 5179 and 5148, may be a distinct
element or can be part of element B. Element D is located in
the region between the BcII site and nt 5098. In this study we
did not observe any contribution to replication activation by
the sequences located between nt 5214 and 5268. We know,
however, from previous studies (13, 43) that the sequence

around nt 5233 plays a major role in the transcriptional
enhancement as well as the replication of polyomavirus
DNA in embryonal carcinoma cells.
Element A has a number of interesting features. It is

homologous to a sequence that is duplicated in the adeno-
virus S ElA enhancer region and forms an important part of
that enhancer (19). Ruley and Fried (42) have analyzed the
DNA of several naturally occurring strains of polyomavirus
and found that five strains have tandemly duplicated se-

quences of various sizes, but all contain the sequence

between nt 5114 and 5137. Those strains, however, do not
differ phenotypically from the wild-type polyomavirus strains
A2 and A3. In other cases, duplications in this region can

extend the host range of polyomavirus. A number of poly-
omavirus mutants with tandem duplications including the
sequence between nt 5075 and 5135 have been isolated that
are able to grow on PCC4 embryonal carcinoma cell lines
(25).
The four elements that we have identified are functionally

redundant. In all cases a combination of two or three
elements is sufficient for efficient replication. Even element
A, which has the highest activity, is not essential for high
levels of replication when the other elements are present
(internal deletion mutant dS101-36). In using the synthetic
26-mer comprising the polyomavirus sequence from nt 5108
to 5130, we were able to study the effect of multiple copies of
one element on replication activation. Because two copies of
the 26-mer in the absence of all other elements restored
replication to the wild-type level, we conclude that a repli-
cation activator can comprise two identical elements or a

combination of different elements that are functionally equiv-
alent. The replication activator has one of the characteristics
of an enhancer in that it can function independently of its
orientation. The generation of an active transcriptional en-

hancer by multiplication of nonfunctional enhancer se-

quences has also been observed with fragments of the Rous
sarcoma virus enhancer (30) and in experiments by Weber et
al. (47) with an SV40 enhancer trap to identify functional
enhancer sequences.

Mutants containing one or more copies of the synthetic
42-mer comprising the polyomavirus sequence from nt 5128
to 5167 did not replicate at all. The boundaries of this 42-mer
were selected based upon the homology with sequences
found in the enhancers of Rous sarcoma virus (31) and the
immunoglobulin heavy-chain gene (1), and upon the obser-
vation that an internal deletion mutant lacking the sequence
from nt 5101 to 5136 replicated to 60% of the wild-type level,
whereas a mutant with a deletion from nt 5101 to 5167 did
not replicate. This implied that the sequence between nt
5136 and 5167 contains an element or part of an element that
is important for replication activation. Our result suggests
that the 42-mer indeed does not contain a complete func-
tional element that upon multiplication can act as replication
activator.

In an experiment to study the activity of the 26-mer as a
transcriptional enhancer, we observed a correlation between
the number of inserted 26-mers and the level of P-globin
RNA expression from the different constructs. Three or
more copies of the 26-mer clearly enhanced transcription,
but two copies of the 26-mer, which acted as a good
replication activator, did not have significant enhancer ac-
tivity. This might indicate that viral DNA replication re-
quires an enhancer activity, but that there is a quantitative
difference in the enhancer requirements for DNA replication
and transcription.
We have conducted a computer-aided study of the poly-

omavirus enhancer region in a search for sequence features
that could correspond to the four elements A through D. As
pointed out previously (46), the 244-bp region includes a
number of inverted repeats. The sequence in the top strand
from nt 5097 to 5104 is the same as the sequence in the
bottom strand from nt 5125 to 5118 (Fig. 2). We doubt
whether this putative structure is important because mutant
B5110, which replicated at wild-type level, lacks one half of
it. Two further inverted repeats (nt 5158 to 5163 and nt 5172
to 5167; nt 5168 to 5178 and nt 5192 to 5181) occur in
elements C and B. Although these may be of some signifi-
cance, we cannot distinguish their importance at present
from that of conserved sequence homologies that these
regions also include. The 244-bp fragment contains several
short stretches of repeated sequence. The tetranucleotide
CAGT occurs five times (in the top strand at nt 5057, 5099,
and 5186; in the bottom strand at nt 5123 and 5173) in
positions suggesting that it may play an important role in
each of the four elements. The same supposition can be
made for the eight purine-rich tracts related to AGGAAG (in
the top strand at nt 5032, 5108, 5180, 5201, and 5203; in the
bottom strand at nt 5069, 5150, and 5220). This sequence,
which is presented in the 26-mer, is conserved in the
adenovirus ElA enhancer and is at the transition point that
defines one border of element B. Although it is tempting to
speculate that these short sequences comprise binding sites
for enhancer factor proteins, our present data do not allow
detailed interpretation.

Sequence requirements for viral DNA replication of the
closely related papovavirus SV40 have been studied by
several groups. Bergsma et al. (3) and Fromm and Berg (12)
showed that, besides the origin of replication which com-
prises the palindrome and AT-rich region, sequences in the
21-bp repeats contribute to efficient replication. All of the
deletion mutants used in their studies also lacked the 72-bp
repeat enhancer. Recently Hertz and Mertz (personal com-
munication) have shown that either the 72-bp repeat or the
21-bp repeat is required for the activation of SV40 DNA
replication. This is similar to the situation in polyomavirus

Bcl I Pvuu
5050 5100, 150

I
I~ ~~VIv/

MOL. CELL. BIOL.



DNA REPLICATION AND GENE EXPRESSION IN POLYOMAVIRUS

(discussed above) in that sequences required for SV40 DNA
replication are also redundant and include a transcriptional
enhancer. We have also learned (M. Botchan, personal
communication) that the extrachromosomal replication of
plasmids containing the bovine papillomavirus plasmid main-
tenance sequence in bovine papillomavirus-transformed cells
requires an enhancer in cis. It thus appears that the se-
quences originally identified within viral genomes as tran-
scriptional enhancers may have more general functions,
including the activation of viral DNA replication. Since the
immunoglobulin heavy-chain enhancer can substitute for the
polyomavirus enhancer in the activation of viral DNA rep-
lication (10), we are obviously curious to learn whether
cellular enhancer sequences play analogous roles in chromo-
somal DNA replication.
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