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The human papovavirus BK virus contains three 68-base-pair (bp) repeats that act as transcriptional
enhancers. An analysis of plasmids containing the BK virus origin revealed that sequences within the 68-bp
enhancer are required for DNA replication as well as transcription of the early promoter in COS-1 cells.
Origins with a single 68-bp repeat replicated as efficiently as did those with three repeats when transfected into
COS-1 cells. Replication did not occur in the absence of enhancer sequences and could not be restored by distal
placement of enhancers to enhancerless origins. However, as with simian virus 40, replication in vitro was not
dependent on the presence of any enhancer sequences. Deletion analysis showed that replication of BK virus
origins was dependent on the presence of the first 21 bp of the enhancer contiguous with the A-T-rich stretch
of the origin. This 21-bp element is referred to as the rep element. Although in combination with rep the
remaining 47 bp of the enhancer appear to increase replication by two- to fivefold, they alone are not sufficient
to support replication. Deletions or insertions in the enhancer which did not alter the rep element had no major
effect on replication. Site-directed mutagenesis of the Spl-like site within the rep element, the NF1 site present
in the enhancer, or the NF1 site in adjacent late-side sequences each reduced transcription by two- to fivefold,
but had no effect on replication, suggesting that replication and transcription can be uncoupled.

The human papovavirus BK (BKV) was first isolated in
1971 by Gardner et al. from the urine of a renal transplant
recipient on immunosuppressive therapy (18). Approxi-
mately 80% of the population of the world has antibodies to
BKV (17, 50). This virus appears to be acquired during early
childhood and may persist throughout life (6, 39). Reactiva-
tion of the virus by immunosuppression has been associated
with hemorrhagic cystitis (1). Although BKV can transform
human cells (reviewed in reference 24) and BKV DNA has
been found in a variety of human tumors (13), its relationship
to human cancers has not been clearly established.
The size and morphology of BKV are similar to those of

other papovaviruses such as simian virus 40 (SV40), poly-
omavirus (Py), and JC virus. BKV has a double-stranded,
circular DNA genome (5, 196 base pairs [bp] in the Gardner
strain) which is remarkably similar to that of SV40. Nucle-
otide sequence homology between the two viruses is greater
than 80% (49, 57). Both viruses have complex regulatory
regions at their origins of replication from which early
mRNAs encoding large and small tumor antigens and late
mRNAs encoding viral capsid proteins (VP1, VP2, VP3, and
Agno) are synthesized by host cell RNA polymerase II in
opposite directions on opposite strands. Replication of BKV
and SV40 DNA requires host cell DNA polymerases and
viral T antigen. Replication of BKV and SV40 can be
supported by the heterologous T antigen (5, 36, 38), and in
fact, SV40 T antigen has been shown to contact specific
nucleotides within the three BKV T-antigen-binding sites
(46).
Although the overall arrangement of elements within the

regulatory regions of SV40 and BKV is similar, there are
critical differences. The regulatory region of both viruses
from the early to late side begins with start sites for early
transcription, three T-antigen-binding sites at the origin of
replication, an A-T-rich stretch, a set of transcriptional
enhancers, and late transcription start sites. BKV and SV40
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diverge greatly with respect to their enhancer elements.
SV40 contains three 21-bp tandem repeats situated between
the A-T-rich stretch and the two 72-bp transcriptional en-
hancers (52, 54, 58). Each 21-bp repeat contains two copies
of a G-C "box" sequence which forms the recognition
sequence for the transcription factor Spl (14). One function
of the 21-bp repeats is to augment transcription from both
early and late promoters (2, 28). The 72-bp enhancers bind a
number of different factors (i.e., AP-1, AP-2, and AP-3)
involved in transcription (27, 55). In contrast to SV40, BKV
has a unique set of three 68-bp tandem repeats: the middle
repeat has a deletion of 18 nucleotides (nt) (16, 49). Similar to
those of SV40, the BKV enhancers stimulate transcription
from the early promoter (11, 45) and can stimulate transcrip-
tion from heterologous promoters as well (11). It is likely
that the enhancer elements play a critical role in determining
the host range of these viruses (29, 43).

Papovaviral enhancers can augment replication as well as
transcription. Replication in vivo from the SV40 origin still
occurs in the absence of either the 72-bp enhancers or the
21-bp repeats but is dramatically reduced when both of these
cis-acting elements are eliminated (7, 22, 25, 34). Stimulation
of replication by the 21-bp repeats or the 72-bp enhancers or
both occurs independently of their orientation, but is lost
when these elements are placed distal to the A-T-rich stretch
(22, 32). However, neither the 21-bp nor the 72-bp repeats
are required to support SV40 DNA replication in vitro (34).
Replication of Py is dependent on its enhancer element (8,
40, 53). A combination of two of the four nonhomologous
subdomains within the Py enhancer can support replication,
suggesting that they are functionally redundant (53). More-
over, either the SV40 enhancer or the immunoglobulin
enhancer can substitute for the Py enhancer in replication (4,
8). Although Muller et al. (40) have shown that Py enhancer
sequences lose their ability to support replication if posi-
tioned further than 400 bp from the origin, others have
suggested that stimulation of Py replication by SV40 enhanc-
ers can take place over much greater distances (8).
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BKV ENHANCER IN REPLICATION AND TRANSCRIPTION

In this study we reveal that the BKV enhancer is required
for the replication of plasmids containing a BKV origin in
COS-1 cells. A BKV origin plasmid with a single 68-bp
enhancer replicates as well as a plasmid containing three
enhancers. Deletion analysis showed that replication re-
quires that the first 21 bp of the enhancer be contiguous with
the A-T-rich stretch. Distal placement of the BKV enhancers
failed to restore replication. An analysis of point mutations
within the enhancer suggests that the replication and tran-
scription functions of the BKV enhancer can be separated.

MATERIALS AND METHODS

Plasmid constructions. Plasmids p33-1 and p34-2, contain-
ing the entire genomes of the Gardner and Dunlop strains of
BKV, respectively, cloned into the BamHI site of pBR322
were used as parental constructs. The HindlIl C origin
fragments of Gardner and Dunlop were cloned into the
HindIII site of puc 19 to generate pBKori(Gardner) and
pBKori(Dunlop), respectively (see Fig. 1). Plasmid
pBKcorBKen+L(D) was constructed by digesting pBKori
(Dunlop) with Bsu361 and religating the large fragment.
Plasmid pBKcorBKen was obtained by filling in the ends of
the Hinfl fragment (BKV, nt 3284 to 3519), using Klenow,
and cloning into the SmiaI site of puc 19. In this construct the
late side of the enhancer is next to the KpnI site of the
polylinker; plasmid pBKcorBKen(R) contains the identical
fragment cloned into puc 19 in the reverse orientation.
pBKcorBKen, containing a single enhancer, served as the
parental plasmid for all deletion and insertion constructs
described below.
A series of plasmids with deletions on the late side of the

enhancer were generated from pBKcorBKen (see Fig. 3).
Deletion plasmids pA47L, pA43L, pA38L, pA22L, and
pA19L were created by deleting from the NcoI, BsmI, or
Bsu36I site in the BKV enhancer to the NdeI site in the
vector, followed by either mung bean nuclease treatment or
filling in with Klenow. Another deletion of the enhancer,
pA56L, was created by cloning the Hinfl-AluI fragment
(BKV nt 3284 to 3465) into the SmaI site of puc 19. For
convenience, nt 3456 in the enhancer was changed from A to
T by site-directed mutagenesis (31), transforming a HaeIII
site into a Stul site. Digestion with Stul, which separates the
enhancer from the A-T-rich stretch, was used to generate
pBKcor, which is devoid of any of the 68-bp enhancer
sequences; pBKcor contains BKV nt 3284 to 3453 cloned in
the SmaI site of puc 19. A 26-bp deletion from the early side
of the enhancer was constructed using this engineered StuI
site; pA26E deletes BKV nt 3454 to 3480. A series of internal
deletions and insertions in the enhancer of pBKcorBKen
were generated utilizing unique restriction sites NcoI, BsmI,
and Bsu36I in the enhancer. Plasmid pAN-M(-) deletes nt
3475 to 3504; pAI-N(-) deletes nt 3476 to 3482; pAI-B
deletes nt 3480 to 3486; pAI-M(-) deletes nt 3501 to 3503.
Plasmid pI-N(+) inserts CATG between nt 3479. and 3480;
pAB-M inserts 51 bp between nt 3484 and 3504; pI-M(+)
deletes nt 3501 to 3508 and inserts a G.

Plasmids containing distally placed enhancer elements
were constructed from replication-defective plasmid
pMLA56L, which contains the same origin as pA56L cloned
into pMLtet (35). The HaeIII fragment containing the BKV
enhancers served as the insert in all constructs (see Fig. 7).
In pBKen(A) the enhancers were inserted into the BamHI
site, placing them 372 bp from their natural position. In
pBKen(E) the enhancers reside 3.7 kilobases from their
natural location. In pBKenTag(E) the enhancers abut the

early boundary of T-antigen-binding site I at the StuI site, 94
bp from their natural position. Plasmid pMLBKcorBKen
+L(Gardner) contains a BKV origin with a single, intact
68-bp repeat and late-side sequences from the Gardner
strain.
Plasmid pBKcorBKen+L(G)CAT was used as the paren-

tal construct for site-directed mutagenesis of the enhancer
and was made from pBKCAT-1 (5) by digesting completely
with Bsu36I and religating the large fragment.

All constructs were propagated in Escherichia coli XL-1
(3) and purified by two rounds of equilibrium centrifugation
on cesium chloride gradients. All constructs were verified by
dideoxy-chain termination sequencing (47) of the BKV in-
serts, using the double-stranded plasmid DNA as a template
(30).

Cells and transfections. COS-1 cells (20) were grown in
Dulbecco modified Eagle medium with 7.5% fetal calf serum
and gentamicin. Cells under passage 10 were seeded 24 h
before transfection at a density of 6 x 105 cells per 100-mm
dish. Cells were cotransfected with 5 ,ug of the test plasmid
and 5 ,ug of an internal standard plasmid (pBR325 or pRSV
P-globin) by calcium phosphate precipitation, followed by a
60-s 15% glycerol shock (21). The inclusion of a nonreplicat-
ing internal standard plasmid was used to correct for differ-
ences in transfection efficiency.
DNA extractions and Southern blotting. At 48 h after

transfection, cells were washed three times and DNA was
extracted by the method of Hirt (23). DNA was extracted
once with phenol and twice with chloroform and ethanol
precipitated. DNA was treated with DNase-free RNase (20
,ug), and half of the sample was digested with DpnI (10 U)
and an appropriate restriction enzyme that linearized the
transfected plasmid; the other half was digested with MboI
(10 U) and PstI. To ensure complete digestion, reactions
were incubated for 16 to 20 h at 37°C. Digests were electro-
phoresed through 0.8% agarose gels and transferred onto
nitrocellulose by the method of Southern (51). The HindIII C
fragment of BKV (Dunlop) was used as the nick-translated
probe on both DpnI and MboI blots. Additionally, the MboI
blots were simultaneously probed with either the EcoRV-
SaIlI fragment of pBR325 or with the HindIII-BgIH B frag-
ment of pRSV P-globin. Blots were hybridized in 50%
formamide-1 x Denhardt solution-4 x SSC (lx SSC is 0.15
M NaCI plus 0.015 M sodium citrate)-0.2% sodium dodecyl
sulfate, washed at 65°C in 0.2% sodium dodecyl sulfate-0.2x
SSC, and visualized by autoradiography at -80°C. Intensi-
ties of replicative bands were quantitated by scanning den-
sitometry and normalized to the intensity of the internal
standard bands.

In vitro replication assay conditions. In vitro replication
assays were performed as described previously (33, 34).
HeLa cells grown in suspension were used to make cell
extracts (5 ,ug of protein per ,ul, determined by Bio-Rad
assay). Reactions (30 ,ul) included 2 ,ug of immunoaffinity-
purified SV40 large T antigen (Molecular Biological Re-
sources Inc.), 0.1 p,g of DNA template, 1 pul of [a-32P]dCTP
(specific activity, 3,000 Ci/mmol), and 80 ,ug of extract. After
incubation at 37°C for 4 h, DNA was isolated. Half of the
sample was codigested for 6 h with 10 U ofDpnI and 10 U of
EcoRI, and the other half was left undigested. Both samples
were run on 1.5% agarose gels and then air dried on NuBond
film (FMC Corp.) at 37°C and autoradiographed at -80°C.
The linear DpnI-resistant bands were excised from the gel
and quantitated by counting in scintillation fluid.
CAT assays. Chloramphenicol acetyltransferase (CAT)

activity was determined as previously described (21). In
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FIG. 1. Diagram of BKV origins from prototype viral strains and single-enhancer derivatives. Shown are the Gardner [pBKori(Gardner)]
and Dunlop [pBKori(Dunlop] origins containing the early (E) transcription start site, T-antigen-binding sites (I, II, and III), an A-T-rich
stretch, three enhancer repeats of 68, 50, and 68 bp, and late (L) transcription start sites. The Gardner strain contains a 42-bp stretch adjacent
to the late side of enhancers that is not present in Dunlop. This stretch includes the 30-bp element c, which augments early transcription.
Single enhancer origins that either include late-side sequences [pBKcorBKen+L(D)] or delete them (pBKcorBKen) were derived from the
Dunlop strain. Also shown is the enhancerless BKV origin plasmid pBKcor.

each reaction an equal amount of protein from the trans-
fected cell extracts was used. Following thin-layer chroma-
tography, acetylated forms of ['4C]chloramphenicol were
quantitated by scintillation counting.

Site-directed mutagenesis. Oligonucleotide site-directed
mutagenesis was performed by the method of Kunkel (31).
Oligonucleotides (18-mers) were obtained from the Wistar
Institute DNA synthesis facility. Mutations were confirmed
by DNA sequencing (47).

RESULTS

Multiple enhancers and late-side sequences are dispensable
in replication. We and others have previously shown that
plasmids containing the complete BKV origin replicate in
transfected cell lines which provide 13KV or SV40 T antigen
and that the BKV early promoter is functional in such
plasmids (5, 36). To define cis elements involved in the
replication of BKV, a series of origin constructs (Fig. 1)
were tested for their ability to replicate in COS-1 cells, an
African Green monkey kidney cell line which has been
transformed by replication-defective SV40 and supplies
endogenous SV40 T antigen (20). Replication was monitored
48 h after transfection by observing the appearance of either
MboI or DpnI endonuclease-generated bands. Input plasmid
DNA is methylated, making it sensitive to DpnI but resistant
to the isoschizomer MboI. Conversely, plasmid DNA that
has undergone replication in mammalian cells is nonmethy-
lated, making it resistant to DpnI and sensitive to MboI. To
quantitatively adjust for differences in transfection efficiency
among samples, the intensity of the replicative bands was
normalized to that of the nonreplicative internal standard.

Replication of plasmids containing the complete origins
from the prototype Gardner and Dunlop strains of BKV is
demonstrated by the DpnI-resistant and MboI-generated

bands in Fig. 2 [pBKori(Gardner) and pBKori(Dunlop)].
Both plasmids contain three T-antigen-binding sites, the
three enhancer repeats of 68, 50, and 68 bp, and a stretch of
sequences on the late side of the last enhancer repeat. They
differ only in that the Gardner strain contains an additional
42-bp stretch that juxtaposes the third enhancer on the late
side (49, 57) (Fig. 1). This stretch, not present in the Dunlop
strain, was previously shown to contain an element denoted
"c," which augments early transcription (11). Plasmid
pBKcorBKen+L(D), which contains a single 68-bp en-
hancer and late-side sequences from the Dunlop strain (Fig.
1), replicated as well as the Dunlop and Gardner plasmids
containing three enhancers (Fig. 2). Since late-side se-
quences can influence transcription (e.g., region element c of
the Gardner strain), it was important to know whether any
late-side sequences could also influence replication. Plasmid
pBKcorBKen, which contains a single 68-bp enhancer but
no late-side sequences (Fig. 1), replicated in COS-1 cells as
well as the Gardner and Dunlop plasmids (Fig. 2). Replica-
tion was not altered when the orientation of this single
enhancer origin was reversed in plasmid pBKcorBKen(R)
(Fig. 2) or when different vectors were used (not shown). It
is noted that when pBKcorBKen and all of its derivatives
were digested with either MboI after transfection or DpnI
before transfection, one or more minor bands corresponding
to partial digestion products were seen. This was observed
reproducibly with different plasmid preparations and ex-
tended times of digestion. Thus, replication of a plasmid
containing a single enhancer and no late-side sequences is as
efficient as one containing three enhancers with late-side
sequences.
The rep element of the BKV enhancer is required for DNA

replication. To examine the involvement of the enhancer
sequences in replication, a series of deletions were produced
on the late side of the single enhancer of pBKcorBKen (Fig.

pBKori(Gardner)

pBKori (Dunlop)

Hind III
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FIG. 2. Replication of plasmids containing multiple- and single-enhancer repeats. BKV plasmids and a nonreplicative internal standard
plasmid (pRSV 3-globin) were transfected into COS cells, and Hirt DNA was extracted after 48 h. Half of the Hirt DNA from each
transfection was codigested with DpnI and BamHI and the other half was digested with MboI and PstI and analyzed by Southern blotting.
Both DpnI and MboI filters were probed with the HindIll C origin fragment of BKV of the Gardner strain; additionally, the MboI filter was
coprobed with the EcoRV-SaIl fragment of pRSV 3-globin. Bands indicative of replication are denoted by a bold arrow, unreplicated input
plasmid bands are indicated by an open arrow, and internal standard DNA is indicated by a thin arrow. To better visualize the internal
standard bands in the MboI blot, the film was overexposed. Lanes with marker DNAs representing the positions of replicative (R) and
nonreplicative (N) bands are shown.

3) and tested in COS-1 cells. Sequential deletion of the
enhancer resulted in a decrease in replication (Fig. 4 and 5).
When compared with the single-enhancer construct pBKcor-
BKen, replication of plasmids p419L, pA22L, and pA38L,
which eliminate 19, 22, and 38 bp from the late side of the
enhancer, was reproducibly reduced by 40 to 50% (Fig. 4 and
5). It is noted that the difference in the sizes of the MboI-
generated bands in Fig. 4 is due to slight size differences in
the plasmids as well as the loss of an MboI site in the

construction of the deletions. Replication of plasmids pA43L
and pA47L, which delete 43 and 47 bp of the enhancer, was
reduced in both cases by 50 to 80% (Fig. 4). Neither pA56L,
which deletes 56 bp of the enhancer, nor the enhancerless
plasmid pA69L (same as pBKcor) exhibited any detectable
replication (Fig. 4 and 5). To more precisely map specific
sequence requirements for replication, plasmid pA26E,
which deletes 26 bp from the early side of the enhancer, was

constructed (Fig. 3). pA26E exhibited no apparent replica-
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FIG. 3. Diagram of origins with deletions and insertions in the BKV enhancer. All constructs were derived from the parental plasmid
pBKcorBKen (top) and contain T-antigen-binding sites I, II, and III, and the A-T-rich stretch. Deletions of the enhancer made from the early
side (AE), from the late side (AL), or internally (Al) are shown. Deletion and insertion sizes are given in base pairs.
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FIG. 4. Replication of BKV origin plasmids with deletions and insertions in the BKV enhancer. Constructs depicted in Fig. 3 were

transfected into COS-1 cells, and Hirt DNA was analyzed as described in the legend to Fig. 2. Marker bands representing the positions of
replicative (R) and nonreplicative (N) bands are shown. Arrows are the same as in Fig. 2.

tion, similar to the enhancerless plasmid pA69L (Fig. 5).
Together these results demonstrate that the first 21 bp of the
enhancer contain an element essential for BKV replication.
We refer to these 21 bp on the early side of the BKV
enhancer as the "rep" element.

Constructs shown in Fig. 3, which deleted large internal
regions [pAN-M(-)] or small regions [pAI-M(-), pMI-B,
pAlI-N(-), and pAI-M(+)] or created large insertions (pAB-
M) or small insertions [pAI-N(+)] in the enhancer, reduced
replication by only 5 to 10% (Fig. 4 and 6). These findings
confirmed the fact that a critical function for replication is
contained within the rep element and that alterations outside
this element have no major effect on replication. Addition-
ally, these results show that stereospecific alignment be-
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tween different sections of the BKV enhancer does not
appear to be crucial for replication.
These results demonstrate that a single, complete BKV

enhancer is required for optimal replication of the BKV
origin in COS-1 cells and that at least the first 21 bp of the
enhancer are required for replication to occur. Although the
remaining 47 bp of the enhancer appear to increase the level
of replication by two- to fivefold in conjunction with rep,

they alone are not sufficient to support replication.
Distal placement of the BKV enhancer fails to restore

replication. It was important to know whether replication
could be restored by the distal insertion of complete BKV
enhancers into the replication-defective plasmid pMLA56L,
which contains the BKV origin with 12 bp of the enhancer
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FIG. 5. Replication of BKV origin plasmids with deletions and insertions in the BKV enhancer. Constructs depicted in Fig. 3 were

transfected into COS-1 cells, and Hirt DNA was analyzed as described in the legend to Fig. 2. Bands indicative of unreplicated input DNA
for pA69L and pA26E on the DpnI blot were seen after overexposure of the film. Marker bands representing the positions of internal standard
(S) and nonreplicative (N) bands are shown. Arrows are the same as in Fig. 2.
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FIG. 6. Replication of BKV origin plasmids with internal alter-
ations producing changes in the stereospecific alignment of the BKV
enhancer. Constructs depicted in Fig. 3 were transfected into COS-1
cells, and Hirt DNA was analyzed by Southern blotting as described
in the legend to Fig. 2. The DpnI blot is shown. Marker bands
representing the positions of replicative (R) and nonreplicative (N)
bands are shown. Arrows are the same as in Fig. 2.

juxtaposed to the A-T-rich stretch (Fig. 7). In pBKen(A) the
enhancer insert is positioned 2,969 bp from its natural
position. In pBKen(E) the enhancer insert is positioned on
the early side of the regulatory region, 198 bp from its natural
location, and in pBKenTag(E) the enhancer insert abuts the
early boundary of T-antigen-binding site I, 94 bp from its

1 2 3 4 5

-0

natural position. The extent of plasmid replication 48 h after
transfection into COS-1 cells was determined by the appear-
ance of MboI bands. The control plasmid pMLBKcor-
BKen+L(Gardner), which contains an intact single-
enhancer origin, produced the expected MboI band (Fig. 7,
lane 1), whereas pMLA56L (Fig. 7, lane 2) did not. Each
plasmid with a distally inserted BKV enhancer failed to
produce an MboI band, indicating that replication was not
restored (Fig. 7, lanes 3 through 5). Of note is the fact that
the distal placement of the SV40 enhancer in pMLA56L also
failed to augment replication (not shown). These results
clearly indicate that the ability of the BKV enhancer to
support replication is position dependent.

Point mutagenesis of factor-binding sites in the BKV en-
hancer reduced transcription but not replication. We wanted
to determine whether the requirement of the BKV enhancer
in replication is linked to its ability to stimulate transcription.
Depicted in Fig. 8 are the landmark elements of the BKV
enhancer, which either are binding sites for cellular proteins
or have been shown to be important in the transcription of
other genes. These include a sequence for an Spl-like site
(14), an NFI site (11, 12, 37, 42), an adenovirus EIA core
(11, 45), and a stretch of DNA which could potentially form
a Z-DNA structure (41). Since enhancers appear to function
through the binding of factors involved in transcription, we
generated point mutations in the known NFI and the puta-
tive Spl factor-binding sites to determine whether these
elements play distinct roles in transcription and replication.
We mutated the Spl-like site (GGGAGGAG to GTGAG
GAG), which is present in the rep element required for
replication. In SV40, replication and transcription are both
stimulated by the G-C-rich 21-bp-repeat elements which bind
Spl (14, 15, 19). Although our deletion analysis showed that
the NF1 site in the enhancer is not absolutely required for

E L E L

E L E L

FIG. 7. Analysis of BKV origin plasmids containing replication-defective enhancers and distally inserted BKV enhancers. Constructs
depicted were analyzed for replication by MboI digestion as described in the legend to Fig. 2. pMLBKcorBKen+ L(Gardner) (lane 1) contains
a BKV origin with a single complete 68-bp repeat and late-side sequences; nonreplicative pMLA56L (lane 2) contains a BKV origin with 12
bp of the enhancer. Insertion ofBKV enhancers into pMLA56L: 372 bp on the late side of the origin generated pBKen(A) (lane 3); 3.7 kb away
generated pBKen(E) (lane 4); abutting T-antigen site I generated pBKenTag(E) (lane 5). Arrows are the same as in Fig. 2. E, Early side; L,
late side.
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represents the rep element. Nonmutated landmark sites include the adenovirus ElA core and Z-DNA elements. Shown are the A-T-rich
stretch and T-antigen-binding sites I, II, and III. The CAT gene was used to monitor transcription from the BKV early promoter.

BKV replication, we chose to mutate this site (TGGAATG
CAGCCAA to TGGAATGCAG[G]CAA) and examine
how these alterations affect both replication and transcrip-
tion in the context of the complete enhancer. NF1, which is
known to bind to the BKV enhancer (12, 37, 42) and is
required for the replication of adenovirus DNA (9, 44), has
also been shown to be the CAAT-binding protein involved in
the transcription of certain genes (26). We also mutated the
NF1 site (TGGGCAGCCAGCCAGT to TGGGCAGCCAG
GCAGT), which is present in the 30-bp region c on the late
side of the enhancer, even though we have shown that these
late-side sequences are dispensable for replication. To assay

both replication and transcription, the BKV early promoter
of the single-enhancer origin was linked to the CAT gene.
Figure 8 depicts this parental origin plasmid, pBKcor
BKen+L(G)CAT, and the specific nucleotide changes which
were made either singly or in combination in the Spl-like and
both NF1 sites. These constructs were transfected into
COS-1 cells, and half of the cells from each transfected plate
were assayed for CAT activity and the other half were

assayed for replication.
Table 1 summarizes the transcriptional activity obtained

with each of the site-specific point mutants. In all cases the
level of CAT activity of the point mutants was reduced
relative to that of the parental plasmid, pBKcorBKen+ L(G).
The single-base change produced in the Spl-like site reduced
transcription by 81%. This finding supports the prediction
that the BKV Spl-like element may bind transcription factor
Spl, especially since in SV40 this base has been shown to be
protected from dimethyl sulfate methylation by the binding
of Spl (19) and since transitions at this position have been
shown to reduce SV40 early transcription (54). Mutation of
the base in the enhancer NF1 site, which is a contact point
for NF1 binding and which is a conserved base in CAAT box
sequences (10, 26), caused CAT activity to be reduced by
50%. This result suggests a potential involvement of NF1 in
the transcription of the BKV early promoter and is in
agreement with the recent findings of others (11). Consistent

with the finding that region c augments early transcription,
mutation of the NF1 site present in this element caused CAT
activity to be reduced by 25%. This finding suggests that the
stimulation of transcription by region c could involve the
binding of an NF1/CAAT-binding protein. As expected,
combinations of mutations in the above sites resulted in
comparable reductions in CAT activity. These results show
that the Spl-like and NF1 sites are involved in transcription
of the BKV early promoter. Furthermore, the nature of
these mutations suggests that these sequences potentially
function in transcription through the binding of the predicted
factors.
The ability of the point mutants to replicate in COS-1 cells

is shown in Fig. 9. Surprisingly, all of the point mutants were
able to replicate as well as the parental plasmid. It is
particularly interesting that the NF1 mutation had no effect
on replication (Fig. 9, lanes 5 through 12) since an identical
mutation in the NFI site of adenovirus prevented DNA
replication (44). From this result and those obtained from the
deletion analysis, we conclude that the NF1 site does not
play a major role in BKV replication. Of key importance is

TABLE 1. Quantitation of replication and transcription of BKV
site-specific mutants"

Replication Transcription
(%) (CAT activity [%o)

None (parental) 100 100
Spl 97 19 12
NF1(T) enhancer 93 54 ± 23
NF1(G) region c 88 25 ± 11
SpI + NF1(G) enhancer 106 17 ± 13
Both NF1 sites 88 32 + 27

" Levels of replication and CAT activity of the mutants are expressed as a
percentage of the parental plasmid. The intensity of replicative bands was
normalized to the internal standard. The range of CAT activity is noted.
Results are based on the determination obtained from three to five experi-
ments.
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FIG. 9. Replication of BKV origin plasmids containing point
mutations in the enhancer. Constructs depicted in Fig. 8 were
transfected into COS-1 cells, and Hirt DNA was analyzed by
Southern blotting as described in the legend to Fig. 2. Locations of
the point mutations made in the enhancer of the BKV origin plasmid
depicted in Fig. 8 are noted above lanes. Constructs were tested in
duplicate. The MboI blot is shown. Positions of replicative and
nonreplicative bands are shown as in Fig. 2. Arrows are the same as

in Fig. 2. WT, Wild type.

the fact that mutations in the Spl and NFI sites which
greatly reduced transcription had no effect on replication
(Fig. 9). To rule out the possibility that the point mutants
were altered in their rates of replication such that at the end
of a 48-h transient assay they could reach the same level of
replication as plasmids with the wild-type origin, we exam-
ined replication at 24, 36, and 48 h posttransfection. The
replication rate of the mutated origins was the same as that
of the wild-type origin, further demonstrating that these
mutations had no effect on replication (data not shown).
These findings suggest that the requirements for the BKV
enhancer in replication are different from those involved in
transcription.

Replication of BKV in vitro does not require any enhancer
sequences. It has been shown that replication of SV40 in vivo
is dependent on the presence of either the 21-bp-repeat
elements or the 72-bp enhancer, but neither of these ele-
ments is required for replication in vitro (33, 34). We
examined whether the BKV enhancer is also dispensable for
in vitro replication. Plasmid pBKori(Dunlop), containing the
complete origin of BKV with three 68-bp enhancers, and
pBKcor, an enhanceless plasmid, were assayed for their
ability to replicate in vitro. In vitro replication of BKV does
not require any enhancer elements since pBKcor and pBK
ori(Dunlop) replicated to virtually the same extent (Fig. 10).
It is noted that replication was dependent on the presence of
large T antigen in the extract (not shown) and that the BKV
origin replicated less efficiently than did the SV40 origin. The
negative control, puc 19, failed to replicate. Thus, as with
SV40, replication of BKV in vitro does not require the
presence of any enhancer elements.

DISCUSSION

The data presented here show that the 68-bp enhancer of
BKV is directly involved in DNA replication in COS-1 cells.
Although an origin containing one copy of the 68-bp repeat is
able to replicate equally well as one that contains three
repeats, the elimination of all enhancer sequences com-
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FIG. 10. In vitro replication of BKV origins. An in vitro replica-
tion system containing a HeLa cell extract, immunoaffinity-purified
SV40 T antigen, and BKV origin constructs was incubated at 37°C
for 4 h. Half of the 32P-labeled products were codigested with EcoRI
and DpnI. Both the digested (D) and undigested (U) samples were
electrophoresed through 1.5% agarose gels, dried, and autoradio-
graphed. Plasmids represented are pBKori(Dunlop), a BKV origin
with three enhancers; pBKori, an enhancerless BKV origin; pSVori,
an SV40 origin-positive control; and puc 19, a negative control.
Replicative bands are indicated by the arrow.

pletely abolishes replication. Replication from BKV origins
occurs when only the first 21 bp of the enhancer are
juxtaposed to the A-T-rich stretch. We refer to these 21 bp of
the BKV enhancer as the rep element. Deletion of 9 bp of the
rep element from the late side reduced replication to unde-
tectable levels, but origins containing only the rep element
could replicate at 20 to 40% of the level of origins with a
complete enhancer. Juxtaposing the remaining 47 bp of the
enhancer to the A-T-rich stretch in the absence of rep would
not support replication. The distal placement of a complete
enhancer to an origin with a partially deleted rep element
could not restore replication, demonstrating a positional
requirement of the rep element. Additionally, internal dele-
tions or insertions in sequences outside the rep element that
changed the helical register in the enhancer had little or no
effect on the level of replication, further demonstrating that
they are nonessential for replication. It has been similarly
shown that stereospecific alignment within the BKV en-
hancer is not critical for transcription of the early promoter
(12). Further analysis is needed to delineate the boundaries
of the rep element and critical nucleotides within this ele-
ment which are essential for replication. Additionally, al-
though the known variants of BKV differ with respect to
their enhancer sequence arrangements (18, 49, 57), the
element that we defined as rep is conserved in all sequenced
variants.

In contrast to the results obtained in vivo, enhancerless
BKV origins were able to replicate in vitro. Using immu-
noaffinity-purified SV40 T antigen and a HeLa cell extract
capable of supporting replication in vitro, we found that the
enhancerless origin could replicate to the same level as an
origin containing three enhancer repeats. Thus, whatever
function the BKV enhancer serves in stimulating replication
in COS-1 cells is not required for replication in vitro.

It is important to compare these results on BKV replica-
tion with those obtained with SV40 and Py. Replication of Py
is dependent on the presence of its enhancer element up-
stream of the site of initiation of replication. The Py en-
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hancer contains genetically defined subdomains a and 3,
either of which must be juxtaposed next to the origin for
replication to occur. These elements function in a position-
dependent, but orientation-independent, manner (40). Addi-
tionally, heterologous enhancer elements such as the 72-bp
repeats of SV40 can substitute for the Py enhancer in
replication of Py (4). Analogous to the dependence of Py
replication on the positions of the a and a elements, repli-
cation of BKV in COS-1 cells absolutely requires the pres-
ence of the rep element juxtaposed to the A-T-rich stretch; it
remains to be determined whether the rep element exhibits a
similar orientation independence. Replication of SV40 re-
quires the presence of either the G-C-rich 21-bp repeats or
the 72-bp enhancers. Deletion of both of these elements
prevents replication in vivo; however, replication in vitro
can occur in their absence (34). Similarly, as noted above,
replication of BKV origins in vitro does not require any
enhancer sequences. In SV40, juxtaposing either the 21-bp
repeats or the 72-bp enhancer elements to the A-T-rich
stretch supports replication equally well. In contrast, repli-
cation of BKV in vivo absolutely requires the presence of
the rep element juxtaposed to the A-T-rich stretch. Juxta-
posing the remaining 47 bp of the BKV enhancer to the
A-T-rich stretch does not restore replication. This demon-
strates a specific requirement for these particular 21 bp of the
BKV enhancer, which is in sharp contrast to the replication
requirements of SV40.
Through site-directed mutagenesis of the Spl-like and

NF1 sites of the 68-bp repeat, as well as the NF1 site in
region c, we were able to reduce the level of transcription
without affecting replication. Mutation of the Spl-like and
both NF1 sites reduced the level of transcription by two- to
fivefold, but had no effect on replication. Biochemical and
genetic data suggest that both the enhancer and region c bind
NF1 since purified NF1 will footprint in these regions (37).
Our mutation in the NF1 site in region c, previously shown
to reduce NFI binding to the adenoviral origin of replication
by 10-fold (44), reduced transcription from the BKV early
promoter by 4-fold. It is interesting that the mutation in the
NF1 site in region c appeared to exert a greater effect on
transcription that did the mutation which affected the NF1
site in the enhancer, even though the mutation in this latter
site was estimated to reduce NF1 binding to a synthetic NF1
site by 250- to 400-fold (48). Our results on the replication of
the point mutants indicate that the binding of NFI to the
BKV enhancer is not involved in replication. Indeed, the
genetic analysis clearly shows that replication can occur
despite deletion or mutation of both the NFI site in the 68-bp
enhancer and the NF1 site of region c. Additionally, plas-
mids with the 21-bp rep element deleted which have the
remaining 47 bp of the enhancer containing the NF1 site
juxtaposed to the A-T-rich stretch did not replicate. Simi-
larly, we believe that factor binding to the Spl-like site in the
rep element is not critical for replication. In fact, it is
important to note that there are somewhat conflicting find-
ings as to whether a factor(s) actually does bind to the
Spl-like site (12, 37). Markowitz and Dynan (37) showed that
neither HeLa cell proteins from heparin-agarose column
fractions nor affinity-purified Spl from HeLa cells binds to
the Spl-like site in the BKV enhancer. However, Deyerle
and Subramani (12) found weak protection of this site, using
heparin-agarose-purified HeLa cell protein fractions. It is
possible that a factor other than Spl binds here or that the
binding of Spl requires interaction with other factors. In
agreement with our study, linker-scanning mutation analysis
by Deyerle and Subramani (12) showed that mutations in the

Spl-like site caused a fivefold decrease in transcription.
Thus, although the element that we defined as rep does
contain an Spl-like site, our site-directed mutagenesis sug-
gests that the binding of Spl to the enhancer is not involved
in BKV replication in COS-1 cells. Finally, purified AP-1 has
recently been shown to bind to the BKV enhancers at the
junctions of the 68-bp repeats (37). Since an origin with a
single 68-bp repeat which contains only half of the AP-1 site
is able to replicate as efficiently as an origin with three 68-bp
repeats, we postulate that the binding of AP-1 to the BKV
enhancer is not required for replication.

In the natural situation, BKV uses its own T antigen to
replicate its DNA in a human host. It should be noted that
these studies were done using a simian cell line that produces
SV40 T antigen. Although the first BKV isolate was propa-
gated in monkey (Vero) cells (18), cis elements required for
replication of BKV could differ, depending on the species
from which the cell line was derived or the available T
antigen.
We favor the hypothesis that the mechanism by which the

BKV enhancer stimulates transcription is different from the
mechanism by which it augments replication. Our analysis
shows that elements of the BKV enhancer defined as impor-
tant for transcription were not essential for replication.
These results are critical not only in understanding how
elements classically defined as transcriptional enhancers can
augment replication, but also in distinguishing between
elements of the BKV enhancer involved in replication or
transcription. The rep element that we defined as critical for
the replication from BKV origins could function either by
binding a cellular factor involved in DNA replication or by
assuming a certain DNA conformation required for replica-
tion. Since rep appears to be dispensable for replication in
vitro, it may be involved in determining chromatin structure.
For example, rep could prevent histones from binding to the
origin and allow the replication machinery better access to
the origin. Since chromatin structure does not appear to be
important in vitro, rep would not be needed. Alternately, rep
could bind a specific factor required for the initiation ofDNA
replication (56). Replication in vivo would require the bind-
ing of a cellular factor to rep for the efficient formation of an
initiation complex; however, in vitro proteins such as T
antigen and polymerase ao-primase could form an initiation
complex on naked DNA without the aid of a putative
rep-binding protein.
The greatest divergence among the papovaviruses BKV,

SV40, and JC virus occurs in their enhancer regions (16).
This may in part explain their host specificities and tissue
tropisms. Since these viruses have evolved complex control
regions with the origin of replication overlapping the early
and late promoters, it is often difficult to examine one
function of this region without perturbing another. We have
genetically defined elements of the BKV enhancer involved
in DNA replication and suggest that the role of the enhancer
in replication can be uncoupled from its role in transcription.
Further analysis of the cis elements and trans-acting factors
involved in the regulation of this region may not only provide
a model for the mechanism of enhancer action in both
replication and transcription, but also help in understanding
how BKV regulates its life cycle.
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