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The human papovavirus BK has a noncoding regulatory region located between the divergently transcribed
early and late coding regions. Many strains of BK virus (BKV) have direct DNA sequence repeats in the
regulatory region, although the number and extent of these repeats varies widely between independent isolates.
Until recently, little was known about the individual functional elements within the BKYV regulatory region, and
the biological significance of the variable repeat structure has been unclear. To characterize the interaction
between sequences in the BKV regulatory region and host cell transcription factors, we have carried out DNase
I footprinting and competitive binding experiments on three strains of BKV, including one strain that does not
contain direct sequence repeats. We have used relatively crude fractions from HeLa cell nuclear extracts, as
well as DNA affinity-purified preparations of proteins. Our results demonstrate that BK(Dunlop), BK(WW),
and BK(MM) each contain multiple binding sites for a factor, NF-BK, that is a member of the nuclear factor
1 family of transcription factors. We predict the presence of three to eight binding sites for NF-BK in the other
strains of BKV for which a DNA sequence is available. This suggests that the binding of this protein is likely
to be required for biological activity of the virus. In addition to NF-BK sites, BK(WW) and BK(MM) each
contain a single binding site for transcription factor Spl, and BK(Dunlop) contains two binding sites for
transcription factor AP-1. The AP-1 sites in BK(Dunlop) span the junction of adjacent direct repeats,
suggesting that repeat formation may be an important mechanism for de novo formation of binding sites not

present in a parental strain.

BK virus (BKV) is a human papovavirus first isolated in
1971 from the urine of a renal allograft patient (19). A
number of different strains of BKV have subsequently been
isolated, in most cases from the urine of renal allograft
recipients or patients suffering from Wiskott-Aldrich syn-
drome, an X-linked recessive disorder characterized by
defects in cellular and humoral immunity (4). Comparative
DNA sequence analysis shows that the BKV isolates have
extensive homologies in their protein-coding region, both to
each other and to simian virus 40 (SV40) (25, 27, 56, 71).
However, these studies also indicate that the noncoding
regulatory regions of BKV and SV40 are quite different in
sequence.

In both BKV and SV40, this noncoding regulatory region
is located between the early and late transcription units, near
the origin of viral DNA replication. In SV40, this region is
about 350 base pairs (bp) in size and contains most or all of
the cis-acting elements required for initiation of viral RNA
synthesis. There are several repeated sequence motifs, in-
cluding the 21-bp repeats and the 72-bp repeats. The latter
have been shown to possess enhancer function, that is, they
increase the level of transcription from the early promoter
regardless of orientation and position (3, 18, 34, 44).

In BKYV, the noncoding regulatory region varies in size
between isolates. Repeated sequences are present in this
region of most viral strains. For example, the widely used
BK(Dunlop) strain contains a triplication of a 68-bp block
with an 18-bp deletion within the middle repeat (56). Using
the chloramphenicol acetyltransferase assay, Rosenthal et
al. (54) demonstrated that these BK(Dunlop) repeats possess
transcriptional enhancer function. Studies using deletion
mutants constructed in vitro demonstrate that one copy of
the BK(Dunlop) 68-bp block is not sufficient for early
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transcription, but that activity is restored when certain
sequences within the 68-bp block are repeated (64). A recent
comprehensive deletion analysis of BK(prototype), which is
similar to BK(Dunlop), showed a progressive stepwise de-
cline in early gene expression, as sequences within the 68-bp
blocks were deleted (11).

The repeat structure varies widely between BKV strains
and in some cases is quite complex. Recently, however, a
new strain, BK(WW), was obtained by isolation and molec-
ular cloning of viral DNA directly from patient urine (55).
This differs from the procedures used to isolate most other
BKYV strains, which generally involved passage of the virus
in cell culture prior to cloning. BK(WW) is distinguished
from most other BKV strains by the absence of repeated
DNA sequences. The workers who isolated this strain have
pointed out that the regulatory regions of many other BKV
strains can be derived from BK(WW) by postulating a small
number of duplication and deletion events. Such events
might have occurred either in nature or during passage of the
virus in culture. Specific examples of how this might have
occurred with BK(prototype), BK(Dunlop), and BK(MM)
will be presented in the Results section.

The transcriptional enhancer activity associated with the
BKYV regulatory region is almost certainly dependent on the
binding of specific host cell transcription factors, as has been
shown with other papovaviruses. A prior report described
two recognition sites in the regulatory region of BK(Dunlop)
for the TGGCA-binding protein, now thought to be function-
ally the same as nuclear factor 1 (NF1) (39, 46). Little is
known about other proteins that may bind to this region,
however, and comparative studies of different strains have
not been carried out. There has been considerable specula-
tion in the literature about the DNA sequences similar to the
adenovirus Ela and SV40 enhancer core motifs which are
present in BKV (23, 67), but it is not known if these actually
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correspond to protein-binding sites or constitute functional
units of the enhancer.

We have screened protein fractions derived from HeLa
cell nuclear extracts for the presence of proteins that recog-
nize specific DNA sequences in BKV. This approach has
been used in SV40 to identify many different proteins that
bind the enhancer region (68). Initially, we carried out
DNase I footprinting experiments with relatively crude
heparin-agarose step-gradient fractions. Subsequently, the
identity of specific proteins was confirmed by footprinting
with DNA affinity-purified protein preparations and by com-
petitive binding experiments.

A surprisingly simple picture emerged from these studies.
The enhancer region of each of the three strains BK(Dun-
lop), BK(WW), and BK(MM) contained three to six binding
sites for a protein we refer to as NF-BK, which is a member
of the NF1 family of transcription factors. This was the only
protein we detected that recognized sites in all three strains,
suggesting that it is essential for biological activity of the
enhancer region. An additional recognition site for the
transcription factor Spl was detected in two strains, and two
sites for the transcription factor AP-1 were detected in a
third strain.

MATERIALS AND METHODS

Preparation of radiolabeled DNA probes. (i) BK(Dunlop)
strain. The 216-bp Haelll DNA fragment containing the
BK(Dunlop) regulatory region was inserted via BamHI
linkers into the BamHI site of pUC19 to create the plasmid
pDun/Bam. To prepare the probe for DNase I footprinting,
the EcoRI-HindIIl fragment of pDun/Bam containing the
BK(Dunlop) sequences was excised, treated with calf intes-
tinal phosphatase (Boehringer Mannheim Biochemicals),
and purified by preparative gel electrophoresis. This frag-
ment was then radiolabeled with T4 polynucleotide kinase
and [y-3?PJATP (crude grade, 7,000 Ci/mmol; ICN Pharma-
ceuticals Inc.). To prepare a late-strand probe that was
singly end labeled at the HindIII site, the DNA was digested
with Kpnl to remove a small fragment of labeled DNA from
the opposite end. Similarly, to prepare an early-strand probe
labeled at the EcoRlI site, the DNA was digested with PstI.
After the final restriction endonuclease digestion, the DNA
was extracted with PCIA (phenol-chloroform-isoamyl alco-
hol, 25:24:1 [vol/vol]), extracted with CIA (chloroform-
isoamyl alcohol, 24:1 [vol/vol]), and precipitated from etha-
nol.

(ii) BK(WW) strain. The plasmid pHS Bam (55) contained
a 426-bp Hhal-Sstl fragment encompassing the BK(WW)
regulatory region. This fragment, which as the result of the
cloning procedure was flanked by BamHI sites, was excised
with BamHI and inserted into pUC19 at the BamHI site to
create pWW/Bam-9 and pWW/Bam-1. These plasmids con-
tain the WW regulatory sequences in the orientations anal-
ogous to pDun/Bam and pMM/Bam, respectively. Early-
strand probes were generated from the EcoRI-end-labeled,
Pstl-digested fragment from pWW/Bam-9 or the HindlIII-
end-labeled, Kpnl-digested fragment from pWW/Bam-1.

(iii) BK(MM) strain. The 291-bp Haelll fragment contain-
ing the BK(MM) regulatory region was inserted via BamHI
linkers into the BamHI site of pUC19 to create the plasmid
pMM/Bam. Radiolabeled DNA probes were prepared as
described above. The BK(MM) fragment was inserted in an
orientation opposite to that of the BK(Dunlop) fragment.
Therefore, a late-strand probe that was singly end labeled at
the EcoRI site was prepared by Pstl digestion, and an
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early-strand probe that was singly end labeled at the HindIII
site was prepared by Kpnl digestion.

DNase I footprinting. DNase I footprinting was performed
essentially as described (16, 48), except that all binding
reactions contained 40 pg of poly(dI-dC) alternating co-
polymer (Pharmacia, Inc.) per ml and 40 pg of pentadeoxy-
nucleotide mixture [pd(N)5] oligonucleotide mixture (Phar-
macia) per ml. Binding reactions were carried out on ice.
Samples were then warmed to 20°C and treated with DNase
I. Reactions were terminated as described, extracted with
PCIA and CIA, precipitated with ethanol, and electropho-
resed on 8% denaturing polyacrylamide gels (41). Sequence
markers were prepared by the method of Maxam and Gilbert
(41). In competitive binding experiments, the competitor
DNA was mixed with the radiolabeled probe DNA, poly(dI-
dC) copolymer, and pd(N)S5 oligonucleotide prior to the
addition of protein.

Preparation of DNA-binding proteins. Nuclei were pre-
pared as described previously (16) using HeLa cells from 12
to 24 liters of suspension culture (approximately 5 x 10° to 1
x 100 cells total). The nuclei were suspended in 2 packed-
cell volumes of extraction buffer, and after centrifugation,
the resulting supernatant was applied directly to a column of
heparin-agarose prepared as described previously (10) (1-ml
bed volume per liter of original culture). The column was
eluted with a 0.15 to 0.4 M KClI step gradient, and protein-
containing fractions were pooled. Protein concentrations
were determined by the method of Bradford (5).

DNA affinity columns were prepared as described by
Kadonaga and Tjian (33). Two complementary oligonucleo-
tides containing the desired consensus sequences were syn-
thesized by the B-cyanoethyl phosphoramidite method with
an Applied Biosystems model 380B DNA synthesizer and
were purified by preparative electrophoresis on a 20% poly-
acrylamide gel containing 8 M urea. The two oligonucleo-
tides were dissolved in a solution of 50 mM Tris chloride [pH
7.6], 10 mM MgCl,, 5 mM dithiothreitol, 0.1 mM spermidine,
and 0.1 mM EDTA and were annealed and radiolabeled as
described previously (33). The ligation reaction was carried
out by incubating 440 pg of annealed oligonucleotide in a
1-ml reaction containing 66 mM Tris chloride (pH 7.5), 5 mM
MgCl,, 5 mM dithiothreitol, and 4 mM ATP for 24 h at 25°C.
The extent of ligation was analyzed by polyacrylamide gel
electrophoresis. Following purification by extraction with
PCIA and CIA, and precipitation from ethanol, the oligonu-
cleotide ligation products were dissolved in water and cou-
pled to cyanogen bromide-activated Sepharose CL2B300
(Sigma Chemical Co.) as described. For NF-BK purification,
the complementary oligonucleotides GATCTGGAATGCA
GCCAA and GATCTTGGCTGCATTCCA were used. For
AP-1 purification, the complementary oligonucleotides GA
TCATGGTTGCTGACTAATTGAGA and GATCTCTCAA
TTAGTCAGCAACCAT were used. For Spl purification,
the complementary oligonucleotides GATCGGGGCGGG
GC and GATCGCCCCGCCCC were used.

Heparin-agarose 0.15 to 0.4 M KCl-step gradient fractions
were mixed with 200 g of poly(dI-dC), diluted to a conduc-
tivity equivalent to column buffer containing 0.15 M KCI,
and subjected to chromatography on the DNA affinity col-
umns. The DNA affinity column (1-ml bed volume per 8
liters of original culture) was equilibrated with buffer Z (25
mM HEPES(K*) (N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid) [pH 7.8], 12.5 mM MgCl,, 1 mM dithio-
threitol, 20% [vol/vol] glycerol, 0.1% [vol/vol] Nonidet P-40)
containing 0.15 M KCIl. The extract was cycled over the
column four times by gravity at a flow rate of approximately
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FIG. 1. Sequence relationship of BK(WW), BK(Dunlop), and BK(MM). Stippled boxes represent the regulatory region of BK(WW),
which has been divided arbitrarily into three sequence blocks, P, Q, and R (see Key). Single lines represent early-region DNA to the left and
late-region DNA to the right of the regulatory region. Binding sites in BK(WW) for NF-BK (N1, N4, N5, and N6), Spl (S1), and an unknown
factor (L1) are indicated. The AUG codon for the agnoprotein, the presumptive initiation site for early RNA, and the replication origin region
are marked. Restriction sites used in subcloning procedures are indicated (see Materials and Methods). BK(Dunlop) could have arisen from
BK(WW) by a deletion of both the Q and R blocks and 4 bp of flanking DNA, triplication of the P block, and subsequent deletion of 18 bp
within the second of the three repeated P blocks. Binding sites in BK(Dunlop) for NF-BK (N1, N2, and N3) and AP-1 (Al and A2) and the
18-bp deletion within the middle P block in BK(Dunlop) (A) are indicated. BK(MM) could have arisen from BK(WW) by a series of
duplication and deletion events as described in the text. Binding sites in BK(MM) for NF-BK (N1, N4, N7, N8, N9, and N10) and Spl (S1)
are indicated. The small open boxes within the BK(MM) sequence indicate the insertions of unique DNA.

5 column volumes per h. Fractions were eluted with 5 ml of
buffer Z containing 0.15 M KCl at a flow rate of 2 column
volumes per h, followed by a 30-ml gradient of 0.15to 1.75 M
KCl at a flow rate of 3 column volumes per h. Fractions were
collected and assayed for binding activity by DNase I
footprinting. Typically, heparin-agarose fractions were first
passed over the AP-1 DNA affinity column. The AP-1-
depleted flowthrough from this column was passed over the
Spl affinity column, and the AP-1- and Spl-depleted flow-
through from this column was passed over the NF-BK
column. Specific DNA binding activity was detected in
fractions eluting from the respective affinity columns at
approximately 0.25 to 0.4 M KCl. NF-BK and AP-1 prepa-
rations were purified approximately 100-fold, and Spl prep-
arations were purified approximately 30-fold.

RESULTS

Sequence relationship of BK(WW), BK(Dunlop), BK(pro-
totype), and BK(MM). As discussed previously, a compari-
son of the BK(WW) regulatory region with those of BK(pro-
totype), BK(Dunlop), BK(MM), and other BKV isolates
suggests that the latter strains could have been derived from
BK(WW) by a small number of sequence duplications and
deletions (55, 56, 71). To illustrate how this might have
occurred and to facilitate subsequent discussion of the
binding sites for cellular factors, we have arbitrarily divided
the WW sequence into three blocks, labeled P, Q, and R in
Fig. 1. These blocks contain 68, 39, and 63 bp of DNA,
respectively. BK(Dunlop) could have arisen from BK(WW)
by deletion of the Q and R blocks and 4 bp of flanking DNA,
triplication of the P block, and subsequent deletion of 18 bp
within the second of the three repeated P blocks. BK(pro-
totype) (not shown) could have arisen in a similar way but
the deletion contains only the R block; the Q block remains.
BK(WW) reportedly will not grow in cultured cells (55);
BK(prototype) grows but is unstable (56); BK(Dunlop)
grows relatively well. This suggests that duplication of the P

block favors viral growth in culture and that the Q and R
block sequences are nonessential.

The generation of BK(MM) from BK(WW) is more com-
plicated but can be readily visualized. The first step could
have involved the deletion of the rightmost 55 bp of the R
block, together with 12 bp of the adjacent unique sequence.
A unit encompassing 53 bp of the P block and 34 bp of the Q
block may then have been duplicated, with 4 bp of unique
sequence inserted between the repeats. Another duplication
encompassing 36 bp of the P block and 25 bp of the Q block
may then have occurred, with 2 bp inserted between the
duplicated segments, to give the final structure as shown.

Binding of cellular proteins to the regulatory region of
BK(Dunlop) DNA. To develop a better understanding of the
function of the different sequence blocks, we constructed a
map of the binding sites for various host cell proteins that
bind to this region using the technique of DNase I footprint-
ing. Because BK(Dunlop) is the best-characterized of the
BKYV laboratory strains, we began our studies using this
DNA. DNase I footprinting probes were prepared for both
strands of DNA as described in Materials and Methods.
Heparin-agarose fractions of HeLa cell nuclear extracts
were used as a source of DNA-binding proteins. Previous
studies have shown that fractions prepared as described (see
Materials and Methods) are enriched for a broad spectrum of
DNA-binding proteins and transcription factors (16, 48).

We identified five sites within the BK(Dunlop) regulatory
DNA that were protected by heparin-agarose fractions of
HeLa cell nuclear extract (Fig. 2A, lanes 2 through 4; Fig.
2B, lanes 3 through 5). Three of these sites, N1, N2, and N3,
are located within the triplicated P blocks. N1 and N3 are
identical in sequence and show complete protection. N2
differs slightly in sequence from N1 and N3 because of the
previously mentioned deletion internal to the middle P block
and shows only partial protection. N1 and N3 coincide with
sites identified by Nowock et al. (46) as binding regions for a
partially purified TGGCA-binding protein. It has been sug-
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FIG. 2. DNase I footprint of the regulatory region of BK(Dun-
lop). DNA probes were singly end labeled and incubated with
heparin-agarose fractions of HeLa cell nuclear extracts (H-A) or
with DNA affinity-purified protein preparations (AP-1 and NF-BK)
as indicated. DNase I cleavage was performed and products were
analyzed on sequencing gels as described in Materials and Methods.
Protected regions are indicated by brackets and numbered as
described in the text. (A) The DNA probe was 5’ end labeled on the
early strand. Lanes 1, S, and 10, No protein extract added; lanes 2,
3, and 4, heparin-agarose fractions, 20, 30, and 30 pg of protein,
respectively; lanes 6 and 7, DNA affinity-purified AP-1 fractions, 0.2
and 0.3 pg of protein, respectively; lanes 8 and 9, DNA affinity-
purified NF-BK fractions, 0.3 and 0.4 pg of protein, respectively;
lane 11, marker (M), Hpall digestion products of pBR322 DNA
(largest fragment shown is 217 bp). (B) The DNA probe was 5’ end
labeled on the late strand. Lane 1, Products of the G-specific
sequencing reaction using the technique of Maxam and Gilbert (41);
lanes 2, 3, 7, and 12, no protein extract added; lanes 4, 5, and 6,
heparin-agarose fractions, 20, 30, and 30 p.g of protein, respectively;
lanes 8 and 9, DNA affinity-purified AP-1 fractions, 0.2 and 0.3 pg of
protein, respectively; lanes 10 and 11, DNA affinity-purified NF-BK
fractions, 0.3 and 0.4 pg of protein, respectively; lane 13, marker
(M), Hpall digestion products of pBR322 DNA (largest fragment
shown is 217 bp).

gested that this protein may be the same as NF1, a protein
isolated from HeLa cell nuclei which is required for adeno-
virus replication (39, 45). All three sites, N1, N2, and N3,
contain sequences similar or identical to the NF1 consensus,
TGG(Ng_;) T/G CCAA (13), and because of this similarity, it
is likely that they are protected by the same protein.

The two other protected sites, A1 and A2, span the
junctions between the tandemly repeated P blocks in the
BK(Dunlop) regulatory region. These junctions contain the
sequence TGACTCA, corresponding to the consensus rec-
ognition sequence for AP-1, a transcription factor that binds
to the control regions of SV40 DNA and the human metal-
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lothionein IIA gene (37, 38). This suggests that AP-1 may be
responsible for the protection seen at sites Al and A2.

To better determine the identity of the proteins responsi-
ble for the protection of the five sites in BK(Dunlop) DNA,
we isolated these proteins using sequence-specific DNA
affinity column chromatography. Columns were prepared
essentially as described by Kadonaga and Tjian (33). The
oligonucleotide used to isolate the protein that binds sites
N1, N2, and N3 contained the sequence TGGAATGCAGC
CAA, which occurs in sites N1 and N3 in the BKV P block.
As described above, this contains a partial match to the NF1
consensus recognition sequence (underlined). Recent re-
ports from several laboratories suggest that NF1, TGGCA-
binding protein, and other proteins are part of a family of
related factors (13, 29, 39, 42, 46). In view of the present
confusion of nomenclature, we will provisionally refer to the
protein isolated from our column as NF-BK, until it is
demonstrated whether or not it is identical to other specific
members of this family. The oligonucleotide used to isolate
AP-1 contained the sequence ATGGTTGCITGACTAATT
GAGA from the SV40 AP-1-binding region. The AP-1 rec-
ognition sequence (underlined) in this oligonucleotide
matches sequences in BK(Dunlop) at six of seven positions,
but the flanking sequences are different from the flanking
sequences in BK(Dunlop). Heparin-agarose fractions of a
HeLa cell nuclear extract were passed over the NF-BK and
AP-1 affinity columns, and purified factors were eluted with
KCl gradients as described in Materials and Methods. The
DNA-affinity purified preparations are purified 100-fold or
more relative to the heparin-agarose fractions, as judged by
the amount of protein required to give a footprint (see figure
legends).

These purified protein preparations were used in DNase I
footprinting experiments, using both strands of BK(Dunlop)
as probes. Results are shown in Fig. 2. The affinity-purified
AP-1 fractions showed complete protection of sites Al and
A2 of BK(Dunlop). In other experiments (results not
shown), these same fractions gave full protection of the
known AP-1 sites in SV40. These results confirm that AP-1
recognizes the Al and A2 sites spanning the junction be-
tween adjacent P blocks of BK(Dunlop). The affinity-purified
NF-BK fractions showed complete protection of sites N1,
N2, and N3 of BK(Dunlop), confirming that all three sites
are recognized by the same or closely related proteins. It is
evident from the results with purified proteins that sites Al
and N2 overlap. Steric hindrance between proteins bound at
these sites may account for the relatively weak protection at
site N2 in some experiments using heparin-agarose fractions
(for example, Fig. 2A, lanes 2 through 4).

Binding of cellular proteins to the regulatory region of
BK(WW) DNA. We next examined the binding of cellular
protein fractions to BK(WW) DNA. DNase I footprinting
probes were prepared for the early strand of cloned viral
DNA as described in Materials and Methods. Heparin-
agarose fractions of HeLa cell nuclear extracts and DNA
affinity column preparations of AP-1 and NF-BK were
prepared as previously described. In addition, fractions
containing transcription factor Spl were prepared by DNA
affinity chromatography, by using an oligonucleotide con-
taining the Spl consensus recognition sequence GGGG
CGGGGC.

The results of these experiments are shown in Fig. 3. A
number of protected regions were seen using the heparin-
agarose fractions (lanes 5 and 6). At the top of the gel, site
N1 corresponds to the same P block footprint seen with
BK(Dunlop). Sites Al, N2, A2, and N3 are not present in
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FIG. 3. DNase I footprint of the regulatory region of BK(WW).
The DNA probe was 5’ end labeled on the early strand. For
experimental details, see the legend to Fig. 2 and Materials and
Methods. Protected regions are indicated by brackets and numbered
as described in the text. Asterisks indicate a possible Spl recogni-
tion sequence where no binding was detected. Lane 1, Products of
the Maxam-Gilbert G-specific sequencing reaction; lane 2, products
of the Maxam-Gilbert G- and A-specific sequencing reaction; lanes
3,4, and 9, no protein extract added; lanes 5 and 6, heparin-agarose
fractions, 30 pg of protein; lanes 7 and 8, DNA affinity-purified AP-1
fractions, 0.2 pg of protein; lanes 10 and 11, DNA affinity-purified
NF-BK fractions, 0.3 and 0.4 pg of protein, respectively; lanes 12
and 13, DNA affinity-purified Spl fractions, 1.2 and 2.0 pg of
protein, respectively; lane 14, marker (M), Hpall digestion products
of pBR322 DNA (largest fragment shown is 242 bp).

BK(WW); these sites arose in BK(Dunlop) as the result of
the P block triplication. The next three protected sites that
are seen in BK(WW) have therefore been labeled N4, NS,
and N6. N4 spans the junction between the P and Q blocks,
NS5 is within the R block, and N6 spans the righthand
junction of the R block. All three sites contain significant
matches to the P block NF-BK recognition site (Table 1),
suggesting that all are recognized by the same protein. The
final protected site in BK(WW) DNA, labeled L1, is located
to the right of the R block, immediately upstream from the
start codon for the BKV agnoprotein. This site has some

J. VIrOL.

TABLE 1. Recognition sequences for NF-BK in BK(Dunlop),
BK(WW), and BK(MM)“*

Site Sequence
Nl o ...TGGAATGCAGCCAAA
N2 i ...GGGAATGCAGCCAAA
N4 ..o ...TGGGCAGC C/A GCCAGT
NS i ...TGGAAACTGGCCAAA
N6 oo ...TGGCTGCTTTCCACT
NI s ... TGAAACCATGCCAAA
Lliiiiiiiiiiiniiiiiieenns TGGCCTTGTCCCCAG
Consensus ...........eeuvenennenns TGGAA T/A G/C C/T AIT GCCAAA

2 The following NF-BK recognition sites have been omitted because their
sequence is identical to sites already listed: N3, N7, N8 and N10.

similarity to the NF-BK recognition site in the P block but is
more divergent than the sequences in sites N2, N4, N5, and
N6 (Table 1).

Affinity-purified NF-BK fractions gave full protection of
sites N1, N4, N5, and N6 of BK(WW), confirming that these
sites are recognized by the same or closely related proteins.
By contrast, site L1 showed only limited protection with
purified NF-BK fractions, suggesting that NF-BK has some
affinity for these sequences but may not account for the full
protection seen with heparin-agarose fractions.

We noticed that the BK(WW) regulatory region contained
a sequence GGGGCGGGQGT that is a good match to the
consensus recognition sequence for the transcription factor
Spl. This sequence is located at the junction between the Q
and R blocks. Although this region was not significantly
protected by heparin-agarose fractions, we did observe
complete protection with affinity-purified Spl, and have
labeled the site S1 (Fig. 3, lanes 12 and 13). Because there is
both a match to the consensus and observed protection with
purified protein, we believe this is a bona fide Spl recogni-
tion site. The relative lack of protection with heparin-
agarose fractions may reflect a low concentration of Spl in
this particular preparation. This was the only site observed
for Spl; we did not detect protection of a putative Spl site
(AGGGAGGGAGOC) in the P block (Fig. 3, asterisks) using
either heparin-agarose or DNA affinity-purified fractions.

We also tested BK(WW) DNA with affinity-purified AP-1.
As expected, no protection of BK(WW) DNA was observed
with AP-1 fractions (Fig. 3, lanes 7 and 8). The AP-1 sites
that were seen with BK(Dunlop) DNA spanned the junction
between the triplicated P blocks, and this triplication is not
present in BK(WW).

Binding of cellular proteins to the regulatory region of
BK(MM) DNA. DNase I footprinting experiments with
BK(MM) DNA are shown in Fig. 4. As in the previous
experiments, we used heparin-agarose fractions of HeLa cell
nuclear extracts, as well as NF-BK, AP-1, and Sp1 fractions
purified by DNA affinity column chromatography.

Six regions were protected by heparin-agarose fractions
(Fig. 4A, lane S; Fig. 4B, lanes 5 and 6). Site N1 (Fig. 4B
only; not shown in Fig. 4A) is the same P block footprint
seen in the other strains. Site N4 is at the junction of the P
and Q blocks and corresponds to the N4 site in BK(WW)
DNA. Sites N7, N8, and N10 arise as the results of dupli-
cations of portions of the P and Q blocks. N9, however, is
unique to BK(MM) and arises as the result of a novel Q-P
junction containing a 2-bp insert. This unusual creation of a
protein-binding site across a repeat junction is analogous to
the situation in BK(Dunlop), where novel AP-1 sites were
created at the P-P junctions.
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FIG. 4. DNase 1 footprint of the regulatory region of BK(MM).
For experimental details, see the legend to Fig. 2 and Materials and
Methods. (A) The DNA probe was 5’ end labeled on the early
strand. Lane 1, Products of the Maxam-Gilbert G-specific sequenc-
ing reaction; lane 2, products of the Maxam-Gilbert G- and A-
specific sequencing reaction; lanes 3, 4, 6, and 11, no protein extract
added; lane 5, heparin-agarose fractions, 20 pg of protein; lanes 7
and 8, DNA affinity-purified NF-BK fractions, 0.3 and 0.4 pg of
protein, respectively; lanes 9 and 10, DNA affinity-purified Spl
fractions, 2.5 and 3.8 ng of protein, respectively; lane 12, marker
(M), Hpall digestion products of pBR322 DNA (largest fragment
shown is 242 bp). (B) The DNA probe was 5’ end labeled on the late
strand. Lane 1, Products of the Maxam-Gilbert G-specific sequenc-
ing reaction; lane 2, products of the Maxam-Gilbert G- and A-
specific sequencing reaction; lanes 3, 4, 9, and 14, no protein extract
added; lanes 5 and 6, heparin-agarose fractions, 20 and 30 pg of
protein, respectively; lanes 7 and 8, DNA affinity-purified AP-1
fractions, 0.2 pg of protein; lanes 10, 11, and 12, DNA affinity-
purified NF-BK fractions, 3, S, and 10 pl, respectively; the highest
amount tested (10 pl) contained less than 0.3 pg of protein; lane 13,
DNA affinity-purified Spl fractions, 1.2 pg of protein; lane 15,
marker (M), Hpall digestion products of pBR322 DNA (largest
fragment shown is 309 bp).

All six of the sites protected by heparin-agarose fractions
in BK(MM) DNA contain close matches to the NF-BK
consensus recognition sequence (Table 1). We tested the
BK(MM) probes in DNase I footprinting experiments using
affinity-purified NF-BK and found, as expected, full protec-
tion of sites N1, N4, N7, N8, N9 and N10, with essentially
the same boundaries as seen with the heparin-agarose frac-
tions.

BK(MM) contains an Spl consensus recognition sequence
coinciding with the single Q-R junction present in this strain.
This sequence is protected by purified Sp-1 (Fig. 4A, lanes 9

PROTEINS THAT BIND TO THE BKV ENHANCER 3393

and 10; Fig. 4B, lane 13). This site is analogous to the single
Spl site in BK(WW) and therefore has been labeled S1.

Competitive binding experiments. Experiments with frac-
tions purified by DNA sequence affinity chromatography,
together with sequence comparisons, strongly suggests that
the observed footprints at sites N1 through N10 are attrib-
utable to a single factor, NF-BK. To confirm this, we carried
out competitive binding experiments using double-stranded
oligonucleotides containing either the NF-BK recognition
sequence from site N1 or a heterologous sequence from the
promoter region of an unrelated virus. In these experiments;
competitor oligonucleotide was mixed with probe DNA;
heparin-agarose fractions were added, complexes were al-
lowed to form, and DNase I footprinting was carried out as
before.

Figure SA shows a competitive binding experiment using
BK(Dunlop) probe. Significant inhibition of NF-BK binding
at sites N1 and N3 is evident with 20 nM specific competitor,
whereas no inhibition is seen with the heterologous oligonu-
cleotide at concentrations as high as 310 nM. Inhibition of
binding to site N2 is more difficult to see, because protection
is only partial even in the absence of competitor. However,
it appears that inhibition occurs with 6 to 20 nM of the
specific competitor, and that there is no inhibition with the
heterologous competitor. These results suggest that, as
expected, sites N1, N2, and N3 of BK(Dunlop) are protected
by the same or closely related protein species.

In contrast, the binding of AP-1 at sites Al and A2 of
BK(Dunlop) DNA is not inhibited by any of the concentra-
tions of the NF-BK oligonucleotide that we tested. Some
inhibition of AP-1 binding was seen at the highest concen-
tration tested of the heterologous oligonucleotide, probably
because this oligonucleotide contains a sequence
(TGACGTG) that partially matches the AP-1 consensus
recognition sequence. This result confirms that sites Al and
A2 are protected by a protein that is different from the one
that binds to sites N1, N2, and N3.

Competitive binding studies were extended to BK(WW)
DNA (Fig. 5B). In this case, binding to four protected
regions, N1, N4, N5, and N6, was inhibited by the NF-BK
oligonucleotide. There was no inhibition with the heterolo-
gous oligonucleotide. As with BK(Dunlop), these results
suggest that the same protein is binding to all sites. There
was some inhibition of binding to site L1 with the NF-BK
oligonucleotide, but the inhibition was not complete, even at
120 nM. This is consistent with the results of the binding
experiments using purified factors and suggests that protec-
tion in the L1 region arises predominantly from the binding
of a different factor.

Competitive binding studies with BK(MM) DNA are
shown in Fig. 5C. Here, there are six protected regions, N1,
N4, N7, N8, N9, and N10. Binding to sites N1, N4, N7, and
N8 is inhibited by 20 nM NF-BK oligonucleotide, whereas
there is no inhibition by 310 nM heterologous oligonucleo-
tide. Again, this suggests that these sites are protected by a
single factor, NF-BK. Some inhibition of binding is evident
at sites N9 and N10. These are more difficult to see because
protection of these sites with heparin-agarose fractions in the
absence of competitor is not complete (Fig. 5, lanes 3 and 4;
Fig. 4A, lane 5). However, some inhibition occurs at 20 nM
specific competitor at site N9 (note the disappearance of the
hypersensitive band just above the protected region) and site
N10. No inhibition of protection is seen with the heterolo-
gous oligonucleotide at 310 nM. Similar results were ob-
tained in several independent experiments, suggesting that
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FIG. 5. Competitive binding to NF-BK sites in the regulatory region of BK virus. Competitor DNA was added in the amounts indicated
to a mixture containing singly end-labeled DNA probes, poly(dI-dC) copolymer, and pd(N)5 oligonucleotides as described in the text and
Materials and Methods. The double-stranded oligonucleotide containing the NF-BK recognition sequence from site N1 (5" TGGAAT
GCAGCCAA 3') was used as the specific competitor. A double-stranded oligonucleotide containing a sequence present in the human T-cell
lymphotropic virus type 1 promoter (5 TGGGCTAGGCCCTGACGTGTCCCCCTGAAGACAAA 3') was used as the nonspecific competitor.
Heparin-agarose fractions (30 ng) of HeLa cell nuclear extracts was added to the DNA mixture, DNase I cleavage was performed, and
products were analyzed on sequencing gels as described in Materials and Methods. Protected regions are indicated by brackets and
enumerated as described in the text. (A) The DNA probe was 5’ end labeled on the late strand of BK(Dunlop). Lanes 1, 2, 10, and 18, No
protein extract added (control [C]); lanes 3 through 9, NF-BK-specific competitor DNA was added in the following concentrations: 0, 0, 2,
6, 20, 60, and 120 nM, respectively; lanes 11 through 17, nonspecific competitor DNA was added in the following concentrations: 0, 0, 2, 20,
110, 180, and 310 nM, respectively; lane 19, marker (M), Hpall digestion products of pBR322 DNA (largest fragment shown is 201 bp). (B)
The DNA probe was 5’ end labeled on the early strand of BK(WW). Lane 1, Products of the Maxam-Gilbert G-specific sequencing reaction;
lane 2, products of the Maxam-Gilbert G- and A-specific sequencing reaction; lanes 3, 4, and 12, no protein extract added (control [C]); lanes
5 through 11, NF-BK-specific competitor DNA was added in the following concentrations: 0, 0, 2, 6, 20, 60, and 120 nM, respectively; lanes
13 through 18, nonspecific competitor DNA was added in the following concentrations: 0, 0, 2, 20, 110, and 180 nM, respectively; lane 19,
marker (M), Hpall digestion products of pBR322 DNA (largest fragment shown is 309 bp). (C) The DNA probe was 5’ end labeled on the early
strand of BK(MM). Lanes 1, 2, 10, and 17, No protein extract added (control [C]); lanes 3 through 9, NF-BK-specific competitor DNA was
added in the following concentrations: 0, 0, 2, 6, 20, 60, and 120 nM, respectively; lanes 11 through 16, nonspecific competitor DNA was
added in the following concentrations: 0, 0, 2, 20, 110, and 180 nM, respectively; lane 18, marker (M), Hpall digestion products of pBR322
DNA (largest fragment shown is 309 bp).

protection at N9 and N10 is due, in part, to the binding of

are always present. Where sites have been lost through
NF-BK, but that other proteins may also contribute.

deletions, new sites have been formed by duplications and in
one case, by a duplication coupled with a small insertion.

DISCUSSION BK(WW), which does not contain repeated sequences in the

One of the ongoing questions with BKYV is to what degree
the enhancer region is similar to that of the related and
better-characterized virus SV40. The present results show
the differences between the two systems. The distinguishing
feature of the enhancer region in BKV is the presence of
multiple binding sites for NF-BK; these were the only
protein recognition sites that we detected in all three BKV
strains tested. The ubiquity of NF-BK binding sites in BKV
stands in contrast to SV40, where NFl-related protein-
binding sites have not been reported in the enhancer region.

Although different strains of BK virus have undergone
complex rearrangements, multiple binding sites for NF-BK

regulatory region, has four NF-BK sites: N1 within the P
block, N4 at the P-Q junction, N5 within the R block, and N6
at the R block-late region junction. BK(Dunlop) has a
deletion that results in the loss of sites N4, N5, and N6.
However, the P block triplication has resulted in the gener-
ation. of two additional NF-BK binding sites, N2 and N3.
BK(MM) has a deletion, relative to BK(WW), that results in
the loss of sites NS and N6, but duplications have resulted in
the formation of four additional sites, N7, N8, N9, and N10.

We can predict the location of NF-BK sites in a number of
other BKYV strains on the basis of our results with BK(WW),
BK(Dunlop), and BK(MM). Thus, we expect that BK(pro-
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totype) contains the same NF-BK sites as BK(Dunlop) plus
an N4-like site at the P-Q junction. BK(IR), isolated from a
pancreatic adenoma of beta islet cells (7, 49), contains a total
of eight NF-BK binding sites: three N1-like binding sites
within the P block, three N4-like sites at P-Q junctions, one
NS-like site within the R block, and one Né6-like site at the R
block-late region junction. BK(pm526), a small-plaque vari-
ant isolated from a BK(prototype)-induced hamster pineocy-
toma, contains three potential NF-BK binding sites, one
N1-like site within the P block and two N4-like sites at P-Q
junctions. BK(pm527), a different small-plaque variant, con-
tains five potential NF-BK sites, including three N4-like
sites and two N1-like sites (61-65).

There are a number of lines of evidence that suggest that
the NF-BK sites are important for growth in culture. All
strains of BKV apparently contain multiple sites. Often,
there are many sites within relatively short stretches of
DNA, for example, eight sites within 320 bp in BK(IR) and
six sites within 370 bp in BK(MM). In enhancer-defective
mutants containing only a single P block, duplication of a
region encompassing the N1 site was observed (64). A role of
NF-BK binding in early transcription of BKYV is also consis-
tent with recent findings showing that the binding of the
same or a related protein is essential for mouse mammary
tumor virus promoter function (6, 35, 42).

A systematic linker scan mutational analysis of the BKV
early enhancer is found in the companion article (12). To
eliminate the effect of sequence redundancy, these workers
introduced their mutations into a viral background that has
only a single P block. The background is identical to
BK(WW), except that the R block is missing. This analysis
shows a correlation between early transcriptional activity
and the presence of sequences in the N1 and N4 sites (12
[note that the N4 site overlaps the genetically defined c
element]). This is further evidence that the NF-BK sites
defined by footprinting are functional elements of the BKV
enhancer.

The recognition sequence for NF-BK (Table 1) is a subset
of the recognition sequence for NF1, TGG(N¢_,) T/G CCAA
(10, 13, 40). NF1 was originally described as a host protein
required for adenovirus replication (45). NF1 appears to be
functionally equivalent to the TGGCA-binding protein of the
laboratory of Nowock and Sippel (39, 46, 47). Other work
has suggested that NF1 is identical to the CCAAT transcrip-
tion factor (29, 31) that binds in the upstream region of
several promoters, although this remains controversial, and
a recent study showed that there are a ‘‘multiplicity of
CCAAT box binding proteins’’ that bind to these sequences
in different promoters (14, 42). In view of this complexity,
we have chosen to refer to the BKV-binding protein as
NF-BK, until its identity is better established.

The presence of two binding sites for the transcription
factor AP-1 that cross the junction between adjacent P
blocks in BK(Dunlop) was surprising. Apparently, these
binding sites were created at the time the P block triplication
was formed. The possibility that functionally important
elements span repeat junctions has been largely overlooked
in prior studies of the BKV regulatory region, perhaps
because this phenomenon is not known to occur in the SV40
enhancer.

The three AP-1 recognition sites in SV40, none of which
are located at repeat junctions, are believed to contribute to
induction of SV40 RNA synthesis by tetradecanoyl phorbol
acetate (1, 38). The AP-1-binding sites in BKV may have
similar functions. Studies with deletion mutants of BK(pro-
totype) indicate that there is some loss of early gene expres-
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sion when an AP-1 recognition sequence (site A2 in our
nomenclature) is removed (11). AP-1 recognition sites are
clearly not essential for viral viability, however, since they
are not present in all strains.

BK(WW) and BK(MM) have a single binding site for the
transcription factor Spl (17) at the junction of the Q and R
blocks. This site is completely protected by affinity-purified
Spl, and has a 10 of 10 bp match to a known Spl site in the
IE3 promoter of herpes simplex virus (30). This site is not
present in BK(Dunlop) and is partially deleted in BK(pro-
totype). In addition to the Sp1 site at the Q-R junction, there
is a sequence AGGGAGGAGC at the early-proximal end of
the P block that has an 8 of 10 match (underlined) to the Spl
recognition consensus (32). Although there is genetic evi-
dence that the region containing this potential Sp1l site may
be important for early promoter function (11, 12), we have
never detected binding at this site by affinity-purified Spl
fractions in any of the strains tested. This suggests either
that it is a very weak Spl site or that it is a recognition site
for a different protein.

We have also observed protection of a late-proximal
region in BK(WW) that overlaps the start codon for agno-
protein. This site, which we call L1, is protected by heparin-
agarose fractions. Although there is some protection at L1
with purified NF-BK, competitive binding experiments sug-
gest that protection at L1 arises primarily from a different
factor. The L1 sequence is also present in the viral DNA of
BK(Dunlop) and BK(MM), although it was not present in the
subcloned probes used in our binding experiments. In a
study using deletion mutants, deletion of L1 sequences had
no effect on early gene expression (11), suggesting that the
function of this site, if any, might be related to late gene
expression. In SV40, there is evidence that sequences near
and within the late coding region affect late gene expression
2, 20, 52, 53, 57, 60).

There has been considerable speculation about the role of
motifs homologous to the SV40 enhancer core (67) and the
Ela enhancer core (23) that are present within the regulatory
region of BKV. The SV40 enhancer core sequence, TG
GAAAGT, was originally defined by correlating loss of
enhancer function with specific point mutations located
within the 72-bp repeats and is now known to be the binding
site for one or more cellular proteins (28, 43, 70). On the
basis of the presence of similar sequences within Moloney
murine sarcoma virus, BK(Dunlop), and polyomavirus, the
SV40 enhancer core consensus (G)TGG A/T A/T A/T (G)
was proposed (67). In the light of current knowledge, how-
ever, this fairly degenerate consensus may not be meaning-
ful. It has been pointed out by Weber et al. (66) that the TGG
A/T A/T A/T G motif occurs in at least 38 places within the
SV40 genome. Moreover, the sequence in BK(Dunlop)
matches (underlined) SV40 in only four of the eight positions
(ATGGTTTG).

Our experiments show no evidence that the SV40 en-
hancer core homology in BKV is recognized by cellular
proteins. Although the homology overlaps the late end of the
NF-BK binding sites within the P block (sites N1, N2, N3,
N7, and N9), only part of the sequence is protected. In
addition, identical patterns of protection are seen with crude
heparin-agarose fractions and DNA affinity-purified NF-BK,
suggesting that NF-BK is the only factor binding in this
region.

A second enhancer motif thought to be present in BKV,
the Ela enhancer core, was originally defined by deletion
mutants affecting expression of the adenovirus type S early
region 1A (Ela) transcription unit (23). A consensus sequence
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(A/C GGAAGTGA A/C) was proposed on the basis of se-
quence homologies with 13 other transcription units, BK
(Dunlop) among them. This sequence (AGGAAAGTGCA)
(matches are underlined) occurs in BK(Dunlop) at the late
end of the P blocks and overlaps binding sites A1 and A2.
However, not all the sequence is protected at these sites,
and identical footprints are seen with both heparin-agarose
fractions and DNA affinity-purified AP-1. The Ela enhancer
core sequence is also present in BK(MM) at the early side of
sites N4, N8, and N10 and in BK(WW) at the early side of
sites N4, N5, and N6. Although the complete sequence is
protected at sites N5 and N6, protection at these other sites
does not cover the entire sequence, and identical footprints
are seen with both heparin-agarose fractions and DNA
affinity-purified NF-BK. These results suggest that the pres-
ence of Ela enhancer core homologies in BKYV is actually
due to the similarity between this consensus and the AP-1
and NF-BK recognition sequences and does not reflect the
presence of an additional cellular Ela enhancer core-binding
protein.

The companion article (12) reaches similar conclusions
about the SV40 and adenovirus Ela homologies on the basis
of independent evidence. For the most part, mutations that
specifically affect these sequences have a less than twofold
effect on early-direction transcription.

One question that may be raised about the studies pre-
sented here is whether the map of factor-binding sites is
complete or whether some sites may have been overlooked.
It is possible that some factors are present in the HeLa cell
nucleus in very limiting amounts. In addition, some factors
might not be recovered efficiently in our extraction or
preliminary fractionation steps or might not bind to DNA
under the conditions used for footprinting. Genetic evidence
suggests that a GC-rich sequence of the early proximal end
of the P block is required for early promoter function, but we
have not detected protein binding in this region (11, 12).
With this exception, however, the results of our binding
studies are generally consistent with prior mutational analy-
ses of the BKV regulatory region (11, 64) and with the linker
scan analysis in the companion article (12). More than half of
the DNA sequence in the regulatory region is protected by
the factors defined here.

As noted previously, a hypothesis has been put forward by
Rubinstein et al. (55) that BK(WW), which does not contain
sequence repeats and does not grow in culture, represents
the authentic virus as it exists in the human population. If
this is correct, the occurrence of sequence repeats and
deletions in different strains of BKV may be attributable to
selective pressure in culture. The spontaneous generation of
sequence repeats in response to selective pressure is consis-
tent with the known tendency of enhancer mutants of BKV
and SV40 to revert by sequence duplication (24, 64). It is
also consistent with the observation that primary isolates of
BKYV usually require an extended period of incubation in
culture before the first cytopathic effects are observed (7, 8,
15, 19, 21, 22, 26, 36, 50, 51, 58, 59, 69). This would allow
time for repeats to be generated and fixed in the population.

It is unlikely that rearrangements during passage in culture
are the only mechanism for repeat formation in BKV.
BK(prototype) and BK(Dunlop), which were isolated inde-
pendently, have identical repeat structures and differ only in
the endpoint of a deletion on the late side of the regulatory
region. Moreover, a third strain of BKV, BK-17, that was
isolated by molecular cloning directly from the kidney tissue
of an accident victim is identical to BK(Dunlop) in the
regulatory region (R. Frisque, personal communication).

J. VIROL.

These findings demonstrate that sequence repeats are
present in BKV in vivo in at least some individuals.
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