JOURNAL OF VIROLOGY, May 1990, p. 2411-2415
0022-538X/90/052411-05$02.00/0
Copyright © 1990, American Society for Microbiology

Vol. 64, No. §

Promoter Evolution in BK Virus: Functional Elements Are
Created at Sequence Junctions

RHEA-BETH MARKOWITZ,* SARAH TOLBERT, aND WILLIAM S. DYNAN

Department of Chemistry and Biochemistry, Campus Box 215,
University of Colorado, Boulder, Colorado 80309-0215

Received 13 October 1989/Accepted 8 January 1990

The archetypal strain of BK virus directed very little early gene expression compared with rearranged
laboratory strains of the virus. One laboratory strain that was analyzed in detail contained newly created AP-1
binding enhancer modules spanning the junction between adjacent sequence repeats. Introduction of these
sequences into the archetype activated the previously quiescent early promoter.

The genome of the human polyomavirus BK (BKV) con-
sists of a noncoding promoter-and-enhancer region located
between the early and late transcription units (1-6, 10, 13,
20, 23, 26, 30, 32). Recent biochemical and genetic studies
have identified an assortment of individual genetic elements
that contributes to the biological activity of this region (1-5,
10, 15, 30). One of the interesting aspects of BKV is that
different strains of the virus vary considerably in the number
and boundaries of direct DNA sequence repeats present in
the regulatory region. A new perspective on this variability
recently emerged with the suggestion that the different
strains of BKV evolved from a common archetype (24, 33).
This hypothesis fits nicely with available sequence data, as it
is possible to envision the derivation of all known strains
from the archetype as resulting from small numbers of
duplication and deletion events.

The sequence of the BK(WW) strain corresponds closely
to the theoretical archetype (24). It has been proposed that
BK(WW) may represent the predominant form of the virus
in infected individuals and that many of the other known
strains of BKV represent the outgrowth of population vari-
ants during isolation in culture (24). BK(WW) was isolated
by molecular cloning of viral DNA from urine and reportedly
will not grow in culture (24). In this study, we show that the
BK(WW) early promoter is virtually quiescent in transfec-
tion assays, whereas sequence rearrangements in other
strains increase the level of early gene expression by up to
100-fold. The specific mechanism of activation was deter-
mined by a detailed analysis of one rearranged strain,
BK(Dun), and was shown to reflect the formation of novel
genetic elements at the junctions of direct sequence repeats.
The formation of new elements at repeat junctions may
provide a facile, general mechanism for the rapid evolution
of new characteristics in BKV and other polyomaviruses.

Transcription experiments used DNA from the archetypal
strain, BK(WW), and two rearranged strains, BK(MM) and
BK(Dun). Maps of the regulatory regions and transcription
factor binding sites of these different strains are shown in
Fig. 1. All three strains are identical from the early mRNA
start site through the first P sequence block, which ends 113
base pairs (bp) upstream of the early start site. Beyond this
point, the sequence arrangements differ. BK(MM) and
BK(Dun) have imperfect triplications of P and Q block
sequences and deletions of Q and R block sequences (Fig. 1).
Despite the rearrangements, the regulatory regions of all
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three strains are roughly the same size (170 to 271 bp). Each
strain contains multiple binding sites for the known tran-
scription factor NF-1 (3, 10, 15, 16, 18), and some strains
contain binding sites for the transcription factors Spl and
AP-1 (3, 15). Because all strains contain multiple binding
sites for known positively acting transcription factors, it is
not possible to make a priori judgments about relative
transcriptional efficiency.

To determine the transcriptional activity of the different
strains, we used a DNA transfection assay. The BKV
regulatory region was fused in the early orientation to the
chloramphenicol acetyltransferase (CAT) gene, and levels of
CAT enzyme activity were measured as indicators of early
RNA accumulation (9, 17). Table 1 shows a comparison of
CAT expression from different BKV strains after transfec-
tion into WI-38 human embryonic lung fibroblasts. The
BK(WW) regulatory region was nearly quiescent for early
gene expression, whereas the regulatory regions of the
laboratory strains, BK(Dun) and BK(MM), showed approx-
imately 100-fold-greater activity. The striking difference in
the level of CAT expression in the different BKV strains
suggests that the upstream deletions and duplications con-
tribute to the formation of an effective promoter-enhancer
unit.

There are two possible explanations for the strain-specific
differences in gene expression. Sequences inhibitory for
transcription might be present in BK(WW) but deleted from
the evolved strains. For example, such inhibitory sequences
might be present in the R sequence block at the late side of
the regulatory region. Alternatively, positively acting se-
quences might be duplicated or formed de novo in the
rearranged strains. To discriminate between these two pos-
sibilities, reconstruction experiments were carried out in
which DNA fragments isolated from the high-expression
strain, BK(Dun), were inserted into the low-expression
strain, BK(WW). Figure 1 shows the fragments that were
used. BK(Dun) regulatory DNA was digested with the
restriction enzyme Bsu 361, which releases DNA fragments
of 50 and 68 bp. We have previously shown, by DNase 1
footprint analysis, that each of these fragments contains
single binding sites for the transcription factors AP-1 and
NF-1 (15). These fragments were inserted in their natural
orientation into the unique Bsu 36l site of pWWCAT. A
118-bp fragment containing all four protein-binding sites,
obtained by partial Bsu 361 digestion of BK(Dun), was also
inserted into pWWCAT.

Recombinants containing single and multiple copies of the
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FIG. 2. Activity of pWWCAT recombinants containing synthetic
AP-1 or NF-1 binding sites. Complementary oligonucleotides con-
taining recognition sequences for AP-1 or NF-1 were inserted into
the unique Bsu 361 site of pWWCAT as shown in Fig. 1. (A) DNase
I footprinting of pWWCAT recombinants. DNase I footprinting was
carried out as described elsewhere (7, 15) for the recombinants
containing two copies of the AP-1 oligonucleotide (left panel) or
three copies of the NF-1 oligonucleotide (right panel). A 10-pl
volume of DNA affinity-purified AP-1 or NF-1 (15) was added to
binding reactions where indicated. No protein extract was added for
lanes marked C. Protected regions are marked by brackets. (B) CAT
activity of pWWCAT recombinants. Recombinants containing one
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TABLE 1. Analysis of BKV early promoter activity in vivo®

CAT activity

. No. of
BKYV strain % of BK(Dun
[ (mean 1-( SD))] expts
Natural
pWWCAT 1.0+1.1 4
pDunCAT 100° 4
pMMCAT 100 + 13 4
Recombinants
pW50DCAT-1 41 = 12 3
pW6SDCAT-1 235 1
pWI118DCAT-1 85 + 25 4
pW118DCAT-2 294 + 4 2

2 Regulatory regions of BKYV strains were subcloned in a promoterless CAT
expression vector in the early orientation via a Stul site conserved in the
different BKYV strains. The site of fusion is 53 nucleotides downstream of the
BKYV early RNA start site shown in Fig. 1 (4) and is proximal to the normal
initiation codon for T-antigen synthesis. Recombinants were constructed as
described in the text and were designated pW50DCAT-1, pW68DCAT-1, and
pW118DCAT-1, where the numbers 50, 68, and 118 indicate the size of the
inserted BK(Dun) fragment (Fig. 1) and the final digit indicates the number of
copies of the insert. Transfection of supercoiled plasmid DNA into WI-38
human embryonic lung fibroblasts was carried out by using a modification of
the method described by Sompayrac and Danna (27). Analysis of CAT
enzyme activity was carried out by using the method of Nordeen et al. (17).
Background was determined by assaying mock-transfected cells and was
subtracted. In each experiment, duplicate or triplicate plates were assayed,
averaged, and normalized to BK(Dun) activity. Results shown are normalized
values from multiple independent experiments, as indicated, except for results
for pW68DCAT-1, which are from duplicate plates within an experiment.

b Standard deviation is not applicable.

inserted fragments were tested for their ability to direct CAT
activity in transfection experiments (Table 1; other data not
shown). All recombinants tested showed substantially in-
creased levels of activity. The insertion of single copies of
the 50- and 68-bp fragments increased gene expression of 41
and 23% of the BK(Dun) level, respectively. Insertion of the
118-bp fragment increased BK(WW) activity to essentially
the same level as BK(Dun) activity. These results strongly
suggest that the high level of transcriptional activity ob-
served for BK(Dun) is attributable to positively acting se-
quence elements present in both the 50- and 68-bp frag-
ments. Our experiments show no evidence that negatively
acting elements are present in the R block of BK(WW) since
the recombinant containing the 118-bp insertion was rescued
to nearly the BK(Dun) level of activity. However, these
experiments do not formally rule out negatively acting
elements that might become apparent if sequences were
joined in other arrangements. In this respect, we note that
other investigators have reported evidence for cell-type-
specific negative elements in a different strain of BKV that
was not tested in our experiments (10).

Each of the test fragments used in this experiment con-
tained more than one binding site for known transcription
factors and, in addition, could have contained regulatory
elements not detected in the binding studies. To identify the
precise sequences responsible for transcriptional activation,
synthetic 21-bp oligonucleotides representing AP-1 or NF-1

or two copies of the AP-1 oligonucleotides and one, two, or three
copies of the NF-1 oligonucleotides were transfected into human
WI-38 cells by using a modification of the method described by
Sompayrac and Danna (27). CAT activity was assayed as described
in the legend to Table 1. Error bars represent the range of observa-
tions in triplicate samples.
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FIG. 3. Evolution of AP-1 binding sites across repeat junctions. (A) Regulatory region of the proposed archetype, BK(WW). P, Q, and R
blocks are drawn as in Fig. 1. DNA sequences at junctions are indicated. (B) The progeny molecule contains two adjacent P blocks. The DNA
sequence spanning the new junction is shown. A binding site (boxed sequence) for the transcription factor AP-1 was generated by the

rearrangement.

protein-binding sequences from BK(Dun) were inserted into
BK(WW). The method of construction and, in particular, the
Bsu 361 site used for insertion were the same as in the
previous set of experiments. DNase 1 footprint analysis was
carried out for recombinants containing two synthetic AP-1
sites or three synthetic NF-1 sites (Fig. 2A). Both the
naturally occurring and the synthetic protein binding sites
were bound by the appropriate purified protein.

The addition of a single AP-1 binding site to BK(WW)
resulted in a large increase in early gene activity (Fig. 2B).
The addition of two AP-1 binding sites increased gene
expression further, to 36% of the level seen with BK(Dun).
When one, two, or three additional NF-1 protein binding
sites were inserted, no increase in activity was seen. These
experiments demonstrate that the inserted AP-1 sites can
complement the sequences already present in BK(WW) to
form the functional unit required for high levels of BKV
early gene expression. The increase in activity cannot be due
to a spacing effect alone, since insertion of NF-1 oligonucle-
otides of the same size showed no increase in activity. It
should be noted that, although the increase in activity was
clear, the absolute level of expression in templates recon-
structed with synthetic oligonucleotides did not reach the
same level as with natural restriction fragments. This possi-
bly reflects the effects of transcription factor binding site
spacing and context, both of which differed significantly in
the oligonucleotide reconstructed strains from the pattern
seen in BK(Dun).

It has been proposed that laboratory strains of BKV are
derived from a common BK(WW)-like archetype (24). We
suggest that the first step in the evolution of the BK(Dun)
enhancer was the illegitimate recombination event dia-
grammed in Fig. 3, which juxtaposed two distant sequences
from the regulatory region of a BK(WW)-like ancestor. Five
base pairs of a consensus AP-1 site are contributed by
sequences to the left of the junction, and two base pairs are
contributed by sequences to the right of the junction. Affin-
ity-purified AP-1 binds to this sequence junction (Fig. 2A)
(15) but does not bind under the same conditions to any
sequences present in the BK(WW) regulatory region (15).
We expect that this intermediate containing a single AP-1
site would have substantially greater transcriptional activity
than its parent and potentially could have been selected for

in the viral population. In a second recombination event
required to create BK(Dun), the AP-1 site would have been
duplicated, increasing the level of transcriptional activity
further. In the third event, nonessential sequences at the
right end of the control region would have been deleted.

Our finding that the BK(WW) control region was tran-
scriptionally quiescent conflicts with the original report
describing an active enhancer in BK(WW) (24). In these
earlier experiments, the BK(WW) upstream enhancer region
was fused in reverse orientation to a truncated simian virus
40 promoter containing an AP-1 site adjacent to the point of
fusion. It is likely that the activity of this construct is
attributable to the juxtaposition of BK(WW) sequences with
the simian virus 40 AP-1 site rather than to the activity of the
BK(WW) enhancer per se. Our present results are in agree-
ment with those of a recent study which concluded that a
number of independently isolated BK(WW)-like strains were
defective for growth, probably because they lack an active
promoter-enhancer region (28).

A number of previous studies have reported sequence
duplications leading to formation of active enhancers (11, 12,
29-31). For the most part, these experiments have been
interpreted in terms of duplication of enhancer modules
internal to the repeated sequences rather than formation of
new enhancer modules at repeat junctions. In simian virus
40, subsequent experiments have indeed proven that en-
hancer modules are present internal to the repeated se-
quences in some cases (19, 25; reviewed in reference 8). In
other cases, the situation is not so clear, because follow-up
experiments have not been performed (11, 12, 29-31). In
BKYV, there are a number of variants that contain extensive
sequence duplications but that show low levels of early gene
expression or low growth rates. These include BK(RS) (R.
Steinman, R.-B. Markowitz, A. Del Vecchio, U. Shabon,
W. S. Dynan, and R. Ricciardi, submitted for publication),
BK(pm526) (30), and multiple variants isolated from a sys-
temic lupus erythematosus patient (28). These observations
suggest that duplications alone are not sufficient to activate
transcription in BKV. Our studies argue that, at least in
some cases, specific junctions formed between duplicated
sequences are critical for increased transcriptional activity.

We do not yet know to what extent the results with
BK(Dun) can be generalized to other strains of BKV or to
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other viruses. Preliminary experiments show that restriction
fragments spanning repeat junctions in BK(MM) contain
positively acting enhancer elements, although the precise
sequences responsible have not yet been identified. The
formation of a new promoter element spanning a repeat
junction was also noted some years ago in a bacterial virus.
The ¢17 mutant of bacteriophage \ contains a 9-bp duplica-
tion which allows constitutive expression of DNA replica-
tion functions (21).
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