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To determine the variability of BK virus (BKV) in vivo, the sequences of nine full-length
molecular clones from the striated muscle and heart DNA of a patient with BKV-associated
capillary leak syndrome (BKVcap), as well as three clones each from the urine of one human
immunodeficiency virus type 2-positive (BKV}y) and one healthy control subject (BKVc), were
analysed. The regulatory region of all clones corresponded to the archetypal regulatory region
usually found in urine isolates. Analysis of the predicted conformation of BKVcap proteins did not
suggest any structural differences on the surface of the viral particles compared with BKVy,

and BKVy¢ clones. No amino acid changes common to most BKVap clones could be identified
that have not already been reported in non-vasculotropic strains. However, the coding region of

each clone had unique nucleotide substitutions, and intra-host variability was greater among
BKVcap clones, with a mean difference of 0-29 % per site compared with 0-16 % for BKVy,
and 0-14 % for BKVc. The clones from each strain formed monophyletic clades, suggesting

a single source of infection for each subject. The most divergent BKVap clones differed at
0-55 % of sites, implying a rate of nucleotide substitution of approximately 5 x 10~° substitutions
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per site per year, which is two orders of magnitude faster than estimated for the other human

INTRODUCTION

There are two known human polyomaviruses, JC virus
(JCV) (Padgett et al, 1971) and BK virus (BKV) (Gardner
et al., 1971). Asymptomatic infection with these polyoma-
viruses occurs in childhood in more than 80 % of healthy
individuals (Knowles et al., 1989; Tavis et al., 1990; Weber
et al., 1997). JCV is the aetiological agent of progressive
multifocal leukoencephalopathy (PML) (Berger et al., 1987),
which occurs in patients with AIDS or haemopathies and
in organ transplant recipients. In bone marrow recipients,
BKV can cause haemorrhagic cystitis (Rice et al., 1985), and
in renal transplant recipients, it has been associated with
ureteric stenosis (Coleman et al., 1978) and with a severe
tubulointerstitial nephritis, which may lead to loss of the
allograft (Hirsch et al., 2002; Nickeleit et al., 1999).

Since PML was identified as a major opportunistic infection
at the beginning of the AIDS epidemic, JCV pathogenicity

The GenBank/EMBL/DDBJ accession numbers for the nucleotide
sequences determined in this work are AY628224-AY628238.

has been widely studied and full-length sequences of more
than 250 strains of this virus have been analysed. Conversely,
BKV has only been recognized as an important human
pathogen more recently and until now the full-length
sequences of only three strains have been reported. BKV
strains have been classified into four different genotypes,
which correspond to distinct serotypic profiles on the basis
of nucleotide changes within a small fragment of the VP1
gene.

Little is know about polyomavirus sequence variation
within individuals. There have been a few reports showing
the co-existence of multiple JCV-coding region sequences
in a single patient (Agostini et al., 1996; Ferrante et al., 2001;
Martin & Foster, 1984). BKV sequence variations were
observed on sequential kidney biopsy specimens from
patients with polyomavirus nephropathy (Randhawa et al.,
2002). However, it has been suggested that polyomaviruses
have co-evolved with their hosts (Shadan & Villarreal, 1993;
Soeda et al., 1980) and, consistent with this, the major
genotypes of JCV appear to have diverged in parallel with
ancient human migrations (Agostini et al., 1997; Guo et al.,
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1998). Under the assumption of host—virus co-evolution,
the rate of evolution of polyomaviruses has been estimated
to be in the range of 4x 1077 to 4x 10~ ® synonymous
nucleotide substitutions per site per year (Hatwell & Sharp,
2000; Yasunaga & Miyata, 1982). These rates are so slow
as to suggest that almost no genetic polymorphisms would
be expected to be found among the viral sequences within a
given individual, unless this person had been infected by
more than one strain. Thus, a more specific analysis of intra-
host genetic diversity of BKV is needed.

We have recently reported the case of a renal transplant
recipient infected with a novel BK-related virus that had a
tropism for capillary endothelial cells (Petrogiannis-Haliotis
et al., 2001). This infection resulted in a vasculopathy that
led to a capillary leak syndrome, myocardial infarction and
death. To determine whether this BKV isolate was different
from the known BKV strains and to explore BKV variability
in vivo, we have sequenced nine full-length clones of this
virus amplified from the heart and striated muscle DNA
of this patient. Since the three published full-length BKV
sequences have been derived from isolates that had been
cultured in vitro, which may promote artificial mutations
and lead to the selection of laboratory-adapted strains, we
characterized the sequences of six novel full-length BKV
clones amplified from the urine of one human immuno-
deficiency virus type 2 (HIV-2)-positive and one healthy
individual and used them as additional controls. Our results
indicated that a surprising amount of BKV sequence varia-
tion exists within a given individual. This diversity sheds
new light on our understanding of BKV evolution.

METHODS

Specimen collection and nucleic acid extraction. Fresh-frozen
autopsy samples of heart and striated muscle from the patient with
BKV vasculopathy (Petrogiannis-Haliotis et al., 2001) were kept at
—80°C until DNA extraction. Tissues were cryo-sectioned and
100 mg blocks were pulverized using a pestle and mortar, resus-
pended in TNE buffer (10 mM Tris/HCl, 100 mM NaCl, 10 mM
EDTA), lysed by adding SDS (1% final concentration) and incu-
bated overnight in the presence of proteinase K at 37 °C. DNA was
extracted with phenol/chloroform/isoamyl alcohol and precipitated
with ethanol. Twenty millilitre urine samples were collected from 15
HIV-positive and 30 HIV-negative patients and stored at —20°C
until DNA extraction. Urine sediments were collected by centrifuga-
tion at 25000 g, resuspended in TNE buffer and DNA was extracted
as described above.

Qualitative BKV PCR. The presence of BKV DNA in the clinical
samples was determined by PCR. A total of 200 ng DNA extracted
from tissue or urine samples was used in a 50 pl reaction consisting
of Platinum PCR Supermix (Invitrogen) and 10 pmol of each of the
oligonucleotide primers BK2116F and BK2415R (Table 1), which
amplified a 300 bp fragment of the BKV VP1 gene, or JCV-specific
primers VP11 and VP12 (Koralnik et al, 1999), or SV40-specific
primers SP15 5'-TTAGCAGCTGAAAAACAGTTTACAGAT-3" (nt
1712-1738) and SP13 5'-TTAACAGTAACAGCTTCCCACATCA-3’
(nt 1830-1854), which amplified a 181 bp fragment of the JCV and
a 143 bp fragment of the SV40 VP1 genes, respectively. The amplifi-
cation was carried out in a GeneAmp PCR System 9700 (PE Applied
Biosystems) with a first denaturing step of 2 min at 94 °C, followed

by 40 cycles consisting of 30 s denaturation at 94 °C, 30 s annealing
at 55°C and 1 min elongation at 72°C, with a final elongation
period of 7 min at 72°C. Amplified products were analysed by
electrophoresis on a 1% agarose gel.

Long BKV PCR, molecular cloning and DNA sequencing. The
Taq Plus Long PCR system (Stratagene) was used to amplify full-
length BKV genomes from clinical samples in one reaction. One
microgram of DNA extracted from fresh-frozen autopsy samples
from the heart and striated muscle of the BKV vasculopathy patient,
as well as from the urine samples of one HIV-2-positive patient and
one HIV-negative healthy control subject, was digested with BamHI
and added to a 50 pl reaction mixture containing 25 pmol of each
of the oligonucleotide primers BK1731F and BK1739R (Table 1).
These inverse PCR primers overlapped at the BamHI site of the
BKV genome and were used to amplify the full-length linearized
BKV genome. The PCR was performed with a first denaturing step
of 2 min at 94 °C, followed by 10 cycles consisting of 30 s denatura-
tion at 94 °C, 1 min annealing at 55°C and 5-5 min elongation at
68 °C, followed by 30 cycles of 30 s denaturation at 94°C, 1 min
annealing at 65°C and 10 min elongation at 68 °C, with a final
elongation period of 30 min at 68 °C. The 5 kb PCR products were
separated by gel electrophoresis, cut from the gel with a sterile dis-
posable scalpel, purified using the QIAquick Gel Extraction kit and
cloned into the pCR2.1-TOPO or pCR-XL-TOPO vector. Single
Escherichia coli colonies (Top 10 strain) were picked and the
plasmids purified. Prior to sequencing the full-length BKV clones,
the integrity of the BamHI site was verified by PCR using 10 pmol
each of primers BK1319F and BK1811R (Table 1) in a 50 pl reaction
containing the Platinum PCR Supermix reagent and 100 ng template
plasmid. A 493 bp PCR product was purified from the agarose gel,
cloned into the pCR2.1-TOPO vector and sequenced. Clones that
contained an intact BamHI site were selected for sequencing of the
full-length genome, using both forward and reverse oligonucleotide
primers as listed in Table 1.

Determination of the error rate of the Tag Plus Long PCR
system. To determine the error rate of the long PCR technique
used for the BKVcap, BKVyr and BKVyc strains, the Tag Plus Long
PCR system was used to amplify the BKV Dunlop reference strain
(BKVpyn) obtained from the American Type Culture Collection
(ATCC). The pBR322-BKVpyy plasmid (containing the full-length
BKVpun DNA inserted at the BamHI site) was digested with BamHI
to separate the BKV genome from the plasmid and with Avall and
Pvul to degrade the vector for 2 h at 37 °C in a water bath. After
inactivation of the restriction enzymes at 70 °C for 30 min, 25 ng
BKVpyn genome DNA and 1 pg human genome DNA were added
to each PCR. The long PCR conditions were as described above.
The 5 kb PCR-amplified products from 10 individual PCRs were
purified from 0-5% agarose gel using the QIAquick Gel Extraction
Kit (Qiagen) and cloned into the pCR2.1-TOPO vector using the
TOPO TA cloning kit (Invitrogen). A 1360 bp (nt 2154-3513) frag-
ment of one clone from each PCR was sequenced on both strands
with sequencing primers BK2723F and BK3184R.

Laser capture microdissection (LCM). This was performed on a
fresh-frozen autopsy sample of the heart from the patient with BKV
vasculopathy. Frozen tissues were cryo-sectioned on a Laser Pressure
Catapulting 1-35 pm thin polyethylene film (PALM Microlaser
Technologies), fixed in 70% ethanol for 5 min and stained with
0-5 % toluidine blue in water.

Enlarged capillary endothelial cells containing nuclear inclusions or
myocytes that appeared normal were captured using the Microbeam
Laser apparatus (PALM Microlaser Technologies). One to six cells
were captured in each microdissection. DNA from approximately 100
cells was extracted using the Gentra Systems Puregene DNA Isolation
kit and resuspended in 40 ul Gentra DNA hydration solution. PCR
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Table 1. Oligonucleotide primers used for PCR and sequencing of the BKV genome

Primer* Sequence (5'—3")

BK345F CTAGGAATCTTGGCCTTGTCCCC

BK831F GTAATTGCTGGTGCTCCTGGGGC

BK1319F AGTAGCTGAAAGGGAAGGTACCCG

BK1731F GGGGGATCCAGATGAAAACCTTAGGGGCTTTAG
BK2116F GCCCAGTCCCAGGTAATGAATA

BK2217F TGCTAGGTATTTTGGGACTTTCACA

BK2239F ACAGGAGGGGAAAATGTTCCCCC

BK2723F TATTTTGGGGGTGGTGTTTTAGGCC

BK3216F CATTCATTGTAACCAAGCCTGGTGG

BK3712F TCTTTCTGTTAGCATTTCTTCCCTGG

BK4075F GTATGGTATGGATCTCTAGTTAAGGC

BK4857F AGGCCATTCCTTGCAGTACAGGG

BK5106F AAGGTCCATGAGCTCCATGGATTCTTCC

BK128R AATATATAAGAGGCCGAGGCCGCC

BK657R CTAGGTCCCCCAAAAGTGCTAGAGCAGC

BK740R TTCTATAGCAGCAGCAGCCTCCCC

BK1223R AGTTTCCTCCAAAAATCTAGCCAAGG

BK1739R GGATCCCCCATTTCTGGGTTTAGGAAGCATTCTAC
BK1811R CTCTCTGGGCTATCACTGCTAAAGTCATTTTCAGC
BK2213R TCATTTCTACTGGGATCAGGTACCC

BK2320R GCCCCACACCCTGTTCATC

BK2329R GCCCCACACCCTGTTCATC

BK2415R TGCAAGGCCTCTCCACTGTT

BK2715R CTTAAAAGTGGCTTATACAAAAGCAGC

BK3184R ATTTGTAAGACAAATAGATTTTAGGCCC

BK3643R TATGGCAGGTGTTGCTTGGCTGC

BK4076R CTATAGAAGAAAGCATTCAAGGGGGC

BK4461R GAAGCAACAGCAGATTCTCAACACTCAACACCACCC

*The numbers in the primer names correspond to the position of the primer 5’ end based on the BKVpyy

sequence. F, Forward primer; R, reverse primer.

amplification was performed using 10 pmol of the BK2217F and
BK2320R primers (Table 1), which amplified a 104 bp fragment of
the BKV VP1 gene, or the VP11 and VP12 primers, which amplified
a 181 bp fragment of the JCV VP1 gene (Koralnik et al, 1999), in a
50 pl reaction volume containing the Platinum PCR Supermix and
10 pl DNA solution. Amplified products were subjected to direct
sequencing.

Evolutionary analysis of BKV sequences. Previously published
BKV sequences were obtained from GenBank (Table 2). DNA
sequences were aligned and compared using CLUSTAL W (Thompson
et al, 1994). Maximum-likelihood phylogenetic analyses were
performed using DNAML from the PHYLIP package (Felsenstein,
1993). The input order of sequences was shuffled in 10 replicate
analyses and the transition-to-transversion ratio was optimized at
1-9. The extent of synonymous and non-synonymous nucleotide
substitution within coding sequences was estimated by the method
of Li (1993) and compared with previous estimates for JCV (Hatwell
& Sharp, 2000).

Conformational analysis of the VP1 capsid protein. Con-
formational analysis of the VP1 protein of the BKVcap clones was
performed by comparison with the structure of SV40 VP1 pentamers
using the O display software (Jones et al., 1991) with the kind assis-
tance of Dr Stephen Harrison.

RESULTS

Qualitative PCR

DNA is usually better preserved in fresh-frozen biopsy
samples than in autopsy specimens, where tissues have
already undergone autolysis and partial degradation of
nucleic acids. Since our goal was to obtain a full-length
genome of the vasculopathy-associated polyomavirus, we
initially attempted to amplify polyomavirus sequences from
the muscle biopsy sample of this patient (Petrogiannis-
Haliotis et al., 2001). However, numerous attempts yielded
only a small 136 bp fragment of the T gene with 96 %
sequence identity to BKVpyy (Seif et al., 1979). When DNA
extracted from fresh-frozen autopsy samples for the heart
or muscle of this patient was used as template, polyomavirus
sequences were readily detectable with BKV, but not JCV-
or SV40-specific oligonucleotide primers (data not shown).
Polyomavirus particles had previously been demonstrated
in capillary endothelial cells of this patient by electron
microscopy (Petrogiannis-Haliotis et al., 2001).

http://virsgmjournals.org
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Table 2. Origin of BKV samples

BKV Diagnosis Sample type Genetic  Geographical  Ethnicityt Method of Reference for
strains type origin isolationi sequence data
Dun Renal transplant Urine I Sudan NA VC+MC  Seif et al. (1979)

MM Wiskott—Aldrich syndrome Urine and brain 1 USA NA VC+MC Yang & Wu (1979)
AS Pregnant woman Urine I UK NA VC+MC Tavis et al. (1989)

JL* Bone marrow Urine I The Netherlands NA VC+MC  Sugimoto et al. (1990)
DIK*  Acute tonsillitis Urine 1 The Netherlands NA VC+MC  Sugimoto et al. (1990)
MT*  Systemic lupus erythematosus Urine I Japan NA MC Sugimoto et al. (1990)
WW*  Renal transplant Urine I South Africa NA MC Sugimoto et al. (1990)
SB* Lymphoma Urine 1I UK NA VC+MC Jin et al. (1993a)

CAP Capillary leak syndrome Muscle and heart I USA C PCR+MC This study

HI HIV-2 infection Urine I West Africa AC PCR+MC This study

HC Healthy control Urine I USA AA PCR+MC This study

*Partial sequence available (JL, Dik and MT: agnoprotein, VP1, VP2 and VP3 genes; WW: regulatory region and agnoprotein, VP1, VP2 and VP3

genes; SB: VP1 gene).

TNA, Not available; C, Caucasian; AC, African—Creole; AA, African—American.

$VC, Viral culture; MC, molecular cloning.

Detection of BKV DNA in capillary endothelial
cells after LCM

To confirm that these polyomavirions were BKV, capillary
endothelial cells harbouring enlarged nuclei were sampled
by LCM and their DNA was extracted and subjected to PCR
amplification. A BKV, but not JCV, VP1 gene fragment was
successfully amplified from capillary endothelial cells, but
not from myocytes collected by LCM (data not shown),
which confirmed that BKV was indeed located exclusively in
the capillary endothelial cells of this patient (Petrogiannis-
Haliotis et al., 2001).

Only three BKV strains, DUN (Gardner et al., 1971; Seif
etal., 1979), MM (Takemoto et al., 1974; Yang & Wu, 1979)
and AS (Coleman et al., 1980; Tavis et al., 1989), have been
entirely sequenced. These and most partially sequenced
BKV strains published to date have been derived from
isolates that have been cultured in vitro (Table 2), which
may induce mutations in their DNA, especially at the level
of their non-coding regulatory region (Johnsen et al., 1995).
Since our goal was to compare the entire genome of this
BKYV variant with other strains of BKV ex vivo, we screened
urine samples from 45 individuals (15 HIV-positive and
30 HIV-negative) for the presence of BKV DNA. Samples
from 3/15 (20 %) HIV-positive (one HIV-2 and two HIV-1)
and 2/30 HIV-negative (6-6%) individuals had positive
results. This was comparable to the percentage of BKV-
positive urine samples reported in HIV-positive (Sundsfjord
et al., 1994) and HIV-negative individuals (Tsai et al., 1997).
DNA extracted from fresh-frozen autopsy samples of the
heart and striated muscle of the BKV vasculopathy patient,
as well as DNA extracted from the urine of one HIV-2-
positive patient and one HIV-negative healthy control
subject who tested positive by qualitative BKV PCR, were
subjected to long PCR amplification.

Long PCR ampilification of full-length BKV
genomes

BKVpun genomic DNA consists of a single copy of double-
stranded circular DNA of 5153 bp (Seif et al., 1979). We
therefore adapted a long PCR technique initially developed
for JCV (Agostini & Stoner, 1995) and SV40 (Lednicky
et al., 1997) to amplify full-length BKV genomes in a single
reaction. Amplification of BKV DNA extracted from the
heart and muscle of the patient with BKV vasculopathy and
from the urine samples of one HIV-2-positive patient and
one healthy control subject each yielded a 5 kb fragment. To
study the potential genetic diversity of these viral isolates,
amplified fragments were cloned and sequenced. Full-length
sequences were obtained from five BKV clones from the
muscle and four BKV clones from the heart of the patient
with BKV vasculopathy (BKVcap) and from three clones
from the urine of the HIV-2-positive patient (BKVyy;) and
the healthy control subject (BKVy), respectively (Table 2).

Variation within the regulatory region

The regulatory regions of BKVcap, BKVy; and BKVyc
consistently had an O;_145-P1_¢5-Q;_39-R1_¢3-S1_¢3 pattern
identical to the archetype BKVwyw regulatory region
(Markowitz & Dynan, 1988; Moens et al., 1995; Sugimoto
et al., 1990) in all clones, except for minor deletions from
nt 182 to 190 in one BKVyy; clone (HI-u8) and from nt 224
to 272 in one BKVy¢ clone (HC-u2), which did not affect
the T antigen binding sites (Moens et al, 1995). Single
isolated nucleotide substitutions were also found in CAP-
ml3 (T—C at nt 45) and CAP-m5 (A—G at nt 278), the
latter being also present in HI-u6 and HI-u8 clones. This
indicates that, unlike other BKV strains with expanded
tropism (Stoner et al, 2002), infection of capillary endo-
thelial cells by BKVcap was not caused by changes in its
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Fig. 1. Variable sites among the CAP clones. Each sequence is compared with the consensus, and only sites with differences
from the consensus are shown. The total number of differences from the consensus is shown on the right. Within the
alignment of 5141 nt, the positions of the 63 variable sites are: 45, 278, 402, 529, 680, 754, 1139, 1238, 1412, 1561,
1606, 1869, 1911, 1913, 1931, 1941, 2326, 2414, 2417, 2462, 2483, 2540, 2609, 2610, 2664, 2769, 2809, 2912, 2991,
3047, 3087, 3241, 3287, 3358, 3374, 3387, 3509, 3646, 3670, 3680, 3798, 3868, 3886, 3936, 3980, 4243, 4254, 42892,
4342, 4375, 4401, 4567, 4623, 4691, 4821, 4851, 4864, 4884, 4954, 5017, 5032, 5057.

regulatory region. In addition, six isolated substitutions
were found in all HC clones compared with BKVyw
including T—G at nt 41, G—A at nt 86, A>T at nt 160,
T—C at nt 173, A—G at nt 253 and A—G at nt 330.

Variation within the coding region

The coding region sequences of the BKVcap, BKVy; and
BKVyc strains had unique nucleotide differences in each
clone. There was an unusual pattern of sequence variation
among the nine CAP clones (Fig. 1). At 61 of 63 variable
sites, one clone differed from the other eight; at the other
two sites, the difference was shared by just two clones. The
lack of variation shared among multiple clones has impli-
cations concerning the structure of the viral population
within a host (discussed below). It also implies that the
consensus sequence is the best estimate of the sequence of
the common ancestor of the various clones. Interestingly,
the five muscle clones exhibited greater divergence from
this consensus (mean 10-4 differences) than the four heart
clones (mean 3-3). The differences from the consensus can
be used to examine the pattern of mutation within the BKV
population. These mutations were highly non-random
(Table 3). The vast majority (59/63=94%) of changes
occurred at A or T sites. In addition, most of the changes
(55/63 =87 %), including most of the changes at A or T
sites (52/59 =288 %), were transitions. Of note, it was not
possible to distinguish, for example, whether an A—G
change on the strand sequenced represented an A—G

differences between any pair of sequences from the same
patient was five. The maximal difference was 26, or 055 %
per site, between two CAP clones. On average, about twice
as much variation was seen among the CAP sequences
(0-29 %) as among those from HI (0-16 %) or HC (0-14 %),
but it was not clear whether this reflected greater diversity
in that patient or was a consequence of sampling only from
urine in the case of HI and HC. Within the BKV ,p clones,
the nucleotide changes were irregularly spread throughout
the coding region and were maximum in the small t gene,
followed by the large T, VP1, agnoprotein, VP2 and VP3
genes.

To determine whether errors of the Taq Plus Long PCR
system could be responsible for the apparent genetic
diversity of the BKV samples, the full-length BKVpyy
DNA was amplified using the same method in 10 indivi-
dual PCRs. A 5153 bp PCR-amplified product was cloned
into the pCR2.1-TOPO vector and a 1360 bp fragment (nt
2154-3513) from one clone of each PCR was sequenced.
This fragment was chosen because it contains 20 point
mutations spread among nine BKVc,p clones (1-63 x 107

Table 3. Inferred nucleotide changes among CAP clones

Changes were inferred from the sequenced strand; complementary
changes (see text) are shown on the same row.

mutation on that strand or a T—C mutation on the Change n Change n

complementary strand. Thus, it was possible to distinguish

six categories of mutation: among the CAP clones, 52 of A—>G 27 T—C 25

the total of 63 changes (83 %) belonged to just one category, A—C 4 T-G 0

transitions from A or T. A>T 2 T—A 1
C-T 2 G—A 1

Interestingly, the coding region sequences of the multiple C—G 1 G—C 0

CAP, HI and HC clones each contained unique nucleo- C—A 0 G—T 0

tide substitutions (Table 4). The minimum number of

http://vir.sgmjournals.org 2655
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Table 4. Nucleotide sequence divergence among BK virus clones

For each comparison, the upper values give the range of nucleotide differences, the lower value gives the mean percentage pairwise differ-

ence (per site). The total refers to the complete genome sequence, excluding the regulatory region between the T antigen gene and the

agnoprotein gene. Numbers in parentheses denote the lengths of sequences (nt).

Strains Gene Total (4766)
Agno (201) VP2 (1056) VP3 (699) VP1 (1089) LTAg (2088) StAg 519)
(a) Between clones from a single patient
CAP (n=9) 0-2 0-5 0-3 0-8 2-13 0-5 5-26
0-22 0-17 0-16 0-31 0-33 0-46 0-29
HI (n=3) 0 2-3 1-2 2-5 0-1 0-1 6-8
0-00 0-25 0-19 0-37 0-03 0-13 0-16
HC (n=3) 0-1 1-3 1-3 0-1 1-4 0-1 5-8
0-33 0-19 0-29 0-06 0-13 0-13 0-14
(b) Between clones from different patients
CAP vs HI 0-1 3-7 2-5 7-13 5-11 0—4 17-29
0-09 0-40 0-46 0-83 0-37 0-30 0-46
CAP vs HC 24 6—10 6-9 13-19 25-33 4-8 53-68
1-25 0-68 0-98 1-38 1-37 0-98 1-26
HI vs HC 2-3 9-11 8-10 14-16 26-30 4-6 58-63
1-13 0-92 1-29 1-35 1-33 0-90 1-27

differences per site). Comparison among the 10 BKVpyy
clones revealed only one nucleotide difference, found in a
single clone (T—C at nt 3133 in PCR 7). Therefore, our
estimate of the error rate of this long PCR system was
1/13600 or 7-35x 10> mutations per site for this region
of the genome. In comparison with the published BKVpyy
sequence, all 10 of our clones differed by a single
synonymous nucleotide substitution (A—T at nt 3472).

Phylogenetic analysis and genotypic
classification of BKV sequences

The BKV strains from these three patients were compared
with the three previously published full-length sequences
in a phylogenetic analysis (Fig. 2a). Even though the extent
of diversity among different CAP clones overlapped that
between CAP and HI (Table 4), the multiple clones from
each patient formed monophyletic clades, suggesting that
each patient was infected from a single source.

Four serotypes of BKV have been described (Jin et al,
1993b). In addition, four genotypes of BKV have been
defined on the basis of nucleotide differences within a 23
codon ‘typing’ region of the VP1 gene that appears to
encode the epitope responsible for serotypic differences.
Most of these differences are non-synonymous, leading to
amino acid variations at 11 sites. These genotypes appear
to correlate with the four serotypes (Jin et al., 1993a). The
previously published full-length sequences represent geno-
types I (DUN and MM) and III (AS). As expected, strain AS
was highly divergent from strains MM and DUN in the
evolutionary tree (Fig. 2a). The strains from the three
patients described here were more closely related to each
other than to any of the three previously described strains

and much more closely related to genotype I than to
genotype III. The CAP, HI and HC sequences all shared the
same amino acids as genotype I at the sites previously used
to define genotypes.

Full-length VP1 sequences were available from an additional
six viruses. These included one sequence (GenBank acces-
sion no. Z19534) described as being the original BKV isolate
(Jin et al., 1993a). Preliminary comparisons indicated that
this sequence was recombinant: across the first 320 codons
this sequence differed from strain MM at only 2 nt and
from strain SB at 43 nt, whereas in the other 43 codons
it differed from MM at 11 nt but was identical to the
SB sequence. Therefore, we excluded this sequence from
the phylogenetic analysis of VP1 sequences (Fig. 2b). The
other five additional sequences included one, SB, pre-
viously designated as genotype II (Gibson & Gardner, 1983);
the other four appeared to be genotype I and consisted of
WW (Chauhan et al., 1984), DIK (Goudsmit et al., 1981),
JL (Pauw & Choufoer, 1978) and MT (Sugimoto et al.,
1989).

The VP1 phylogeny indicated that three of these genotype
I sequences fell within the radiation of the strains CAP, HI
and HC; surprisingly, one strain (JL) fell within the radia-
tion of HC clones. JL differed from the HC-u5 and HC-u9
sequences at only one site, while HC-u2 differed from HC-
u5, HC-u9 and JL at a single other site. This degree of
identity among sequences from two individuals in different
countries is surprising given the amount of diversity seen
among the CAP clones (Tables 2 and 4).

The other interesting feature of the VP1 phylogeny was
that the genotype II (SB) and III (AS) strains exhibited less
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(a)

0.005

(b)

0.005

Fig. 2. Midpoint rooted maximum-likelihood
phylogenetic trees of BKV sequences.
(a) Tree derived from analysis of the com-
plete nucleotide coding sequence of 18
BKV strains, excluding the non-coding
regulatory region located between the T
gene and the agnoprotein gene. (b) Tree
derived from analysis of the VP1 gene
sequences from 23 BKV strains. The scale
bar indicates the scale of the branches in
inferred numbers of substitution per site.
Thus, the bars, of length 0-005, correspond
to approximately 25 substitutions across the
entire genome.

divergence than different genotype I strains. The various
BKYV strains included in the VP1 phylogeny were obtained
from individuals in Africa, Asia, Europe and North America
(Table 2). SB and AS were both derived from individuals
in the UK, but otherwise among the genotype I strains
there seemed to be no correlation between geographical
origin and phylogenetic relationships.

Recently, it has been suggested that two subgroups of
genotype I (Ia and Ib) can be defined on the basis of
differences at three nucleotide positions within a larger
region surrounding the typing region (Stoner et al., 2002).
However, all three sites are third positions of codons and
in each case the differences proposed to be diagnostic of
subgroups Ia and Ib were synonymous changes. Thus,
these three differences cannot lead to any serological dis-
tinction. Furthermore, because synonymous substitutions
generally occur more frequently than non-synonymous

substitutions, these sites may not be reliable phylogenetic
markers. Consideration of these sites within the VP1
sequences of strains in Fig. 2(b) confirmed this. The DUN
and WW strains represent the proposed subgroups Ia and
Ib: DUN had T-G-T at the three sites, compared with A-A-C
in strain WW. Strain MT had A-G-T, different from both
of the other two; since MT is phylogenetically distinct
from DUN and WW (Fig. 2b), it might seem reasonable
to classify this strain as a third subgroup. However, while
eight of the nine CAP clones had A-A-C (as for subgroup
Ib), the other (CAP-m9) had A-A-T; clearly this clone
should not be classified as a fourth subgroup. The CAP-
m9 clone fell within the radiation of CAP sequences, but
at these three sites differed from other CAP sequences to
the same degree that it differed from MT or even from
genotypes II and III (both A-C-T). Thus, variations at
these three sites do not seem to form a sound basis for
classification into subgroups.

http://virsgmjournals.org
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Analysis of VP1 proteins

BKVcap tropism for vascular endothelial cells may have
been caused by changes in the amino acid sequence com-
position of the major capsid protein, VP1. We therefore
aligned the deduced VP1 sequences of all BKVp clones
and compared them with BKVpyy, as well as the novel
BKVyy and BKVyc clones (Table 5a). BKVap clones had
three to seven VP1 amino acid changes compared with
BKVpyn. Some of these amino acid changes were unique
to a given clone, but none of them was present in more

than one of the BKV4p clones and not in the BKVy; and
BKVyyc clones.

On the contrary, three amino acid changes were present in
all BKVyc clones only (aa 42, V—L; aa 210, V—I; and aa
362, L—V). In addition, one BKVy; clone (HI-u5) had a
single mutation at nt 1702 (G—C), leading to an amino acid
change from glutamic acid to glutamine at position 73 of
the VP1 protein, resulting in the loss of a negatively charged
amino acid side chain. This had been previously described
in the partially sequenced BKVyy,, strain, which was isolated

Table 5. Sequence variations within the predicted amino acid sequences of (a) the VP1 protein and (b) the large T protein of
BKV CAP, Hl and HC clones compared with BKVpyy strain (only differences are shown)

(a)

Site* 4 42 47 73 121 127 146 158 170 171 175 210 219 259 288 289 304 305 311 313 330 353 362
BkVpuw T V E E I L Q E R S D V A S K I F L N R E K L
CAPm2 - - - - - - - D - T - - T - — — — — — - - - -
CAPM5 - - - - - - - D - T - - T - - — — — — - - - -
cAPm9 - - - - T - - D - T - - T G - T S - — — - - -
CAPml3 - - - - - P - D - T - - T - — — — — — - - - -
CAPmi§ - - - - - - - D - T - - T - - - - - - - - R -
CAPR2 A - - - - - - D - T - - T - R - - - - - G - -
CAPh5 - - - - - - - D - T - - T - - — — — — - - - -
CAPR§ - - - - - - - D - T - - T - - — — - T - - - -
CAP-h22 - - - - - - - D - T - - T - — — — — — - - - -
HI-u5 - - Q- - - R D - T E - T - - — — — - - - - -
HI-u6 - - - Q - - - p - T E - T - - - - 8§ — — - - -
HI-u8 - - - Q - - - D W T E - T - — — — — — - - - -
HCw2 - L - - - - - D - T E I T - - - - - - G - - ¥
HCw - L - - - - - D - T E I T - - - — — — - - - ¥
HCwW - L - - - - - D - T E I T - - — — — — - - - ¥
(b)

Site* 20 28 37 42 63 133 142 182 260 267 273 288 323 327 334 353 373 430 471 475 504 584 603 629 675
BkVouw E P KHE K 8 S 8§ T K F F I N T K I M E D F E D Q
CAPm2 - - - - - - - N - - - - T - - R - - — — — - - -
CAP-m5 - - - - - - - N - - - - T - - - - - - - - - G -
cAPmM9 - - - - - E - - N - - - - T - - - T V - G - XK - -
CAPmi3 - - R - - - - - N - - - - T - - - - - G - - - - -
CAPml§ - - - R - - - - N - R L - T - - — — — — — - - - -
CAPh2 - - - - - - - - N - - - — T - = — — — — — - - - -
CAP-h5 - - - - - - - - N - - — — T - - — — — - - - - - -
CAPR§ - - - - - - - - N - - - — T D - - — — — — — - - -
CAP-h22 - - - - G - - - N - - — — T - — — — — — - s - - -
HI-u5 - - - - - - - - N - - - - T - - - - - - - - - - E
HI-u6 G- - - - - - - N - - - - T - - - - - - - - - - E
HI-u8 - - - - - - - - N - - - - T - - - - - - - - - - E
HCw2 - $ - - - - C - N - - - — T - S — — — — — - - - -
HCws - § - - - - C - N - - - - T - S — — — — - - - - -
HCwW - S$ - - - - C - N A - - C T - S — — — — — - - - -

*m, Striated muscle; h, heart; u, urine.
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from a leukaemia patient with BKV tubulointerstitial
nephritis and meningoencephalitis. This amino acid
change could possibly promote a f-strand in this region
at the expense of the a-helix (Stoner et al., 2002).

The only crystal structure of the VP1 capsid protein of
polyomaviruses that has been characterized is that of
SV40 (Liddington et al, 1991). We therefore examined
the structure of SV40 VP1 pentamers at positions that
correspond to the amino acid changes seen in the VPI
protein of BKVcap clones compared with BKVy; and
BKVyc. None of these changes were at positions likely to
be exposed on the surface of the virions and, therefore, no
conformational differences could be expected to result in
a novel interaction with potential cellular receptors. In
addition, the C terminus of the capsid protein VP2, which
contains its binding site with the VP1 pentamers, showed
no significant differences among the clones of these three
viruses.

Analysis of T antigen sequences

The large T protein is the main regulatory protein of BKV.
It has a crucial role in the life cycle of this virus since
its presence is required for the initiation of BKV DNA
replication and for activation of the switch from early to
late gene transcription. It also contains binding sites for
nuclear proteins, as well as a host-range domain. Therefore,
changes in the T antigen structure may be responsible for
the vascular tropism of the BKV,p strain.

Although three to seven amino acid changes compared
with BKVpyy could be seen in the T antigen of BKVcap
clones, none of them was present in all BKVcap clones,
nor in the BKVy; or BKVyc clones (Table 5b). Analysis
of the T antigen binding site showed no mutations at posi-
tions 4298 and 4299, previously described in the virulent
BKV;, strain in an AIDS patient with end-stage renal
disease (Smith et al, 1998). In addition, no significant
amino acid changes were detected in any of the BKVcap
clones in the DNA-binding domain, zinc-finger domain,
p53-binding domains, host range domains or phosphoryla-
tion sites. Therefore, changes of the amino acid sequence
of the T antigen of BKV4p clones could not readily explain
the difference in cell tropism of this novel BKV strain. In
contrast, three unique amino acid changes were found in
the BKVyc clones only and one amino acid change was
found in BKVyy; clones only.

Analyses of amino acid sequences of the t,
VP2, VP3 and agnoproteins

The deduced amino acid sequences of the t, VP2, VP3 and
agnoproteins of all the BKVap, BKVy and BKVyc clones
were aligned and compared with the BKVpyy amino acid
sequence. Unique changes were found only in BKVyc
clones, in the small t protein (aa 28, P—S), the VP2 (aa 318,
Q—K), VP3 (aa 199, Q—K) and the agnoprotein (aa 14,
V—L).

DISCUSSION

Only three full-length BKV sequences have been published
to date. These, as well as most partially sequenced BKV
strains, have been characterized by co-cultivation of the
patient’s primary isolates in permissive cells, followed by
molecular cloning and sequencing of a single clone. This
could promote the selection of tissue culture-adapted
strains bearing artificial molecular changes, especially at
the level of their regulatory region. Furthermore, potential
intra-strain polymorphisms cannot be evaluated.

To circumvent the need for virus culture altogether, we
chose to amplify the complete genome of BKV isolates in a
single PCR. Moreover, we sequenced three to nine clones
from each patient’s isolates, to gain insights regarding their
genetic diversity. The availability of 15 novel full-length
molecular clones of BKV thus radically expands our
knowledge of the genetic diversity of this virus. In addi-
tion, comparison of multiples clones derived simultaneously
from the same patient sheds a new light on BKV evolution.
Indeed, there are few data available on the intra-patient
genetic diversity of the coding region of BKV, since pre-
viously published studies used direct sequencing of PCR
products, which aims to reveal only the most prominent
species present in a sample and renders the detection of
polymorphisms difficult (Jin et al., 1993b; Randhawa et al.,
2002).

The extent of sequence variation among clones from
individual patients in our study was surprising. The most
divergent sequences from patient CAP differed at 0-55 %
of sites. BKV infections often occur at a very early age
(Tavis et al, 1990). This patient with BKV vasculopathy
was 52 years old when the samples were taken. If the initial
BKYV infection arose from a single strain, two viruses from
this BKV population could have been diverging for about
50 years. A divergence of 0:55% then implies a rate of
nucleotide substitution of around 5x 10> substitutions
per site per year [i.e. 0-55%/(2 x 50) to account for diver-
gence along two lineages from the common ancestor]. Even
taking the lower mean divergence seen in the two other
patients (i.e. around 0-15%) who could each have been
infected for a little over 40 years yields a rate of evolution
around 2 x 10”7 substitutions per site per year. These rate
estimates are surprisingly high for a DNA virus and about
two orders of magnitude greater than the rate of 4 x 107
per site per year estimated for synonymous substitutions
among different JCV genotypes (Hatwell & Sharp, 2000).

Several factors could contribute to these results. First, the
possibility that the genetic diversity observed among the
BKV clones was artificially inflated by errors of the Tag
polymerase during the PCR and by sequencing artefacts
must be considered. However, the fidelity of the Taq Plus
DNA polymerase we used for the long PCR amplification is
extremely high, with an error rate of only 1-3 x 10" °+2-2
(Cline et al., 1996). Therefore, on average, the PCR enzyme
should give rise to only 1 nt change per 150 full-length BKV

http://virsgmjournals.org
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clones under ideal conditions. However, this error rate
may only pertain to experiments conducted under certain
optimal conditions. In our hands, sequencing of long PCR-
amplified products of the BKVpyy reference strain from
10 individual reactions revealed a somewhat higher error
rate (7-35x 107°). Nevertheless, the rate of mutations
observed in the same region among the nine BKV,p clones
was more than 20 times higher than this (1-63 x 107?) and
thus this high intra-strain genetic diversity cannot be
accounted for by errors of the Taq polymerase. Further-
more, sequencing artefacts could be discounted because
the analyses were all performed on both strands of each
clone. Surprisingly, we also found a single point mutation
compared with the published BKVpyy sequence (position
3472, silent mutation A—T) in all 10 clones. We believe
that this mutation, which is present in all BKVpyy clones
from 10 separate PCRs, was not caused by an error of the
PCR enzyme, but existed already in the plasmid obtained
from the ATCC. Indeed, this A—T change has already
been reported in BKV strains MM and AS, and was seen in
this study in all CAP, HI and HC clones.

Secondly, although there are no obvious aspects of BKV
and JCV biology that would be expected to lead to large
differences in their evolutionary rates, the rate of evolution
of BKV may be higher than that of JCV because of a higher
mutation rate and/or a higher replication rate. Consistent
with this, the diversity among BKV strains is higher than
that among JCV strains; for BKV, the differences among
genotypes are extensive enough to give rise to distinct
serotypes, whereas that is not the case for JCV. The extent
of divergence between BKV genotypes I and III is about
twice that seen between the most divergent JCV genotypes,
which is only a little higher than that seen within BKV
genotype I (Table 6). In contrast to JCV, there is as yet
no clear association between genetic diversity and geogra-
phical origin or ethnic background for BKV strains, perhaps

because the broader host cell range of BKV renders it more
readily transmissible, and so the historical epidemiology of
the two viruses may have been different. Therefore, the
greater diversity in BKV than in JCV may merely reflect a
greater length of time since the most recent common
ancestor for BKV strains, rather than a faster evolutionary
rate.

A third possibility is that the rates of BKV and JCV evolution
are broadly similar, but that estimates of evolutionary rates
are higher over short-term comparisons (i.e. within an
individual for BKV) than across longer-term comparisons
such as those between different JCV genotypes that may
have diverged 100000 years ago. This could arise due to
saturation effects, such that longer-term comparisons give
rise to underestimates, as previously discussed for certain
viruses with RNA genomes (Sharp et al., 2000; Simmonds,
2001). The observation that the transition-to-transversion
ratio was higher among BKV/CAP clones than the value
estimated for the phylogenetic analysis of all BKV sequences
would be consistent with some saturation of transitions.
Clearly, it will be of interest to compare the intra-host
diversity seen for BKV with that for JCV.

Our analyses also revealed that the previously published
VP1 gene sequence described as being from the original
BKYV isolate (Jin et al, 1993a) is a likely recombinant of
genotype I and genotype II sequences. Dual infection with
more than one subtype has been described (Jin et al., 1995),
which may permit recombination to occur. A recombinant
JCV sequence has been identified (Hatwell & Sharp, 2000).
However, for the BKV sequence, as with the JCV sequence,
it is not yet clear whether the sequence reflects a recom-
binant virus or ‘recombination’ in the laboratory.

Extensive analyses of potential molecular determinants of
the vascular tropism of BKVcsp remained inconclusive.

Table 6. Diversity among polyomavirus strains

L is the length of the BKV gene in codons. Ka and Ks are the estimated numbers of non-synonymous
and synonymous substitutions per site (by the method of Li, 1993). BKV-1 values refer to the mean of
comparisons between the CAP clones and the Dunlop strain. BKV-2 values refer to the mean of com-
parisons between Dunlop, CAP, HI and HC clones and AS. JCV values are for genotype 1 vs genotype
6 (taken from Hatwell & Sharp, 2000). The mean (weighted by gene length) is calculated from the non-
overlapping genes for the agnoprotein, VP2, VP1 and large T antigen.

L BKV-1 BKV-2 JCV
Ka Ks Ka Ks Ka Ks
Agnoprotein 66 0-010 0-035 0-014 0-076 0-015 0-000
VP2 351 0-011 0-026 0-015 0-113 0-008 0-048
VP3 232 0-007 0-032 0-018 0-144 0-012 0-066
VP1 362 0-005 0-066 0-027 0-176 0-008 0-110
Large T antigen 695 0-003 0-075 0-009 0-179 0-005 0-089
Small t antigen 172 0-004 0-039 0-008 0-175 0-003 0-043
Mean 0-006 0-059 0-015 0-158 0-007 0-080
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Our results indicate that the regulatory region is not res-
ponsible for the new phenotype of this isolate. Indeed, the
regulatory region of all nine BKV,p clones sequenced had
an O-P-Q-R-S pattern identical to the archetype BKVyw
regulatory region (Markowitz & Dynan, 1988; Moens et al.,
1995; Sugimoto et al., 1990) found in primary urine isolates,
including the novel BKVy; and BKVy strains described in
this study. This contrasts with JCV, where central nervous
system strains usually have a regulatory region with a
typical tandem repeat pattern and variable deletions com-
pared with the archetype regulatory region found in the
kidney (Major et al., 1992).

We also explored whether amino acid changes in the
capsid proteins of the BKV,p clones could be responsible
for conformational differences that may lead to their pre-
ferential entry in capillary endothelial cells. Such dramatic
extension of host cell range has been demonstrated in
mouse polyomavirus, where a single amino acid change
(G—E) at position 92 in the VP1 protein induces an
increase in tumour incidence in a broader spectrum of
tissues (Freund et al., 1991). However, we could not identify
amino acid changes present in the VP1 or VP2 proteins
of most BKVap clones that were not previously identified
in non-vasculotropic BKV strains (Table 5). In addition,
conformational analysis of the VP1 protein of BKVcap
clones failed to show any changes at the surface of the
virions that could result in a novel interaction with
potential cellular receptors. To our surprise, we found
that each BKVcap clone had several unique amino acid
differences. Since BKV4p was not detected in renal tubular
cells but exclusively in the capillary endothelial cells of the
kidney, muscle and heart of this patient, it is unclear which,
if any, of these changes is responsible for the initial vascular
tropism of this particular isolate. It is indeed possible that
some of these changes are the consequence, instead of the
cause, of the expanded host cell range of this virus.

In addition to cell entry, a productive infection by poly-
omaviruses requires a successful interaction between the
cellular machinery and both the virus regulatory region
and the T antigen, which is necessary to initiate the
expression of capsid proteins and viral DNA replication.
Again, no unique amino acid changes could be identified in
the T antigen of all BKVc,p clones that were not already
described in non-vasculotropic isolates (Table 5b) and a
similar diversity was found in their T antigen as in their
VP1 protein (Table 5a).

Therefore, the event that led to successful entry and repli-
cation of BKV in capillary endothelial cells remains unclear.
It may be that a unique feature of the patient himself,
such as mutation in a cellular protein present in capillary
endothelial cells, was in fact responsible for this peculiar
clinical presentation. Furthermore, the mechanisms by
which BKV caused an increased vascular permeability in
this patient are not resolved. Direct action of the virus on
the cell membrane or possibly an immune-mediated
mechanism may play a role in this syndrome. Studies of

the phenotype of BKVcap clones in vitro are currently in
progress in our laboratory to address these issues.
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