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ABSTRACT A detailed physical map of the BK virus (MM
strain) genome has been constructed with respect to the cleavage
sites of 11 different restriction enzymes. The enzymes cut
BKV(MM) DNA at 61 specific sites whose locations have been
determined. Preliminary nucleotide sequence was carried out
in the region from 0.70-0.75 map positions on BKV(MM) DNA.
An 80% homology was found at 0.714-0.744 map positions on
BKV(MM) DNA with 0.722-0.752 map positions on simian virus
40 DNA. This region of simian virus 40 DNA codes for the syn-
thesis of the leader sequence of late mRNA.

The human papovavirus BK (BKV) was first isolated from the
urine of renal allograft recipients (3, 4) and later from patients
with the Wiskott-Aldrich syndrome (5). Although the associ-
ation of BKV with human diseases is rare, BKV-specific anti-
bodies are found in sera from most healthy people. A varient
of BKV, the MM strain, is very similar to BKV except that its
DNA is slightly shorter and it contains three instead of four
Hind cleavage sites (6).
BKV(MM) appears to be related to the well-characterized

monkey virus, simian virus 40 (SV40). First, the origin of rep-
lication (at around 0.67 units) and the origin and direction of
transcription are located similarly on the two viral DNA mol-
ecules relative to the EcoRI sites (P. M. Howley and M. A.
Martin, C.-J. Lai and G. Khoury, personal communications).
Second, antisera against SV40 directed T-antigen crossreacted
with BKV-infected human cells (7). Third, out of 21 tryptic
peptides of BKV T-antigen, 7 are similar to those of SV40 T-
antigen (8). Fourth, the DNA of the two viruses exhibits se-
quence homology. Estimates for the extent of homology range
from 11 to 92% (9, 10), depending on the exact technique used
for the measurement. Thus, only direct nucleotide sequence
analysis can reveal the exact homology.

MATERIALS AND METHODS
Cells and Viruses. Human embryonic kidney cells (HEK)

were purchased from Microbiological Associates (Long Island,
NY). The cells were propagated in Dulbecco's modified Eagle's
medium supplemented with 2 g of glucose per liter, 10% fetal
calf serum, and 10% tryptose phosphate broth. African green
monkey kidney cells CV-1 and TC-7 were obtained and grown
as described (11). For preparation of BKV DNA, HEK cells
were infected with approximately 0.1 plaque-forming unit of
BKV(MM) per cell. Unlabeled and 32P-labeled BKV(MM) DNA
and SV40 (small-plaque, from D. Nathans) DNA were prepared
as described (11, 12).

Restriction Enzyme Cleavage of BKV(MM) DNA. Re-
striction enzymes (1) Bam I, Mbo II, EcoRI, Hae III, Hha I,
HindIII, Hpa II, Kpn I, Pst I, and Xba I were purchased from
BioLabs. Mbo I was a generous gift of R. Roberts. Digestion of
DNA by these enzymes and the fractionation of DNA frag-
ments by gel electrophoresis were as described (11, 13).

RESULTS
Mapping of Cleavage Sites of Restriction Enzymes on

BKV(MM) DNA. A detailed physical map of 61 cleavage sites
on BKV(MM) DNA was constructed and is summarized in Fig.
1. The cleavage sites of enzymes that cut the DNA only once
were determined relative to the known location for the EcoRI
site and to the three known sites (6) for HindIII (Fig. 2). For
example, for the Pst I cleavage, uniformly 32P-labeled
BKV(MM) DNA was digested simultaneously with Pst I and
EcoRI. Each of the two resulting fragments was isolated and
then digested by HindIII. The results show that HindIII-Al,
C, and B1 fragments are released from one fragment, while
HindIII-A2 and B2 are produced from the other fragment (Fig.
2b). From this information and the size of each fragment, the
exact location of the Pst I cleavage site can be deduced. Simi-
larly, the cleavage site of the other single-cut enzymes (Hha I,
Kpn I, and Bam I) and of Xba I, which has two cleavage sites,
were located on the BKV(MM) genome. All the three Hind(II
+ III) fragments are generated by HindIII alone.
For mapping the sites of restriction enzymes that produce

a large number of fragments on BKV(MM) DNA, the following
procedures were used: (a) digestion of uniformly 32P-labeled
BKV(MM) DNA to completion with each restriction enzyme,
or simultaneously with two enzymes, and determination of the
number and size of the DNA fragments from electrophoretic
data (2, 13, 14); (b) isolation of electrophoretically purified DNA
fragments from step a and digestion with a second restriction
enzyme (e.g., digestion of Mbo I-A with HindIII) to determine
the number of cleavage sites and the size of subfragments, and
application of overlap analysis to determine the order of the
fragments (2, 14); and (c) partial digestion of single-end 32p-
labeled BKV(MM) DNA fragments with a second enzyme and
determining the order of the partial products by size from the
common labeled end (11, 15).
Complete Digestion of Uniformly Labeled BKV(MM)

DNA. Digestion of uniformly 32P-labeled BKV(MM) DNA with
an excess of HindIII gives three fragments, Hind-A, B, and C
(6). We found that Hind-C actually consists of three bands,
designated Ca, Cb, and C,, at approximately equal proportions.
The largest fragment (Ca) is from the parent BKV(MM) since
it contains one Hpa II site. The two shorter fragments (Cb and
C,) appear to come from deletion mutants of BKV(MM) since
the Hpa II site is lost (unpublished observation). These two

Abbreviations: BKV, BK virus; SV4Y, simian virus 40. Bam, Hae, Hha,
Hin, Hpa, Kpn, Mbo, Pst, and Xba are restriction enzymes (1) from
Bacillus amyloliquefaciens H, Haemophilus aegyptius, H. Haenm-
lytcus, H. influenzae d, H. parainfluenzae, Klebsiella pneumontae,
Moraxella bots, Proteus stuartfi, and Xanthomonas badril, respec-
tively. Each DNA fragment present in a complete digest is assigned
a capital letter (2) in order of decreasing size (A, B, . ., where A
is largest) with an italicized prefix designating the enzyme used to
produce the fragment (e.g., Hin III-A). Each fragment produced by
simultaneous digestion of two enzymes is designated by the names of
enzymes followed by an arabic number (e.g., Hin III-Mbo I 3).
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FIG. 1. A detailed physical map ofBKV(MM) DNA. The exact location of all the 61 cleavage sites produced by 11 restriction enzymes are
assigned on this genome. The Mbo II, Hae mH, Mbo I, and HindIII sites are shown in circles II, III, IV, and V, respectively. The unique EcoRI
site is taken as the reference zero site.
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FIG. 2. (a) Partial cleavage pattern of the sin-
gle-end 32P-labeled HindIII DNA fragments di-
gested with Mbo I. The single-end 32P-labeled
Hind-Al, A2, B1, and B2 were obtained by digestion
with EcoRI and Pst I, respectively (see b and c).
Each single-end labeled fragment was then partially
digested with Mbo I (lanes Al, A2, B1, and B2).
Electrophoresis ofthe partialDNA digests (1.5 X 104
cpm) was on a 4% polyacrylamide gel. (Lanes A, B,
and C) Complete digestion of 5'-32P-labeled Hind-A,
Hind-B, and Hind-C fragments, respectively, with
Mbo I to give the end-labeled DNA subfragments
(e.g., HindIII-Mbo I 3 and 8 from Hind-A). (Lane
HR+HS) Mixture of two double digests, HindIII-
EcoRI (HR) and HindIII-Pst I (HS) digests of
BKV(MM) DNA. (Lane hRS+Mbo I; also see c)
5'-32P-Labeled DNA from a Hha I-EcoRI-Pst I
digest was incubated with Mbo I to give six single-
end labeled bands. (b) Circular HindIII cleavage
map of BKV(MM) DNA. The 5'-32P-labeled ends
are represented by a dot and a line. (-); the
cleavage sites ofEcoRI and Pst I are marked by ar-
rows. (c) Circular map ofBKV(MM) DNA with sites
of three single-cut restriction enzymes.
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FIG. 3. DNA sequence analysis ofBKV(MM) and SV40DNA fragments. Sequences of single-end 32P-labeled DNA fragments were determined
by the chemical degradation procedure (21). The autoradiograms of the polyacrylamide gels (a-c) are shown here. Gp lanes, the G-specific reaction;
A+ lanes, the A- and G-specific cleavage (A > G); A- or A lanes, A- and C-specific reaction (A > C); C lanes, C-specific reaction; T lanes, T +
C. (a) BKV(MM) HindIII-A fragment cleaved with Hae III, 5'-terminally labeled at the HindIII site (0.72 map position). Nucleotides 1-170
correspond to nucleotides 91-260 on Fig. 4. (b) BKV(MM) HindIII-Ca fragment cleaved with Hpa II, 5'-terminally labeled at the HindIII site.

(Continued on following page.)

a
T

-AGO

A60

A
-G

--cA-G

-G
T.

--c
-c

A20

I-4

N

b

-x

5

0

5

+4- BPB

:W -Tl1

- A10

r- tT5

-T_-

.A
.,,

II I I

Ml'



Proc. Natl. Acad. Sci. USA 75 (1978) 2153

deletion mutants are different from the original isolate of BKV
(6, 9) because the latter contains more DNA than
BKV(MM).

Digestion of BKV(MM) DNA with Mbo I results in 10 frag-
ments (A-J), varying in length from 1659 to 125 base pairs,
which can be fractionated into 9 discrete bands in a 3.5%
polyacrylamide gel. Incubation of BKV(MM) DNA with Hae
III produces 19 fragments (A-S), which migrate as 15 bands in
a 3.5% gel. The relative molecular weights of these fragments
were estimated by direct comparison with the known sizes of
SV40 DNA Hae III fragments (14) fractionated in the same
gel.

Digestion of Individual HindIII Fragments with Mbo I.
Uniformly labeled Hind-A gives seven subfragments upon
digestion with Mbo I. Hind-B is cleaved by Mbo I into five
subfragments while Hind-C is not cleaved by Mbo I. In re-
ciprocal digestion, each Mbo I fragment is digested by HindIll.
By overlap analysis, a preliminary order of Mbo I fragments
can be shown as follows: -A-d, I, D, H, F)-E-(C, B, G).

Partial Digestion of Single-End 32P-Labeled HindIll
Fragments with Mbo L 5'-End MP-labeled HindlII fragments
A and B were digested with EcoRI or Pst I to generate single-
end labeled Hind-Al, A2, B1, and B2 (Fig. 2b). Each of these
fragments was subjected to partial cleavage with Mbo I to
produce a series of incompletely digested fragments. The DNA
bands (sharing the same labeled end) resulting from partial
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FIG. 3 (continued). The complementary sequence is shown on Fig.

4 as nucleotides 1-75. (c) A representative SV40 sequence is shown

for the Hind(ll[+Ill)-C Hpa(I+II)-D fragment, 5'-terminally labeled

at the Hpa II site (nucleotide 5 corresponds to nucleotide 81 on Fig.

4). Other SV40 fragments whose sequences have been determined (gel

patterns not shown) include Hpa-B Alu-R, Alu-R Hpa-B, Hpa-D

Alu-R, Hind-L, Hind-M, and Alut-K (22). The sequence analysis of

this region (0.71-0.76) was completed in March 1977. Over 99% of our

data are in agreement with those of others (23, 24).

digestion were then analyzed for size. The size difference be-
tween two adjacent bands was calculated and compared to the
known size of DNA fragments produced by complete digestion.
As illustrated in Fig. 2a, the partial Mbo I cleavage of Hin-
dIII-Al produces subfragments a, b, c, d, and e. The smallest
fragment (e) is equivalent to fragment 3 in a HindIII + Mbo
I double digest of BKV(MM) DNA (data not shown). Fragment
d is longer than fragment e by 2.4% genome length of the
BKV(MM) DNA, which is equivalent in size to HindIII-Mbo
I 12. Thus, fragment 12 is immediately adjacent to fragment
3. By extending this analysis, the order of the component Mbo
I fragments included in Hind-Al can be deduced as HindI1-
Mbo I 3-12-10-5-4B or Mbo I-(A-J-I-F-D) (Fig. 1). In a similar
manner, partial digestion of Hind-A2 by Mbo I defines the
order of Mbo I-(E-H-D), and Hind-B1 corresponds to Mbo I-
(A-G-B). These data completely define the physical map for
Mbo I (Fig. 1).
Mapping of Hae III Cleavage Sites. First, each uniformly

labeled HindIII fragment was digested with Hae III to com-
pletion. In reciprocal digestion, each Hae III fragment was
digested to completion with HindIII. Next, each uniformly
labeled Mbo I fragment (A-J) was digested with Hae III. In
reciprocal digestion, each Hae III fragment was cleaved with
Mbo I. Results from these digestions (data not shown) give ex-
tensive information for ordering and mapping of most of the
Hae III fragments with respect to Mbo I fragments. The order
of several small Hae III fragments, such as Hae rn-P and R, was
obtained by partial digestion of certain single-end 32P-labeled
HindIll and Mbo I fragments with Hae III. The physical map
for the Hae III cleavage sites is shown in Fig. 1.
Mapping of Mbo II Cleavage Sites. Complete digestion of

uniformly 32P-labeled BKV(MM) DNA with Mbo II produces
22 fragments. Digestion of 32P-labeled HindIII fragments or
Mbo I fragments by Mbo II was used in the construction of a
preliminary map for Mbo II. The final physical map (Fig. 1)
was constructed with additional information from partial di-
gestion of certain single-end 32P-labeled HindIll and Mbo I
fragments with Mbo II.
DNA Sequence Analysis of BKV(MM) DNA. A "leader"

RNA sequence has been found at the 5' end of the 16S late
mRNA which codes for VPI protein in SV40 (16, 17). This
leader RNA, about 200 nucleotides long, which is coded by
SV40 DNA at around 0.72-0.76 map positions (17), appears to
be spliced to the 16S late mRNA. It is of interest to determine
whether a similar leader RNA sequence exists in BKV(MM).
Since such spliced leader sequences have also been found in
adenovirus mRNAs (18-20), it seems likely that they constitute
an essential signal that may be expected to be conserved in
evolution. Comparison of DNA sequences of SV40 and BKV
in the region around 0.70-0.76 map position may give insight
about the minimum length of the leader sequence. The
BKV(MM) DNA sequence in the region of 0.72-0.76 map po-
sitions was determined by labeling the 5' ends of HindIII-A
with 32P, digesting the fragment with Hae III, and determining
the sequence (21) from the single 5' labeled end at 0.72 map
position. A sequencing gel is shown in Fig. 3 and the sequence
of 170 nucleotides (91-260) deduced therefrom in Fig. 4.
Comparison with the SV40 DNA sequence in the same region
(0.70-0.76 map positions, Fig. 4) shows 80% homology (solid
underline) in a stretch of 103 nucleotides [nucleotides 114-216
in BKV(MM) DNA in Fig. 4]. The longest stretch of common
sequence is 17 nucleotides long [157-173 on BKV(MM) DNA].
There is only a 30% homology from nucleotides 217 to 260.
The 5'-end-labeled HindIll-Ca fragment of BKV(MM) DNA

was digested with Hpa II, to produce a single-end labeled
fragment spanning 0.70-72 map units, and analyzed. Extensive
homology (93%) was found between nucleotides 58-85 of

Biochemistry: Yang and Wu
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BKV(MM) 5' A-G-T-C-A-G-T-C-A-G-T-T-A-G-C-G-A-G-C-C-T-A-G-G-A-A-T-C-T-T-G-G-C-C-T-T-G-T-C-C-C-C-A-G-T-T-A-A-A-C-T-G--A-CA-A-
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SV40 G-Glar-C-A-T-G-G-T-G-C-T G-C-GtCfC-G-G-C-T-G-T-C-A-C-G-C-L--G-E--C-T--C-GH-T-T---G-G-T-T-C-G-T-A-G-G-T-C-A-T-G-G-A-C
Hi&II
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BKV(MM) IfiL-G-GAA-C-A-A.A A A'AA-G-A-G-C-T-C-A-fi-A -G-A-LT-TLT-A-I-T-;T-T--A- -T-T-T-A-G-A-G-C-T-f-T-f-G-C-T-G-G-A-A-T[
SV40 Ji=-A-LA-G-T-A-A-A-A-A-A-A-C-A-G±C-T-C-A-A-C-i-C-C-T-TLT-T-T-G-I-G-T-T-T-G-T-T-T-T-A-G-A-G+C-T-T-T-T-G-C-1---C-A-A-T-T

180 190 200 210 220 230................. .. . . . . . . . ......

BKV(MM) T-T-G-T-A-G-A iGG-T-G-AA-G AA-C-A-G-TIG-T-A- -LC-G6fiGJA A-A-A-CJLA'A'AAG-T-A-L-C-A-C-T-G-C-T-T-I--A-C-C-T-G-C-T-G
SV40 T--CTT-G-T-C'G-A-C-G-G-G-A-A-A-C-G-C-A-A-A-A-A-A-C-C-A-G-A-A-A-G-G- A-A-C-T-G-A-A-A

HODI I HUDI I

240 250 260 0.753........ . . . . I . . . . . . . . . .............. .........

BKV(MM) T-A-A-A-A-G-A-C-T-C-I-G-T-A-A-A-A-G-A-C-T-C-C 3'
SV40 A-A-C-C-A-G-A-A-A-G-I-TT-A-A-C-T-G-G-T-A-A-6-T 3'

INDII 0.761

FIG. 4. Nucleotide sequences of the restriction fragments ofBKV(MM) and SV40 DNA. A portion of the sequences are deducted from the
autoradiograms shown in Fig. 3. Other portions of the sequences are deduced from other autoradiograms not shown. The sequences of certain
regions are fully confirmed by the complementary sequence, e.g., 0.72-0.76 map positions on SV40 DNA. Sequences of other regions are determined
from one DNA strand only, with at least 98% confidence. Nucleotides with solid underlines represent common sequences between BKV(MM)
and SV40 DNA. Some sequences, marked with dotted lines, represent repeats or palindromes.

BKV(MM) DNA (Fig. 4) with those of SV40 DNA. However,
almost no homology was found between nucleotides 1-57 of
BKV(MM) DNA with that of SV40 in the corresponding re-
gion.

DISCUSSION
In SV40, viable mutants with short deletions (32-190 base pairs)
around the Hpa II site have been isolated and shown to have
reduced growth rates (25, 26). The deleted regions are within
0.72-0.76 map positions of that which codes for the leader RNA
sequence (16, 17). Thus, at least a part of this region (0.72-0.76)
is important in supporting the normal growth of SV40. If the
common DNA sequence found in BKV(MM) at this region is
also involved in coding for a leader mRNA sequence, it can be
narrowed down to nucleotides 58-216 on the SV40 DNA (Fig.
4). It is likely that only part of this sequence constitutes specific
recognition signals and is absolutely required. For example,
nucleotides 58-85 and 153-182 show the highest homology to
BKV(MM) sequence and therefore may be more important.
Further work is needed to pinpoint the minimal DNA sequence
required to code for a fully functional leader RNA.
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