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A new restriction endonuclease, Sacl from Streptomyces achromogenes cleaves
BK virus (strain MM) DNA into 3 fragments, whereas Mboll from Moraxella
bovis and Alul from Arthrobacter luteus give 22 and 30 fragments, respectively.
All these specific DNA fragments were ordered and mapped on the viral genome
by two methods: first, by the reciprocal digestion method using uniformly *?P-
labeled DNA; and second, by the partial digestion technique using the single-end
#P.labeled DNA. This study, together with those reported earler, defined the
location of 90 cleavage sites on the BK virus DNA.

Human papovavirus BKV has been isolated
from the urine of immunosuppressed renal allo-
graft recipients (1, 5, 10, 12, 13, 22, 34). A variant
of BKV, BKV(MM), was isolated from the urine
and the brain tumor of a patient with Wiskott-
Aldrich syndrome (31). BKV(MM) is very sim-
ilar to the prototype BKV, except that the DNA
of the former contains three instead of four
HindIII sites (7).

Serological surveys revealed that about 60 to
80% of human adults have detectable antibodies
specific to BKV (3, 4, 15, 27), suggesting that
infection with this agent is very common. In
addition to its ability to reproduce lytically in
human fetal cells, this virus can transform nor-
mal hamster cells grown in vitro and, when
innoculated into hamsters, induce tumors in vivo
(14, 21, 26, 29, 33). Immunological studies have
shown that BKV and the well-characterized on-
cogenic SV40 are closely related but far from
being identical (16, 18, 21, 23, 28, 30).

BKV has a circular double-stranded DNA
genome with a molecular size similar to that of
the SV40 genome (7, 9). DNA-DNA heterodu-
plex techniques revealed vastly different extents
of DNA sequence homology between BKV and
SV40, depending on the stringency of the hy-
bridization conditions used (7-9, 11, 19, 20). Un-
der stringent conditions, the heteroduplex
(about 11% of the total genome) was formed
solely in the late region of the SV40 genome;
whereas under less stringent conditions, the het-
eroduplexes occurred in 92% of the genome (19).

DNA sequence determination will offer the
most direct and reliable information for compar-
ing the genomes of BKV and SV40 and for
understanding the structure-function relation-
ship of these viruses. With this goal in mind, we
made use of a number of restriction endonucle-

ases to specifically cleave BKV DNA into frag-
ments of workable sizes. Once the fragments are
physically mapped they will be suitable for ex-
tensive DNA sequence analysis. Recently, the
sequence of several short BKV DNA fragments
has been determined (2, 38).

In this communication, we describe the phys-
ical mapping of BKV(MM) DNA by using re-
striction enzymes Sacl, Mboll, and Alul.

MATERIALS AND METHODS

Cells and viruses. Plaque-purified BKV (strain
MM) obtained from P. M. Howley and K. K. Take-
moto was grown in human embryonic kidney cells as
described previously (7). Virus stocks were made by
infecting the cells at a multiplicity of 0.001 to 0.01
plaque-forming units per cell.

Preparation of uniformly and terminally la-
beled DNA. Detailed procedures have been described
previously (35). Briefly, for preparation of uniformly
2p.labeled BKV DNA, human embryonic kidney cells
were infected with BKV at approximately 0.01 to 0.1
plaque-forming units per cell and incubated with car-
rier-free P;. After Hirt extraction (6), the viral DNA
was purified by equilibrium centrifugation in cesium
chloride-ethidium bromide. For preparation of termi-
nally *P-labeled DNA, unlabeled restricced BKV
DNA fragments were 5'-terminally labeled with [y-
2P]JATP and T4 polynucleotide kinase. After purifi-
cation by polyacrylamide gel electrophoresis, a 5'-ter-
minally labeled fragment was digested with a second
restriction enzyme to give two single-end *?P-labeled
fragments.

Restriction endonuclease cleavage of viral
DNA. Restriction endonucleases Mboll, Alul, EcoRI,
HindlIll, Haelll, Hhal, BamHI, Xbal, Kpnl, Hpall,
and Pstl were obtained from New England BioLabs
(Beverly, Mass.). Sstl was purchased from Bethesda
Research Laboratories (Rockville, Md.). Mbol and
Sacl were kindly provided by R. Roberts and J. Szos-
tak, respectively.

The standard cofactor mixture for most of these
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Fi16. 1. Detailed physical maps of the BKV genome. The circular double-stranded DNA genome of
BKV(MM) is shown with the unique EcoRI site taken as 0 or 1.0 site. The cleavage map of each restriction
endonuclease (e.g., Alul), which produces a large number of fragments on the viral DNA, is drawn separately.
Circle II includes the cleavage sites of the single-cut enzymes and those of Xbal and Sacl. Circle I is the
multiple cleavage map consisting of 90 sites derived from the 13 enzymes used. The 3 sites of Sacl, 30 sites of
Alul, and 22 sites of Mboll are mapped as described in this paper. The cleavage sites of Haelll and Mbol
were mapped by Yang and Wu (39); those of HindlIll, EcoRI, and Hpall were determined by Howley et al.
(7); and those of BamHI, Kpnl, Hhal, Pstl, and Xbal were located by Yang and Wu (38). Map orientation is
guided by a key fragment (or site) for each map: HindIII-A (map positions 0.715 to 0.180), MboI-D (0.980 to
0.075), Xbal-B (0.973 to 0.240), Sacl-A (0.720 to 0.375), HaelII-B (0.952 to 0.070), MbolI-A (0.954 to 0.149), Alul-
A (0.990 to 0.095), BamHI site (0.980), Kpnl site (0.915), Hhal site (0.710), Hpall site (0.695), and PstI site
(0.340).

restriction enzymes contained 10 mM Tris-hydrochlo-
ride (pH 7.5), 7 mM 2-mercaptoethanol, and 7 mM
MgCl; (36). The cofactor mixture for Sacl and SstI
contained 80 mM NaCl in addition. For complete
digestion, 0.3 U of enzyme per ug of DNA was used.
Incubation took place at 37°C for 3 to 15 h. For partial

digestion, single-end **P-labeled DNA and smaller
amounts of enzyme were used. Samples were taken at
2, 5, 10, 20, and 40 min of incubation time and pooled
before electrophoresis.

Gel electrophoresis and autoradiography. For
monitoring completeness of digestion of unlabeled
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F1c. 2. Electrophoretic patterns of restriction fragments produced by complete digestion of BKV DNA with
individual restriction endonucleases. Uniformly **P-labeled BKV DNA (0.1 pg, 1.5 X 10° cpom/ug) was digested
with each restriction endonuclease to completion and fractionated by electrophoresis on a 3.5% polyacrylamide
gel. The restriction patterns are indicated and schematically depicted alongside the gel. Size estimation of
restriction fragments was carried out according to the published procedures (36). The data are documented
in Table 1. BPB, Bromophenol blue dye marker.
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TABLE 1. Restriction fragments obtained by
complete digestion of uniformly *’P-labeled
BKV(MM) DNA with Sacl, Mboll, or Alul*

Sacl  S®  aponm  O¢ Alul Ge-
frag- nome frag- nome frag- nome
length length length

ment (%) ment (%) ment (%)
A 65.30 A 19.00 A 11.00
B 22.50 B. 1400 B 10.70
Ca 12.20 B, 1360 C 7.90
Ch 11.80 B. 1350 D, 7.20
C. 11.70 C 1350 D, 6.75
D 990 D. 6.60
E 680 E 6.40
F 570 F 6.40
G 500 G 6.10
H 430 H 5.50
1 360 I 5.50
J 360 J 3.70
K 335 K 3.45
L 315 L 3.35
M 190 M 3.35
N 1.15 N 2.75
(0} 1.07 O 2.70
P 095 P 2.05
Q 095 Q 1.80
R 080 R 1.40
S 059 ml 1.10
T 050  m2(trip- 0.94

let)
U 044 m3 0.88
\% 044 m4(quar- 0.65
tet)

mb 0.58
mé 0.43
m7 0.20

“ Genome length as percentage of the total viral
DNA molecule is calculated on the basis of electro-
phoretic mobility.

BKV DNA with restriction enzymes, a 1% agarose slab
gel of 0.3 by 20 cm containing 0.5 pg of ethidium
bromide per ml was used. Electrophoresis was carried
out at 75 mA for 4 h. For fractionation of radioactive
DNA digests, a slab gel (0.15 by 34 by 40 ¢cm) of 3 to
6% polyacrylamide (ratio of acrylamide to bis-acryl-
amide, 20:1) was used for electrophoresis at 120 to 150
V until bromophenol blue dye marker migrated to the
desired positions. The buffer contained 40 mM Tris-
hydrochloride (pH 7.9), 20 mM NaOAc, and 2 mM
EDTA. Analytical polyacrylamide gels were dried and
autoradiographed as previously described (36). For
preparative gels, the gel segments were excised and
DNA was eluted as previously described (36).

RESULTS

For physical mapping of BKV DNA using the
cleavage sites of restriction endonucleases, we
employed two procedures as described earlier
(39): first, the method of reciprocal cleavage
using uniformly *’P-labeled DNA prepared in
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vivo; second, the technique of partial cleavage
using single-end **P-labeled DNA prepared in
vitro. The completed HindIII, Mbol, and Haelll
cleavage maps (Fig. 1) of BKV (strain MM)
DNA were used in locating the unknown cleav-
age sites of Sacl (or Sstl), Mboll, and Alul.

Cleavage patterns of BKV DNA with re-
striction endonucleases. Complete cleavage
of uniformly **P-labeled BKV DNA with Mboll
gave rise to 22 specific fragments (A through V),
resolvable by electrophoresis in a 3.5% polyacryl-
amide gel (Fig. 2). Size estimation of fragments
based on electrophoretic mobility, using the mo-
lecular markers, was carried out according to the
published procedures (36). The sizes of the
Mboll fragments ranging from 19 to 0.44% of
total genome length of BKV are documented in
Table 1. Complete digestion of BKV DNA by
Alul generated 18 major fragments (A through
R) and twelve minor fragments (m1 through m7)
varying from 11 to 0.20% of the genome length
(Fig. 2 and Table 1). Digestion of BKV DNA
with Sacl or Sstl, which recognizes a hexanu-
cleotide sequence of

l
5" GAGCTC

3’ CTCGAG
T

(data will be published elsewhere), gave three
specific fragments (A through C) (Table 1). As
shown in Fig. 2, three particular fragments (in-
dicated as dotted bands a, b, and c¢), differing
from one another by about 5 to 26 base pairs,
were present in less than molar amounts in each
digest. The presence of two viable deletion mu-
tants other than the original MM strain has
been described elsewhere (39). Since both mu-
tants have lost the Hpall site (map position
0.69), the small deletion must be located at ap-
proximately map position 0.69 on the viral ge-
nome.

Double digestion of uniformly labeled BKV
DNA, using two restriction enzymes at a time
(Fig. 3), gave rise to DNA fragments designated
in Arabic numerals prefixed with the names of
the two enzymes used (e.g., Mbol-Mboll 1, 2, 3
..., in an order of decreasing size where 1 is the
largest [36]). The estimated sizes of the frag-
ments are listed in Tables 2 and 3.

Mapping of the Sacl cleavage sites. In
locating the three sites of Sacl on the viral
genome, each Sacl fragment of uniformly *P-
labeled BKV DNA was isolated and digested
with HindIII (Fig. 4). Then, each HindIII frag-
ment was digested with Sacl (the gel patterns
are not shown). The cleavage patterns were sub-
jected to overlap analysis with respect to the
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Fi1c. 3. Electrophoretic patterns of restriction fragments produced by complete digestion of BKV DNA with
a combination of two restriction endonucleases. The uniformly labeled DNA (0.2 ug) was digested simulta-
neously with two enzymes as described in the legend to Fig. 2.

known order of the HindIII fragments (7). Upon
digestion with HindlIII, Sacl-A gave rise to two
subfragments, HindIII-Sacl 1 and 3; Sacl-B
gave 2 and 5; and Sacl-C gave 4 and 6 (Fig. 4
and Table 4). Reciprocal cleavage of the individ-
ual HindIII fragments with Sacl was similarly

performed. The data are summarized in Table
4. Mapping of the three Sacl fragments of the
BKV DNA is illustrated as follows: since
subfragment HindIII-Sacl 1 overlaps with
HindIll-A and HindIII-Sacl 3 with HindIII-B,
Sacl-A is thus located between HindIII-A and



856 YANG AND WU

J. VIROL.

TABLE 2. Restriction fragments obtained by complete digestion of uniformly **P-labeled BKV(MM) DNA
with a combination of two restriction enzymes as indicated"

HindIII- Xbal- HindIII- Mbol-
Genome Genome Genome Genome
Sa;lefr:':g- length (%) sz]l:::ag- length (%) Mb:;gnf:ag- length (%) Mb:)nI:::ag- length (%)
1 46.50 1 18.20 1 19.00 1° 14.40
2 21.80 2t 14.00 2 13.50 2 10.00
3 18.70 3 13.50 3’ 12.30 3 8.60
vy 11.00 4 7.50 4 9.90 4 5.90
5 1.23 5 6.80 5 6.80 5 5.70
6 0.98 6° 5.90 6" 5.90 6 4.90
7 5.70 7 5.70 7 4.50
8 5.00 8 5.00 8 3.60
9 4.30 9 4.30 9 3.30
10 3.60 10 3.60 10 2.50
11 3.35 11 3.15 11 2.25
12 3.15 12 2.20 12 1.95
13 2.22 13 1.75 13 1.85
14 1.90 14 1.42 14 1.10
15 1.15 15 1.15 15 1.03
16 1.07 16 1.07 16 0.88
17 0.95 17 0.95 17 0.72
18 0.80 18 0.80 18 0.68
19 0.59 19 0.66 19 0.58
20 0.50 20 0.59 20 0.43
21 0.44 21 0.50 21 0.35
22 0.44 22 0.26
23 0.20

“ Genome length is estimated as in Table 1.

® Three species of DNA (a, b, c) were observed in this fragment. The differences in length between a and b
and b and c are 0.4 and 0.1%, respectively. For example, HindIII-Sacl 4. (11.00%), 4» (10.60%), and 4. (10.50%).
¢ This fragment corresponds to Mboll-Fx, an incomplete product corresponding to MbolI-F plus Q (see text).

-B. Similarly, Sacl-B is located between
HindIII-B and -C, and Sacl-C is located between
HindIII-C and -A. The derived order of the Sacl
fragments is as shown on circle II of Fig. 1. The
Sacl map is oriented by Sacl-A at map positions
0.720 to 0.375 (clockwise).

Mapping of the Mboll cleavage sites. In
locating the 22 sites of Mboll on the BKV ge-
nome, two techinques were used for obtaining
complementary information.

The reciprocal cleavage technique was first
applied using the known positions of the
HindIIl, Xbal, Mbol, and Haelll cleavage sites
as the physical markers on BKV DNA. As shown
in Fig. 5a, each isolated HindIII fragment of
uniformly labeled DNA was digested to comple-
tion with Mboll. HindIII-A, upon cleavage with
Mboll, gave HindIII-Mboll 1, 2, 8, 10, 11, and
12. Similarly, HindIII-B gave 4, 5, 6, 7, 9 (dou-
blet), 11, 13, 14, 15, 16, 17 (doublet), 20, 21, and
22 (doublet); HindIII-C gave 3, 18, and 19. The
results are summarized in Table 5. Apparently,
Mboll-B, -G, and -M were the only fragments
cleaved by HindIIl. Reciprocal digestion of
Mboll-B, -G, and -M separately with HindIII
gave rise to the cleavage patterns shown in Fig.
5a. MbolI-B gave two subfragments, HindIII-

Mboll 3 and 12; Mboll-G gave 11 and 13; and
Mboll-M gave 14 and 19 (Table 5). Overlap
analysis was then carried out to determine the
order of the Mboll fragments on the genome.
Mboll-B overlapped HindIll-C and HindIII-A
by HindIII-Mboll 3 and 12, respectively (Fig. 6).
Thus, Mboll-B spans from a part of HindIII-C
to a part of HindIII-A. Mboll-G and -M were
located in a similar manner. A preliminary order
of Mboll fragments was obtained as follows: (i)
-B-(A,C,H,K)-G-(D,E,F,LLJ,L,N,0O,P,Q, S,
T, U, V)-M-R-. The order of the fragments in
parentheses was undetermined.

Next, each uniformly labeled Xbal fragment
was digested with Mboll into completion (Fig.
5B). In a reciprocal digestion, the individual
Mboll fragments were digested with Xbal (gel
patterns not shown). The results are docu-
mented in Table 5. After overlap analysis, a
partial Mboll fragment order was obtained: (ii)
-A-(G,0,S,U)-D-B,C,E,F,H,I,J,K, L, M,
N,P,Q,R, T, V)-, where fragment A was located
at map positions 0.954 to 0.149 (see also Fig. 1).
In order (i), the map positions of Mboll-G were
at 0.149 to 0.199. Therefore, Mboll-G is located
next to -A.

Reciprocal cleavage (gel not shown) of indi-
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TABLE 3. Restriction fragments obtained by complete digestion of uniformly **P-labeled BKV(MM) DNA
with a combination of two restriction enzymes as indicated®

Haelll- Mboll- Haelll-
) Genome Mbol-Alul Genome Genome Genome
Mol 8- 1ength (%) fragment  length (%) Al frag  ongth () AWIfrag  Jongth (%)
1 12.60 1 9.20 1 11.00 1 7.90
2 6.80 2t 7.20 2 7.60 2 6.75
3 6.10 3 6.40 3 7.20 3 6.20
4 5.90 4 6.10 4 5.30 4 6.20
5 5.60 5 5.50 59 4.90 5 5.95
6 5.50 6 5.20 6 4.65 6 4.55
7 4.25 7 4.20 7 3.70 7 3.35
8 4.20 8 3.70 8 3.45 8 3.00
9 3.70 9 345 9 3.35 9 2.70
10 3.60 10 3.35 10 3.10 10 2.05
11 3.40 11 3.20 11 2.85 11 1.80
12 3.20 12 2.75 12 2.75 12 1.65
13 3.05 13 2.55 13 2.60 13 1.40
14 2.76 14 2.05 14 2.25 14 1.10
15 2.40 15 1.80 15 1.95 15 0.94
16 2.30 16 1.65 16 1.62 16 0.88
17 2.00 17 1.40 17 1.45 17 0.75
18 1.85 18 1.10 18 1.35 18 0.65
19 1.60 19 0.92 19 1.10 19 0.58
20 1.15 20 0.88 20 0.94 20 0.50
21 1.10 21 0.79 21 0.88 21 0.43
22 1.00 22 0.72 22 0.75 22 0.32
23 0.97 23 0.65 23 0.65 23 0.20
24 0.89 24 0.58 24 0.58 24 0.15
25 0.78 25 0.50 25 0.50 25 0.10
26 0.54 26 0.43 26 0.43
27 0.53 27 0.20 27 0.35
28 0.43 28 0.20
29 0.38
30 0.33
31 0.20

“ Genome length is estimated as in Table 1.
® See Table 2, footnote &.
¢ See Table 2, footnote c.

¢ An incomplete product corresponding to MbolI-Alul 6 plus 21 (see text).

TABLE 4. Analysis of uniformly **P-labeled
individual HindIII fragments and Sacl fragments
after reciprocal digestion with Sacl and HindIII

respectively
Release ?acl Release Hi"dnl
) of cleav- Sac of cleav-
Hindll - gy, 28 Socl pogm. 20
- site/ frag- site/
Sacl . Sacl
ment HindIII ment Sacl
subfrag- subfrag
frag- frag-
ment ment
ment ment
A 1,6 1 A 1,3 1
B 2,3 1 B 2,5 1
c 4,°5 1 (o 4,°6 1

“ See Table 2, footnote b.

vidual Mbol fragments with Mboll and vice
versa resulted in the ordering of Mboll frag-
ments as follows: (iii) -A-(G, 0)-S-(D, U)-L-(F,
I, Q-E-(B, J, M, N, P, R, T, V)-C-H-K- (Fig.
7a). In a similar way, another order (Fig. 7b)

derived through Haelll-Mboll reciprocal cleav-
age (gel patterns not shown) is shown below: (iv)
-K-A-G-(0, S, U)-D-(E,F,LL,N, P, Q, T, V)-J-
M-R-B-C-H-. The results obtained from these
four sets of reciprocal cleavage (i to iv) are
complementary. This enables us to deduce the
following order of Mboll fragments: (v) -A-G-O-
S-U-D-L-(F, I, Q)-E-(N, P, T, V)-J-M-R-B-C-H-
K-

The two uncertain regions (in parentheses) of
the order of the Mboll fragments were then
solved by the partial digestion technique. Sev-
eral single-end **P-labeled DNA fragments used
for partial cleavage with Mboll are listed in
Table 6, together with the result of the order of
component Mboll fragments. Two typical gel
patterns are shown in Fig. 8. Partial digestion of
single-end labeled (°**P at the HindIII site) Xbal-
A HindIII-B (map positions 0.24 to 0.58 on Fig.
1) gave rise to 12 radioactive bands (Fig. 8a)
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Fi1c. 4. Cleavage patterns of individual Sacl fragments with HindIII. Each isolated Sacl fragment (0.5 X
10° to 1.5 X 10° cpm) derived from uniformly labeled BKV DNA was incubated with an excess amount of
HindIII. Each digest was indicated on top as A+, B+, and C+, whereas A—, B—, and C— were the untreated
Sacl fragments run alongside as references. Apparently, the digestion was not complete. Some weak bands of

undigested Sacl-A, -B, and -C were still seen in the + lanes. But the patterns are clear. Three marker digests,
Sacl, HindIII+ Sacl, and HindlIII, were run in the same gel.
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TABLE 5. Analysis of uniformly ®P-labeled individual restriction fragments after reciprocal digestion with
a second restriction endonuclease

Mboll HindIIl Mboll Xbal
] Re})efase cleav- Rei’efase cleav- Rel;ase cleav- Re}:fase cleav-
Hindll  popqrr. 8ee Mboll gy 2ge  Xbal - yppy  age Mboll ) age
frag- Mboll site/ frag- Mboll site/ frag- Mboll site/ frag- Mboll site/
ment HindIIl ment® Mboll ment Xbal ment® Mboll
subfrag- frag- subfrag- frag- subfrag- frag- subfrag- frag-
ment ment ment ment ment ment ment ment
A 1,28, 5 B® 3’12 1 A* 2°34 18 A 1,14 1
10, 11, G 11, 13 1 5,67,
12
9, 10, 10, D 4,13 1
11, 12,
14,
14, 15,
17,
17, 18,
20,
21
B 4,5,6° 16 M 14,19 1 B 1, 8,13, 5
7,909, 16, 19,
21
11, 13,
14,
15, 16,
17,
17, 20,
21,
22, 22

C® 3°18,19 2

¢ The rest of the fragments which received no cleavage from the second enzyme are not listed.

® See Table 2, footnote b.
¢ This fragment corresponds to Mboll-Fx (see text).

corresponding to the 12 partially cleaved prod-
ucts that share the common **P-labeled end.
These bands were subjected to size estimation
for the Mboll fragments. The derived order of
the Mboll fragments for each radioactive band
is indicated alongside the gel pattern. Figure 8b
shows the partial digestion with Mboll of single-
end labeled (**P at the Mbol site) HindIII-B
Mbol-A (0.51 to 0.58 on Fig. 1). The derived
orders obtained from the two aforementioned
samples are complementary. Thus the fragment
order of Mboll shown (v) is completed as fol-
lows: -A-G-O-S-U-D-L-I-F-Q-E-N-T-V-P-J-
M-R-B-C-H-K-. The results obtained from other
sets of partial cleavages have totally confirmed
this order (Table 6) as well as the partial order
derived from experiments i to iv.

Mapping of the Alul cleavage sites. In
locating the 30 sites of Alul on the BKV genome,
similar procedures were applied. Each uniformly
32p_labeled Alul fragment was cleaved sepa-
rately with each of the following enzymes:
HindIll, Mbol, Mboll, and Haelll; and vice

versa, each HindIIl, Mbol, Mboll, and Haelll
fragment was cleaved with Alul. The resulting
cleavage products (Tables 2 and 3) were sub-
jected to overlap analysis for ordering the Alul
fragments on the genome. In Fig. 9 are shown
two typical examples of reciprocal cleavage (gel
patterns are not shown). The two preliminary
orders of Alul fragments derived from Mbol-
Alul (Fig. 9a) as well as Haelll-Alul (Fig. 9b)
reciprocal cleavages are complementary to each
other. Thus, the fragment order can be deduced
as follows: -I-M-A-m2-m6-m4-E-F-O-(K, m2)-
m2-(L, Q, R)-C-(N, m1)-H-(P, m4, m4)-m5-J-D-
(G, m3, m4, m7)-B-. Similarly, the results ob-
tained by Mboll-Alul reciprocal cleavage (data
not shown), provided the following order, -m4-
P-m4- (see the italicized section of the order just
shown). The order of Alu fragments is refined
as: -I-M-A-m2-m6-m4-E-F-O-(K, m2)-m2-(L, Q,
R)-C-(N, ml)-H-m4-P-m4-m5-J-D-(G, m3, m4,
m7)-B-.

Information obtained by partial cleavages of
several single-end labeled DNA fragments with
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Fi1G. 5. (a) Gel patterns of BKV HindIII-Mboll reciprocal cleavage products. Each isolated uniformly **P-
labeled HindlIII fragment was digested with Mboll to completion, and vice versa each Mboll fragment which
contains HindlIII site was digested with HindIII. The digests, as indicated on top of the gel, were fractionated
in the same gel. The BKV DNA digests, HindIII+ Mboll and Mboll, were run together as markers. (b)
Cleavage of individual Xbal fragments with Mboll. Individual radioactive Xbal fragments were isolated and
then digested with Mboll. The electrophoretic gel patterns were analyzed.
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Alul (Table 7) has completed the order of Alul
fragments as follows: -I-M-A-m2-m6-m4-E-F-O-
K-m2-m2-R-L-Q-C-N-m1-H-m4-P-m4-m5-J-D-
m7-m3-m4-G-B- (Fig. 1).

DISCUSSION

Detailed physical mapping of a defined DNA
molecule by use of restriction endonucleases has
great potential value on studies in the structure-

l Mboll—l !{
""" ~Hind llI-Mboll Subfrag.

' u.mm—c hmdmA

FiG. 6. Ouverlap analysis for ordering an Mboll
restriction fragment. The known positions of two
HindlIII fragments are drawn as indicated. The po-
sition of an Mboll fragment is to be determined
(shown above the linear map). MbolI-B, upon cleav-
age with HindIII, released HindIII-Mboll 3 and 12
which are also subfragments of HindIII-C and A (See
Fig. 5a and Table 5), respectively. Thus, Mboll-B
overlaps Hind-C and A by HindIII-MbolI 3 and 12,
respectively.
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function relationships of the genome. Of partic-
ular importance is its application to nucleotide
sequence determination that provides the pri-
mary information of the DNA molecule.

In the digestion of BKV DNA with Mboll, we
noticed an extra fragment, designated Mboll-Fx,
that migrated slightly slower than MbollI-F.
MbollI-Fx and -F were present in about one-half
molar amounts in most of the gel patterns ob-
tained (Fig. 2 and 3; Tables 1 through 3). Incu-
bation of isolated MbolI-Fx with a large excess
of Mboll gave rise to Mboll-F and Mboll-Q (gel
not shown). This has been confirmed by the
results obtained from partial cleavage of several
single-end labeled DNA fragments with Mboll
(Table 6). Since DNA fragments smaller than
Mboll-Q (about 50 base long), such as Mboll-V,
are generated readily, difficulty of cleavage due
to the small size of DNA is unlikely. A similar
observation was also reported by Yang et al.
(37), that complete cleavage at the Alul and
Haelll sites at around map position 0.66 on the
SV40 genome (where the DNA replication origin
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F1G. 7. (a) Overlap analysis on the MboI-MbollI reciprocal cleavage patterns. The circular genome of BKV
is represented in the linear form. The specific order of the Mbol fragments is shown on line Mbol. The
component MboI-MbolI subfragments belonging to each Mbol fragment are also included. In lines Mboll,
each Mboll fragment is specifically located according to the overlapping of its component Mbol-Mboll
subfragments with those of the Mboll fragments. The resulting order of the Mboll fragments is summarized.
(b) Overlap analysis on the HaellI-Mboll reciprocal cleavage patterns. The gel patterns of the HaelII-MboIl
reciprocal cleavage are not shown. Explanation of lines -Haelll and -Mboll is similar to that of (a).

TABLE 6. Single-end **P-labeled DNA fragments used for partial cleavage with Mboll enzyme

DNA fragment® Map position 5’-Labeled site Derived order of Mboll fragments”
Xbal-A HindIII-A 0.72-0.97 HindIIl B.-C-H-K-A;
Xbal-B HindIII-A 0.97-0.18 HindIll G-A,
Xbal-A HindlII-B 0.24-0.58 HindIIl M,-J-P-V-T-N-E-Q-F-I-L-D,
Xbal-B HindIII-B 0.18-0.24 HindIIl G2-0-S-U-D;
Hhal-A HindIII-C* 0.58-0.71 HindIIl M:-R-B*
Pst1-A Mbol-B 0.34-0.45 Mbol E»Q-F-I-L.
Mbol-A HindIII-B 0.51-0.58 HindIll M,;-J-P-V-T-N——
HindIII-B Mbol-A 0.51-0.58 Mbol Es-N-T-V-P-J-M,

* Xbal-A and -B are located at map positions 0.24 to 0.97 (clockwise) and 0.97 to 0.24, respectively.
® The left-most fragment bears the *P label.
° Three fragments of close sizes were observed as noted in Table 2.
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Fic. 8. Partial cleavage patterns of the single-end **P-labeled DNA fragments with Mboll. The single-end
labeled restricted DNA fragments were cleaved with Mboll under limited conditions as described in the text.
Two typical sets of partial cleavage are shown: (a) using fragment Xbal-A HindIII-B (map positions 0.24 to
0.58) with the single labeled end at the HindlIII site; and (b) using fragment HindIII-B Mbol-A (map positions
0.51 to 0.58) with the single labeled end at the Mbol site. The digests were fractionated electrophoretically in
a 3.5% polyacrylamide gel. The partial Mboll products that share the common **P-labeled end were resolved
and subjected to size estimation. The estimated sizes in percent genome length are indicated. The gel origin
(0) is shown on top. The deduced order of the Mboll fragments is indicated next to each band. The results
obtained from (a) and (b) are complementary (see also Table 6).
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F16. 9. Overlap analysis on (a) the Mbol-Alul and (b) the HaellI-Alul reciprocal cleavage patterns. The
gel patterns of these two reciprocal cleavages are not shown. The procedures of overlap analysis are similar

to those described in Fig. 7a.

TaBLE 7. Single-end *P-labeled DNA fragments used for partial cleavage with Alul enzyme

DNA fragment Map position 5'-Labeled site Derived order of Alul fragments®
Xbal-A HindIII-A 0.72-0.97 HindIll m3-m4-G-B-I——
Xbal-B HindlII-A 0.97-0.18 HindIIl E-m4-m6-m2-A-M,
Xbal-A HindIlI-B 0.24-0.58 HindIIl P-m4-H-m1-N-C-Q-L-R——
Xbal-B HindIlI-B 0.18-0.24 HindIIl F,
Mboll-B HindIII-C* 0.60-0.72 HindIIl m7-D*-J
Hhal-A HindIII-C* 0.58-0.71 HindIIl m4-m5-J-D,*
HindIII-B Xbal-A 0.24-0.58 Xbal F»-0-K-m2-m2-R-L-Q-C
HindlIII-A Xbal-A 0.72-0.97 Xbal M- I-B-G——
HindlIII-A Xbal-B 0.97-0.18 Xbal M;-A-m2-m6-m4-E
HindlIII-B Xbal-B 0.18-0.24 Xbal F,
“ The left-most fragment carries the **P-label.
® Three fragments of close sizes were observed as noted in Table 2.
maps) was difficult to achieve. Recently, it has ACKNOWLEDGMENTS

been shown (32) that T-antigen protein binds
specifically to the SV40 DNA at the aforemen-
tioned location. Thus, BKV DNA at the Mboll
site between MbolI-F and -Q may be protected
by a certain protein. Alternatively, an unusual
DNA structure at this location may inhibit the
cleavage of Mboll.

In this study, we have located 3 cleavage sites
of Sacl, 22 sites of Mboll, and 30 sites of Alul
on the genome of BKV by means of reciprocal
digestion as well as partial digestion. Since all
the cleavage sites are positioned on the genome,
a detailed multiple cleavage map (including
those sites reported earlier) has been con-
structed, as shown in circle I of Fig. 1. This
detailed map, derived from using 13 restriction
enzymes, includes 90 cleavage sites. With the
use of these enzymes, all of the restricted
BKV(MM) DNA fragments are shorter than 350
nucleotides. These fragments are sufficiently
short to allow complete sequence analysis by the
chemical procedure (17). They are also suitable
as primers in the enzymatic procedure of se-
quence analysis (24, 25).
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