JOURNAL OF VIROLOGY, Aug. 1978, p. 388-398
0022-538X/78/0027-0388$02.00/0
Copyright © 1978 American Society for Microbiology

Vol. 27, No. 2
Printed in U.S.A.

DNA of Epstein-Barr Virus
II1. Identification of Restriction Enzyme Fragments That Contain DNA

Sequences Which Differ Among Strains of Epstein-Barr Virus
NANCY RAAB-TRAUB, RANDALL PRITCHETT, ano ELLIOTT KIEFF*

Section of Infectious Disease, Department of Medicine, and the Department of Microbiology and The

Committee on Virology, University of Chicago, Chicago, Illinois 60637
Received for publication 15 March 1978

Previous kinetic and absorption hybridization experiments had demonstrated
that the DNA of the B95-8 strain of Epstein-Barr virus was missing approximately
10% of the DNA sequences present in the DNA of the HR-1 strain (R. F.
Pritchett, S. D. Hayward, and E. Kieff, J. Virol. 15:556-569, 1975; B. Sugder, W.
C. Summers, and G. Klein, J. Virol. 18:765-775, 1976). The HR-1 strain differs
from other laboratory strains, including the B95-8 and W91 strains, and from
virus present in throat washings from patients with infectious mononucleosis in
its inability to transform lymphocytes into lymphoblasts capable of long-term
growth in culture (P. Gerber, Lancet i:1001, 1973; J. Menezes, W. Leibold, and G.
Klein, Exp. Cell. Res. 92:478-484, 1975; G. Miller, D. Coope, J. Niederman, and
J. Pagano, J. Virol. 18:1071-1080, 1976; G. Miller, J. Robinson, L. Heston, and M.
Lipman, Proc. Natl. Acad. Sci. U.S.A. 71:4006-4010, 1974). In the experiments
reported here, the restriction enzyme fragments of Epstein-Barr virus DNA which
contain sequences which differ among the HR-1, B95-8, and W91 strains have
been identified. The DNA of the HR-1, B95-8, and W91 strains each differed in
complexity. The sequences previously shown to be missing in the B95-8 strain
were contained in the EcoRI-C and -D and Hsu I-E and -N fragments of the HR-
1 strain and in the EcoRI-C and Hsu I-D and -E fragments of the W91 strain.
The HR-1 strain was missing DNA contained in EcoRI fragments A and J
through K and Hsu I fragment B of the B95-8 strain and in the EcoRI-A and Hsu
I-B fragments of the W91 strain. The relationship of these data to the linkage
map of restriction enzyme fragments of the DNA of the B95-8 and W91 strains
(E. Kieff, N. Raab-Traub, D. Given, W. King, A. T. Powell, R. Pritchett, and T.
Dambaugh, In F. Rapp and G. de-The, ed., Oncogenesis and Herpesviruses III,
in press; D. Given and E. Kieff, submitted for publication) and the possible
significance of the data are discussed.

In the 14 years which have elapsed since the
discovery of Epstein-Barr virus (EBV), much
has been learned about the agent and its asso-
ciation with human disease (for a review, see
references 14, 15, and 27). Although rapid prog-
ress in the epidemiology and biology of EBV has
provided an impetus for biochemical studies of
the mechanisms involved in transformation,
progress in chemical and genetic approaches has
been made difficult by the unusual properties of
the agent in tissue culture. The most significant
of these problems has been the limitation in the
host range of the virus to B lymphocytes (11, 24)
and the observation that productive infection is
a rare (4, 8, 22) or, in some instances, an infre-
quent outcome (3, 18-21). Largely because of
these difficulties, and also because of the possi-
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ble relationship of strain variation to the differ-
ent diseases with which EBV has been associ-
ated, attention has focused on analysis of differ-
ences between isolates of EBV (3, 13, 18, 25).
Quantities of virus, adequate for chemical anal-
yses, can be obtained from three sources: from
a Burkitt tumor cell line which has been grown
in culture (the HR-1 line) (10), from marmoset
lymphocytes infected in vitro with an infectious
mononucleosis isolate (B95-8) (21), and from
marmoset lymphocytes infected with another
(Nyevu) Burkitt tumor isolate (W91) (18). Virus
from the HR-1 line, EBV HR-1, can be used to
superinfect Raji cells, thereby inducing the syn-
thesis of early antigen (9), but this virus cannot
transform normal lymphocytes to cells possess-
ing capacity for long-term growth in vitro (17,
20). In contrast, virus from B95-8 cultures (17,
20), EBV B95-8, from W91 cultures, EBV W91



VoL. 27,1978

(18), and from the throat washings of recently
infected humans (2) cannot induce early antigen
in Raji cells but can transform normal lympho-
cytes into cells capable of long-term replication
in culture.

In previous studies no differences have been
found between the complement-fixing, early,
viral capsid, or neutralizing antigens of the B95-
8 and HR-1 strains of EBV (17, 20, 21). Further-
more, the viral capsid and neutralizing antigens
of the W91 (Nyevu) strain seem similar to those
of other isolates (18). No differences were found
among the molecular weights of the major struc-
tural polypeptides of the HR-1 and B95-8 strains
(1). Comparative studies of the DNAs of the
B95-8 and HR-1 strains indicated the following.
(i) EBV B95-8 and HR-1 DNAs are linear, dou-
ble-stranded molecules with the length and sed-
imentation properties indicative of a size of 100
X 10° daltons (25). (ii) Kinetic and absorptive
hybridization analyses with in vitro-labeled pur-
ified viral DNAs demonstrated that EBV B95-8
DNA is missing approximately 10 to 15% of the
DNA sequences of EBV HR-1 DNA and that
EBV HR-1 DNA contains at least 90 to 95% of
the DNA sequences of EBV B95-8 DNA (25). In
a second study, kinetic hybridization data sug-
gested that B95-8 DNA might contain sequences
which EBV HR-1 DNA lacked (29). No attempt
was made in this study, however, to demonstrate
that the residual labeled EBV B95-8 DNA which
did not hybridize to EBV HR-1 DNA could
hybridize to EBV B95-8 DNA. (iii) EBV B95-8
DNA is relatively enriched for DNA sequences
with a buoyant density in neutral cesium chlo-
ride of 1.720 to 1.721 g/cm™ (25). (iv) Incubation
of EBV B95-8 DNA with Sal I, Hsu I, and
EcoRI restriction endonucleases resulted in
fragments separable on 0.4% agarose and ranging
in molecular weight from 1 X 10° to 32 X 10° (6).
All fragments were present in molar amounts. In
contrast, incubation of EBV HR-1 DNA with
Sall, Hsul, or EcoRI yielded fragments present
in equimolar amounts and fragments present in
submolar amounts (6). The molecular weights of
some fragments of EBV HR-1 DNA were similar
to those of EBV B95-8 DNA; others differed.

The distinctive biological properties of the
HR-1 strain could arise from the presence or
absence of specific DNA sequences, as a conse-
quence of differences in the arrangement of
DNA sequences, or more simply by alteration in
one or a few base pairs. The long-range objective
of this series of experiments is to discriminate
between these alternative possibilities. The ex-
periments reported here were designed to deter-
mine which, if any, restriction enzyme fragments
of the DNA of each of the strains contain se-
quences which are not present in the other
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strains. In conjunction with the mapping data
available for EBV B95-8 and W91 DNAs (E.
Kieff, N. Raab-Traub, D. Given, W. King, A. T.
Powell, R. Pritchett, and T. Dambaugh, In F.
Rapp and G. de-The, ed., Oncogenesis and Her-
pesuviruses III, in press; D. Given and E. Kieff,
submitted for publication), the data permit some
tentative conclusions to be drawn about the
relatedness between these strains.

MATERIALS AND METHODS

Cell culture and virus purification and extrac-
tion of viral DNA. Starter cultures.of B95-8 and W91
cells were obtained from G. Miller, Yale University,
New Haven, Conn., and those of HR-1 cells were from
G. Klein, Karolinska Institutet, Stockholm, Sweden.
Cells were grown at a density of 5 X 10° viable cells
per ml in media consisting of RPMI 1640 supple-
mented with 10% fetal calf serum (both obtained from
Grand Island Biological Co., Grand Island, N.Y.). Cul-
tures were maintained at 35°C and refed every 7 days
by the addition of 1/3 volume of media. At 3-monthly
intervals cultures were switched between media con-
taining tylocine (60 ug/ml; Grand Island Biological
Co.) and spectinomycin (200 pg/ml; Upjohn Corp.,
Kalamazoo, Mich.) and media containing gentamicin
(40 pg/ml; Schering Corp., Bloomfield, N.J.).

The procedures employed in purifying virus from
the supernatant media of cell cultures have been de-
scribed previously (1). Briefly, 7 days after feeding,
supernatant media were harvested by aspiration from
cultures which had been left unperturbed for at least
24 h. All subsequent steps were carried out at 4°C.
The medium containing virus, debris, and some cells
was centrifuged for 90 min at 9,000 rpm in a GS-3
rotor (Sorvall Corp., Newtown, Conn.). The pellet
from 8 liters was suspended in 4 ml of 0.5 mM sodium
phosphate (pH 7.4), homogenized with 25 strokes of a
Dounce homogenizer, clarified by centrifugation for 10
min at 4,000 rpm in an SS34 rotor (Sorvall Corp.),
layered onto a 5 to 30% (wt/vol) dextran gradient
(dextran T10, Pharmacia Corp., Uppsala, Sweden),
and centrifuged at 20,000 rpm for 1 h in an SW27 rotor
(Beckman Corp., Palo Alto, Calif.). The single light-
scattering band that formed midway between the top
and bottom of the tube was removed, diluted with 0.5
mM sodium phosphate (pH 7.4), and centrifuged in an
SW27 rotor for 90 min at 25,000 rpm. The virus pellet
was resuspended in 0.1 M NaCl, 0.05 M Tris-hydro-
chloride, and 0.01 M EDTA, pH 7.4. Sodium dodecyl
sulfate (BDH Laboratories, Poole, England) was
added to a final concentration of 1% (wt/vol), and the
mixture was incubated at 60°C for 2 min. The DNA
solution was extracted twice with equal volumes of
phenol and chloroform containing 2% (vol/vol) iso-
amyl alcohol and was exhaustively dialyzed against 0.3
M NaCl-0.01 M EDTA-0.05 M Tris-hydrochloride,
pH 7.6.

Radioactive labeling of viral DNA. DNA was
extracted from purified virus (W91, B95-8, or HR-1
strains) and was dialyzed against a solution containing
2 mM EDTA and 10 mM Tris-hydrochloride, pH 7.4.
Solid CsCl (suprapure grade, E. Merck Co.) was added
to a density of 1.710 g/cm® and the DNA was centri-
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fuged for 48 h at 30,000 rpm and 20°C in a type 65
rotor (Beckman Corp.). Fractions of the gradient be-
tween 1.710 and 1.725 g/cm® were combined and shown
to contain a single UV-absorbing band at 1.718 g/cm®
in an analytical centrifuge (model E, Beckman Corp.).
The DNA was labeled in vitro by nicked translation
(12). Briefly, 0.1 to 0.2 ug of DNA was incubated at
37°C for 10 min in 300 ul of a solution containing 107"
g of activated DNase (26), 50 ug of bovine serum
albumin, 1 mM dithiothreitol, 10 mM MgCl,, and 50
mM Tris-hydrochloride, pH 7.4. Three unlabeled de-
oxynucleotide triphosphates, 10 uM each (P-L Labo-
ratories, Milwaukee, Wis.), 4 uM of **P-labeled dCTP
or dGTP (250 Ci/mmol) (Amersham/Searle, Arling-
ton Heights, Ill.) and 5 U of E. coli DNA polymerase
1 (Boehringer-Mannheim Corp., Indianapolis, Ind.)
were added, and the reaction was incubated at 16°C
for between 4 and 6 h. When the specific activity of
the labeled DNA was between 2 X 107 and 5 X 107
cpm/pug, the reaction was terminated by the addition
of Sarkosyl to 1% and 0.1 M EDTA. The labeled DNA
was separated from unincorporated deoxynucleotide
by chromatography on a column (1 by 30 cm) of
Sephadex G50 (Pharmacia Fine Chemicals) in 1 mM
EDTA-10 mM Tris-hydrochloride, pH 7.4. Fractions
containing labeled DNA were combined, mixed with
100 pg of calf thymus DNA (Sigma Chemical Corp.,
St. Louis, Mo.), adjusted to 1% (wt/vol) sodium do-
decyl sulfate-0.1 M NaCl, extracted with phenol and
chloroform containing 2% (vol/vol) isoamyl alcohol,
and precipitated at —20°C after the addition of two
volumes of ethanol.

Separation of (labeled) DNA sequences which
differ among strains of EBV. The strategy em-
ployed to separate labeled DNA which differed be-
tween each pair of the three strains of virus studied
was as follows: 0.05 to 0.1 ug, or 1 X 10° to 3 X 10° cpm
of *?P-labeled EBV DNA was mixed with at least 50-
fold excess of unlabeled DNA of a second strain con-
tained in 2 mg of DNA extracted (16) from cells
infected with the second strain. The mixture of **P-
labeled viral and viral and cellular DNAs was dena-
tured in 0.2 N NaOH at 20°C and incubated for
between 4 and 6 Cots, of the unlabeled viral DNA at
68°C in 0.5 ml of a solution consisting of 5 mM EDTA,
1.5 M NaCl, and 50 mM Tris-hydrochloride, pH 7.4.
Single-stranded DNA, enriched for sequences which
could not be driven into hybrid by excess unlabeled
viral DNA of the heterologous strains, was separated
from double-stranded DNA by chromatography on
columns of hydroxyapatite (25) (Bio-Gel HTP, Bio-
Rad Laboratories, Richmond, Calif.). The residual sin-
gle-stranded DNA was dialyzed against a solution
containing 10 mM EDTA, 0.1 M NaCl, and 50 mM
Tris-hydrochloride, pH 7.4 and was precipitated at
—20°C after the addition of two volumes of ethanol.
The excess single-stranded DNA was hybridized again
under identical conditions to excess unlabeled heter-
ologous viral DNA so as to remove any sequences in
common which might have escaped the first round of
hybridization.

Identification of restriction enzyme fragments
of viral DNA which contain sequences which
differ among strains. A 5-ug amount of viral DNA
was incubated for 2.5 h at 37°C in 0.5 ml of a solution
consisting of 20 mM NaCl, 20 mM MgCl;, 20 mM Tris-
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hydrochloride (pH 7.4), and 100 U of Hsu I restriction
endonuclease per ml (purified as described previously)
(6) or in a solution consisting of 10 mM MgCl,, 50 mM
NaCl, 100 mM Tris-hydrochloride, pH 7.4, and 100 U
of EcoRI restriction endonuclease per ml (Bethesda
Research Laboratories, Bethesda, Md.). The digestion
was terminated by the addition of EDTA to 0.1 M,
and the DNA was subjected to electrophoresis for 18
h at 25 V in a cylinder (1 by 28 cm) of 0.4% agarose
(Seakem HGT, Marine Colloids, Rockland, Maine) in
a solution consisting of 0.5 ug of ethidium bromide per
ml, 36 mM Tris, 1 mM EDTA, and 30 mM NaH,PO,,
pH 7.4. The gels were visualized under UV light and
photographed with an MP4 camera (Polaroid Corp.,
Qak Brook, Ill.) using a Tiffin 21 filter and type 57 film
(Polaroid). The gel was immersed in 0.5 N NaOH and
1.5 M NaCl for 30 min at 25°C and then in 3 M
NaCl-0.5 M Tris-hydrochloride, pH 7, for 15 min. The
DNA fragments were then transferred onto nitrocel-
lulose sheets (HAWP, Millipore Corp., Bedford,
Mass.) by passage of 20x SSC (SSC consisted of 0.15
M NaCl-0.015 M sodium citrate) through the gel and
overlapping nitrocellulose into dry adsorbent cellulose
filters (28). The nitrocellulose filter was peeled from
the gel, cut in half lengthwise, notched in the upper
right corner, washed in 2x SSC, and dried at 80°C for
2 h.

DNA fragments which contain sequences missing in
a second strain of EBV were identified by incubating
blots of fragments of the first strain with labeled
single-stranded DNA of the same strain from which
all of the sequences common to the two strains had
been removed by hybridization and chromatography
in hydroxyapatite as described above. The 3-mm-wide
blot was incubated with labeled DNA and 2 mg of
denatured calf thymus DNA (Sigma Chemical Corp.)
for 24 h at 68°C in a sealed 5-ml pipette containing 1
ml of a solution consisting of 5 mM EDTA, 1.5 M
NaCl, and 50 mM Tris-hydrochloride, pH 7.4. The
other half of the same blot served as a control and was
incubated under identical conditions with labeled sin-
gle-stranded DNA of the same strain which had not
previously been hybridized. The DNA-containing fil-
ters were then washed in 1X SSC for 4 h at 37°C, dried
for 4 h under vacuum, and exposed to X-ray film (SB5,
Eastman Kodak Co., Rochester, N.Y.) either at 20°C
or with an intensifying screen (Cronex Lightning Plus,
duPont Corp., Wilmington, Del.) at —70°C.

Kinetics of hybridization of W91 DNA with
32p.labeled EBV HR-1 DNA. A 0.2-mg amount of
DNA extracted from W91 or HR-1 cells or from calf
thymus (Sigma Chemical Corp.) was mixed with be-
tween 1 X 107 and 2 X 107 ug of **P-labeled EBV
HR-1 DNA (specific activity 1 X 10" to 5 x 107 cpm/ug)
in 100 pl of 0.2 M NaOH. The mixture was neutralized
with 1 M HCI and incubated in 10-ul portions of a
solution consisting of 5 mM EDTA, 1.5 M NaCl, and
25 mM Tris-hydrochloride, pH 7.4, for intervals up to
18 h. After incubation, samples were frozen at —20°C.
The procedures employed to assay the fraction of
DNA remaining single stranded at each time have
been described in detail previously (23).

RESULTS

Restriction enzyme fragments of EBV
HR-1 and W91 DNA which contain DNA
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not present in the B95-8 strain. The proce-
dures used to prepare *’P-labeled EBV HR-1
DNA, to remove sequences common to the B95-
8 strain, and to identify EBV HR-1 DNA frag-
ments which contain the HR-1-specific se-
quences are described above. Hybridization of
the residual single-stranded **P-labeled EBV
HR-1 DNA to filters containing separated
EcoRI or Hsu I restriction enzyme fragments of
EBV HR-1 DNA revealed hybridizations to
EcoRI-C and -D (Fig. 1) and to Hsu I-E and -N
fragments and to a minor heterogeneous Hsu 1
fragment smaller than fragment G (Fig. 2).

23

Fic. 1. Identification of EcoRI fragment(s)of EBV

HR-1 DNA which contain DNA sequences not present
in DNA of the B95-8 strain. EBV HR-1 EcoRI frag-
ments subjected to electrophoresis in a 0.4% agarose
gel (slot 1) were transferred onto a nitrocellulose
filter. One half of the filter was incubated with 80,000
cpm of **P-labeled EBV HR-1 DNA (slot 3). The other
half of the filter was incubated with 35,000 cpm of the
residual single-stranded **P-labeled EBV HR-1 DNA
from which sequences homologous to EBV B95-8
DNA had been removed (slot 2).
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The specificity of the residual, B95-8-ad-
sorbed, **P-labeled EBV HR-1 DNA for frag-
ments containing sequences missing in EBV
B95-8 DNA is evident in this and subsequent
experiments by comparing the autoradiogram
(e.g., Fig. 1 and 2) of half of the blot which had
been hybridized to **P-labeled EBV HR-1 DNA
with the autoradiogram of the other half of the
blot which was incubated with B95-8-absorbed,
32p_labeled EBV HR-1 DNA. As expected, the
hybridization of **P-labeled EBV DNA to frag-
ments was in proportion to the amount of DNA
in that fragment and was similar to the relative
intensity of the fragment in the ethidium bro-

5
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Fic. 2. Identification of Hsu I fragment(s) of EBV
HR-1 DNA which contain DNA sequences not present
in the DNA of the B95-8 strain. EBV HR-1 DNA Hsu
I fragments (slots 1 to 3) were transferred onto a
nitrocellulose filter. One half of the filter was incu-
bated with 80,000 cpm of **P-labeled EBV HR-1 DNA
(slot 5). The other half of the filter was incubated
with 45,000 cpm of the residual single-stranded 2p.
labeled EBV HR-1 DNA from which sequences ho-
mologous to EBV B95-8 DNA had been removed (slot
4).
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mide-stained gels from which the blots were
made. In contrast, the B95-8-absorbed *?P-la-
beled EBV HR-1 DNA hybridized to some frag-
ments and not to other fragments which were
present in equal or higher abundance.

To demonstrate that at least some of the HR-
1 DNA which is missing from the B95-8 strain
is present in another strain of EBV, the *?P-
labeled EBV HR-1 DNA from which sequences
common to the B95-8 strain had been removed
was hybridized to filters containing EcoRI or
Hsu I restriction enzyme fragments of EBV W91
DNA. The results indicated that at least some
of the HR-1-specific sequences are contained in
EBV W91 DNA EcoRI fragment C (Fig. 3) and
in Hsu I fragments D and E (Fig. 4). Some
hybridization was also seen to EcoRI fragments
A and possibly also B (Fig. 3). However, because
fragments A and B are the largest fragments and
the most efficient in hybridization to **P-labeled
EBV HR-1 DNA, it is possible that the small
amount of hybridization observed to fragments
A and B in Fig. 3 is an artifact of incomplete
removal of *P-labeled EBV HR-1 DNA se-
quences homologous to B95-8 DNA.

To confirm that EBV W91 DNA contains
DNA not present in the B95-8 strain, EBV W91
DNA was labeled in vitro, incubated twice with
EBV DNA contained in B95-8 cell DNA, and
chromatographed after each hybridization on a
column of hydroxyapatite to remove double-
stranded DNA. The residual single-stranded
DNA hybridized specifically to EBV W91 DNA
Hsu 1 fragment E (Fig. 5).

Kinetic and absorptive hybridization experi-
ments were employed to determine whether
EBV HR-1 DNA contained sequences absent
from the W91 strain. The results were as follows.
(i) Analysis of the kinetics of hybridization of
*P.labeled EBV HR-1 DNA in the presence of
excess unlabeled W91 DNA (Fig. 6) indicated
that W91 DNA contains more than 90% (94 +
6%, mean + standard deviation of five separate
kinetic experiments) of the sequences of EBV
HR-1DNA. (ii) After two cycles of hybridization
of **P-labeled EBV HR-1 DNA with a 50-fold
excess of EBV DNA in W91 cell DNA and
removal of the homologous DNA on hydroxy-
apatite, the residual single-stranded **P-labeled
EBV HR-1 DNA (approximately 1% of the start-
ing counts) possessed equal homology to each of
the separated restriction enzyme fragments of
EBV HR-1 DNA. This result would be expected
either if sequences homologous to W91 DNA
had been incompletely removed or if small re-
gions of nonhomology were distributed equally
among all of the fragments.

Restriction enzyme fragments of EBV
B95-8 and W91 DNAs which contain DNA
not present in the HR-1 strains. To deter-
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F1G. 3. Identification of EcoRI fragments of EBV
W91 DNA which contain DNA sequences homolo-
gous to EBV HR-1 DNA sequences not present in the
DNA of the B95-8 strain. EBV W91 DNA EcoRI
fragments (slot 1) were transferred onto a nitrocellu-
lose filter. One half of the filter was incubated with
30,000 cpm of **P-labeled EBV HR-1 DNA (slot 2).
The other half of the filter was incubated with 45,000
cpm of the residual single-stranded **P-labeled EBV
HR-1 DNA from which sequences homologous to
EBV B95-8 DNA had been removed (slot 3).

mine whether EBV B95-8 DNA contains se-
quences not present in the DNA of the HR-1
strain and to identify which restriction enzyme
fragments of EBV B95-8 DNA contain these
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F16. 4. Identification of Hsu I fragments of EBV
W91 DNA which contain DNA sequences homolo-
gous to the EBV HR-1 DNA sequences not present in
the DNA of the B95-8 strain. EBV W91 DNA Hsu I
fragments (slot 1) were transferred onto nitrocellulose
filters. One half of the filter was incubated with 30,000
cpm of *?P-labeled EBV HR-1 DNA (slot 2). The other
half of the filter was incubated with 45,000 com of the
residual single-stranded **P-labeled EBV HR-1 DNA
from which sequences homologous to EBV B95-8
DNA had been removed (slot 3).

sequences, EBV B95-8 DNA was labeled in vitro
and subjected to two cycles of hybridization with
50- to 100-fold excess of EBV DNA from HR-1
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cells. Approximately 2% of the starting EBV
B95-8 DNA eluted as single-stranded DNA from
the first hydroxyapatite column. Incubation of
the labeled single-stranded DNA with additional
HR-1 DNA failed to increase the rate of hybrid-

3

F1c. 5. Identification of the Hsu I fragments of
EBV W91 DNA which contain sequences not present
in the DNA of the B95-8 strain. EBV W91 DNA Hsu
I fragments (slot 1) were transferred onto a nitrocel-
lulose filter. The filter was incubated with 100,000
cpm of **P-labeled EBV W91 DNA from which those
sequences homologous to EBV B95-8 DNA had been
removed and exposed to X-ray film with a Cronex
screen for 3 days (slot 3). A matching filter was
incubated with 30,000 cpm of **P-labeled EBV B95-8
and exposed to X-ray film with a Cronex screen for 3
days (slot 2).
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FiG. 6. Kinetics of hybridization of **P-labeled EBV HR-1 DNA with EBV homologous DNA in HR-1 or
W91 cells. *P-labeled EBV HR-1 DNA was incubated with HR-1 (@), W91 (A), or calf thymus DNA (O) and
the fraction of the DNA remaining single-stranded was determined as described in the text.

ization of the single-stranded EBV B95-8 DNA,
indicating that all of the sequences homologous
to HR-1 DNA had been removed. The residual
3p.labeled EBV B95-8 DNA was incubated with
filters containing separated EcoRI or Hsu I frag-
ments of EBV B95-8 or W91 DNA. Hybridiza-
tion was observed to EBV B95-8 DNA EcoRI
fragment A and to a fragment between J and K
which had not been previously identified (Fig.
7); to EBV B95-8 DNA Hsu I fragment B and to
a lesser extent fragment A (Fig. 8); to EBV W91
DNA EcoRI fragment A and to lesser extent B
and D (hetero) (Fig. 9); and to EBV W91 DNA
Hsu I fragment B. We do not know whether the
hybridization to EBV B95-8 DNA Hsu I frag-
ment A and EBV W91 DNA EcoRI-B and -D
(hetero) is specific or reflects incomplete re-
moval of sequences homologous to HR-1 DNA.
We favor the latter possibility because the small
extent of hybridization evident in some experi-
ments was not reproducible.

To confirm that EBV W91 DNA contains
DNA not present in the HR-1 strain, >P-labeled
EBV W91 DNA was twice hybridized to 50- to
100-fold excess of EBV DNA in HR-1 cell DNA
and chromatographed on hydroxyapatite to re-
move double-stranded DNA each time. The re-
sidual single-stranded DNA which contained
less than 2% of the initial **P-labeled EBV W91
DNA was incubated with a filter containing
fragments of EBV B95-8 DNA. The autoradi-
ogram (Fig. 10) revealed hybridization to EBV

B95-8 Hsu I fragment B and to a lesser extent to
fragment E.

DISCUSSION

The results of the experiments reported here
indicate that the DNA of the HR-1, B95-8, and
W91 strains of EBV each differ in complexity.
Thus, the B95-8 strain is missing DNA contained
in the EcoRI-C and -D and Hsu I-E and -N
fragments of the HR-1 strain and in the EcoRI-
C and Hsu I-D and -E fragments of the W91
strain. Furthermore, the HR-1 strain is missing
DNA contained in EcoRI fragments A and J to
K and Hsu I fragment B of the B95-8 strain and
in the EcoRI-A and Hsu I-B fragments of the
W91 strain. Other fragments which could con-
tain minor components of DNAs which differ
between strains of EBV were identified in some
experiments but not in others. The data availa-
ble to date suggest that the W91 strain contains
all of the sequences present in both the B95-8
and HR-1 strains.

In another series of experiments (Kieff et al.,
in Rapp and de-The, Oncogenesis and Herpes-
viruses III, in press; Given and Kieff, submitted
for publication), a linkage map of the restriction
enzyme fragments of the DNA of the B95-8 and
W91 strains was derived by hybridizing labeled
fragments produced by treating EBV DNA with
one restriction enzyme with filters containing
separated products of another restriction en-
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1 2

F1G6. 7. Identification of EcoRI fragments of EBV
B95-8 DNA which contain DNA sequences not pres-
ent in DNA of the HR-1 strain. EBV B95-8 DNA
fragments (slot 3) were transferred onto a nitrocellu-
lose filter. One half of the filter was incubated with
20,000 cpm of **P-labeled EBV B95-8 DNA (slot 1).
The other half of the filter was incubated with 25,000
cpm of the residual single-stranded **P-labeled EBV
B95-8 DNA from which those sequences homologous
to EBV HR-1 DNA had been removed (slot 2).

zyme. Two points should be made about the
relationship of the two sets of data. (i) The
mapping data and the comparative size of the
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fragments of EBV B95-8 and W91 DNAs indi-
cate that the major difference in size and linkage
of the fragments of EBV B95-8 and (W91) DNAs
is that the B95 EcoRI-C fragment is approxi-
mately 8 megadaltons smaller than the homol-
ogous EcoRI-C fragment of the W91 strain and
that the Hsu I-D fragment of the B95-8 strain is
approximately 8 megadaltons smaller than the
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F1G. 8. Identification of Hsu I fragments of EBV
B95-8 DNA which contain DNA sequences not pres-
ent in DNA of the HR-1 strain. EBV B95-8 DNA Hsu
I fragments (slot 1) were transferred onto a nitrocel-
lulose filter. One half of the filter was incubated with
20,000 cpm of *P-labeled B95-8 DNA (slot 3). The
other half of the filter was incubated with 20,000 cpm
of the residual single-stranded **P-labeled EBV B95-
8 DNA from which those sequences homologous to
EBV (HR-1) DNA had been removed (slot 2).
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2 3

F16. 9. Identification of EcoRI fragment(s) of EBV
(W91) DNA which contain DNA homologous to EBV
B95-8 DNA sequences not present in the DNA of the
HR-1 strain. EBV W91 DNA EcoRI fragments (slot
1) were transferred onto a nitrocellulose filter. One
half of the filter was incubated with 140,000 cpm of
2P.labeled EBV B95-8 DNA (slot 3). The other half
was incubated with 190,000 cpm of the residual single-
stranded **P-labeled EBV B95-8 DNA from which
those sequences homologous to EBV HR-1 DNA had
been removed (slot 2).

two fragments (termed D and E in this study
and D1 and D2 in Given and Kieff [submitted
for publication]) of the W91 strain. It is apparent

J. ViroL.

from the absorptive hybridization data reported
here that both the HR-1 and the W91 strains
contain DNA sequences not present in the B95-
8 strain which hybridize to the EcoRI-C and
Hsu I-D and -E fragments of W91 DNA. The
sequences deleted from the B95-8 strain must

2

3

2
=

Fi16. 10. Identification of the Hsu I fragments of
EBYV B95-8 DNA which contain DNA homologous to
EBV W91 DNA sequences not present in the DNA of
the HR-1 strain. EBV B95-8 DNA Hsu I fragments
(slot 1) were transferred onto a nitrocellulose filter.
The filter was incubated with 165,000 com of *2P-
labeled EBV W91 DNA from which sequences ho-
mologous to EBV HR-1 DNA had been removed and
exposed to X-ray film with a Cronex screen for 3 days
(slot 3). The filter was then incubated with 400,000
cpm of *P-labeled EBV W91 DNA and exposed with
X-ray film with a Cronex screen for 12 h (slot 2).
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not be necessary for in vitro transformation of
lymphocytes to lymphoblasts or for partially
permissive replication of EBV in lymphoblast
cultures in vitro because the B95-8 strain pos-
sesses these two phenotypic properties (16-20).
(ii) Labeled EBV B95-8 or W91 DNA, from
which sequences homologous to the HR-1 strain
had been removed, consistently identified the
EcoRI fragment A and Hsu I fragment B of the
B95-8 and W91 strains as fragments which con-
tain DNA missing from the HR-1 strain. The
maps of B95-8 and W91 DNAs are colinear in
this region. The additional DNA which these
strains contain is therefore in the region of over-
lap between EcoRI fragment A and Hsu I frag-
ment B of EBV B95-8 and W91 DNAs, i.e.,
between 22 and 37 megadaltons from the left
end of their maps.

Although we have no direct evidence that the
DNA deleted in the HR-1 strain accounts for
the inability of this strain of virus to transform
lymphocytes to lymphoblasts with indefinite
growth in vitro, several indirect lines of evidence
favor this hypothesis. (i) This DNA is present in
both the B95-8 and W91 transformation-positive
strains of virus. (ii) Radiation of HR-1 virus with
UV light or X-rays does not uncover latent
transforming potential, suggesting that the fail-
ure of this strain of virus to transform is related
to the lack of DNA necessary for transformation
(7). (iii) Virus-specific RNA which is processed
in lymphocytes restringently infected with EBV
(5, 23) is encoded largely by DNA contained in
the EcoRI-A fragment of B95-8 DNA (W. King,
A. Powell, and E. Kieff, manuscript in prepara-
tion).
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