
JOURNAL OF VIROLOGY, Dec. 1982, p. 834-844
0022-538X/82/120834-11$02.00/0
Copyright © 1982, American Society for Microbiology

Vol. 44, No. 3

Non-Immortalizing P3J-HR-1 Epstein-Barr Virus: a Deletion
Mutant of Its Transforming Parent, Jijoye
M. RABSON,1 L. GRADOVILLE,1 L. HESTON,1 AND G. MILLER' 2*

Departments ofEpidemiology and Public Health' and Pediatrics2, Yale University School of Medicine, New
Haven, Connecticut 06510

Received 22 March 1982/Accepted 12 August 1982

The P3J-HR-1 strain of Epstein-Barr virus (EBV) fails to immortalize human
lymphocytes. We wished to understand the nature of the genomic alterations
which correlated with the loss of this ability. As a first step, the heterogeneity of
DNA molecules in the P3J-HR-1 line was eliminated by cell cloning. Then a
physical map was prepared of virion DNA from one cell clone, designated FF452-
3. By comparison with the genomes of two EBVs, B95-8 and FF41, which are
competent to immortalize lymphocytes, we identified a total of eight modifica-
tions of BamHI and EcoRI restriction endonuclease fragments of EBV (FF452-3)
DNA consisting of insertions, deletions, or loss of a restriction endonuclease
recognition site. To determine which of these alterations might be responsible for
the loss of transforming phenotype, we examined homologous DNA fragments of
the Jijoye strain of EBV, the progenitor of the HR-1 strain which still retains the
ability to immortalize lymphocytes. We also studied viral DNA in lymphocytes
transformed in vitro by Jijoye virus. Six of the eight alterations were found both in
Jijoye and in clonal HR-1 DNA and were presumably genomic traits characteristic
of this lineage of EBV. A small deletion in the BamHI-K fragment of HR-1 DNA
was not found in Jijoye virion DNA, but this deletion was present in intracellular
Jijoye DNA. Thus only one major genomic lesion in HR-1 DNA, a deletion of at
least 2.4 x 106 molecular weight of DNA from a fused BamHI-H-Y fragment,
consistently distinguished Jijoye DNA from its non-immortalizing P3J-HR-1
derivative. This deletion is likely to affect EBV genes which are directly or
indirectly involved in immortalizing lymphocytes.

P3J-HR-1 (HR-1) is an unusual laboratory
strain of Epstein-Barr virus (EBV) which differs
from all other strains examined thus far. HR-1
viruses fail to immortalize B lymphocytes in
vitro and are unable to induce lymphomas in
primates (9, 22, 25). HR-1 viruses are cytolytic
to primary lymphocytes, and they interfere with
immortalization (25, 35). In certain lymphoid
cell lines HR-1 viruses induce synthesis of early
antigens and, depending on the multiplicity,
viral DNA and late products as well. Such
behavior is not characteristic of transforming
strains (17, 25, 32).

Stocks of HR-1 virus, unlike stocks of trans-
forming virus, are heterogeneous in biological
properties (12) and in genome structure. There
seem to be several different types of HR-1 virion
DNA, each with a characteristic partial denatur-
ation pattern (7). Restriction enzyme digestion
profiles of HR-1 DNA all contain a variety of
submolar fragments, indicating a lack of clonal-
ity (2, 14, 16, 18, 21, 29, 36); the pattern of this
heterogeneity differs in stocks prepared by dif-
ferent laboratories.

The heterogeneity of HR-1 DNA has been an
obstacle to a molecular definition of the genomic
alterations which are responsible for the unusual
properties of this virus. Nonetheless consider-
able information has been obtained in efforts to
delineate the biologically significant changes in
HR-1 DNA. HR-1 DNA shows extensive homol-
ogy (>90%) with DNA of immortalizing viruses
by reassociation kinetics (36). Hybridization
with restriction fragments ofEBV DNA has also
demonstrated considerable similarity in se-
quence organization (2, 16). However there
seems to be a variety of structural features
which characterize the HR-1 genome-these in-
clude a smaller EcoRI-A fragment (2, 16, 30),
due to deletions in BamHI fragments H and Y
(16, 20); a novel EcoRI site in fragment G2 (2,
16); and fusions of BamHI fragments B with G
and W' with I' (16). Furthermore there are about
1,000 additional base pairs (bp) in the HindIII-E
fragment of HR-1 DNA (2). Finally the HR-1
strain has a characteristic larger right-terminal
form. The biological significance of these alter-
ations is unknown.
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We report here three types of experiments
which were aimed at understanding how the
unique biological properties of HR-1 virus corre-
lated with changes in genome structure. First,
clonal derivatives of the HR-1 line were isolated
which release EBV which is homogeneous and
lacks the heterogeneity of parental HR-1 DNA
(18). Hence it was possible to construct an
unambiguous map of the genome of a nontrans-
forming EBV. Second, we compared the struc-
ture of HR-1 EBV DNA with that of its parent,
Jijoye. Virus from the Jijoye line retains its
ability to immortalize lymphocytes (27, 31).
Therefore genomic lesions which distinguish
HR-1 from Jijoye DNA are likely to be of
significance in the process of lymphocyte im-
mortalization. Finally, we have characterized
intracellular viral DNA of lymphocytes immor-
talized in vitro by Jijoye virus. Any alterations
which appear in the EBV genomes in such cells
are not likely to be inimical to the transformation
process.

MATERIALS AND METHODS
Cell lines. EBV virion DNA from several lymphoid

lines was analyzed. Serving as sources of prototypes
of lymphocyte immortalizing virus were lines B95-8
and FF41, cotton-top marmoset lymphocytes harbor-
ing EBV strains from patients with mononucleosis (8,
24). The Jijoye Burkitt lymphoma line was obtained
from the American Type Culture Collection. Its clone,
HR-1, originally isolated by Hinuma et al. (19), re-
leases non-immortalizing EBV, as do two subclones of
HR-1, FF452-3 and GG68-13, which were recently
isolated in agarose (18). All cell lines except Jijoye
were grown at 37°C; the latter was incubated at 33°C.
Medium was RPMI 1640, 10%o fetal bovine serum, and
antibiotics.
Lymphocytes transformed in vitro. The EBV se-

quences in intracellular DNA of two lines of human
neonatal lymphocytes immortalized in vitro were ex-
amined. One line (HH446-5) became established after
exposure of fresh lymphocytes to a 1:10 dilution of
filtered supernatant fluid from the Jijoye line which
had been treated with 20 ng of 12-O-tetradecanoyl-
phorbol-13-acetate per ml (40). Another line, FF467,
was immortalized by cocultivation of neonatal human
lymphocytes with human placental cell fibroblasts
which had been transfected with 1 ,ug of EBV (FF41)
DNA (23).

Virion DNA. EBV DNA was prepared from 20-liter
batches of supernatant fluid of lines FF41, Jijoye, HR-
1, FF452-3, and GG68-13, by procedures described
previously (8). The yields ofDNA were approximately
0.5 ,ug per liter of culture medium. DNA from virions
of the B95-8 and HR-1 strains was provided by
M. Nonoyama through the Office of Biologic Re-
sources, National Cancer Institute.

Intracellular DNA. Total intracellular DNA was
prepared from four lines, Jijoye, FF452-3, HH446-5,
and FF467, by a modification of the procedure of Wahl
et al. (38). Approximately 3 x 107 cells were centri-
fuged at 4°C for 10 min at 2,000 rpm. The pellet was
suspended in phosphate-buffered saline (0.137 M

NaCI, 0.0027 M KCI, 0.008 M Na2HPO4, 0.0015 M
KH2PO4) and centrifuged at 2,000 rpm for 10 min.
After three washes in phosphate-buffered saline the
cell pellet was suspended in 5 ml of 0.1 M EDTA-0.2
M Tris (pH 8.5). The sample was made 1% in sodium
dodecyl sulfate, and pronase was added to 1 mg/ml.
The mixture was incubated for 2 h at 60°C and then
chilled on ice. One-fifth volume of 5 M potassium
acetate was added, and storage on ice was continued
for 30 min. The lysate was centrifuged at 2°C for 15
min at 11,000 rpm, and the pellet was discarded. Two
volumes of cold 95% ethanol was added to the super-
natant, and the sample was immediately centrifuged at
10,000 rpm for 20 min at -20°C. The pellet, which
contained both viral and cellular DNA, was suspended
in 0.5 ml of 0.01 M Tris (pH 7.4)-0.001 M EDTA.
About 5 ,ug of this material was used per lane in an
agarose gel.
Recombinant DNA clones. Both the BamHI and

EcoRI restriction fragments ofEBV (FF41) DNA have
been cloned, the former into pBR322 (8) and the latter
into pACYC184 (13). Detailed methods of ligation,
transfection, and screening of recombinant plasmids
have been described previously (8). Additional chi-
meric plasmids containing the EcoRI fragments of
EBV (FF452-3) DNA were constructed by cloning into
the unique EcoRI site of pACYC184 (4). Tentative
identification of FF452-3 cloned fragments was based
on comigration with plasmids containing cloned FF41
DNA fragments which had been digested with restric-
tion enzymes. Southern blots containing analogous
cloned FF41 and FF452-3 EcoRI DNA fragments,
double digested with BamHI and EcoRI, were probed
with nick-translated FF41 EcoRI fragments for confir-
mation of fragment identity (see Fig. 1). Cloned re-
gions of the FF452-3 DNA included EcoRI fragments
B, E, F, G1, H, I, I2, J, and J2.

Restriction endonucleases and gel electrophoresis.
The restriction enzymes BamHI, EcoRI, and HindIII
were purchased from New England Biolabs and Be-
thesda Research Laboratories. Digestions were car-
ried out in the conditions specified by the suppliers.
DNA fragments were separated by gel electrophoresis
in 0.5% agarose (Sigma type II) containing 0.5 ,ug of
ethidium bromide per ml. DNA fragments were trans-
ferred to nitrocellulose filters by the method of South-
ern (34).

Nick translation of DNA and hybridization to South-
em blots. Recombinant plasmids carrying EBV (FF41)
restriction fragments were labeled with 32P by nick
translation (28). The conditions used for hybridization
have been described previously (8).

RESULTS
Structure of HR-1 virion DNA. The initial

objective of these studies was to obtain a clear
picture of the genome structure of a nontrans-
forming EBV variant. We analyzed DNA of a
virus released from a subclone of HR-1 cells,
designated FF452-3. This was the first HR-1
cellular subclone from which we prepared viral
DNA. Neither supernatant fluids nor lethally X-
irradiated cells of the FF452-3 clone are able to
immortalize human umbilical cord lymphocytes.
In this way the clone resembles the parental HR-
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1. However the virus from this clone, like nearly
all clonal HR-1 variants we have studied, differs
from parental HR-1 virus in its inability to
induce early antigen in Raji cells (18). The yield
of virion DNA from supernatant fluids of FF452-
3 is increased about 12-fold after treatment with
12-0-tetradecanoyl-phorbol-13-acetate (from
0.1 to -1.2 ng/ml), so this clone falls into the
"moderately inducible," but not "superinduci-
ble," category.

Preliminary experiments indicated that the
DNA of FF452-3 was homogeneous; the pattern
of DNA fragments obtained after digestion with
EcoRI and BamHI did not contain submolar
bands of the unique sequences. (These heteroge-
neous fragments are usually referred to as "het"
bands.) Several probes which were homologous
to multiple fragments in HR-1 parental DNA
identified only single fragments in FF452-3 DNA
(18). However the termini of the cloned HR-1
DNA are heterogeneous due to variable num-
bers of the terminal reiterated sequences.
We employed two general methods to analyze

the genome structure of virus from the HR-1 cell
clone. The first consisted of digesting DNA from
virions with a restriction endonuclease and
probing Southern blots of this virion DNA with a
cloned BamHI or EcoRI fragment of EBV
(FF41) DNA. For reference we analyzed simul-
taneously virion DNA from two strains (B95-8
and FF41) whose physical map is known in some
detail (6, 8, 33). We also studied parental (non-
clonal) HR-1 DNA at the same time. The sec-
ond, confirmatory, method was to analyze
EcoRI fragments of FF452-3 DNA which had
been inserted into the pACYC184 plasmid. Sub-
digestions of cloned EcoRI fragments of EBV
(FF41) and EBV (FF452-3) DNA were com-
pared. BamHI fragments which comigrated,
were homologous by nucleic acid hybridization,
and were contained within the same EcoRI
fragment were assumed to occupy similar posi-
tions on the EBV physical map (Fig. 1).
We identified a total of 31 BamHI fragments

of EBV (FF452-3) DNA, whose combined mo-
lecular weight (MW) was about 104 x 106,
assuming that there are six copies of the internal
reiteration (BamHI-W) (Table 1). Of these 31
fragments, 22 were homologous to a correspond-
ing fragment of the same size in DNA from the
transforming strain FF41. Nine were homolo-
gous to fragments of different size in B95 and
FF41.

In the course of these initial experiments we
were interested to learn which BamHI fragments
identified heterogeneity in the parental HR-1
DNA. Such fragments are homologous to frag-
ments of their own molecular weight in BamHI
digests of the clonal HR-1 DNA and in parental
DNA; however they are homologous to addi-

tional (het) fragments which are present only in
parental HR-1 DNA. At least eight BamHI frag-
ments of clonal HR-1 DNA were represented in
the heterogeneous bands of parental HR-1
DNA; these fragments were scattered through-
out the physical map of EBV DNA. Thirteen
BamHI fragments did not seem to be contained
within heterogeneous BamHI fragments; our
information is incomplete about 10 fragments.
On the basis of the blot hybridization experi-

ments and by comparison with DNA of B95-8
and FF41 a physical map of BamHI and EcoRI
fragments of the HR-1 clone was constructed
(Fig. 2). There was general similarity of genome
organization of the transforming and nontrans-
forming viral DNAs.

Differences between HR-1 and the B95-8 and
FF41 genomes. During the course of this analysis
we identified a total of eight genomic locations at
which the HR-1 clone and the HR-1 parent
differed from the lymphocyte immortalizing vi-
ruses. These alterations, deletions, insertions,
and mutated restriction enzyme cleavage sites
are enumerated in Table 2 and illustrated in Fig.
3 and 4.
The largest alteration was a deletion of about

3,800 bp from the EcoRI-A fragment in BamHI
fragments H and Y. Using the BamHI-Y frag-
ment as a probe we detected a -2.7 x 106-MW
fragment [BamHI-YH(h)] in HR-1 and clonal
HR-1 virus and a single BamHI-Y fragment (1.17
x 106 MW) in the transforming strains (Fig. 3).
BamHI-Y detects the internal repeat in all
strains since the repeat ends in BamHI-Y (5, 15).
The same probe hybridized to two submolar het
fragments (6.2 x 106 and 1.3 x 106 MW) in
parental HR-1 DNA. Similar results were ob-
tained when BamHI-H was the probe. A full-
sized H fragment was seen in the transforming
DNA, and a deleted YH (h) was seen in HR-1
and its clone. Since BamHI-H had partial ho-
mology with BamHI-B', this fragment was iden-
tified with the BamHI-H probe in all strains
except B95-8, in which B' was deleted. The
BamHI-H probe detects heterogeneity in the
parental HR-1 DNA; at least five additional
fragments were identified. Four of these were
about the size of BamHI-B', and there was an
additional submolar band of 4.7 x 106 MW.
A smaller deletion in parental HR-1 DNA

occurred at the junction of BamHI-I' and
BamHI-W', resulting in a BamHI-W'I' fragment
of 4.89 x 106 MW. The fused BamHI-W'I' was
approximately 370 bp smaller than the sum of
the individual fragments. FF41 DNA possesses
these fragments unfused, whereas B95-8, due to
a deletion of 8 x 106 MW in this region, has a
smaller BamHI-I fragment with partial homolo-
gy to BamHI-I' and lacks BamHI-W' entirely (8,
26). A similar fused BamHI-W'I' fragment in
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FIG. 1. Method of analysis of genome organization of the nontransforming HR-1 virus, FF452-3, with
Southern blots containing EcoRI and BamHI digests of cloned EcoRI fragments (lanes 2 and 3) orBamHI digests
of virion DNA (lanes 4 through 7). Blots were probed with the indicated cloned EcoRI fragments of FF41 DNA.
Lanes: 1, pACYC184 digested with BamHI and EcoRI; 2, pACYC184 containing a cloned EcoRI fragment of
FF41 DNA; 3, pACYC184 containing a cloned EcoRI fragment of FF452-3 DNA; 4, FF452-3 virion DNA; 5,
parental HR-1 virion DNA; 6, B95-8 virion DNA; 7, FF41 virion DNA. In (A), (B), and (C), the cloned fragments
represent EcoRI-E, EcoRI-H, and EcoRl-G1, respectively. Note in (A) that BamHI-D fragments are homologous
and of the same size in all viruses; the same is true of BamHI-T, BamHI-b, and BamHI-b' in (B) and BamHI-O
and BamHI-U in (C). Note also that the method identifies differences among the viruses which are described in
the legends to subsequent figures. Clone designations are given at the bottom of each gel.

HR-1 DNA was observed by Heller et al.,
although they reported no deletion (16).
Two additional small deletions were found in

HR-1 DNA (Fig. 4). A loss of approximately 80
bp was detected in BamHI-L; the HR-1 BamHI-
K fragment was approximately 150 bp smaller
than the corresponding fragment in B95-8 or
FF41 virion DNA. The HindIll-lI fragment of
HR-1 DNA which was partially colinear with
BamHI-K showed a corresponding decrease in
size; therefore the deletion mapped to sequences
at the left side of the BamHI-K fragment.

Insertions ofDNA occurred at two sites in the
HR-1 genome by comparison with B95-8 and
FF41. The major insertion of about 1,700 bp was
located in the HindIII-E fragment. This insertion
contained two additional BamHI sites and was
responsible for two small BamHI fragments (c'

and d') which were seen in the DNA of HR-1,
but not FF41, virus. However these fragments
were revealed by probing with a cloned EcoRI-B
fragment of FF41 DNA; therefore the new frag-
ments contained some sequences which were
already represented in the EcoRI-B fragment of
FF41. A smaller insertion of about 100 bp was
present in the BamHI-P DNA fragment of HR-1
and its clone, relative to the FF41 and B95 strain
(Fig. 4). The origin of these sequences is not
known.
A third type of genome alteration involved the

acquisition or loss of a restriction enzyme site.
Since these alterations occur with no apparent
change in MW they may involve point mutations
or insertions or deletions too small to detect by
agarose gel electrophoresis. Loss of the BamHI
restriction site separating BamHI-B and BamHI-

0
P

pACYC

pACYC:
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TABLE 1. Estimated MW of BamHI fragments of
HR-1 clone FF452-3 DNA-homology with

fragments of identical size in DNA of transforming
strains and with heterogeneous fragments in HR-1

parental DNA

Present as Homology with
BamHI MW (x106) homologous het fragments
fragment fragment in in parental

B95 FF41 DNA HR-1 DNA

BG 10.68
A 6.34 + NDa
B' 6.34 +b +
C 6.19 + +
D 5.38 + _
E 5.25 + _
F 4.94 + _
W'I' 4.89 _ _
K 3.29 _ _
L 3.29 _ _
M 3.11 +C +
N (terminal) 3.02 _d +e

0 2.88 + _
YH(h) 2.73 _ +
P 2.73 _ _
Q 2.54 + ND
R 2.36 + +
S 2.25 + +
T 2.22 + _
U 2.16 + _
V 2.07 + ND
W 2.00 + +
X 1.33 + ND
Z 1.12 + ND
a 1.06 + ND
b 0.82 + _
b' 0.72 + _
c 0.70 + ND
c' 0.66 _ ND
d' 0.46 _ ND
d 0.45 + ND

a ND, Not determined.
b B' is not present in B95-8.
c Contains a new EcoRI site.
d Detected with BamHI-A.
e Detected with EcoRI "terminal" probe provided

by J. Arrand (1).

FF41

HR-1 clone
F F452- 3

A

G resulted in a BamHI-BG fusion fragment in
HR-1 DNA. This fusion was detectable by hy-
bridization of BamHI digests with either
BamHI-B or BamHI-G as a probe (Fig. 3).
From EcoRI digestions we observed that HR-

1 lacked one fragment (EcoRI-G2) found in
transforming DNA, but instead possessed two
smaller fragments, EcoRI-12 (2.8 x 106 MW) and
EcoRI J2 (1.5 x 106 MW), the sum of which
equalled the size of EcoRI-G2. BamHI-M hy-
bridized to both EcoRI-42 and EcoRI-J2, indicat-
ing it has homology with both fragments; there-
fore there is a new EcoRI site in the HR-1
BamHI-M fragment (2).

Identification of genomic alterations which dis-
tinguish HR-I and Jioye DNA. The eight modifi-
cations of genome structure which distinguish
HR-1 DNA from B95-8 and FF41 are summa-
rized in Table 2. The question at this point was
which, if any, of these changes were shared by
Jijoye virus and by viral DNA within cells which
had been immortalized by Jijoye virus. There-
fore we focused our analysis on the eight geno-
mic regions at which the nontransforming DNA
could be distinguished from that of the trans-
forming variants. We prepared Southern blots
containing virion DNA or intracellular DNA and
probed them with individual cloned BamHI frag-
ments corresponding to the sites of genome
alteration (Fig. 5, 6, and 7).

Six of the eight modifications in HR-1 virus
DNA, namely, deletion and fusion ofBamHI-W'
and BamHI-I', deletions in BamHI-L and
BamHI-P, insertions in HindIII-E and BamHI-
P, loss of the BamHI site between BamHI-B and
BamHI-G and the additional EcoRI site in
Bam HI-M, were all present in Jijoye virion
DNA, in intracellular DNA from the Jijoye cell
line, and in DNA from a line of umbilical cord
lymphocytes transformed in vitro by Jijoye virus
(Fig. 5). The modifications were all seen in
intracellular DNA prepared from FF452-3 and in
virion DNA prepared from another cell clone of

GMG2 F LNK B E H C Dh* EcoRI

Jhe. C WWWWWWY H F O U POaM S L E dZR K B G D 'bT XVC B W I A 'Nh. BamHI

I J A GMIJ4A F LNK B E H C Dhet EcoRI
Ii1 iiIIAI h fIf BamnHl

Jhel C WWWWWWYH F 0 U POMSS L E c'd'dZR K BG D bbTXVC B' W'l' A Nh*t

0 10 20 30 40 S0 60 70 60 90 100 110 120
I 1 I

Megadaltons

FIG. 2. Physical map of EBV DNA from a transforming strain (FF41) and a clone of a nontransforming strain
(FF452-3 clone of HR-1). The number of BamHI-W reiterations in the HR-1 clone has not been measured
directly. The location of BamHI fragments c' and d' within the EcoRI-B fragment of HR-1 has not been
determined. The sites of differences in genome structure between the two viruses are indicated with asterisks.
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FIG. 3. Southern blot hybridizations of DNA of transforming and nontransforming EBVs with cloned EBV
(FF41) DNA BamHI fragments. The lanes contained virion DNA from the following: 1, HR-1 clone FF452-3; 2,
HR-1 parent virus; 3, B95-8 (transforming); 4, FF41 (transforming). Each panel illustrates a site of sequence
variability between the nontransforming viruses (lanes 1 and 2) and the transforming viruses (lanes 3 and 4).
Heterogeneity in parental HR-1 DNA was demonstrated with probes of BamHI-H and BamHI-Y, but not with
the other fragments. B95-8 DNA lacks fragments B', W', and I' (8, 26). Clone and EBV probe designations are
given at the bottoms of the gels in this and all subsequent figures.

HR-1 (GG68-13). None of the modifications was
identified in DNA from FF41 virions or in intra-
cellular DNA from umbilical cord lymphocytes
immortalized by FF41 DNA.
The 150-bp deletion in the BamHI-K fragment

of HR-1 virus DNA was not seen in DNA
prepared from Jijoye virions. However this dele-
tion was present in intracellular DNA from
Jijoye cells and from cells transformed by Jijoye
virus (Fig. 6). Similarly the HindIII-Il fragment,
which is colinear with the BamHI-K fragment,
was smaller in HR-1, in intracellular Jijoye
DNA, and in DNA from cells transformed by
Jijoye virus than in Jijoye virion DNA (Fig. 6).
The only deletion which consistently distin-

guished DNA from the nontransforming HR-1
variants (parent and clones) from DNA of trans-
forming virus was the 3,800-bp deletion from
BamHI fragments Y and H. In HR-1 and its
subclones the deleted BamHI-YH(h) fragment
had a MW of 2.73 x 106. In B95-8 and FF41
BamHI-Y and BamHI-H were present as indi-
vidual fragments. In Jijoye virion and intracellu-
lar DNA there was a loss of the BamHI site,
giving rise to a single fragment which we desig-
nated BamHI-YH(j) (Fig. 7). An identical sized
fragment was found in neonatal cells trans-
formed by Jijoye virus. The MW of this frag-

ment, 5.12 x 106, was equal to the sum of the
molecular weights of BamHI-Y and BamHI-H.
Therefore, the absence of the BamHI site be-
tween BamHI-Y and BamHI-H in Jijoye DNA
reflects a minor change in DNA structure.

DISCUSSION
Although several alterations in genome struc-

ture distinguish the nontransforming HR-1 EB
virus from immortalizing strains such as FF41
and B95-8, only one of these modifications dif-
ferentiated HR-1 from its transforming parent,
Jijoye. This was a deletion of about 2.4 x 106
MW from sequences mapping to the BamHI-Y
and BamHI-H fragments. A full-sized BamHI-
YH() fragment (5.1 x 106 MW) was found in
Jijoye virion DNA and in intracellular viral DNA
of the Jijoye line and of neonatal lymphocytes
immortalized by Jijoye virus. The deleted frag-
ment BamHI-YH(h) was seen in the HR-1 line
and in two of its subclones which lack the
capacity to transform lymphocytes.
The exact limits of the deletion which distin-

guishes HR-1 from Jijoye have not been defined
in this study. This will require further fine map-
ping and sequencing in this region. Because of
the homology between BamHI-W and BamHI-
Y, our data do not reveal whether the deletion
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FIG. 4. Small deletions, insertions, and additional restriction endonuclease recognition sites which distin-
guish HR-1 and its clone from the two transforming viruses. Lanes: 1, FF452-3; 2, HR-1; 3, B95-8; 4, FF41.
BamHI-M reveals heterogeneity in parental HR-1 DNA.

begins within the internal repeat (BamHI-W) or
within the homologous sequences present at the
left end of BamHI-Y.
The biological significance of this deletion is

supported by two other types of experimental
evidence. First, the BamHI-Y and BamHI-H
region codes for a 3.1-kilobase mRNA in trans-
formed cells which are not permissive for virion
synthesis (20, 37). Second, a correlation be-
tween deletion of the BamHI-Y and BamHI-H
fragments and loss of the transforming pheno-
type has been suggested by analysis of transfor-
mation-competent viruses formed after recombi-
nation between HR-1 DNA and the endogenous
EBV DNA in Raji cells (10, 11, 39). Those
recombinants which retain lymphocyte immor-
talizing ability are found to contain genetic se-
quences characteristic of Raji viral DNA includ-
ing BamHI fragments W, Y, H, and F (J. Skare
and J. Strominger, personal communication).
Thus this region ofEBV DNA is likely to encode

one of the several genome functions which ap-
pear to be necessary to initiate and maintain
permanent lymphoid cell growth. Nothing is yet
known of the nature of the product(s) of this
region.

Jijoye DNA contains a "fused" BamHI-YH
fragment, and B95-8 and FF41 each contain
individual BamHI-Y and BamHI-H fragments.
The genome of another transforming virus of
Burkitt lymphoma origin, AG876, also contains
a fused BamHI-YH fragment (16, 26). Thus
alterations of this BamHI site do not appear to
impair the transformation function.
Our experiments suggest that this deletion has

occurred while the Jijoye virus was being propa-
gated in the laboratory. Jijoye DNA contains all
of the variations seen in HR-1 DNA, except the
Y-H deletion. This, in fact, is verification of the
true lineage of the Jijoye strain which was used
for comparison. Since Jijoye DNA does not
seem to be heterogeneous, it is unlikely that a
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TABLE 2. Summary of genomic alterations in HR-1 (clone FF452-3) EBV DNA by comparison with three
transforming viruses, FF41, B95-8, and Jijoyea

De.i of Alteration con- Alteration present in the
Alteration DNA fragment, Designation of Description of the firmed in a recombi- following:

no. affected fragment alteration nant FF452-3 EcoRI B95-8 FF41 Jijoye Jijoye
fragment virion virion virion cellular

1 BamHI-H, -Y BamHI-YH(h) Deletion of -3,800 bp + _ _ _
of sequences from
BamHI-Y and -H

2 BamHI-K BamHI-K Deletion of -150 bp + _ _ - +
from left side of
this fragment

3 BamHI-W', - BamHI-W'I' Deletion of -370 bp + _ - + +
I' including the

BamHI site be-
tween BamHI-W'
and -I'

4 BamHI-L BamHI-L Deletion of -80 bp NDb _ - + +
5 HindIII-E HindIII-E, Insertion of -1,700 + _ - + +

BamHI-c',-d' bp of sequences of
viral origin, in-
cludes two new
BamHI sites

6 BamHI-P BamHI-P Insertion of -100 bp + _ - + +
of sequences of un-
known origin

7 BamHI-B, -G BamHI-BG Loss of BamHI site + _ - + +
8 BamHI-M EcoRI-12, -J2 Acquisition of a new + _ - + +

EcoRI site
a The nomenclature of fragments in B95-8 (6, 33) and FF41 (8) DNA was as described previously.
b ND, Not determined.
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FIG. 5. Genomic alterations which are present in HR-1 DNA as well as in Jijoye DNA. Lanes: 1, Jijoye virion
DNA; 2, Jijoye intracellular DNA; 3, intracellular DNA from lymphocytes transformed in vitro by Jijoye virus;
4, parental HR-1 virion DNA; 5, intracellular DNA from HR-1 clone FF452-3; 6, virion DNA from HR-1 clone
GG68-13; 7, virion DNA from FF41; 8, intracellular DNA from lymphocytes transformed by FF41 DNA. Jijoye
DNA contains the fusion ofBamHI-B and BamHI-G (panel A), the deletion in BamHI-L (panel B), the insertion
in BamHI-P (panel C), and the larger HindIII-E fragment (panel D) which are characteristic of HR-1 DNA. The
HindIII-E fragment appears deleted in lymphocytes transformed by FF41 DNA.
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FIG. 6. Variation in size among BamHI-K and HindlIl-Il fragments in Jijoye, HR-1, and FF41 DNAs. DNAs
were digested with restriction endonucleases as indicated. BamHI-K was the probe. Lanes: 1, Jijoye virion
DNA; 2, Jijoye intracellular DNA; 3, DNA from lymphocytes transformed by Jijoye virus; 4, parental HR-1
virion DNA; 5, intracellular FF452-3 DNA; 6, HR-1 clone GG68-13 virion DNA; 7, FF41 virion DNA; 8,
intracellular DNA from lymphocytes transformed by FF41 DNA. Note that the deletion in the BamHI-K and
HindlIl-Il fragments is present in HR-1 and its subclones, in intracellular Jijoye DNA, and in intracellular DNA
from lymphocytes transformed by Jijoye virus, but not in virion DNA from Jijoye.

subpopulation of Jijoye DNA molecules already
contained the deletion at the time when the HR-
1 cells were cloned. However this point is not
conclusively established by our studies, for we
have not examined virion DNA in a series of
Jijoye clones. It is evident that a deletion the
size of the one in BamHI-Y and BamHI-H is not
per se sufficient to impair immortalization, since
B95-8, a virus competent to transform, has an
even larger deletion of 8 x 106 MW in the
EcoRI-C fragment.

It seems of interest that the other fragment
(BamHI-K), in which HR-1 virion DNA con-
tained a deletion by comparison with Jijoye
DNA, also codes for one of the six mRNAs
found by van Santen et al. in transformed cells
(37). The lesion in this fragment is anomalous,
since it is evident in virion DNA of the Jijoye
strain, but not in intracellular viral DNA from
Jijoye cells or from cells transformed by Jijoye
virus. A valid hypothesis for this finding eludes
us at present, but it appears that this region is
highly variable. Heller et al. found a truncated
BamHI-K fragment in Raji cells (16), and Born-
kamm et al. reported three size classes of
HindIll-lI fragments in an examination of six

different EBV strains (2). Further, Buell et al.
reported that sequences in this region are some-
times deleted when recombinant DNA clones
are propagated (3).
These experiments also indicate a number of

other areas of the viral genome where insertions,
deletions, or alterations in restriction endonucle-
ase recognition sites do not affect the capacity of
a virus to immortalize a lymphocyte.
The evidence present in this report provides

strong biological correlation between a single
deletion and the loss of the transforming pheno-
type. The evidence would have been strength-
ened if a collection of different mutants with
overlapping deletions were available for com-
parison. Furthermore the analysis in our studies
has only proceeded to the relatively gross level
of changes in electrophoretic mobility of DNA
fragments produced by restriction endonucle-
ases. It is obvious that additional biologically
important lesions may exist in HR-1 viral DNA
which will be demonstrable only after detailed
nucleotide sequence analysis.

If the hypothesis is correct that the deletion of
BamHI-H and BamHI-Y in HR-1 is the only
important modification, then it should be possi-

J. VIROL.
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FIG. 7. The major genomic deletion which distinguishes HR-1 DNA from Jijoye DNA. Shown are Southern
blots probed with BamHI-Y (left panel) and BamHI-H (right panel) fragments of EBV (FF41) DNA. Lanes: 1,
Jijoye virion DNA; 2, Jijoye intracellular DNA; 3, intracellular DNA from lymphocytes transformed in vitro by
Jijoye virus; 4, parental HR-1 virion DNA; 5, intracellular DNA from FF452-3; 6, virion DNA from HR-1 clone
GG68-13; 7, virion DNA from FF41; 8, intracellular DNA from lymphocytes transformed by FF41 DNA.
Intracellular DNA from Jijoye cells, from lymphocytes transformed by Jijoye virus, and from Jijoye virions all
contained a large BamHI-YH() fragment (5.2 x 106 MW); whereas HR-1 and its clones have a deleted BamHI-
YH(h) fragment 2.7 x 106 MW. In FF41 BamHI-Y and BamHI-H are present as separate fragments. BamHI-H
has homology to BamHI-B' in all samples (right panel).

ble to provide a biological proof of this idea.
This would consist of repairing the lesion in HR-
1 virus by transfer of the missing DNA se-
quences from the parental Jijoye DNA.
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