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Epstein-Barr virus (EBYV), isolated from P3HR-1 cells, induces early antigen and viral capsid antigen upon
infection of human B-lymphoblasts. The strong early antigen- and viral capsid antigen-inducing activity is only
observed in P3HR-1 virus preparations harboring particles with defective genomes, suggesting that this
biological activity is directly associated with the defective DNA population. After infection of EBV genome-
carrying Raji or EBV genome-negative BJAB cells, defective genomes of P3SHR-1 EBV DNA are replicated in
excess, depending on the multiplicity of infecting EBV particles. Hybridization of the DNA from such infected
cells with 3?P-labeled EBV DNA after HindIII cleavage reveals six hypermolar fragments. Mapping of these
fragments shows that they form one defective genome unit containing four nonadjacent regions (a, B, v, and )
of the nondefective P3HR-1 EBV DNA. Two of the segments (o and ) contain ca. 17 and 13 megadaltons,
respectively, from the terminal regions of the P3HR-1 genome, whereas the two smaller segments (y and 8)
contain ca. 3.7 and 3.0 megadaltons, respectively, originating from the central portion of the genome. In the
defective molecule, the regions y and & are present in the opposite orientation compared with nondefective
P3HR-1 EBV DNA. Tandem concatemers are formed by fusion of the a and 3 regions. Our model suggests that

tandem concatemers of three defective genome units can be packaged into virions in P3HR-1 cells.

Epstein-Barr virus (EBV) derived from the P3HR-1 sub-
clone of the Burkitt lymphoma line Jijoye (13) reveals some
biological properties distinct from other EBV isolates char-
acterized thus far. The virus does not transform human B-
lymphocytes (19), although infection of cells with this virus
leads to induction of the EBV-specific nuclear antigen
EBNA (18). Two distinct patterns of EBNA have been
revealed in P3HR-1 EBV-infected B-lymphocytes (9, 18),
and cloned sublines expressing one of these types have been
obtained (8). In contrast to other EBV isolates, P3HR-1
EBYV efficiently induces early antigens upon infection of
various lymphoblastoid lines of B-cell origin (11). Although
this infection is largely abortive, a few cells have been shown
to enter the late stage of virus replication, and virus particle
synthesis has been demonstrated (4, 7, 17, 27, 28).

The DNA of P3HR-1 EBV has been characterized by
partial denaturation mapping (5) and by restriction enzyme
analysis (1, 10). These studies revealed a remarkable hetero-
geneity of P3HR-1 virus DNA. The heterogeneity is even
more pronounced after analysis of EBV DNA from P3HR-1
EBV-infected lymphoblasts (4, 17, 24). The fragment pattern
of EBV DNA in those cells obtained after cleavage with the
restriction endonuclease HindIII consistently shows six hy-
permolar fragments in addition to the viral fragments ob-
served in molar ratios. This pattern is independent of the
target cells used for infection and does not depend on the
presence or absence of EBV DNA in these cells before
infection with P3HR-1 EBV (4). The hypermolar fragments
appear to be derived from defective DNA molecules (4).
Most interestingly, by subcloning of P3HR-1 cells it could be

* Corresponding author.

T Present address: Department of Pharmacology and Experimen-
tal Therapeutics, The Johns Hopkins University School of Medi-
cine, Baltimore, MD 21205.

¥ Present address: Deutsches Krebsforschungszentrum, im
Neuenheimer Feld 280, 6900 Heidelberg, Federal Republic of Ger-
many.

199

demonstrated that high spontaneous virus production and
high early antigen-inducing activity of virus preparations are
both dependent on the presence of defective genomes (22).
This strongly suggests that the defective genomes exert
direct biological functions associated with the induction of
the lytic cycle.

Relatively little is known about the structural organization
of the defective genomes. The most detailed study was
reported by Heller et al. (10), who showed by using cloned
EBV DNA probes that the defective molecules consist of
distinct pieces of EBV DNA which are not adjacent in the
genomes of nondefective virus particles. How these pieces
are precisely arranged to each other in the defective ge-
nomes, however, has not been unraveled. Therefore, in an
attempt to study the biological functions of the defective
genomes, we first had to elucidate their structural organiza-
tion.

In P3HR-1 virus-infected BJAB cells, the analysis of the
defective genomes is facilitated by the fact that these cells do
not contain endogenous viral genomes. After infection with
the virus, the defective genomes are preferentially replicated
and represent the vast majority of viral sequences in these
cells. Here we report studies on the detailed structure of the
defective genomes isolated after infection of EBV-negative
BJAB cells with high particle multiplicities of P3HR-1 EBV.

MATERIALS AND METHODS

Cell lines. The virus-producing cell line P3HR-1 (13), the
EBV nonproducer line Raji (20), and the EBV genome-
negative line BJAB (15) are routinely kept in our laboratory.
Cell line P3HR-1, HR-1 clone II that was used for infection
was kindly supplied by W. Henle, Philadelphia, Pa. All cells
were grown in RPMI 1640 medium supplemented with 10%
fetal calf serum and antibiotics and were fed once or twice
weekly.

Virus sedimentation. Virus-producing cell cultures were
grown to a density of 10° cells per ml at 37°C and fed once a
week. To increase the virus yield, the tumor promoter 12-O-
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tetradecanoylphorbol-13-acetate was added to a final con-
centration of 20 ng/ml (29, 30). For radioactive labeling of
virus, cells were kept in medium containing 1 ul of [*H]thy-
midine per ml (specific activity, 21 Ci/mol; Radiochemical
Centre, Amersham, Buckinghamshire, England). Virus was
sedimented from supernatants of aged cells at 9,000 rpm for
150 min (rotor GSA: Ivan Sorvall, Inc., Norwalk, Conn.) as
described previously (4). For infection experiments, sedi-
mented virus was resuspended at a 2,000-fold concentration
in medium and filtered (pore size, 0.45 wm; Millipore Corp..
Bedford, Mass.) before use.

Infection with P3HR-1 EBV. BJAB cells were infected
after completion of the procedure described previously (4).
Briefly, 20 x 10° cells, subcultured 2 days before infection,
were sedimented and infected with 2 ml of the 12-O-tetrade-
canoylphorbol-13-acetate-activated virus concentrate by in-
cubating them for 90 min at 37°C in humidified 5% CO.-.
After adsorption, the cells were washed five times with
medium and then resuspended in 20 ml of fresh RPMI 1640
medium supplemented with 20% fetal calf serum. After
incubation for 4 days the cells were sedimented, and the
DNA was extracted by phenol.

Preparation of viral DNA. Sedimented pellets of concen-
trated virus were resuspended in virus standard buffer (10
mM Tris-hydrochloride, pH 7.4, 10 mM KCI, 5 mM EDTA)
with a Dounce homogenizer. The virus suspension was then
centrifuged for 40 min at 20,000 rpm at 4°C on a sucrose
gradient (17 to 30% [wt/vol]) in an SW27 rotor (Beckman
Instruments. Inc.. Fullerton, Calif.). The opalescent virus
band was collected by puncturing the side of the tube and
was pelleted by additional centrifugation for 60 min at 20.000
rpm at 4°C in an SW27 rotor. The pellet was resuspended in
virus standard buffer and lysed with 2% (wt/vol) Sarkosyl. It
was then treated with 100 pg of proteinase K per ml at 60°C
for 1 h. The lysate was diluted to 10 ml, adjusted to final
concentrations of 10 mM Tris-hydrochloride (pH 7.4), 1 mM
EDTA., and 1.715 g of CsCl per ml, and centrifuged at 40,000
rpm at 23°C for 40 h in a 50 Ti rotor (Beckman). The fraction
at a density of 1.718 g/cm® that contained viral DNA, as
revealed by a peak of radioactivity, was collected and
dialyzed against 10 mM Tris-hydrochloride (pH 7.4)-1 mM
EDTA. The DNA of P3HR-1 EBV-infected BJAB cells was
obtained after phenol extraction, as described previously
(31).

Cleavage of DNA with restriction endonucleases and gel
electrophoresis. The restriction enzymes HindlIl and BamHI
were purchased from Bethesda Research Laboratories,
Gaithersburg, Md., or Boehringer, Mannheim, Federal Re-
public of Germany. DNA was digested with 5 U of enzyme
per ug of DNA at 37°C for 3 h. After ethanol precipitation,
samples were loaded onto 0.4% (HindIIl digests) or 0.7%
(BamHI1 digests) horizontal agarose gels. Electrophoresis
was carried out at 40 V for 15 h.

Preparation of recombinant plasmids. The recombinant
pACYC 184 plasmids described in this paper were obtained
by subcloning cosmid clones containing the Sall and HindII1
fragments of M-ABA EBV DNA. The overlapping cosmid
clones of M-ABA EBV DNA and the subclones derived
from such cosmid clones have been described in detail
elsewhere (2; A. Polack, G. Hartl, U. Zimber, U.-K. Freese,
G. Laux, K. Takaki, B. Hohn, L. Gissmann, and G. W.
Bornkamm, submitted for publication). In some cases,
BamHI fragments were directly prepared from the clones by
using absorbent malachite green as described by Koller et al.
(16).

Radioactive labeling of DNA. [**P]DNA fragment probes
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were made by nick translation (23) of 0.2 to 1 pg of individual
cloned EBV DNA fragments or noncloned BamHI DNA
fragments. The cloned EBV DNA fragments were not sepa-
rated from the vector pACYC184. A *?P-labeled probe
representing the EBV genome was made by nick translation
pf P3HR-1 virus DNA.

Blot hybridization. DNA fragments were transferred to
nitrocellulose filters (Schleicher and Schiill, Dassel, Federal
Republic of Germany) as described by Southern (25) with the
modifications of Wahl et al. (26). The nitrocellulose filters
were then preincubated at least 5 h (usually overnight) at
42°C in a solution containing 50% formamide, 5x SSC (1Xx
SSC is 0.15 M sodium chloride plus 0.015 M sodium citrate),
0.1% bovine serum albumin, 0.19 polyvinylpyrrolidone,
0.1% Ficoll (6), 300 pg of calf thymus DNA per ml, and 50
mM sodium phosphate (pH 6.5). For hybridization, the
solution contained 50% formamide, 5x SSC, 0.1% bovine
serum albumin. 0.1% polyvinylpyrrolidone, 0.1% Ficoll, 20
mM sodium phosphate (pH 6.5), 100 p.g of calf thymus DNA
per ml. and the labeled single-stranded probe. Hybridization
was performed at 42°C for 3 days. After hybridization, the
nitrocellulose strips were washed five times in 0.1xX SSC-
0.1% sodium dodecyl sulfate at 45°C by constant shaking for
3 h. The filters were dried and exposed to X-ray film (Kodak
Royal X-Omat) by using an intensifying screen (Du Pont
Cronex Lightning Plus).

RESULTS

HindIIl fragment pattern of the defective P3HR-1 EBV
DNA genome. A nitrocellulose filter containing separated
Hindlll fragments of DNA from P3HR-1 virus-infected
BJAB cells and, for comparison, HindIlI fragments of DNA
isolated from P3HR-1 virus particles was hybridized with
32P.labeled P3HR-1 EBV DNA. Autoradiography revealed
six hypermolar fragments in DNA from P3HR-1 virus-
infected BJAB cells (Fig. 1A, lane a). These six fragments
are present in abundant amounts and are much more promi-
nent than the other viral fragments which make up the
complete viral genome and which are present in molar
amounts. These latter “‘regular’’ fragments, for which physi-
cal maps have been constructed (1). are not visible in the
DNA of P3HR-1-infected BJAB cells (Fig. 1A, lane a) but
can be observed after long-term exposure. Four of the six
hypermolar fragments. A’, C', E”, and E"”, do not comigrate
with fragments of the nondefective genome and were desig-
nated according to their molecular weights in comparison to
the fragments of the nondefective genome. Thus for exam-
ple, E', E", E", and E"" are fragments migrating between
Hindlll fragments E and F. Fragments D1 and K2 comigrate
with the Hindlll fragments D1 and K2. As will be shown
below, HindIlI-K2 and probably also HindI1I-D1 are identi-
cal with K2 and D1, respectively, of the nondefective
genome. The six fragments were also observed in the
HindllI fragment pattern of P3HR-1 EBV DNA but not in
such abundance. Since the fragments of the defective and
nondefective genomes can both be visualized by a labeled
probe of M-ABA virus DNA which does not contain defec-
tive genomes (1), it is obvious that the hypermolar fragments
of the defective genome must contain sequences that are also
present in fragments of the nondefective genome but differ-
ently arranged or bound to cellular sequences.

Hybridization of cloned M-ABA EBV DNA fragments to
HindIIl fragments of the defective genome. To elucidate the
arrangement of viral sequences in the defective genomes,
nitrocellulose filters containing separated HindIIl fragments
of DNA from P3HR-1 virus-infected BJAB cells and from
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FIG. 1. (A) Hybridization of **P-labeled P3HR-1 virus DNA (lane a) or **P-labeled viral DNA fragments (lanes b through x) to nitrocellulose filters
containing separated Hindlll fragments of DNA of P3HR-1 virus-infected BJAB cells (i) or of P3HR-1 virus DNA (P). The lower part of lane a was
deliberately overexposed to visualize the small fragments (Hindlll fragments K2 through N). The designations of fragments of the defective and
nondefective P3HR-1 virus genomes are shown to the left and right of lane a. The location of probes used in (A) on the M-ABA virus map is shown in (B).
Probes I, m, and n were isolated from clones containing larger inserts by preparative electrophoresis onto malachite green coupled to polyacrylamide. All
other probes were cloned M-ABA virus DNA fragments. The general structure of the EBV genome is adopted from Cheung and Kieff (3) and is shown in
the lower part of (B). TR and IR designate terminal and internal repeats, respectively, and Us, through Ugs designate the different regions of the viral
genome separated from each other by clusters of repeats.
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P3HR-1 virus particles were hybridized to a set of cloned M-
ABA virus probes representing the complete viral genome of
an EBV prototype strain. In some instances, fragments
generated by digestion of cloned DNA with BamHI were
isolated from the gel, labeled by nick translation, and used as
probes. The location of the probes on the viral genome and
the results of the hybridization are shown in Fig. 1. HindIII
fragment C’' of the defective genome hybridized to the
terminal fragment (Fig. 1A, lane x) and the adjacent frag-
ments of the short unique region, including the large internal
repeat (lanes b, ¢, and d). Additionally it hybridized to
sequences located in HindIII-I2 and BamHI-Z in the right
part of the third unique region Us; (lanes n and o). HindIII-
D1 of the defective genome hybridized to M-ABA EBV
HindIII-D1 (lane w).

Fragment A’ hybridized to all of the probes of M-ABA
(EBV) DNA which also hybridized to HindIII-C' and Hin-
dIII-D1. The size of HindIII-A' is 25 megadaltons (Md) and
represents a fusion fragment between HindIII-C' (15 Md)
and HindIII-D1 (10 Md). Since this fragment is not cleaved
by HindlIll, it is obvious that it does not contain the HindIII
site at the right-hand side of HindIII-D1. HindIII-D1 of the
defective DNA did not hybridize to DNA of the clone
containing the terminal HindIII-Sall fragment (Fig. 1A, lane
X), thus excluding the possibility that it is a fusion fragment
carrying terminal repeats. HindIII-E" of the defective
genome hybridized to cloned DNA containing the right-hand
side of M-ABA (EBV) Sall-A (lane e), to HindIII-J (lane h),
and to HindIII-D2 (lane t). The probes used in lanes e and t
carry the cross-hybridizing regions DS; and DSk (14, 21), so
that it cannot be decided whether HindIII-E” contains se-
quences from DS, or DSy or from both fragments. Making
the assumption that HindIII-E” would contain neighboring
sequences of the region, from which the cross-hybridizing
sequences would be derived, HindlII-E” was hybridized to
DNA of a clone containing the right-hand part of HindI11-D2
with the DSy region excluded (lane u). The positive hybrid-
ization to this clone indicated that the sequences in HindIII-
E" are indeed derived from DSg. HindIII-E™ hybridized to
cloned M-ABA virus probes HindIII-G (lane i) and HindIII-
E (lane k) and to the small BamHI fragment located between
BamHI-E and BamHI-Z (lane m). HindIII-K2 of the defec-
tive genome hybridized only to the M-ABA (EBV) HindlIlI-
K2 probe, indicating that this fragment is identical in the
defective and nondefective genomes and does not contain
rearranged viral sequences. Because of its presence in the
defective as well as the nondefective genome, this fragment
may be slightly more abundant than fragments only observed
in the defective molecules.

Defective genome composed of four nonadjacent regions of
the viral genome. The analysis of the experiment shown in
Fig. 1 indicated that four nonadjacent regions of the nonde-
fective genome contribute to the formation of the defective
DNA population. In order of size, these regions are here
designated a, B, v, and 3. The largest region, «, is located at
the right-hand side of the nondefective genome and contains
sequences of HindIII-D2, HindllI-K2, and HindIII-D1. The
corresponding fragments of the defective genomes with
sequences from o are HindlII-D1, HindIlI-K2, HindIII-E",
and HindIII-A'.

The second region of the nondefective genome contribut-
ing to the formation of defectives is B, and it contains
sequernices from the terminus, the complete short unique
region (Us;), and sequences from the large internal 3.1-
kilobase repeat. The fragments of the defective genomes
containing sequences from B are HindIII-A’ and HindIII-C'.
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The third region, vy, contains sequences of HindIII-J and
HindIII-G. The fragments of the defective genomes contain-
ing sequences from this region are HindIII-E” and HindIII-
E".

The fourth region, 3, is also located in the middle of the
nondefective genome and carries sequences from HindIII-E
and HindllI-I12. The sequences from & are found in the
fragments HindIII-A’, HindIII-C’, and HindIII-E"" of the
defective DNA population (for a summary, see Fig. 3A and
B).

The arrangement of the four regions «, B, <y, and 3 in the
defective population could also be deduced from the hybrid-
ization data shown in Fig. 1. Thus, the left-hand side of the a
region must be joined to the left-hand side of 8, since the
HindIIl E" fragment contains sequences of HindIII-D2 and
HindIII-J. The right-hand side of the vy region must be
adjacent to the left-hand side of 3, since sequences from
HindlII-G and HindIII-E are found in the same HindIII E"
fragment. The other side of the & region must be joined to the
B region, since sequences from HindIlI-A and HindIII-I2 are
found in the same HindIII C' fragment. The analysis of the
breakpoints between the four nonadjacent regions indicates
that in the defective population the vy and 3 regions have the
opposite orientation relative to the a and B regions compared
with their orientation in the nondefective genome.

Fine mapping of the sites of recombination in the defective
genomes. To characterize in more detail the sites of recombi-
nation, a map of the BamHI sites in the defective molecules
was constructed. This was done by hybridization of nitrocel-
lulose filters containing separated BamHI fragments of DNA
from P3HR-1 virus-infected BJAB cells and from P3HR-1
virus particles with a set of cloned M-ABA virus DNA
probes containing sequences of the four regions «, 8, v, and
8, which participate in the formation of the defective mole-
cules. The largest BamHI fragment, BG’, of the defective
genome hybridized to cloned DNA containing the left-hand
part of the first unique region (Us,) (Fig. 2A, lane b) to
HindIlI-D1 (lane r), and to the terminal fragment (lane s).
BamHI-BG' thus consists of sequences different from those
of BamHI-BG, which is composed of BamHI-B and
BamHI-G and has a molecular mass of ca. 10 Md. BamHI-A
hybridized to HindllI-D1 (lane r) and faintly to the terminal
Hindlll-Sall fragment (lane s). The ladder-like pattern of
fragments hybridizing to probes containing the left-hand part
of the first unique region (Ug;) (lane b) and to the terminal
fragment (lane s) was not identical to that of the terminal
fragments BamHI (J + N)het of nondefective virus DNA. It
was therefore designated BamHI Jhet'. BamHI BG’ hybrid-
ized to all of the probes of M-ABA EBV DNA which
hybridized to BamHI-A and BamHI-Jhet’'. We thus conclud-
ed that BamHI-A is fused to BamHI-Jhet', giving rise to
BamHI-BG' in a way similar to that described for
HindIII-A'. As discussed above, the point of the fusion in
BamHI-A must be located to the left of the BamHI and
HindlIII sites at the right-hand side of BaumHI-A. The hybrid-
ization to BamHI fragments C (lane ¢), X111 (lanes m, p, q,
and r), W (lanes c, d, and e), Z (lanes j and k), and e (lane i)
indicated that these fragments are identical in the defective
and nondefective genomes and do not contain rearranged
viral sequences. BamHI-C' hybridized to the probes con-
taining BamHI-M (lane f), HindIII-J (lane g), and HindIlI-
D2 (lane m) and to two Bglll fragments which contain DSy
and the right-hand part of HindIII-D2 without the DSy
region (lanes o and p). Thus BamHI-C' is a fragment
obtained by fusion between the left-hand part of the y region
and the left-hand part of the a region (see Fig. 3C). BamHI-
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FIG. 2. (A) Hybridization of *?P-labeled P3HR-1 virus DNA (lane a) or **P-labeled viral DNA fragments (lanes b through s) to nitrocellulose filters
containing separated BamHI fragments of DNA of P3HR-1 virus-infected BJAB cells (i) or of PZHR-1 virus DNA (P). The designations of fragments of the
defective and nondefective genomes are shown on the left and right of lane a. The location of the probes used in (A) on the M-ABA virus map is shown in
(B). Probes f, g, i, and j were isolated from clones containing larger inserts by electrophoresis onto malachite green coupled to polyacrylamide. All other
probes were cloned M-ABA virus DNA fragments. TR and IR designate terminal and internal repeats, respectively, and Ug, through Ugs designate the
different regions of the viral genome separated from each other by clusters of repeats.
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TABLE 1. Composition of the defective genomes of P3HR-1

virus“
Defective Defective
. Regular Regular
(HindIll Hindlll BamHI BamHl
ragments fragments fragments fragments
(Md) (Md)
A’ (24.8) AA, Al,, AD1 BG' {(10) AA, AJhet
C’' (14.6) AA, Al A (7.7) A
D1 (10.2) D1 C (6.2) C
E" (=6) AJ, AD, C' (=6) AM, AB1
E""" (4.3) AE, AG X1I1 (5.3) X111
K, (1.3) K, Jhet' AJhet
W (2.0) w
W’ (1.95) AS, Adl
X' (1.30) AW, AR
Z (1.15) Z
e (0.31) e

“ A'is C' plus AD1. BG’ is AA plus Jhet’, two W fragments. The
symbol A indicates a part of the sequences of the corresponding

fragment.

C' (6 Md) is slightly smaller than BamHI-C (6.2 Md).
BamHI-W', which comigrated with BamHI-W, hybridized
to the probes BamHI-S (lane h) and the small BamHI
fragment located between BamHI-E and BamHI-Z (lane i).
BamHI-W' is thus a small fragment generated by fusion
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between the right-hand part of the vy region and the left-hand
part of the 3 region. BamHI-W' has a molecular mass of ca.
1.9 Md and is located in HindIII-E"” (see Fig. 3C). BamHI-
X' hybridized to the probes containing BamHI-W (lane d),
BamHI-Y, which contains sequences of BamHI-W (lane e),
and HindIII-I2 (lane k). It is thus concluded that BamHI-X’
is a fragment obtained by fusion between the right-hand part
of the B region and the right-hand part of the 8 region.
BamHI-X' is a small fragment with a molecular mass of ca.
1.3 Md and is located in HindIII-C'.

Concatemer formation. From the analysis of the break-
points described above and the sizes of the HindIIl and
BamHI fragments in the defective DNA population (Table
1), the map of BamHI and HindIII sites was established in
one repeat unit of the defective molecules (Fig. 3C). From
the compilation of the sizes of the HindIII fragments C’, D1,
E", E™, and K2, the size of one defective genome unit was
calculated to be ca. 36 Md. The sizes of the four nonadjacent
regions a, B, v, and 3, which participate in the formation of
the defective genomes, could not be evaluated exactly, since
the sites of recombination are not yet precisely determined
within the BamHI fusion fragments X', W', C', and BG'.
The approximate sizes of the o, B, v, and 3 regions are 17
Md, <13.2 Md, <3.7 Md, and 3 Md, respectively. Two
defective genome units can be fused together in tandem
configuration, since HindIlI-A’ and BamHI-BG' represent
fusion fragments of the a and B regions. The exact position
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FIG. 3. Map of the defective P3HR-1 virus genomes as suggested by the hybridization data shown in Fig. 1 and 2 and the molecular masses
of Hindlll and BamHI fragments shown in Table 1. (A) Location of the Hindlll fragments of the defective genomes on the nondefective
P3HR-1 virus DNA. (B) The four regions of the nondefective genome generating the defective genomes are designated a, B, v, and 3. The
general structure of the nondefective P3HR-1 virus molecules is shown below. In P3HR-1 virus DNA the large internal repeats (IR1) are fused
to the DS, region deleting Us, and the DS;_repeats (IR2) (2). (C) Map of the Hindlll and BamHI fragments of the defective genomes (d) that
explains from which fragments of the nondefective viral DNA (r) these fragments are derived. The symbol A indicates that only part of the se-
quences of the corresponding fragment are represented in the fragment of the defective genome. The zigzag lines mark the sites of
recombination of the four regions a, B, vy, and 3. The orientation of a, B, v, and 8 with respect to their orientation in the nondefective genome
is indicated by arrows. Note that (A) and (B) have the same scale, which is different from that of (C).
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of the fusion point is not known. To generate HindIII-A' and
BamHI-BG’, the joint apparently has to be located within
HindIlI-D1 and BamHI-A. This is, however, not true for the
whole population of molecules. The situation is additionally
complicated by the fact that the sequences of HindIII-D1
and BamHI-A are not exclusively found in the fusion frag-
ments HindIlI-A’' and BamHI-BG’, but also in fragments
with the electrophoretic mobility of HindIII-D1 and
BamHI-A. One possible explanation is that these fragments
of the defective genomes are not identical to those of the
nondefective genomes and represent terminal fragments in
linear defective molecules. The absence of terminal repeats
in these fragments of the defective population (Fig. 1A, lane
x; Fig. 2A, lane s), however, strongly argues against this
possibility.

Alternatively, the fusion points between different repeat
units of the defective genomes might be heterogeneous and
might be located either close to the left or close to the right of
the HindIll and BamHI sites at the right-hand side of
HindIII-D1 and BamHI-A, respectively. The faint hybridiza-
tion of BamHI-A to the slightly overlapping terminal
HindIlI-Sall fragment (Fig. 2A, lane s) argues for this
possibility. Thus, it seems likely that not only HindIII-A’
and BamHI-BG’' but also HindIII-C' and BamHI-Jhet' repre-
sent fusion fragments between the a and B regions (Fig. 4).
The inability to identify a fragment in the defective DNA
population, which might represent the right-hand terminus in
linear molecules (Fig. 1A, lane x; Fig. 2A, lane s), additional-
ly suggests that during replication in BJAB cells large
concatemers or circles of defective viral DNA are formed.

DISCUSSION

We studied the structural organization of defective
P3HR-1 EBV DNA after infection of the EBV-negative
BJAB cells with P3HR-1 virus.
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Earlier studies concerned with the structure of the defec-
tive DNA have always been done with P3HR-1 virus prepa-
rations which consist of a mixture of defective and nondefec-
tive viral genomes in which the nondefective population is
dominant (1, 5, 10). The representation of certain regions of
the wild-type genome in the defective population of P3HR-1
virus has been reported by Heller et al. (10) with comparable
but not identical results to those described here. The inter-
pretation of their data, however, was hampered by the fact
that these authors also studied a mixed population of nonde-
fective and defective molecules, so that it was impossible to
establish a restriction enzyme linkage map of the defective
genomes.

The use of P3HR-1 virus-infected BJAB cells has been the
major breakthrough in our effort to study the structural
organization of the defective DNA population. After infec-
tion the defective genomes of P3HR-1 virus are preferential-
ly replicated (4). Since BJAB cells do not harbor endoge-
nous EBV genomes, the analysis of the replicating viral
DNA molecules is thus largely facilitated.

The results presented here show that the defective
P3HR-1 EBV DNA is formed by four distinct regions of the
viral DNA, with two large parts (a, 17 Md; B8, 13 Md) which
flank two small internal parts (y, 3.7 Md; &, 3 Md). The two
internal regions are inverted compared with their orientation
in the nondefective genome. The a and B regions are fused to
each other, giving rise to the formation of concatemers or
circles.

The structure of the defective genomes shown in Fig. 3
and 4, including the junction points between the «, B, v, and
d regions, has recently been fully confirmed by the analysis
of cloned fragments of the defective genomes (M.-S. Cho, L.
Gissmann, and S. D. Hayward, submitted for publication).

The right-hand end of the a region, including the fusion
point to B, appeared to be heterogeneous. In some of the
molecules it is located to the left of the HindlII site at the
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FIG. 4. Model for the generation of defective molecules from the nondefective P3HR-1 virus genome. The location of the four regions
which participate in the formation of defective molecules on the nondefective P3HR-1 genome is shown in (A). Intramolecular recombination
leads to the fusion of y and 3 (B). The fusion of y and 3 to the regions a and B in opposite orientation compared with the nondefective P3HR-1
genome is shown in (C), leading to the formation of one structural unit of the defective molecules (D). The a and B regions are fused to
generate concatemers (E). The fusion sites are indicated by arrows. Terminal repeats (TR) are located very close to the fusion sites. Note that
the fusion points between the a and B regions are heterogeneous (E). The letters in (D) and (E) designate the HindIII fragments of the
defective molecules. The intracellularly replicating defective molecules probably form large concatemers or circles. In P3HR-1 cells, linear
defective molecules consisting of three structural units can be encapsidated into virions, presumably by using the terminal repeats as

packaging signals.
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right-hand side of HindIII-D1, thus giving rise to the fusion
fragment HindIII-A’, which is not cut by HindIIl. This
fragment corresponds to BamHI-BG’. In some of the mole-
cules, however, the fusion point appeared to be to the right
of the HindIII site and the neighboring BamHI site. In these
molecules HindIII-D1 and BamHI-A are completely con-
served. According to this model HindIII-C' and BamHI-
Jhet’ also represent fusion fragments in the second popula-
tion of defective genomes.

Whether the population of defective genomes is intracellu-
larly present in circular form or as large linear concatemers
cannot be decided from the data presented. Our inability to
detect two distinct terminal fragments argues against the
possibility that concatemers of only a few defective genome
units are present in linear form in the population replicating
in BJAB cells. This is in contrast to the observations made
by studying the defective genomes in P3HR-1 virus prepara-
tions. Starting from virion DNA, both termini of the defec-
tive population can readily be detected (1, 10).

The simplest hypothesis is to assume that upon viral DNA
replication in P3HR-1 cells, concatemers consisting of three
or four defective genome units are linearized at the terminal
repeats and become encapsidated into virus particles. This is
in agreement with our earlier partial denaturation studies,
which suggested that the most common nonstandard P3HR-1
virus DNA consists of repeat units of 30 to 40 Md (5). These
linearized molecules, however, are only formed during pack-
aging, but it is not clear whether the intracellularly replicat-
ing defective genomes in P3HR-1-infected BJAB cells are
linear or circular.

When the partial denaturation patterns of the four nonad-
jacent regions in the nondefective molecules are reconstruct-
ed as rearranged defective molecules, this reconstructed
pattern is virtually identical with the one of each repeat unit
described in the denaturation pattern of the defective popu-
lation (data not shown). Thus, the map of the defective
molecules described in this paper is fully compatible with the
results from our previous partial denaturation studies, which
provided direct evidence for concatemer formation and for a
limited heterogeneity in the population of defective mole-
cules.

The accumulation of defective DNA in the P3HR-1 line
may account for the specific biological properties of P3HR-1
EBYV in comparison with other EBV isolates. This is also
strongly suggested by the work of Heston et al. (12) and
Rabson et al. (22). Using single-cell subclones of the P3HR-1
line which either carry or lack defective genomes, these
authors were able to link high spontaneous virus production
and early antigen-inducing activity of P3HR-1 virus with the
presence of defective genomes (22). Moreover, two distinct
regions of the wild-type genome which have been shown to
be involved in the induction of a nuclear and a cytoplasmic
antigen of the early antigen complex (K. Takaki, A. Polack,
and G. W. Bornkamm, submitted for publication) are also
partially or totally represented in the defective genomes
(Cho et al., submitted for publication).

It is now of particular interest to study the biological
function of fragments cloned from the defective population
in DNA transfer experiments (Cho et al., submitted for
publication).
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