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Replicating Epstein-Barr virus (EBV) DNA molecules isolated from superin-
fected Raji cells were shown to consist of 80S to 65S and 58S (mature) molecules.
Pulse-chase experiments showed that radioactive label of DNA molecules with
the larger sedimentation coefficients was partially chased into 58S labeled forms.
Formation of large concatemers of viral DNA could not be detected at any time
after superinfection. The continuous presence of the 65S viral DNA intermediate
throughout the replicative cycle combined with the observed inhibition of EBV
DNA synthesis by addition of nontoxic levels of ethidium bromide to the super-
infected cell culture led us to propose that EBV replication proceeds via a relaxed
circular DNA intermediate.

Epstein-Barr virus (EBV)-transformed B lym-
phocytes in culture, as well as fresh lymphoid
cells obtained either from the peripheral blood
of patients with infectious mononucleosis or
from Burkitt lymphoma tissue, contain the EBV
genome in the form of a circular plasmid; how-
ever, the DNA in the EB virion has been shown
to be linear (1, 9, 10, 13, 20). Since EBV has no
known lytic cycle and since in virus-producing
B-cell lines only a few percent of the cells at any
one time are making virus, it has not yet been
determined how the EBV DNA is replicated in
productively infected cells, or what the relation-
ships are between circular and linear viral DNA
forms.
A system useful for studying replicating EBV

DNA has been developed (12, 19, 21): nonpro-
ducer Raji cells, which have been shown to carry
EBV DNA in circular plasmid form (10), after
superinfection with the P3HR-1 strain of EBV
undergo a large burst of viral DNA synthesis.
This resembles an abortive lytic infection, since
few virions are produced.

In the present report, the size classes of rep-
licating EBV DNA present in superinfected cells
at various times after infection were examined.
The principal replicative intermediate was a 65S
viral DNA form. Addition of ethidium bromide,
an inhibitor of the replication of circular DNAs
(6, 11, 17), to superinfected cells inhibited EBV
DNA replication at concentrations noninhibi-
tory to cellular DNA replication. Formation of
large concatemers of viral DNA was not de-
tected. The latter observation sets this abortive
lytic viral system apart from cells infected with
the lytic herpesviruses herpes simplex virus

(HSV) and pseudorabies virus, for which for-
mation oflarge concatemeric structures has been
reported (2, 8).

MATERIALS AND METHODS
Cells and viruses. Raji cells, human B lympho-

cytes derived from a Burkitt's lymphoma patient, con-
tain 50 to 60 EBV genomes per cell. P3HR-1 cell
cultures (obtained from M. Nonoyama; viral capsid
antigen 10% or greater) served as the source of virus.
They were maintained at 35°C by diluting 1:1 once a
week with RPMI 1640 medium supplemented with 5%
heat-inactivated fetal calf serum. Raji cells were main-
tained in RPMI 1640 supplemented with 10% heat-
inactivated fetal calf serum.
Crude virus preparation. Cells and large debris

were removed from the culture by centrifuging 500-ml
portions in a Sorvall RC5-B centrifuge, using a Sorvall
GS-3 rotor, at 5,000 rpm for 10 min at 4°C. This
procedure was repeated two or three times. The virus
was pelleted from the clarified supernatant by sedi-
mentation at 9,000 rpm for 2 h at 4°C. The crude viral
pellet was suspended in 1/100 the original volume of
RPMI 1640 containing 1% heat-inactivated fetal calf
serum. One-milliliter portions were quick-frozen and
stored at -70°C. Before use, the virus was thawed at
37°C and sonicated for 60 s in an Ultramet III (Bueh-
ler, Ltd.) water bath sonicator. Pilot experiments were
performed to determine quality of the virus prepara-
tions.

Superinfection of Raji with EBV strain P3HR-
1. Raji cells were then used for superinfection 24 h
after feeding. The titer at the time of use was about
106 cells/ml. For each superinfection, 3 x 106 to 5 x
106 cells were used. For each 106 pelleted Raji cells, an
equivalent of 30 ml of P3HR-1 supernatant was added
(100 ml was concentrated to 1 ml). The virus was
thawed quickly and sonicated for 60 s in a water bath
sonicator before addition to the cells. The virus was
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allowed to adsorb for 1 h at 37°C. RPMI 1640 with 1%
heat-inactivated fetal calf serum was then added to
bring the cell concentration to between 5 x 105 and 1
x 10' cells/ml. The infection was allowed to proceed
at 350C for an additional 4 h, after which the cells
were pelleted, washed twice in phosphate-free minimal
essential medium, and then suspended in phosphate-
free minimal essential medium containing 1% heat-
inactivated (dialyzed) fetal calf serum to a concentra-
tion of 5 x 105 to 1 x 106 cells/ml. At this time [methyl-
3H]thymidine (Schwarz/Mann; 18 Ci/mmol) was
added as indicated (see figure legends). Infection was
allowed to continue for a total of 24 h or as indicated
in the text, at which time the DNA was extracted.

Preparation of DNA from superinfected cells.
Essentially the method of Shaw et al. (15) was fol-
lowed. The infected cells were pelleted and washed
twice with phosphate-buffered saline and resuspended
in 1 ml of the same. After the cells were well dispersed
with a Pasteur pipette, 0.5 ml of lysis buffer (15) was
added; cells were thoroughly lysed by rolling the tube
on a flat surface for 10 min. Then 20 1i of freshly made
pronase solution was added (Sigma pronase was dis-
solved to 10 mg/ml in 50 mM Tris-10 mM NaCl and
heat treated at 800C for 10 min to inactivate DNases
and then at 370C for 1 h just before use). Pronase
treatment was carried out at 50°C for 1 h and then
repeated in the same manner for an additional hour.
After the pronase treatment, the DNA was usually
centrifuged to equilibrium in CsCl density gradients or
occasionally sedimented directly on a glycerol sizing
gradient. The peak fractions of the density of viral
DNA from CsCl density gradients were pooled and
then diluted with buffer and recentrifuged either in
another density gradient or in a glycerol gradient. In
the latter case, samples were diluted 1:20 in a buffer
containing 5 mM EDTA, 50 mM NaCl, and 1 mM
Tris, pH 8.0.

Equilibrium centrifugation. CsCl and phos-
phate-buffered saline were added to samples, and the
refractive index was adjusted to 1.4000 (250C). Cen-
trifugation was in a Beckman vertical rotor for 16 h at
32,000 rpm or a Beckman 50 titanium rotor for 70 h at
23,000 rpm, both at 200C. Gradients were dripped
through a 16-gauge needle hole punched into the
polyallomer tube; where size of the molecules was
critical, the hole was enlarged by a no. 11 scalpel blade.
The refractive index was recorded for the first and
every fifth fraction. Ten microliters of all fractions was
precipitated with trichloroacetic acid and counted in
a Beckman scintillation counter.
HSV marker DNA. HSV used as 55S marker DNA

was obtained from P. Schaffer and grown in Vero cells
(obtained from the American Type Culture Collec-
tion). Preparation of 55S virion marker DNA was as
previously described (16).
HSV used as control in the experiments to examine

concatemer formation was type 1 KOS strain from E.
Wagner. H-li HeLa cells (adapted to monolayer
growth) in a 25-cm2 T flask were infected when near
confluency at a multiplicity of infection of 15 in the
presence of phosphate-buffered saline (with calcium
and magnesium). Adsorption was allowed to proceed
for 1 h at 370C with gentle shaking. Unadsorbed virus
was then removed, and 3 to 4 ml of medium (medium

199 or Dulbecco minimal essential medium, with 2%
dialyzed heat-inactivated fetal calf serum) was added
to the flask. After 3 h at 370C, [methyl-'4C]thymidine
(Schwarz/Mann; 57 mCi/mmol) was added at a con-
centration of 0.5 ,uCi/ml, and the infection was allowed
to proceed for an additional 3 h. Cells were then
removed from the flask with gentle trypsinization and
washed in phosphate-buffered saline. Cell lysis and
centrifugation of DNA in CsCl density gradients were
exactly as described for EBV-superinfected cells.
Immunofluorescence procedures. Anti-early an-

tigen sera were gifts of G. Klein and L. Hutt. Anti-viral
capsid antigen (VCA) serum was a gift of C. Edson.
Indirect immunofluorescence was performed as de-
scribed by Nyormoi et al. (14).

RESULTS
Glycerol gradient sedimentation of viral

DNA. Pulse-labeling experiments were per-
forned in which DNA of superinfected cells was
labeled for 4-h periods over 24 h, starting 4 h
after superinfection. In each case, DNA was
extracted and centrifuged in CsCl density gra-
dients, and the viral DNA was further sedi-
mented in glycerol gradients. DNA extracted at
any time period showed a similar size distribu-
tion upon glycerol gradient sedimentation. Fig-
ure 1 shows the 12- to 16-h and the 20- to 24-h
time periods. The total amount of isotope incor-
porated into EBV DNA declined with advancing
time after infection, suggesting that the rate of
viral DNA synthesis was decreasing starting at
a relatively early time during the infectious proc-
ess. In addition to DNA molecules of 58S (ma-
ture length), 65S and 80S species were present
(Fig. 1). At the earlier time period, small
amounts of labeled DNA also sedimented as
100S and larger forms. There was proportion-
ately more 65S to 80S material than 55S to 58S
material at the earlier time period, as deter-
mined by measuring the areas under the curves
on the graphs; the ratio 55S to 58S/65S to 80S
labeled DNA forms increased threefold from the
12- to 16-h period to the 20- to 24-h period.
The 65S viral DNA has previously been found

in Raji cells and has been characterized as an
open circular form of viral DNA (10). The 80S
form may be either a circular or linear replicative
intermediate; a 100S species seen only in small
amounts in these experiments has previously
been characterized as a covalently closed super-
coiled circle which is reduced to a 65S form after
X-irradiation (10). In addition, no radioactivity
was found in the pellet, preliminarily excluding
the presence of much larger concatemeric repli-
cative forms.
To examine directly the question of concate-

mer formation in EBV-superinfected cells, ex-
periments were performed in which the DNA
from 5-h [3H]thymidine-labeled superinfected
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FIG. 1. Glycerol gradient sedimentation of pulse-

labeled EBV DNA isolated from a CsCl density gra-
dient. Log-phase Raji cells were superinfected with
the P3HR-1 strain ofEBV (15, 19). [3H]thymidine (18
Ci/mmol) was added (17 ,ICi/ml) for 4-h periods at
(A) 12 to 16 h postinfection and (B) 20 to 24 h postin-
fection. In both cases, DNA was extracted and sedi-
mented in CsCl density gradients as previously de-
scribed (see Materials and Methods). Those fractions
representing the peak of viral DNA were pooled and
diluted 20-fold with a buffer of 20 mM Tris-hydro-
chloride (pH 8.0) and 1 mM EDTA (pH 8.0). Samples
were layered onto 10 to 30%o glycerol gradients con-

taining 1 M NaCl, 20 mM Tris-hydrochloride (pH
8.0), and 1 mMEDTA (pH 8.0). These gradients were

sedimented in a Beckman SW27 rotor, using 36-ml
gradients in cellulose nitrate tubes, in thepresence of
32P-labeled HSV55S DNA as marker. Sedimentation
was at 25,000 rpm for 220 min at 4°C (12). Symbols:
*, EBV [3H]DNA; 0, HSV 32P-labeled 55S marker
DNA.

cells was extracted, centrifuged in CsCl density
gradients, and sedimented in sucrose gradients
in the presence of ['4C]thymidine-labeled HSV
DNA extracted from HSV-infected cells at a

comparably early time. Jacob and Roizman (8)
had previously shown that concatemers of rep-

licating HSV DNA could be isolated from near

the bottom of such sucrose gradients. Our data
from similar experiments showed that although
significant amounts of "C-labeled replicating
HSV DNA could be isolated from the lower
region of such sucrose gradients, detectable

amounts of 3H-labeled EBV DNA were not pres-
ent in the lower portion of the gradients (data
not shown).

Pulse-chase experiments were carried out dur-
ing early as well as late times after infection.
First, EBV DNA was pulse-labeled with [3H]-
thymidine for 30 min at either 4 h (Fig. 2A) or
24 h (Fig. 2B) postinfection, followed by imme-
diate extraction ofDNA and subsequent centrif-
ugation in CsCl and glycerol gradient sedimen-
tation. At both times, we observed material sim-
ilar in size to mature size DNA (58S) and 65S
DNA, as well as a shoulder of 80S DNA. To
determine which forms were the precursors for
mature DNA, at 4 h (Fig. 2C) and 24 h (Fig. 2D)
postinfection, the 30-min [3H]thymidine pulse
was followed by a chase of cold thymidine (20
,ug/ml for 60 min or 10 ytg/ml for 120 min). At
both times, the chase of cold thymidine, al-
though incomplete, caused a shift in the relative
amount of labeled DNA from the 65S to 80S to
the 55S to 58S (mature) category. At the 4-h
time period, the shift caused by the chase was
slight; the ratio of labeled 55S to 58S/65S to 80S
forns as calculated by determining the areas
under the curves was only increased by 15% after
the chase. However, the same ratio was in-
creased almost fourfold after the chase in the
case of the 24-h pulse-chase experiment, indicat-
ing that a major shift of the labeled 65S to 80S
to the 55S to 58S forms had occurred. As stated
above, the rate of [3H]thymidine incorporation
into viral DNA was greater at earlier times post-
infection in our superinfection system. If the 65S
to 80S DNA was truly the precursor to the 58S
mature DNA, then the higher rate of continuing
synthesis of the precursor DNA forms at earlier
times than at later times would in fact make
those forms more difficult to chase at the earlier
time.

Effect of ethidium bromide on EBV DNA
synthesis. In a second approach to the question
of whether a relaxed circular DNA replicative
intermediate was indeed present, experiments
using addition of ethidium bromide to the cells
were performed. The replication of circular
DNA molecules, e.g., mitochondrial and plasmid
DNAs and proviral DNA of retroviruses, has
been shown to be very sensitive to addition of
the intercalating dye ethidium bromide to the
culture (6, 11, 17). Correspondingly, we found
EBV DNA synthesis in superinfected cells to be
more sensitive than lymphocyte DNA synthesis
to addition of ethidium bromide (Table 1). Raji
cellular DNA synthesis in nonsuperinfected
cells, as measured by labeling with [3H]thymi-
dine over a period of hours, was not affected by
500 ng of ethidium bromide per ml of medium,
whereas 500 ng of ethidium bromide per ml
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FIG. 2. Glycerol gradient sedimentation of viral DNA from pulse- and pulse-chase-labeling experiments
performed at early and late times after superinfection. Raji cell superinfection with P3HR-1 virus was as

described (15, 19). A 30-min pulse of[3H]thymidine (50 ,Ci/ml) was added at the indicated times. Chases were

performed by subsequent addition of unlabeled thymidine at either 20 pg/ml for 60 min or 10 pg/ml for 120
min. (A) 30-min pulse at 4 h postinfection, DNA extracted immediately; (B) 30-min pulse at 24 h postinfection,
DNA extracted immediately; (C) 30-minpulse followed by chase at 4 hpostinfection; (D) 30-min pulse followed
by chase at 24 h postinfection. In all experiments, the extracted DNA was sedimented in CsCl density
gradients, and the material of viral density was resedimented in glycerol gradients (3H; 0) in the presence of
HSV marker DNA (32p; 0) (see legend to Fig. 1).

decreased viral DNA synthesis to 50% of its
normal value in superinfected cells. Concentra-
tions of 20 and 100 ng/ml (sufficient to inhibit
replication of covalently closed supercoiled plas-
mids [6, 11, 17]) inhibited EBV DNA synthesis
at the 10 to 17% level. It has previously been
shown that inhibition of EBV DNA synthesis
leads to a decline in VCA production (4, 5, 7, 14,
18). The percentage of cells in the P3HR-1 pro-
ducer cell line expressing VCA declined with
increasing concentration of ethidium bromide
proportionately to the observed inhibition of
DNA synthesis; i.e., 500 ng of ethidium bromide
per ml yielded a 50% inhibition of both DNA
and VCA production. On the other hand, the
percentage of early antigen-positive cells did not
decline, but increased with increasing drug con-

centration.

DISCUSSION
The data presented in Fig. 1 and 2 indicate

that the EBV DNA forms of larger S value (65S

to 80S) were precursors to those forms of smaller
S value (55S to 58S) that were the size of mature
viral DNA. The fact that a continuum of viral
DNA sizes between 65S and 80S is always found
and that all of this material is relatively de-
creased in amount after chase suggests that var-
ious sizes of replicating molecules up to twice
the size of parental DNA exist.
Our data show that EBV DNA replication in

this abortive lytic system differs in two aspects
from replication of the lytic HSV and pseudo-
rabies virus. First, the concatemer formation
reported for HSV and pseudorabies virus (2, 8)
was not detected at any time after EBV super-
infection. Second, pseudorabies, unlike EBV,
shows no mature-length DNA after comparable
pulse-labeling with [3H]thymidine (2), but does
fragment into molecules of less than mature-size
DNA (3). The absence of large concatemeric
forms in the EBV superinfection system studied
here suggests the possibility that one block in
EBV's abortive lytic cycle is the synthesis of
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TABLE 1. Effect of ethidium bromide on DNA synthesis in superinfected Raji cells and P3HR-1 producer
cells
Raji P3HR-1

Ethidium bromide Viral DNAa Cell DNA % of cells % of cells
(ng/ml) VCA pos- EA posi-

cpm x 102 % cpm x 104 % itiveb tiveb
0 5.32 100.0 6.33 100.0 8.7 4.45
20 4.40 82.7 6.65 105.0 NDc ND
100 4.73 88.9 6.20 97.9 7.6 6.90
500 3.01 56.6 6.45 101.9 4.5 8.00

1,000 ND 7.50 118.5 3.0 9.05
a Raji cells were superinfected with P3HR-1 virus in the presence or absence of ethidium bromide; 10 ,uCi of

[3H]thymidine per ml was added. After 24 h, DNA was extracted and viral DNA was separated from host DNA
in CsCl gradients. The total amount of [3H]thymidine incorporation for each concentration was determined by
calculating the area under the plotted curves of the gradients.

b Antigen production was determined in P3HR-1 producer cells. Immediately after feeding, ethidium bromide
was added to the cells. After 1 week in the dark, antigen determinations were made by using indirect
immunofluorescence techniques (14). EA, Early antigen.

C ND, Not done.

such large DNA forms. But it is not clear that
EBV DNA replication in superinfected cells is
of a defective type, since mature viral DNA
lengths (58S) are produced from the 65S precur-
sor molecules.
We also report here that viral DNA synthesis

in superinfected cells and VCA production in
producer cells are both inhibited to the 50% level
by addition of ethidium bromide to the cells at
500 ng/ml, a concentration that is noninhibitory
to cellular DNA synthesis. This degree of ethid-
ium bromide sensitivity of the EBV DNA syn-
thesis in association with our finding that the
predominant viral replicative intermediate is a
65S DNA formn leads us to propose that EBV
DNA synthesis proceeds through a relaxed cir-
cular intermediate such as a rolling circle.
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