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Human lymphoblastoid Raji cells, which do not produce virus, supported
replication of Epstein-Barr virus (EBV) upon superinfection. Early antigen,
viral capsid antigen, and virions were produced in Raji cells superinfected with
EBV. Viral DNA replicated under complete inhibition of host cell DNA synthe-
sis to the extent that a few micrograms of EBV DNA were recovered from 107
superinfected Raji cells, corresponding to 5,000 viral genomes/cell. Homology of
the synthesized viral DNA to parental EBV DNA was more than 90%. Virions
produced by the Raji cells contained a 55S DNA but failed to induce early
antigen, viral capsid antigen, and viral DNA synthesis after a second superin-
fection of Raji cells.

The mechanism of replication of Epstein-
Barr virus (EBV) DNA, expression of EBV ge-
nomes, and host cell control over EBV replica-
tion must be studied to understand oncogenic-
ity of EBV, which has been suspected to induce
human cancers such as Burkitt's lymphoma
and nasopharyngeal carcinoma (2, 4, 5).
As previously reported (12), Raji cells derived

from a Burkitt lymphoma patient retained 50 to
60 latent EBV genomes per cell after propaga-
tion in vitro for many passages but produced
neither early antigen (EA) nor viral capsid an-
tigen (VCA). Raji cells superinfected by EBV
prepared from virus-producing P3 HRI cells
caused induction of membrane antigens and
EA (1, 6, 9, 10, 13). Only few, if any, cells,
however, formed VCA, and no infectious virus
was produced. DNA synthesis of host cells was
suppressed, whereas EBV DNA replicated to
some extent and EBV genome equivalents in-
creased to 1,000/cell (12, 13). These results indi-
cated that some late step(s) of virus replication
must be blocked either by a host cell mecha-
nism or by defective parental EBV genomes
used for superinfection.

In this report, we have studied further de-
tails of superinfection of Raji cells with EBV.

MATERIALS AND METHODS
Cells and medium. P3 HRI cells producing EBV

(HRI EBV) were propagated at 35 C in 800-ml glass
bottles with 200 ml of RPMI-1640 medium contain-
ing 5% calf serum. EBV nonproducer Raji cells and
Simpson cells, free of EBV genomes, which were
derived from a human myeloblastic leukemia pa-

tient (7), were also grown in RPMI 1640 medium
supplemented with 5% calf serum. Superinfection
was carried out in phosphate-free minimum essen-
tial medium (MEM) containing 2% calf serum.

Superinfection of Raji cells with EBV. A total of
5 x 10 Raji cells were infected with 1 ml of EBV
concentrate, which was prepared by pelleting vi-
ruses from 200 ml of supernatant fluid of 4 x 108 HRI
cells at 30,000 x g at 4 C for 1 h. After 1 h of
adsorption at 35 C, the superinfected cells were col-
lected by centrifugation at 300 x g for 10 min, resus-
pended in 5 ml of fresh phosphate-free MEM, and
incubated at 35 C. The multiplicity of infection was
2 to 3, determined by EA-inducing units as described
previously (13). The superinfected cells were labeled
with [3H]thymidine (1 to 100 ,uCi/ml) or 32p (0.01 to 1
mCi/ml) between 10 and 60 h after infection. DNA
was extracted from the superinfected Raji cells as
follows. Cells were collected and suspended in 2 ml
of 0.05 M Tris-hydrochloride (pH 9.0), 0.01 M EDTA,
and 0.4 M NaCl, and then proteinase K and Sarko-
syl were added to final concentrations of 100 jig/ml,
and 1%, respectively. After incubation at 37 C for 3
to 15 h, DNA was extracted with phenol and precipi-
tated by addition of 2 volumes of ethanol.

Preparation of 32P-labeled EBV DNA from HRI
cells. HRI cells were labeled with 100 ACi of carrier-
free phosphate per ml in phosphate-free MEM for 3
days, and the cells were harvested and suspended in
0.05 M Tris, pH 9.0, 0.01 M EDTA, and 0.4 M NaCl.
Cells were lysed with proteinase (100 ,ug/ml) and
sodium dodecyl sulfate (1%), and 558 DNA was iso-
lated from a glycerol gradient (10 to 30%) after cen-
trifugation at 21,500 rpm at 18 C for 15 h in an SW27
rotor. 55S viral DNA was further purified through
two cycles of CsCl equilibrium centrifugation at
38,000 rpm at 18 C for 48 h in a 5OTi angle rotor.
The prepared [32P]viral DNA had a specific radioac-
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tivity of 105 counts/min per Ag and did not reasso-
ciate at an increased rate together with excess of
Simpson cell DNA.
DNA-DNA reassociation kinetics. DNA-DNA

reassociation kinetics were performed as previously
reported (7). Small amounts of 32P-labeled EBV
DNA, prepared from superinfected Raji cells or di-
rectly from HRI cells, were mixed with excess
amounts of Raji, Simpson, salmon sperm DNA, or
[3H]EBV DNA from superinfected Raji cells in 0.01
M Tris-hydrochloride (pH 7.5)-0.001 M EDTA. After
boiling for 15 min, the NaCl concentration of the
mixtures was adjusted to 0.5 or 1.5 M in a final
volume of 1 ml. DNA-DNA reassociation kinetics
were conducted at 66°C, and the amount of reasso-
ciated DNA was assayed by S, nuclease digestion
(200 U/0.5 ml) in 0.03 M acetate buffer, pH 4.5, 7.2 x
10-3 M zinc acetate, and 0.2 M NaCl at 37 C for 3 h.

Isolation of virus particles. Raji cells superin-
fected with EBV were harvested, suspended in RSB
buffer (Tris-hydrochloride, pH 7.1, 0.1 M; KCl, 0.01
M; MgCl2, 0.01 M), and incubated for 30 min at room
temperature, followed by a 10-min incubation with
1% Nonidet P-40. The cells were treated by adding
1/10 volume of 5 M NaCl, and the lysate was layered
on top of a 30 to 55% (wt/wt) sucrose gradient in
TNM buffer (Tris-hydrochloride, pH 7.5, 0.01 M;
NaCl, 0.15 M; MgCl2, 0.01 M). After centrifugation
at 25,000 rpm at 4 C for 2 h in an SW27 rotor, the
gradient was fractionated from the bottom of the
tube, and radioactivity in a portion of each fraction
was counted in 3A70B scintillation liquid (Research
Products International Corp.) in a Packard Tri-Carb
scintillation counter.

Determination of sedimentation value for the
isolated virion DNA. Virions prepared from superin-
fected Raji cells were lysed with 100 ,mg of proteinase
K per ml and 1% Sarkosyl. DNA was loaded onto a
10 to 30% (vol/vol) glycerol gradient in TNE buffer
(Tris, 0.01 M, pH 7.4; NaCl, 1.0 M; EDTA, 0.001 M)
and centrifuged at 30,000 rpm at 10 C for 6 h in an
SW41 rotor in a Beckman ultracentrifuge. Herpes
simplex virus type 2 DNA served as a marker for the
sedimentation value of 55S (8).

RESULTS
Replication of EBV DNA in superinfected

Raji cells. Superinfection of Raji cells with
EBV in phosphate-free MEM caused complete
inhibition of cellular DNA synthesis. Almost
all DNA replicated in the superinfected cells
after 10 h of infection had a density of 1.718 g/
cm3 in CsCl, specific for EBV DNA (Fig. 1), and
showed a sedimentation value of 55S (Fig. 2).
The yield ofEBV DNA was about 2 to 3 ,g from
5 x 106 superinfected Raji cells (determined
after alcohol precipitation of CsCl peak frac-
tions), and the specific radioactivity of EBV
DNA, 2 x 106 to 5 x 106 counts/min per ,ug, was
obtained when 100 uCi of [3H]thymidine or 1
mCi Of 32P per ml was added to the medium of
superinfected Raji cells. The DNA thus prepared
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FIG. 1. CsCl equilibrium centrifugation of DNA

prepared from Raji cells superinfected with EBV. A
5-ml portion of Raji cells (106 cellslml) was infected
with EBV concentrated from 200 ml ofP3 HRI super-
natant fluid. A 10-p.Ci/ml amount of[3H]thyrmidine
was added to the culture from 10 to 60 h after infec-
tion, and DNA was extracted from the superinfected
Raji cells by proteinase K-sodium dodecyl sulfate
treatment, followed by phenol extraction and ethanol
precipitation ofDNA. DNA was dissolved in 0.01 M
Tris-hydrochloride, pH 7.5, 0.001 M EDTA (TE),
centrifuged in CsCl at 38,000 rpm at 18 C for 48 h in
a type 5OTi angle rotor. Fractions were collected in 80
tubes by puncturing the bottoms of the tubes. A 0.5-
ml portion ofTE was added to each fraction, and the
optical density at 260 nm was measured. A portion of
each fraction was counted for radioactivity. Mock
infection was carried out in the same manner without
addition of virus concentrate. Symbols: *, 3H counts
per minute (10-4); 0, optical density at 260 nm.

showed a single symmetrical peak of 1.718 g/
cm3 in CsCl by analytical centrifugation in a
Beckman model E centrifuge (Miyagi, personal
communication). The number of EBV genomes
in superinfected Raji cells was estimated at
approximately 5,000 genomes/cell, calculated
from the yield of viral DNA and from the ratio
between the molecular weights of virus DNA
(108) and cellular DNA (4 x 10';2). When RPMI
1640 was used for superinfection, results were
not as satisfactory as in phosphate-free MEM
(Fig. 3). Therefore, phosphate-free MEM was
used throughout the experiment, which gave us
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FIG. 2. Sedimentation of viral DNA from Raji
cells superinfected with EBV. ['Hiviral DNA from
Fig. 1, obtained from superinfected Raji cells, was

centrifuged through a 10 to 30% glycerol gradient
with 32P-labeled herpes simplex virus type 2 DNA in
an SW41 rotor for 6 h at 30,000 rpm at 18 C. Frac-
tions were collected from the top of the tube.
Sedimentation was from left to right. Symbols: *,

[3H]viral DNA from Fig. 1, obtained by superinfec-
tion ofRaji cells; 0, 32P-labeled herpes simplex virus
type 2 DNA.

Cpm
4000

a)

3000[

2000F

1000

0l

30 40
Fractic

30
lfn N um ber

40

FIG. 3. Comparison of media for efficiency of the
superinfection. The conditions were described in Ma-
terials and Methods and in Fig. 1. (a) Superinfection
in phosphate-free MEM; (b) superinfection in RPMI
1640.

an additional advantage for 32P labeling of viral
DNA.

Reassociation kinetics of EBV DNA ob-
tained from superinfected Raji cells. Radioac-
tive viral DNA thus obtained from superin-
fected Raji cells was able to reassociate at an
increased rate to Raji cell DNA, which con-
tained EBV DNA homologous to HRI-EBV
DNA (14) but not to EBV genome-free Simpson
cell DNA or to salmon sperm DNA (Fig. 4),
indicating that radioactive DNA from superin-
fected Raji cells was mostly EBV DNA and
contained little radioactive cellular DNA.
To test the complexity of viral DNA from

superinfected Raji cells, small amounts of
[32P]EBV DNA prepared directly from HRI
cells were reassociated with excess amounts of
[3H]viral DNA from superinfected Raji
cells. [32P]HRI-DNA was reassociated together
with [3H]viral DNA from superinfected Raji
cells to the extent of more than 90% (Table 1).
Therefore, there was no significant difference
revealed by the reassociation kinetics between
parental HRI-EBV DNA and viral DNA ob-
tained from superinfected Raji cells.
Production of EBV particles in superin-

fected Raji cells. In previous reports, EA, but
little if any VCA, was detected in superinfected
Raji cells (3, 6). However, with superinfection
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FIG. 4. Specificity of reassociation kinetics of
EBV DNA obtained from superinfected Raji cells.
Heat-denatured 32P-labeled EBV DNA (0.005 ,g)
from superinfected Raji cells was incubated with 1
mg of heat-denatured Raji, Simpson, or salmon
sperm DNA and allowed to be reassociated at 66 C in
1.5 M NaCl. Amounts of reassociated DNA were
assayed by S, nuclease. Symbols: 0, Raji DNA; 0,
Simpson DNA; x, salmon sperm DNA.
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5.9 65.3 94.8

I [32P]HRI virus DNA was directly prepared from
HRI cells by isolation of 55S DNA in a glycerol
gradient and repeated centrifugation in CsCl,
[3H]viral DNA from superinfected cells (2 gg, 104
counts/min) and [32P]HRI-EBV DNA (0.1 ,ug, 104
counts/min) were mixed, boiled, and reassociated at
66 C in 0.5 M NaCl. Reassociated DNA was mea-

sured by S, nuclease.

in phosphate-free MEM, not only EA but also
VCA were efficiently produced, as demon-
strated by immunofluorescent tests. Figure 5
indicates a linear relationship between the ap-
pearance ofVCA and the concentration of EBV
used for superinfection (showing 30% of cells
positive for VCA). The efficient induction of
VCA in superinfected Raji cells suggested pos-
sible formation of virus particles, which was
confirmed by electron microscopy. Both intra-
cellular (Fig. 6) and extracellular (Fig. 7) viri-
ons were detected in superinfected Raji cells.
Virions were isolated from superinfected Raji
cells by Nonidet P-40 extraction and subse-
quent centrifugation in 30 to 60% (wt/wt) su-
crose gradients. Figure 8 shows that the EBV
peak appeared at 48% sucrose, the expected
density ofEBV nucleocapsids. 55S DNA of com-
plete unit length was also obtained from iso-
lated virions by proteinase K-Sarkosyl treat-
ment (Fig. 9). Virion preparations, one ob-
tained from supernatant fluid of superinfected
Raji cells and the other prepared by freeze-
thawing of superinfected Raji cells, were as-

sayed for infectivity by superinfection of Raji
cells. Neither EA nor VCA was observed, and
no radioactive viral DNA was detected by CsCl
centrifugation of DNA extracted from the su-
perinfected Raji cells, indicating that the viri-
ons produced were not infectious for Raji cells.

DISCUSSION
The present results indicate that superinfec-

tion of Raji cells with EBV in phosphate-free
MEM is a useful system for studying EBV rep-
lication and host-virus interaction. Superinfec-
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FIG. 5. Appearance of VCA in Raji cells superin-
fected with various concentrations ofEBV. Raji cells
were infected with EBV at an appropriate dilution,
and cell smears were prepared at 48 h after infection
by acetone fixation. VCA was determined, using
anti-VCA human serum, by indirect immunofluores-
cent test.

tion in RPMI 1640 or in MEM with phosphate
occasionally resulted in a good infection, as

examined by the extent of viral DNA replica-
tion, but results were not consistent. It seems
that phosphate depletion from the medium is
not an absolute requirement for EBV replica-
tion, but cells in phosphate-free MEM tend to
become physiologically favorable for the viral
infection. Although no infectious virus was re-

covered from the superinfected cells in phos-
phate-free MEM, EBV DNA was synthesized
extensively with formation of EBV particles
under complete inhibition of host cell DNA syn-
thesis. The synthesized EBV DNA showed
DNA homology of more than 90% to parental
HRI-EBV DNA.

Practically, it is now possible to prepare a
few micrograms of EBV DNA of complete size
from 107 superinfected Raji cells, whereas we
needed at least 10 to 20 liters of HRI culture for
preparation of the equivalent amount of EBV
DNA. Furthermore, highly radioactive EBV
DNA was easily prepared by this method to
perform DNA-DNA reassociation kinetics.
Complementary RNA was also prepared from
this DNA with the same extent of background

TABLE 1. Homology between viral DNA from
superinfected Raji cells and EBV DNA from HRI

cells

% Reassociation
DNA, Label

0 lh 5h

[32P]HRI virus DNA 32P 6.2 8.3 20.2

[32P]HRI virus DNA 32P 5.5 64.8 93.1
+

:H-labeled superin- 3H
fected Raji virus
DNA

*N
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FIG. 6. Observation of intracellular viruses in superinfected Raji cells. Superinfected Raji cells were fixed
with glutaraldehyde in cacodylate buffer (pH 7.2) and with osmic acid.
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FIG. 7. Extracellular viruses in supernatant fluid ofsuperinfected Raji cells. Virus was negatively stained
with 2% phosphotungstic acid, pH 7.0.
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FIG. 8. Centrifugation of virions isolated from su-
perinfected Raji cells in a sucrose gradient. Raji cells
(106 cellslml) were infected with EBV concentrate as
in Fig. 1. A 25-,uCi portion of 32P per ml was added
20 h after infection, and the cells were harvested after
5 days of incubation at 35 C. Virions were isolated
and centrifuged in a 30 to 55% (wtlwt) sucrose gra-
dient as described in the text. The bottom of 55%
sucrose is on the left.

hybridization to cellular DNA as complemen-
tary RNA prepared from HRI virus DNA.
Virus DNA replicated in superinfected Raji

cells presumably originated from superinfect-
ing virus DNA and not from latent virus DNA,
based on the result of Klein et al. (10) that
infection of EBV genome-negative BJA-B cells
with EBV induced EA. We do not know, how-
ever, whether or not latent viral DNA was also
induced to replicate by the superinfection.
Virus recovered from Raji cells superinfected

with EBV were not infectious upon a second
superinfection of Raji cells, for which several
possibilities can be considered: (i) Raji cells do
not permit production of infectious progeny
EBV; (ii) EBV from HRI cells itself is a defec-
tive virus; (iii) virus DNA replicated in super-
infected Raji cells is altered or modified; (iv)
viral coat proteins are nonfunctional; (v) the
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FIG. 9. Sedimentation of EBV from virions re-

covered from superinfected Raji cells. EBV obtained
as in Fig. 6 was lysed with 100 ug ofproteinase Kper
ml and 1% sarkosyl and layered directly on a 10 to
30% (vollvol) glycerol gradient and centrifuged in a
Spinco SW41 rotor for 6 h at 30,000 rpm and 18 C.
Fractions were collected from the top of the tube.
Sedimentation was from left to right. Symbols: *,
[32P]viral DNA; 0, 3H-labeled herpes simplex virus
type 2 DNA.

choice of host cells for the second infection was
wrong and the infection should be done by us-
ing cells free of EBV genomes such as BJA-B
(10) or human cord blood cells.
In regard to the third possibility, it may be

possible that the virus obtained by superinfec-
tion of Raji cells is a transforming virus rather
than a lytically infectious virus. EBV from B95-
8 cells (11), a transforming virus, did not induce
any viral antigens in superinfected Raji cells
(10) but did induce transformation of human
cord blood cells (11). It has been reported that
B95-8 virus DNA contained only 85% of the
DNA sequences of HRI EBV (15), suggesting
that the "extra region" of HRI EBV DNA may
contain structural or regulatory genes for com-

VOL. 19, 1976



194 YAJIMA AND NONOYAMA

plete infection of EBV. HRI EBV, therefore,
may contain a potential ability for transforma-
tion, and slight modification or lack of the "ex-
tra region" of EBV DNA might result in pro-
duction of transforming virus.
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