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The complexity and abundance of Epstein-Barr virus (EBV)-specific RNA in
cell cultures restringently, abortively, and productively infected with EBV has
been analyzed by hybridization of the infected cell RNA with purified viral
DNA. The data indicate the following. (i) Cultures containing productively
infected cells contain viral RNA encoded by at least 45% of EBV DNA, and
almost all of the species of viral RNA are present in the polyadenylated and
polyribosomal RNA fractions. (ii) Restringently infected Namalwa and Raji
cultures, which contain only intranuclear antigen, EBNA, and enhanced capac-
ity for growth in vitro, contain EBV RNA encoded by at least 16 and 30% of the
EBV DNA, respectively. The polyadenylated and polyribosomal RNA fractions
of Raji and Namalwa cells are enriched for a class of EBV RNA encoded by ap-
proximately 5% of EBV DNA. The same EBV DNA sequences encode the poly-
adenylated and polyribosomal RNA of both Raji and Namalwa cells. (iii) After
superinfection of Raji cultures with EBV (HR-1), the abortively infected cells
contain RNA encoded by at least 41% ofEBV DNA. The polyadenylated RNA of
superinfected Raji cells is enriched for a class ofEBV RNA encoded by approxi-
mately 20% of EBV HR-1 DNA. Summation hybridization experiments suggest
that the polyadenylated RNA in superinfected Raji cells is encoded by the same
DNA sequences as encode RNA present in Raji cells before superinfection, most
of which is not polyadenylated. That the same EBV RNA sequences are present
in the polyadenylated and polyribosomal fractions oftwo independently derived,
restringently infected cell lines suggests that these RNAs may specify functions
related to maintenance of the transformed state. The complexity of this class of
RNA is adequate to specify a sequence of at least 5,000 amino acids. That only
some RNA species are polyadenylated in restringent and abortive infection
suggests that polyadenylation or whatever determines polyadenylation may
play a role in the restricted expression of the EBV genome.

Lymphocytes infected with Epstein-Barr vi-
rus (EBV) acquire the capacity to be grown as
continuous cell lines (3, 6, 7, 18, 37, 38) and
contain an intranuclear antigen, EBNA (29,
42). Most EBV-infected cell lines contain multi-
ple copies ofmore than 90% of the EBV genome
(21, 23, 34, 35, 41). In one instance, i.e., the
Namalwa cell line, analysis of-the complexity of
EBV DNA suggested the presence of one to two
copies of 60% of the EBV genome (41). Most of
the EBV-infected cell lines do not contain prog-
eny virus or antigens associated with produc-
tive infection (24). Expression of EBV DNA in
these cells must therefore be under tight con-
trol which permits the expression of a few viral
functions, i.e., EBNA and cellular growth en-
hancement, while prohibiting the expression of
many others. This state of EBV infection is

referred to to as restringent. Some of these cell
lines can be induced by treatment with chemi-
cal inducers (5, 13) or by superinfection (19) to
enter an abortive state of virus replication
characterized by the production of new mem-
brane and cytoplasmic antigens (8) and by cyto-
cidal effects (9). Incubation of superinfected
cells in phosphate-free media (50) causes an
otherwise abortive infection to become produc-
tive of progeny virus. Several of the EBV-in-
fected cell lines, including the HR-1 (20) and
B95-8 (33) lines, contain subpopulations, which
produce progeny virus and express antigens as-
sociated with productive infection. Inhibition of
viral DNA synthesis causes this productive in-
fection to become abortive, and release from
inhibition allows a return to the productive
state (10). These data indicate that there are at
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least three stages of expression of EBV in lym-
phoblastoid cell lines.

Studies of viral RNA have been undertaken
to determine the biochemical mechanisms in-
volved in the control of expression of the EBV
genome (15, 16, 39). Analysis of the complexity
and abundance of viral RNA in restringently
and productively infected cultures (15) indicates
that (i) HR-1 cultures that contain productively
infected cells contain viral RNA encoded by at
least 45% of EBV DNA (90% of the genome if
the RNA is asymmetrically transcribed). Ap-
proximately 5 x 10-3% of the RNA in HR-1
cultures is viral. Almost all of the viral RNA
species are detectable in the polyribosomal frac-
tion of HR-1 cells. (ii) In contrast, five inde-
pendently derived, restringently infected cul-
tures contain 0.6 x 10-3 to 1.5 x 10-3% viral
RNA encoded by as much as 26% of viral DNA.
In these instances, the polyribosomal fraction
contains RNA encoded by only 3 to 9% of EBV
DNA. Therefore, in restringent infection there
are two classes of viral RNA: those species that
associate with polyribosomes and those species
that are specifically excluded from polyribo-
somes. The latter class of RNA is either not
used for translation or has a short functional
half-life.
The purpose of the experiments reported in

this paper is to deal with three issues raised by
the previous data: (i) whether the RNA species
selected for association with the polyribosomes
in independently derived, restringently in-
fected cultures are encoded by the same DNA
sequences; (ii) whether there is a correlation
between the class of RNA selected for associa-
tion with polyribosomes and its polyadenyla-
tion; and (iii) whether there is a change in the
transcription or polyadenylation of viral RNA
after the transition of infection from restrin-
gent to abortive.

(The results of these studies were reported at
the 76th Annual Meeting of the American Soci-
ety for Microbiology, May 1976.)

MATERIALS AND METHODS
Cells. Continuous cultures of Raji, Namalwa,

HR-1 (obtained from G. Klein, Karolinska Insti-
tute, Stockholm, Sweden), and B95-8 (obtained from
G. Miller, Yale University, New Haven, Conn.)
cells were maintained in RPMI 1640 medium supple-
mented with 10% heat-inactivated (560C for 30 min)
fetal calf serum (both obtained from Grand Island
Biological Corp., Grand Island, N.Y.). Between 5
and 10% of the cells in the HR-1 and B95-8 cultures
contained viral capsid antigen (17). Cells were har-
vested 2 days after replenishment.

Raji superinfection. EBV was concentrated from
4 liters of clarified (by centrifugation at 600 x g for
10 min) HR-1 culture supernatant by centrifugation

at 15,000 x g for 90 min. The virus pellet was sus-
pended in RPMI 1640, homogenized in a 30-ml,
tight-fitting glass Dounce homogenizer, and passed
through a 0.45-,um nitrocellulose filter (HAWP, Mil-
lipore Corp., Bedford, Mass.). Raji cells (5 x 108) in
log phase were gently pelleted, suspended to 5 x 106
cells/ml in the HR-1 virus suspension, and incu-
bated with shaking at 37°C. After 2 h, cells were
gently pelleted, resuspended to 5 x 105 cells/ml in
fresh RPMI 1640 with 15% fetal calf serum, incu-
bated 37°C, and harvested between 36 and 48 h after
infection. Superinfected cultures contained between
7 and 18% early antigen (19)-positive cells at the
time of harvest.

Preparation of total cellular RNA. Cell pellets
were suspended at 4°C in a 30-fold- volume of a
solution consisting of 0.1 M NaCl, 0.01 M EDTA,
and 0.02 M sodium acetate at pH 5.5 and were lysed
by incubation in 0.5% sodium dodecyl sulfate at 60°C
for 10 min. The lysate was extracted at 55°C twice
with equal volumes of water-saturated redistilled
phenol and chloroform containing 2% (vol/vol) iso-
amyl alcohol and three times with an equal volume
of chloroform containing 2% (vol/vol) isoamyl alco-
hol. The combined phenol and chloroform-isoamyl
alcohol phases, the interphases, and the first chloro-
form-isoamyl alcohol phase were washed with an
equal volume of a solution containing 0.1 M NaCl,
0.01 M EDTA, and 0.05 Tris-hydrochloride, pH 9.0
(36). The nucleic acid was precipitated overnight
with 2 volumes of ethanol at - 20°C and resuspended
to a concentration of 5 mg/ml in a solution consisting
of 0.001 M MgCl2, 0.001 M MnCl2, 0.01 M NaCl, and
0.01 M Tris-hydrochloride, pH 7.4. DNA was di-
gested by three cycles of incubation of the nucleic
acid with 50 ,ug of iodoacetate-treated (51) DNase
per ml (DNase I, Worthington Biochemical Corp.,
Freehold, N.J.) at 37°C for 45 min. After each incu-
bation with DNase, the enzyme was inactivated by
incubation in 0.5% sodium dodecyl sulfate at 60°C
and extracted with phenol and chloroform-isoamyl
alcohol as described previously. The nucleic acid
solution was adjusted to 0.15 M NaCl and precipi-
tated overnight with 2 volumes of ethanol at -20°C.
Approximately 3 mg of RNA was obtained from 5 x
108 cells.

Preparation of polysomal RNA. The techniques
used for isolation of polyribosomes from the cyto-
plasm of Raji and Namalwa cells have been de-
scribed in an earlier publication (15). The purifica-
tion ofRNA from polyribosomes followed the scheme
described for the preparation of total cellular RNA,
except that the polyribosomal nucleic acid prepara-
tions were treated with only two 30-min cycles of
incubation with iodoacetate-treated DNase.

Isolation of poly(A) and non-poly(A) RNA. Total
cellular nucleic acid was prepared by sodium dode-
cyl sulfate, phenol, and chloroform-isoamyl alcohol
extractions, precipitated, resuspended, and incu-
bated with iodoacetate-treated DNase for 10 min
under the conditions described above. Polyadenyla-
ted [poly(A)] RNA was isolated by oligodeoxythymi-
dylate [oligo(dT)I-cellulose column chromatography
(1, 43), a procedure that separates RNA with at least
35 adenylic acid residues at the 3' terminus (2, 11).
Briefly, 4 g of oligo(dT)-cellulose (T3, Collaborative
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Research, Waltham, Mass.), suspended in loading
buffer that consisted of 0.4 M NaCl, 0.005 M EDTA,
0.1% sodium dodecyl sulfate, and 0.01 M Tris-hydro-
chloride, pH 7.4, was poured into a 2.5-cm-diameter
glass column (Bio-Rad Corp., Richmond, Calif.) and
washed with loading buffer followed by 0. 1 N NaOH.
The column was stored between use at 4°C in 0.2%
sodium azide and washed with 0.1 N NaOH and
loading buffer prior to each usage. RNA at a concen-
tration of 2 mg/ml in loading buffer was passed
through the column four times. Unbound RNA, en-
riched for non-poly(A) RNA and RNA with short
polyadenylate sequences [RNA minus poly(A) RNA],
was removed by washing with 10 to 20 column vol-
umes of loading buffer, adjusted to 0.15 M NaCl,
and precipitated with 2 volumes of ethanol at -20°C.
Poly(A)-enriched RNA was eluted in a buffer con-
sisting of 0.05% sodium dodecyl sulfate and 0.01 M
Tris, pH 7.4, adjusted to 0.4 M NaCl, and rechro-
matographed at approximately 50 pug/ml as de-
scribed. After the second elution, the poly(A) RNA
was adjusted to 0.15 M NaCl and precipitated with 2
volumes of ethanol at -20°C. At this stage the
poly(A) RNA, which contained less than 0.1% DNA,
was resuspended to a concentration of 0.5 mg/ml,
treated for 20 min with DNase, phenol extracted,
and reprecipitated as described previously. The
crude RNA minus poly(A) RNA, which contained up
to 20% DNA, was resuspended to a concentration of
5 mg/ml, and the DNA was digested by three 45-min
cycles of incubation with DNase as described previ-
ously.

Preparation of 3H-labeled EBV (HR-1) DNA. The
procedures used in the preparation of 3H-labeled
EBV (HR-1) DNA have been described previously
(40). Briefly, DNA was extracted from virus that
was purified from the extracellular fluid of HR-1
cultures by velocity sedimentation in 10 to 50% su-

crose gradients. The DNA was further purified by
isopycnic centrifugation in neutral cesium chloride
gradients. DNA preparations that contained a sin-
gle UV-absorbing peak at 1.718 g/cm3 in the analyti-
cal centrifuge (model E, Beckman Corp.) were la-
beled in vitro with [3H]thymidine 5'-triphosphate
(specific activity, 50 Ci/mmol; New England Nu-
clear Corp., Boston, Mass.) by nicked translation
(22, 40) using Escherichia coli DNA polymerase I
(obtained from Boehringer-Mannheim Corp.). The
concentration of DNase used was adequate to yield
denatured single-strand fragments approximately
350 bases long. Labeled DNA was dialyzed against a
solution consisting of 0.28 M NaCl, 0.01 M EDTA,
0.01 M Tris-hydrochloride, pH 7.2 (hybridization
buffer), with 20% (wt/vol) Chelex (Bio-Rad Corp.) to
remove heavy metals (49). The specific activity of
the labeled DNA was approximately 4 x 106 cpm/,ug.
Less than 5% of denatured 3H-labeled EBV (HR-1)
DNA was resistant to digestion with S1 nuclease.
Hybridization of denatured 3H-labeled EBV (HR-1)
DNA with unlabeled EBV (HR-1) DNA rendered the
3H-labeled EBV (HR-1) DNA more than 90% resist-
ant to S1 nuclease.

Preparation of S1 nuclease. All steps (46, 48)
were carried out at 4°C. Thirty grams of alpha-
amylase (type IV-A alpha-amylase, Sigma Corp.,
St. Louis, Mo.) was dissolved for 1 h in 200 ml of 0.01
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M sodium phosphate buffer, pH 7.0, and then clari-
fied by centrifugation at 8,000 x g for 15 min. The
supernatant was stirred with ammonium sulfate
(47.8 g/100 ml of enzyme solution) for 90 min, and
the precipitate was removed by centrifugation at
8,000 x g for 10 min. The supernatant was exhaus-
tively dialyzed against 0.01 M sodium phosphate
buffer, pH 7.0, and loaded onto a 100-g DEAE-cell-
ulose column (DE52, Whatman). The column was
serially washed with 0.5 liter of5% (vol/vol) glycerol
in 0.01 M sodium phosphate, pH 7.0, 0.5 liter of 5%
glycerol in 0.05 M NaCl and 0.01 M potassium phos-
phate, pH 7.0, and 1 liter of 5% glycerol in 0.1 M
NaCl and 0.02 M potassium phosphate, pH 7.0.
Single-stranded nuclease activity was eluted with a
solution consisting of 5% glycerol, 0.2 M NaCl, and
0.04 M potassium phosphate, pH 7.0. Fractions con-
taining nuclease activity sufficient to digest more
than 95% of labeled single-stranded DNA and less
than 2% of labeled double-stranded DNA were
pooled and stored at -20'C in 50% glycerol.

Hybridization conditions. Glassware and micro-
pipettes were washed with nitric acid and Chelex-
treated water and then autoclaved. Solutions were
passed through a column of Chelex resin and auto-
claved. RNAs [10 to 25 mg of total cellular RNA or
RNA minus poly(A) RNA per ml, 5 to 20 mg of
polyribosomal RNA per ml, or 1 to 2 mg of
poly(A) RNA per ml] in hybridization buffer con-
taining 5% formamide (vol/vol) and 0.01 to 0.02 gg of
3H-labeled EBV (HR-1) DNA per ml were sealed into
10-,ul micropipettes, heated to 105°C for 5 min, incu-
bated at 65°C (30) for intervals ofup to 24 h, frozen at
-70°C, stored at -20°C, and assayed as a group for
content of residual single-stranded DNA. Single-
stranded DNA was differentiated from DNA-DNA
and DNA-RNA hybrids by digestion of single-
stranded DNA with S1 nuclease. Each 10-,ul sample
was diluted 1:170 in a solution containing 50 ,ug of
native and 20 jig of denatured calfthymus DNA per
ml, 0.0006 M zinc sulfate, 0.1 M NaCl, and 0.025 M
potassium acetate, pH 4.5. Two-thirds of the sample
was divided into two portions, which were each in-
cubated with 10 ,ul of S1 nuclease for 2 h at 430C to
determine the amount of nuclease-resistant 3H-la-
beled EBV (HR-1) DNA. The third portion was used
to determine the total amount of 3H-labeled EBV
(HR-1) DNA. The three portions of each sample were
individually precipitated at 4°C in 5% trichloroacetic
acid and filtered onto 0.45-pzm nitrocellulose filters,
and the radioactivity was determined in a liquid
scintillation spectrometer (LS230, Beckman Corp.).
Each point on the hybridization curve represents an
average of the two determinations of the nuclease-
resistant fraction of3H-labeled EBV (HR-1) DNA.
Two types of control experiments were included

with each hybridization. The extent of self-hybridi-
zation of 3H-labeled EBV (HR-1) DNA, determined
by hybridizations in which yeast RNA or RNA ex-
tracted from a lymphoblastoid cell line that does not
contain EBV DNA (41) was substituted for sample
RNA, varied from 4 to 6% at 24 h of incubation. The
variation was less than 1% for experiments using
the same preparation of 3H-labeled EBV (HR-1)
DNA. The extent of self-hybridization of probe RNA
determined in this type of control (which was run
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with each experiment) was subtracted from the ob-
served values for DNA-RNA hybridizations as de-
scribed in detail previously (15). The second type of
control was to determine whether the EBV homolo-
gous nucleic acid in the sample was RNA rather
than DNA. Samples of each RNA preparation were
incubated at 370C in 0.3 M KOH for 18 to 24 h prior
to hybridization. The alkali-treated samples were
hybridized to 3H-labeled EBV (HR-1) DNA and proc-
essed simultaneously with the non-alkali-treated
samples. In none of the alkali-treated preparations
was the extent of hybridization greater than that
observed for 3H-labeled EBV (HR-1) DNA incubated
in the presence of yeast RNA, thus indicating that
there was no EBV homologous DNA in the RNA
preparations. For summation hybridization experi-
ments in which mixtures of RNAs were incubated
with 3H-labeled EBV (HR-1) DNA, controls included
simultaneous testing of each of the component
RNAs.

Analysis of hybridization kinetics. The complex-
ity and abundance of viral RNA in total cellular,
polyribosomal, and poly(A) RNA were determined
from an analysis of the kinetics of hybridization of
the RNAs to in vitro labeled viral DNA (4, 15). The
data for the hybridization of viral RNA, in excess, to
viral DNA should follow the kinetic curve for a
second-order chemical reaction in which one of the
reactants is present in excess. The data were ana-
lyzed by nonlinear least-squares regression to the
equation (4)

n

DtIDO = Y A,(i - e-Bt)
I = 1

(1)

which assumes for each series of calculations, the
existence ofn classes of viral-specific RNA in which
the members of each class differ from members of
the other classes in the number of copies. D,1Do is
the fraction of DNA hybridized at each time t. A, is
the fraction ofDNA from which the class ofRNA, is
transcribed. B, is a composite term, which is propor-
tional to the number of copies of RNA, and equals
the reaction rate constant, K,, for DNA-RNA
hybridization with nucleic acid of complexity A,
multiplied by the concentration, RI, of RNA,. The
curves drawn in each figure represent the regression
curves obtained by this analysis. In each instance,
the data fit the model. The curve fit for n = 2 was not
significantly different from that obtained when n =

1. The assumptions made in calculation of the con-
centrations of viral RNA have been described pre-
viously (4, 15).
Summation hybridization data were analyzed by

comparison of the data obtained with mixtures of
RNAs to that expected if the RNAs were encoded by
the same or different DNA. IfRNA. and RNAb were
encoded by different DNA sequences, the reaction of
the mixture of RNAs with EBV DNA would be
expected to follow the curve

n n

WA/D = Y. A. (1 -e-KeR)+ I Ab (1- e4'bt) (2)
a= I b= I

in which a are the classes of RNA. and b are the
classes of RNAb. If the DNA sequences encoding

RNA,, were a subset of those encoding RNAb, the
reaction would be expected to follow a curve

Dt/DO = I Ab[l - e Kb(Ro + Rby I
b= i

(3)

in which b are the classes of RNAb, Rab and Rb are
the concentrations in RNAG and RNAb of each class
of RNAb.

Since the proportion of viral specific RNA in total
cellular RNA was small and the RNA concentration
could not be increased above 25 mg/ml without a
marked increase in viscosity, it was not possible to
use sufficient concentrations of the individual RNAs
to drive the reactions to completion in summation
hybridizations using total cellular RNA. The data
obtained from the summation hybridizations with
total cellular RNA were therefore compared (44)
to those obtained for each component RNA hybrid-
ized in parallel, using equations 2 and 3 to project
the results anticipated, if the two RNAs arose from
overlapping (Table 2, column X) or exclusive (Table
2, column Y) regions of the genome.

In those instances, i.e., the analyses of polyriboso-
mal and poly(A) RNAs, in which the proportion
of viral-specific RNAs was sufficiently high and
the values of Bt correspondingly large for a 20-h
interval of reaction, equation 2 reduces to

D20h/Do= XA+ Y Ab
a-i b

and equation 3 to

* ~~D20 h1Do = Ab
b=I

In these instances, the data obtained for the mix-
tures was directly compared to that obtained in the
same experiment for individual RNAs (44).

RESULTS
The complexity and abundance of viral RNA

in productive, abortive, and restringent infec-
tion were determined by analysis of the hybrid-
ization of infected-cell RNA to labeled viral
DNA.
EBV RNA in productive infection. Virus-

producing B95-8 and HR-1 cultures in which 5
to 10% of the cells are productively infected
contain RNA encoded by at least 43 (Fig. 1A)
and 45% (15) ofEBV (HR-1) DNA, respectively.
The proportion of viral RNA in these cultures is
between 4 x 10-3 and 9 x 10-3% of the total
cellular RNA (Table 1; 15). The poly(A) RNA
fractions of B95-8 and HR-1 cultures contain
viral RNA arising from at least 42% of EBV
(HR-1) DNA and are three- to eightfold enriched
for virus-specific sequences (Fig. 1C and 2B,
Table 1). After removal of poly(A) RNAs by
oligo(dT)-cellulose chromatography, the B95-8
and HR-1 poly(A[-]) RNAs contain a lower
concentration of viral RNA but seem to contain
all of the viral RNA species [RNA minus
poly(A) RNA; Fig. 1B and 2A, Table 1].
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encoded by the same DNA sequences as many

of the RNA species of Raji cells (Table 2). The
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3D) and Raji (Fig. 4D) cells are selectively en-
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TABLE 1. EBV-specific antigens and viral RNA in lymphoblastoid cells

Viral antigen content of cultures % EBV (HR-1) % of RNA prepn es-
Source of RNA DNA encoding timated to be viral

EBNA EA VCA RNA specific (x 10-3)

B95 + + +
TCb 42 9
PA(Y)c 46 3
PA(+)d 42 26

HR-1 + + +
PA(-) 46 1.7
PA(+) 44 33

Namalwa +
TC 16 1
PA(-) 12 0.3
PA(+) 7 7
Polyribosomal 6

Raji +
TC 32 0.7
PA(-) 22 0.6
PA(+) 5 4
Polyribosomal 4

Raji superinfected + +
PA(-) 41 1
PA(+) 20 22

a EBNA, intranuclear antigen; EA, early antigen; VCA, viral capsid antigen.
b TC, Total cellular RNA.
c PA(-), RNA minus poly(A) RNA.
d PA(+), Poly(A) RNA.
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TABLE 2. Summation hybridizations
Predicted
value of %

% Labeled DNA in labeled DNA
RNA prepn DNA-RNA hybrid" in DNA- P value for

RNA hy- rejection of
bridb yC

A B A B Mixture X YA and B

Raji total cellular Namalwa total cellular 16 13 19 23 29 0.9
Raji polysomal Namalwa polysomal 4 4 4 5 8 0.999
Raji poly(A) Namalwa poly(A) 6 6 5 6 12 0.999
Raji poly(A) Raji polysomal 6 4 6 5 10 0.999
Raji total cellular Superinfected Raji poly(A) 16 16 22 24 32 0.99

a The values of Ret for each cellular, polyribosomal, and poly(A) RNA component of the reactions were
1,750, 1,200, and 200 mol nucleotide of RNA x s x liter-', respectively.

b The procedure used in projecting values for the two models is described in the text. Model X is based on
the assumption that RNAs A and B are encoded by the same DNA sequences. Model Y is based on the
assumption that RNAs A and B are encoded by different DNA sequences.

c Obtained by comparison of data observed for mixture with the sum of the observed values for A and B
(44).

tion would be a function of the concentration of
the common viral RNA species in each of the
components of the mixture, and the fraction of
DNA hybridized at high values of Rot should be
close to that of the component encoded by the
larger fraction of the DNA. In each case, i.e.,

summation hybridizations with mixtures of
Raji and Namalwa polyribosomal RNA, with
Raji and Namalwa poly(A) RNA, and with Raji
poly(A) and polyribosomal RNA, the observed
data indicate that the RNA in the polyriboso-
mal and poly(A) RNA fractions of Raji and
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FIG. 5. Hybridization of unlabeled RNAs ex-

tracted from superinfected (abortively infected) Raji
cells with denatured 3H-labeled EBV (HR-I) DNA.
(A) RNA minus poly(A) RNA; (B) poly(A) RNA.

Namalwa cells are encoded largely by the same
sequences (Table 2). In each instance, the data
were incompatible with the hypothesis that the
RNAs are encoded by different viral DNA se-

quences (P > 0.999) (44) and fit closely the
hypothesis that the RNAs are encoded by the
same DNA sequences.

EBV-specific RNA in superinfected Raji
cells. After superinfection, 7 to 18% of the Raji
cells enter an abortive state of virus infection
characterized by the production of early anti-
gen. The complexity of viral RNA in Raji cells
after superinfection is increased, and RNA spe-

cies encoded by at least 41% (Fig. 5A) of EBV
(HR-1) DNA are present. Poly(A) RNA from
superinfected cells is markedly enriched for a

class of RNA encoded by approximately 20% of
EBV (HR-1) DNA (Fig. 5B, Table 1). Summa-
tion hybridization experiments in which poly(A)
RNA from superinfected cells was mixed with
total cellular RNA from Raji cells before super-

infection indicate that most of the RNA species
found in the poly(A) fraction after superinfec-
tion arise from the same DNA as RNA present
in Raji cells prior to superinfection (Table 2).

DISCUSSION
Most nonhistone mRNA's of eukaryotic cells

and many viral mRNA's have been shown to
contain polyadenylic acid at their 3' terminus
(28). The role of this post-transcriptional modi-
fication in the processing and function of
mRNA is uncertain, although data suggest
that it may be related to transport (32) or stabil-
ity (27, 31) of the RNA. Previous analyses of
viral RNA in cells transformed by EBV (15),
adenovirus 12 (12), and simian virus 40 (26)
demonstrated differential processing of viral
RNAs such that species of viral RNA arising
from a restricted region of the viral DNA selec-
tively accumulate on polyribosomes, whereas
other viral RNAs do not. In this paper, we
report the results of analyses of poly(A) viral
RNA in lymphocytes restringently, abortively,
and productively infected with EBV. Several
issues pertinent to these analyses require dis-
cussion.

(i) It is clear from these data and those re-
ported previously that viral RNA is processed
differently in restringent (15) infection than in
productive infection. In restringent infection,
Raji and Namalwa cells contain RNA encoded
by a large (mostly common) segment of the
EBV genome (16 to 30% of the DNA, or 32 to
60% ofthe genome ifthe RNA is an asymmetric
copy of the double-stranded DNA), and a class
of viral RNA encoded by 5 to 7% of the DNA is
selectively polyadenylated. This same class of
RNA selectively associates with polyribosomes.
That only those species of viral RNA that asso-
ciate with polyribosomes are polyadenylated
suggests that polyadenylation (or whatever de-
termines polyadenylation) may determine the
fate of viral RNA in restringent infection. In
contrast, productively infected cultures contain
RNA encoded by at least 45% of EBV DNA
(90% of the genome if the RNA is an asymmet-
ric copy). Almost all of these RNA species are
polyadenylated and can be identified on polyri-
bosomes.

(ii) After superinfection, restringently in-
fected Raji cells enter an abortive cycle charac-
terized by the production ofnew membrane and
cytoplasmic antigens, cytocidal effects, and
viral RNA encoded by at least 41% of EBV
DNA (82% of the genome, if transcription is
asymmetric). As in restringent infection, in
abortive infection only a class of viral RNA is
polyadenylated. Summation hybridizations
with mixtures of Raji total cellular RNA and
superinfected Raji poly(A) RNA suggest that
many of the RNA species that are not poly-
adenylated in Raji cells before superinfection
are polyadenylated after superinfection and,
conversely, that most of the sequences that
are polyadenylated in superinfected cells are
present in Raji cells before superinfection.

I I I

Superinfection RNA minus Poly A RNA

A

ao

/

. _

Z. I
1000 2000 3000 4000 5000

r- v v r s- .~~~~~~~v I I I-~~~~~~~~~~~~~~~

Superinfection Poly A RNA

B

~~A-
/6 9 A A

I

I I

J. VIROL.



VOL. 22, 1977

Studies by others (14) of the effect of actinomy-
cin D on induction of abortive infection in cul-
tures of Raji cells suggested that new RNA
synthesis is required for the transition from
restringent to abortive infection. The simplest
interpretation ofthese data and those we report
here is that either pre-existing RNA cannot be
polyadenylated or that transcription of a viral
regulatory gene may be necessary for the tran-
sition to abortive infection.

(iii) Three groups of summation hybridiza-
tion data indicate that the RNA sequences that
are polyadenylated and associated with polyri-
bosomes of the independently derived, restrin-
gently infected Raji and Namalwa cell lines are
encoded by the same EBV DNA sequences.
Thus, artificial mixtures ofthe poly(A) RNAs of
Raji and Namalwa cells, of polyribosomal
RNAs of Raji and Namalwa cells, or of poly(A)
and polyribosomal RNAs of Raji cells hybridize
to the same fraction of EBV DNA as either of
the RNAs alone, indicating that these RNAs
are all encoded by the same DNA sequences.
That the same sequences are present in the
polyribosomal and poly(A) fraction of Raji and
Namalwa adds weight to the suggestion (15)
that the function of this RNA may be related
to maintenance of the transformed state.

(iv) The complexity of viral poly(A) and poly-
ribosomal RNAs from restringently infected
cells is adequate to specify a sequence of at least
5,000 amino acids. The EBNA complex is the
only antigen that has been identified to date in
these cells. EBNA contains at least one soluble
component estimated to be 180 x 103 daltons by
sedimentation in sucrose velocity gradients
(25). The relationship ofEBNA to EBV-induced
enhancement of cell growth or to the reduced
serum dependence observed after infection of
cell lines with EBV (45) is not clear. Although
the presence of EBNA in all EBV-infected cell
lines suggests that EBNA may be necessary for
growth enhancement, indirect evidence sug-
gests that it may not be sufficient (47).

ACKNOWLEDGMENTS
We wish to thank Randall Pritchett for assistance in

preparation of EBV DNA and Brad Cox and Bernard Roiz-
man for assistance in computer analysis and for computer
time. This research was supported by Public Health Service
grants R01 CA-17281 and P01 CA-19264 from the National
Cancer Institute, American Cancer Society grant VC-113B,
and the Leukemia Research Foundation. Tema Orellana is
a Public Health Service Postdoctoral Trainee supported by
AI-00184.

LITERATURE CITED
1. Aviv, H., and P. Leder. 1972. Purification ofbiologically

active globin messenger RNA by chromatography on
oligothymidylic acid-cellulose. Proc. Natl. Acad.
Sci. U.S.A. 69:1408-1412.

2. Dubroff, L. M., and M. Nemer. 1975. Molecular classes

EPSTEIN-BARR VIRUS-SPECIFIC RNA 329

of heterogeneous nuclear RNA in sea urchin em-
bryos. J. Mol. Biol. 95:455-476.

3. Epstein, M. A., B. G. Achong, and Y. M. Barr. 1964.
Virus particles in cultured lymphoblasts from Burk-
itt's lymphoma. Lancet 1:702-703.

4. Frenkel, N., and B. Roisman. 1972. Ribonucleic acid
synthesis in cells infected with herpes simplex virus:
control of transcription and ofRNA abundance. Proc.
Natl. Acad. Sci. U.S.A. 69.265-2658.

5. Gerber, P. 1972. Activation of Epstein-Barr virus by 5-
bromodeoxyuridine in "virus free" human cells. Proc.
Natl. Acad. Sci. U.S.A. 69.83-85.

6. Gerber, P., and J. H. Monroe. 1968. Studies on leuko-
cytes growing in continuous culture derived from nor-
mal human donors. J. Natl. Cancer Inst. 40:855-866.

7. Gerber, P., J. Whang-Peng, and J. H. Monroe. 1969.
Transformation and chromosome changes induced by
Epstein-Barr virus in normal human leukocyte cul-
tures. Proc. Natl. Acad. Sci. U.S.A. 63:740-747.

8. Gergely, L., G. Klein, and I. Ernberg. 1971. Appear-
ance of Epstein-Barr virus-associated antigens in in-
fected Raji cells. Virology 45:10-21.

9. Gergely, L., G. Klein, and I. Ernberg. 1971. Host cell
macromolecular synthesis in cells containing EBV-
induced early antigens, studied by combined immuno-
fluorescence and radioautography. Virology 45:22-29.

10. Gergely, L., G. Klein, and L. Ernberg. 1971. The action
of DNA antagonists on Epstein-Barr virus (EBV)-
associated early antigen (EA) in Burkitt lymphoma
lines. Int. J. Cancer 7:293-302.

11. Gorski, J., M. R. Morrison, C. G. Merkel, and J. Lin-
grel. 1974. Size heterogeneity of polyadenylate se-
quences in mouse globin messenger RNA. J. Mol.
Biol. 86:363-371.

12. Green, M. R., M. Green, and J. K. Mackey. 1976. Evi-
dence for post-transcriptional selection of viral
mRNA in cells transformed by human adenovirus 12.
Nature (London) 261:340-342.

13. Hamper, B., J. G. Derge, L. M. Martos, and J. L.
Walker. 1972. Synthesis of Epstein-Barr virus after
activation of the viral genome in a "virus-negative"
human lymphoblastoid cell (Raji) made resistant to 5-
bromodeoxyuridine. Proc. Natl. Acad. Si. U.S.A.
69-.78-82.

14. Hamper, B., G. Lenoir, M. Nonoyama, J. G. Derge,
and S.-Y. Chang. 1976. Cell cycle dependence for
activation of Epstein-Barr virus by inhibitors of pro-
tein synthesis or medium deficient in arginine. Virol-
ogy 69:660-668.

15. Hayward, S. D., and E. D. Kieff. 1976. Epstein-Barr
virus-specific RNA. I. Analysis of viral RNA in cellu-
lar extracts and in the polyribosomal fraction of per-
missive and nonpermissive lymphoblastoid cell lines.
J. Virol. 18:518-525.

16. Hayward, S. D., R. Pritchett, T. Orellana, W. King,
and E. Kieff. 1976. The DNA of Epstein-Barr virus
fragments produced by restriction enzymes: homolo-
gous DNA and RNA in lymphoblastoid cells, p. 619-
639. In D. Baltimore, A. Huang, and C. F. Fox (ed.),
Animal virology, vol. 4. Academic Press Inc., New
York.

17. Henle, G., and W. Henle. 1966. Immunofluorescence in
cells derived from Burkitt's lymphoma. J. Bacteriol.
91:1248-1256.

18. Henle, W., V. Diehl, G. Kohn, H. zur Hausen, and G.
Henle. 1967. Herpes-type virus and chromosome
marker in normal leukocytes after growth with irra-
diated Burkitt cells. Science 157:1064-1065.

19. Henle, W., G. Henle, B. Zajac, G. Pearson, R.
Waubke, and M. Scriba. 1970. Differential reactivity
of human serums with early antigens induced by
Epstein-Barr virus. Science 169:188-190.

20. Hinuma, Y., M. Konn, J. Yamaguchi, D. Wudarski, J.
Blakeslee, and J. Grace. 1967. Immunofluorescence



330 ORELLANA AND KIEFF

and herpes-type virus particles in the P3HR-1 Burkitt
lymphoma cell line. J. Virol. 1:1045-1051.

21. Kawai, Y., M. Nonoyama, and J. Pagano. 1973. Reasso-
ciation kinetics for Epstein-Barr Virus DNA: non-
homology to mammalian DNA and homology of viral
DNA in various diseases. J. Virol. 12:1006-1012.

22. Kelly, R. B., N. R. Cozzarelli, M. P. Deutscher, I. R.
Lehman, and A. Kornberg. 1970. Enzymatic synthe-
sis of deoxyribonucleic acid. J. Biol. Chem. 245:39-45.

23. Kieff, E., and J. Levine. 1974. Homology between Burk-
itt herpes viral DNA and DNA in continuous lympho-
blastoid cells from patients with infectious mononu-
cleosis. Proc. Natl. Acad. Sci. U.S.A. 71:355-358.

24. Klein, G. 1973. The Epstein-Barr virus, p. 521-555. In
A. S. Kaplan (ed.), The herpeviruses. Academic Press
Inc., New York.

25. Lenoir, G., M.-C. Berthelon, M.-C. Favre, and G. de
The. 1976. Characterization of Epstein-Barr virus an-
tigens. I. Biochemical analysis of the complement-
fixing soluble antigen and relationship with Epstein-
Barr virus-associated nuclear antigen. J. Virol.
17:672-674.

26. Leong, J. C., H. S. Smith, and H. M. Goodman. 1976.
Viral RNA in the cytoplasm of SV40-transformed
mouse cells: post-transcriptional processing. Virology
71:355-360.

27. Levy, C. C., M. Schmukler, J. J. Frank, T. P. Kar-
petsky, P. B. Jewett, P. A. Hieter, S. M. LeGendre,
and R. G. Dorr. 1975. Possible role for poly(A) as an
inhibitor of endonuclease activity in eukaryotic cells.
Nature (London) 256:340-341.

28. Lewin, B. 1975. Units of transcription and translation:
the relationship between heterogeneous nuclear RNA
and messenger RNA. Cell 4:11-20.

29. Lindahl, T., G. Klein, B. M. Reedman, B. Johansson,
and S. Singh. 1974. Relationship between Epstein-
Barr virus (EBV) DNA and the EBV-determined
nuclear antigen (EBNA) in Burkitt lymphoma
biopsies and other lymphoproliferative malignancies.
Int. J. Cancer 13:764-772.

30. McConaughy, B. L., C. D. Laird, and B. J. McCarthy.
1969. Nucleic acid reassociation in formamide. Bio-
chemistry 8:3289-3295.

31. Marbaix, G., G. Huez, A. Burny, Y. Cleuter, E. Hu-
bert, M. Leclercq, M. Chantrenne, H. Soreq, U. Nu-
del, and U. Z. Littauer. 1975. Absence of polyadenyl-
ate segment in globin messenger RNA accelerates its
degradation in Xenopus oocytes. Proc. Natl. Acad.
Sci. U.S.A. 72:3065-3067.

32. Milcarek, C., and S. Penman. 1974. Membrane-bound
polyribosomes in HeLa cells: association of polyade-
nylic acid with membranes. J. Mol. Biol. 89:327-338.

33. Miller, G., T. Shope, H. Lisco, D. Stitt, and M. Lip-
man. 1972. Epstein-Barr virus: transformation, cyto-
pathic changes, and viral antigens in squirrel mon-
key and marmoset leukocytes. Proc. Natl. Acad. Sci.
U.S.A. 69-.383-387.

34. Nonoyama, M., and J. S. Pagano. 1973. Homology be-
tween Epstein-Barr virus DNA and viral DNA from
Burkitt's lymphoma and nasopharyngeal carcinoma
determined by DNA-DNA reassociation kinetics. Na-
ture (London) 242:44-47.

35. Pagano, J. S., C.-H. Huang, and P. Levine. 1973. Ab-

J. VIROL.

sence of Epstein-Barr viral DNA in American Bur-
kitt's lymphoma. N. Engl. J. Med. 289:1395-1399.

36. Perry, R. P., J. LaTorre, D. Kelly, and J. E. Green-
berg. 1972. On the lability of poly(A) sequences dur-
ing extraction of messenger RNA from polyribo-
somes. Biochim. Biophys. Acta 262:220-226.

37. Pope, J. H. 1967. Establishment of cell lines from pe-
ripheral leukocytes in infectious mononucleosis. Na-
ture (London) 216:810-811.

38. Pope, J. H., M. K. Horne, and W. Scott. 1968. Transfor-
mation offoetal human leukocytes in vitro by filtrates
ofa human leukaemic cell line containing herpes-like
virus. Int. J. Cancer 3:857-866.

39. Pritchett, R. F., S. D. Hayward, and E. D. Kieff. 1975.
Analysis of the DNA of Epstein-Barr viruses and
transcriptional products in transformed cells, p. 177-
189. In M. A. Epstein, G. de The, and H. zur Hausen
(ed.), Oncogenesis and herpesviruses II. Interna-
tional Agency for Research on Cancer, Lyon.

40. Pritchett, R. F., S. D. Hayward, and E. D. Kieff. 1975.
DNA of Epstein-Barr virus. I. Comparative studies
of the DNA of Epstein-Barr virus from HR-1 and
B95-8 cells: size, structure, and relatedness. J. Virol.
15:556-569.

41. Pritchett, R., M. Pedersen, and E. Kieff. 1976. Com-
plexity of EBV homologous DNA in continuous lym-
phoblastoid cell lines. Virology 74:227-231.

42. Reedman, B. M., G. Klein, J. H., Pope, M. K. Walters,
J. Hilgers, S. Singh, and B. Johansson. 1974. Ep-
stein-Barr virus-associated complement-fixing and
nuclear antigens in Burkitt lymphoma biopsies. Int.
J. Cancer 13:755-763.

43. Singer, R. H., and S. Penman. 1973. Messenger RNA in
HeLa cells: kinetics of formation and decay. J. Mol.
Biol. 78:321-334.

44. Snedecor, G., and W. Cochran. 1967. Statistical meth-
ods, p. 104-106, 6th ed. Iowa State University Press,
Ames.

45. Steinitz, M., and G. Klein. 1976. Epstein-Barr virus
(EBV)-induced change in the saturation sensitivity
and serum dependence of established, EBV-negative
lymphoma lines in vitro. Virology 70:570-573.

46. Sutton, W. D. 1971. A crude nuclease preparation suita-
ble for use in DNA reassociation experiments.
Biochim. Biophys. Acta 240:522-531.

47. Thorley-Lawson, D., and J. Strominger. 1976. Trans-
formation of human lymphocytes by Epstein-Barr
Virus is inhibited by phosphonoacetic acid. Nature
(London) 263:332-334.

48. Wiegand, R. C., C. N. Godson, and C. M. Radding.
1975. Specificity of the S1 nuclease from Aspergillus
oryzae. J. Biol. Chem. 250:8848-8855.

49. Willard, J. M., J. J. Davis, and H. G. Wood. 1969.
Phosphoenolpyruvate carboxytransphosphorylase.
IV. Requirement for metal cations. Biochemistry
8:3137-3144.

50. Yajima, Y., and M. Nonoyama. 1976. Mechanisms of
infection with Epstein-Barr virus. I. Viral DNA repli-
cation and formation of noninfectious virus particles
in superinfected Raji cells. J. Virol. 19:187-194.

51. Zimmerman, S. B., and G. Sandeen. 1966. The ribonu-
clease activity of crystallized pancreatic deoxyribo-
nuclease. Anal. Biochem. 14:269-277.


