
Vol. 65, No. 5JOURNAL OF VIROLOGY, May 1991, p. 2545-2554
0022-538X/91/052545-10$02.00/0
Copyright C) 1991, American Society for Microbiology

Epstein-Barr Virus Nuclear Protein 2 Mutations Define Essential
Domains for Transformation and Transactivation

JEFFREY I. COHEN,t* FRED WANG, AND ELLIOTT KIEFF

Departments of Medicine and Microbiology and Molecular Genetics, Harvard Medical School, 75 Francis Street,
Boston, Massachusetts 02115

Received 17 October 1990/Accepted 6 February 1991

Epstein-Barr virus (EBV) nuclear protein 2 (EBNA-2) is essential for B-lymphocyte growth transformation.
EBNA-2 transactivates expression of the EBV latent membrane protein (LMP-1) and also transactivates
expression of the B-lymphocyte proteins CD21 and CD23. In order to analyze the functional domains of
EBNA-2, we constructed 11 linker-insertion and 15 deletion mutations. Each of the mutant EBNA-2 proteins
localized to the nucleus, and each was expressed at levels similar to wild-type EBNA-2. Deletion of both
EBNA-2 basic domains was required to prevent nuclear localization, indicating that either is sufficient for
nuclear translocation. The mutant EBNA-2 genes were assayed for lymphocyte transformation after recom-
bination with the EBNA-2-deleted P3HR-1 EBV genome and for LMP-1 transactivation following transfection
into P3HR-1-infected B-lymphoma cells. Cell lines transformed by recombinant EBV carrying EBNA-2
mutations were assayed for growth properties and LMP-1, CD21, and CD23 expression. The mutational
analysis indicates that at least four separate EBNA-2 domains are essential for lymphocyte transformation.
Two other domains are necessary for the full transforming phenotype. Two deletion and eight linker-insertion
mutations did not reduce transforming activity. Mutations which diminish or abolish lymphocyte transforma-
tion also diminish or abolish LMP-1 transactivation, respectively. Cells transformed by recombinant EBV
carrying EBNA-2 genes with diminished or normal transforming activity all expressed high levels of LMP-1,
CD23, and CD21. These findings suggest that transactivation of these viral and cellular genes by EBNA-2 plays
a critical role in lymphocyte transformation by EBV. Furthermore, these results indicate that the transfor-
mation and transactivation functions of EBNA-2 may not be separable.

Epstein-Barr virus (EBV) causes an acute lymphoprolif-
erative disease in immunosuppressed patients (45), cotton-
top tamarins (22), and mice with severe combined immuno-
deficiency (24) and is associated with Burkitt's lymphoma
and nasopharyngeal carcinoma (20). Primary B-lymphocyte
infection in vitro results in expression of EBV genes and
perpetual cell proliferation. The EBV genes expressed in
latently infected lymphocytes encode nuclear proteins
EBNA-1, EBNA-2, EBNA-3A, EBNA-3B, EBNA-3C, and
EBNA-LP, latent membrane proteins LMP-1, LMP-2A, and
LMP-2B, and two small RNAs (15). These genes are likely to
maintain latency or lymphocyte proliferation.
EBNA-2 is particularly interesting because it is essential

for lymphocyte transformation. EBNA-2 reduces the serum
requirements of rodent fibroblasts (8) and transactivates
CD23 (36), CD21 (37), c-fgr (17), and LMP-1 (1, 39). Recom-
binant viruses with EBNA-2 deletion (6) or truncation (12)
mutations fail to transform B cells. In addition, the two
naturally occurring EBV types, EBV-1 and EBV-2, differ
widely in their ability to growth-transform B lymphocytes
(29), and EBNA-2 is a major determinant of this type-
specific difference (6).
Other EBV genes are also likely to be essential for

lymphocyte growth transformation. LMP-1 is a key mediator
of EBV's effects in inducing B-lymphocyte activation and
adhesion molecules (35) and is a transforming oncogene in
rodent fibroblasts (3, 33, 34). LMP-2 associates with LMP-1
and may contribute to the latter's effect (18). EBNA-3C
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upregulates CD21 (37), while EBNA-1 is necessary for EBV
episome maintenance (44).
The amino acid sequences of EBV type 1 and 2 EBNA-2

are remarkably divergent. This divergence is potentially
useful for predicting essential domains of the protein. The
EBV type 1 and 2 EBNA-2 proteins (7) (Fig. 1) consist of a
slightly negatively charged, well-conserved amino terminus
(amino acids 1 to 58), a polyproline domain which differs in
length (amino acids 59 to 95), a short conserved charged
domain (amino acids 96 to 134), a long divergent domain
(amino acids 135 to 281), a moderately well conserved
proline-rich domain (amino acids 282 to 330), a moderately
well conserved basic domain, including an arginine-glycine
repeat motif (amino acids 331 to 369), a moderately well
conserved acidic domain (amino acids 370 to 475), and a
short, basic, conserved carboxy terminus (amino acids 476
to 483). A portion of the acidic domain near the carboxy
terminus (amino acids 457 to 469 [29a]) is homologous to the
retinoblastoma protein-interactive motif of adenovirus ElA
(41), human papillomavirus E7 (11), and simian virus 40
(SV40) large T antigen (9). EBNA-2 undergoes extensive
posttranslational modification, including phosphorylation,
and is associated with the nuclear matrix, nucleoplasm, and
chromatin (26, 38).
EBNA-2 may be essential for transformation because of

its transactivating function, or transformation may be par-
tially or completely separable from transactivation. A mo-
lecular genetic analysis of EBNA-2 transforming and trans-
activating functions should indicate whether the same or
different EBNA-2 domains are required for these two func-
tions. Therefore, linker-insertion and deletion mutations
were constructed throughout the EBNA-2 gene so that the
essential and dispensable transforming and transactivating
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MATERIALS AND METHODS

Cell lines. P3HR-1 clone 16 (kindly provide(
is a Burkitt's lymphoma cell line that contains
tion-incompetent EBV that lacks the EBN)
BL30/P3HR-1 (kindly provided by G. Lenoi
negative Burkitt's lymphoma cell line that is
the P3HR-1 virus (4). IB4 is an EBV-infecte

toid cell line. W91 is an EBV-1 isolate from an African caseFsVP60 of Burkitt's lymphoma (21).

120 Cosmids and plasmids. Cosmid T1EBNA-2 contains the
EcoRI A fragment from W91 DNA inserted into plasmid

3PILSPLSR 180 MUA3 (27). Plasmid HK-EBNA-2 (6) contains the EBNA-2
gene of W91 EBV with adjacent sequences in pBluescript

PT=EQPPSP 240 KS(+) (Stratagene). The nucleotide sequence of the
LPPaP"AQP 300 EBNA-2 gene from W91 EBV was determined from both

strands of plasmid DNA (46). Plasmid SVNaeIBamZ was
IRGKGXSRDKQ 360 constructed by inserting the 1.2-kb NaeI-BamHI fragment

from the BamHI Z fragment of B95-8 EBV DNA into the
ISHTaTPNVSP 420 BamHI site of plasmid pSG5 (Stratagene).
V-P8PPIQI Plasmids containing linker-insertion mutations were con-

structed by cutting plasmid HK-EBNA-2 with the appropri-
1; 6-RKIFH; ate restriction enzyme, producing blunt ends with the Kle-

or WKIDLPISstop now fragment ofDNA polymerase (protruding 5' ends) or T4
DNA polymerase (protruding 3' ends) when necessary, and
ligating a double-stranded oligonucleotide linker. Linkers
containing BglII restriction endonuclease sites were chosen
since there is no BglII site in the EBNA-2 or vector

.-2 from the W91 sequence. The linker was 8, 10, or 12 nucleotides in length as

nce indicate the necessary to preserve the open reading frame. The nucleo-
,ithout numbers) tide sequences of the linkers and adjacent sequences were
)rmation pheno- determined. An HindIII-RsrII fragment from the mutant
e deletion muta- plasmid was inserted in place of the wild-type fragment in
boxes (without cosmid T1EBNA-2. R, striction enzymes HincIl, BamHI,
ontransforming. BstEII, and BalI were ised to construct the linker-insertion
as _50% of the mutations in cosmids TlEBNA-21il8, TlEBNA-21il1l,pared with wild- TlEBNA-21i142, and TlEBNA-21i320, respectively. Partial
nation compared restriction digests with Hinfl were used to generate cosmids
boldface letters TlEBNA-21i34, TlEBNA-21i332, TlEBNA-21i425, and
(EBV-2); amino TlEBNA-21i462; with SphI to generate TlEBNA-21i242 and
tween W91 and TlEBNA-21i376; and with StuI to generate TlEBNA-21i230.
ach linker-inser- Numbers refer to the amino acid site of the linker-insertion
ience, beginning mutation in the EBNA-2 protein based on the sequence of
ing with the next W91 EBNA-2.
ple, the linker- Plasmids containing deletion mutations were constructed

(D) of EBNA-2 by cutting plasmid HK-EBNA-2 with one or two restriction
suts in insertion enzymes, producing blunt ends (as described above), and
)m the wild-type ligating the DNA ends together. The mutant EBNA-2 gene
Lmino acid (M at was then inserted in place of the wild-type gene in cosmid
inker-insertion 9 T1EBNA-2 (see above). Restriction enzyme pairs HincII-
377 and 378) and BamHI, BamHI-BstEII, BstEII-StuI, and StuI-BalI were

used to construct the deletion mutations in cosmids
T1EBNA-2d19-110, TlEBNA-2d112-141, T1EBNA-2d143-
230, and T1EBNA-2d195-320, respectively. The construc-

ion-competent tion of cosmids T1EBNA-2d195-230, TlEBNA-2d244-378,
1, CD21, and and T1EBNA-2d143-320 was described previously (6). (The
lines infected numbering of the deletions has been changed to reflect the
ming and non- sequence of W91 EBNA-2.) Cosmids T1EBNA-2d19-33,
'1 transactiva- TlEBNA-2d321-378, TlEBNA-2d333-425, and T1EBNA--1

-
transactia 2d426-462 were constructed by using linker-insertion muta-

eBnAm2 genesd tions from HincII and Hinfl (first site), BalI and SphI
NAo2 domains (second site), Hinfl (second and fourth sites), and HinflP-2 tomans (fourth and fifth sites), respectively. Cosmid T1EBNA-

2d398-473 was constructed by inserting the PfJMI-PpuMI
EBNA-2 deletion mutation from B95-8 virus (25) into plas-
mid HK-EBNA-2 and subsequently replacing the EBNA-2
gene of T1EBNA-2 with the mutant EBNA-2. Cosmid
TlEBNA-2d463-483 was constructed by cutting a plasmid

d by G. Miller) containing the linker-insertion mutation from TlEBNA-
i a transforma- 21i462 with BglII, producing blunt ends with DNA polymer-
k-2 gene (28). ase I (Klenow fragment), and ligating the ends together. The
ir) is an EBV- resulting EBNA-2 gene in cosmid TlEBNA-2d463-483 en-
infected with codes eight new amino acids (Trp-Lys-Ile-Asp-Leu-Pro-Ile-
d lymphoblas- Ser) after amino acid 462, followed by a stop codon.

-
a~~~~~~~~~~~~~

VT.ILRA=nff.W lffRIFYTVROqR GK]RaY.TTPOa VIWAPnAVLV nlPRV"TJI'WP

TPPSP LPPATMTVP PRPTRPTTLP PTPLLTV-:IvPROMPROMPLOMMIRMPIPM VLMOld
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Cosmids TlEBNA-2d447-472 and TlEBNA-2d449-479 were
constructed by cutting a plasmid containing the linker-
insertion mutation from TlEBNA-2li462 with BglII, digest-
ing with Bal 31, producing blunt ends with T4 polymerase,
inserting a BglII linker, and ligating the ends together.
Cosmid TlEBNA-2d244-378,d463-483 was constructed by
cutting a plasmid containing the TlEBNA-2d463-483 with
SphI and ligating the ends of the large fragment together.
The junctions spanning each of the deletions in the

EBNA-2 mutants were sequenced from plasmid DNA. Two
separate cosmid clones were prepared for cosmids
T1EBNA-21i18, TlEBNA-21i34, TlEBNA-21il1l, T1EBNA-
21i142, T1EBNA-21i320, and TlEBNA-21i462 and for each of
the deletion mutants except TlEBNA-2d447-472 and
TlEBNA-2d449-479.
The EBNA-2 gene for wild-type W91 EBNA-2, the

EBNA-2 linker-insertion mutation at amino acid 320, and the
EBNA-2 deletion mutants deleted for amino acids 19 to 33,
19 to 110, 143 to 230, 143 to 320, 195 to 230, 195 to 320, 321
to 378, 333 to 425, 449 to 479, and 463 to 483 were each
isolated from their respective plasmids by using restriction
enzymes BstUI and DraI and cloned into plasmid pZip-Neo-
SV(X)1 (5) at the BamHI site.

Transfections and infections. For production of recombi-
nant EBV, cosmids (20 ,ug) were precipitated with plasmid
pSVNaeIBamZ (40 ,ug) and transfected into P3HR-1 cells by
use of an electroporator (Gene Pulser; Bio-Rad) with a pulse
of 0.2 V at 960 ,uF. Four days after transfection, the virus
was harvested and used to infect human umbilical cord
mononuclear cells as described previously (6). At least two
separate virus preparations were obtained for each cosmid
that yielded recombinant virus with transforming activity
equivalent to wild-type virus; multiple virus preparations
(from at least two independent bacterial clones) were ob-
tained for each cosmid that yielded nontransforming or
weakly transforming recombinant virus.
For immunoprecipitations, cosmids or plasmids (25 ,ug)

were transfected into BL30/P3HR-1 cells by electroporation.
After 6 days, cells were counted and equal numbers of cells
were used for immunoprecipitations.

Immunoprecipitations. LMP-1 was immunoprecipitated
from an aliquot of the transfected cells as described previ-
ously (39). EBNA-2 was immunoprecipitated from another
aliquot of cells (containing the same number of cells as for
LMP-1). For EBNA-2 immunoprecipitations, cells were
pelleted, resuspended in 0.5 ml of buffer A (phosphate-
buffered saline with 0.2% Nonidet P-40), 0.5 ml of buffer B
(10 mM Tris [pH 8.0], 100 mM NaCl, 0.5% Nonidet P-40, 1%
deoxycholate) was added, and the supernatant was soni-
cated. The supernatant was incubated with PE2 anti-
EBNA-2 monoclonal antibody (45) for 3 h at 4°C, protein
G-Sepharose 4 (Pharmacia) was added, and the incubation
was continued for 30 min at 4°C. Immunoprecipitates were
washed three times with buffer B, resuspended in protein gel
loading buffer, boiled, and run on a polyacrylamide gel.

Immunofluorescence, immunoblotting, and flow cytometry.
EBNA-2 expression was analyzed by indirect immunofluo-
rescence microscopy with an anti-EBNA-2 monoclonal an-
tibody (45) or by immunoblot with human serum (36). LMP-1
was detected with the S12 anti-LMP-1 monoclonal antibody
(19). Flow cytometry for cell surface expression of CD23
was performed with monoclonal antibody EBVCS 1 (16) and
for surface expression of CD21 with monoclonal antibody
HB5 (31).

TABLE 1. Comparison of EBNA-2 sequence of EBV W91, EBV
B95-8, EBV AG876, and EBV Jijoye

Nucleotide Nucleotidea Amino acida
position W91 B95-8 AG876 W91 B95-8 AG876 Jijoye

185 C T d Pro Leu d d
198-212 d N15b d d Pro5b d d
219 T C d Pro Pro d d
228 T C d Pro Pro d d
237 T C d Pro Pro d d
246 T C d Pro Pro d d
256 T C G Ser Pro Ala Ala
487c G A A Val Arg Thr Thr
488C T G C
495 A C A Val Val Gln Gln
554 G A C Arg Gln Ala Ala
588 T G C Ile Met Ala Ala
610 T A A Ser Thr Thr Thr
633-634 CTC d d Leu d d d
667 T C C Leu Leu Gln Gln
946 A C C Asn His Pro Pro
1110 A T A Pro Pro Pro Pro
1251 A G A Thr Thr Ser Ser
1410 T A T Ser Ser Ser Ser
1420 C T A Asn Tyr Asn Asn
1427 G A G Gly Glu Gly Gly
1453 C T T Pro Ser Ser Ser

a d, Nucleotide or amino acid deleted.
b CCCACCACCACCCCC, encoding five Pro residues in the context of

adjacent sequence.
cNucleotides 487 and 488 are part of the same codon.

RESULTS

Parent EBNA-2 gene nucleotide sequence. EBNA-2 mu-
tants were constructed from an EBV-1 (W91 strain [21])
cosmid DNA clone (27). Since the degree of divergence in
EBV-1 EBNA-2 gene DNA sequences is unknown, the
sequence of W91 EBNA-2 was determined and compared
with the previous EBV-1 (B95-8 strain) EBNA-2 sequence
and the two previous EBV-2 (AG876 and Jijoye strain)
EBNA-2 sequences (7, 10). The predicted W91 EBNA-2
amino acid sequence is shown in Fig. 1. Comparison of the
W91 and B95-8 EBV-1 EBNA-2 sequences shows 38 (2.6%)
nucleotide and 16 (3.3%) amino acid differences (Table 1).
W91 has a five-amino-acid deletion and a one-amino-acid
insertion relative to B95-8. In contrast, the two predicted
type 2 EBNA-2 amino acid sequences are identical. With the
exception of amino acids 204, 485, and the amino acid
insertion (between amino acids 211 and 212 of B95-8), W91
differences from B95-8 coincide with the differences between
B95-8 and type 2 EBNA-2.
Lymphocyte transformation by EBV containing EBNA-2

mutations. P3HR-1 cells were used to generate recombinant
EBV containing EBNA-2 mutations. These cells are infected
with an EBV strain, P3HR-1, which is deleted for EBNA-2
and therefore cannot transform B lymphocytes. Transfection
of these cells with EBV DNA fragments followed by induc-
tion of P3HR-1 virus replication results in homologous
recombination of the viral genome with the transfected DNA
(6, 12). Recombinant P3HR-1 EBV with a wild-type
EBNA-2 gene can transform primary B lymphocytes. The
transfection, induction of viral replication, recombination,
and primary B-lymphocyte transformation processes are
sufficiently reproducible so that transformation by the result-
ant recombinant EBV can be quantitated. Therefore, trans-
formation by recombinant EBV containing EBNA-2 muta-
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FIG. 2. Map of EBNA-2 linker-insertion and deletion mutants.
The scale at the top refers to the EBNA-2 amino acid sequence
shown in Fig. 1. Below the scale, pro indicates the polyproline
domain, diverge indicates the least-conserved sequence between
types 1 and 2, RG indicates the arginine-glycine repeat motif, neg
indicates the negatively charged domain, and N indicates the
putative nuclear localization signal at the carboxy terminus. The
vertical bars above the boxed EBNA-2 indicate the sites of the
linker-insertion mutations. Boxes below indicate deletion (del) mu-
tations which were constructed or occur naturally in type 2 EBNA-2
(T2). Numbers after d refer to the amino acids deleted from the
predicted W91 EBNA-2 sequence shown in Fig. 1. Open bars
indicate wild-type or nearly wild-type transformation phenotype,
stippled bars indicate reduced transformation efficiency, and solid
bars indicate nontransforming mutations.

tions can be compared with recombinant EBV with wild-
type EBNA-2 (6).
The EBNA-2 linker-insertion and deletion mutations

which were constructed for these experiments are shown in
Fig. 2. Each mutation was inserted into an EBV cosmid,
T1EBNA-2, which substantially overlaps the EBV P3HR-1
deletion. The recombinant cosmid was transfected into
P3HR-1 cells, and virus replication was induced by cotrans-
fection with plasmid pSVNaeIBamZ. The resultant viruses,
consisting of nontransforming parent EBV P3HR-1 and EBV
which has undergone recombination with the transfected
cosmid DNA, were used to infect primary B lymphocytes. A
cosmid containing wild-type EBNA-2 was transfected in
parallel with the cosmids containing mutant EBNA-2 to
control for the transfection, recombination, and transforma-
tion efficiency in each experiment. The number of transform-
ing EBV recombinants was assessed by infecting primary B
lymphocytes with the recombinant virus preparation and
counting the number of microwells that were positive for
transformation. B lymphocytes were infected with an undi-
luted preparation of recombinant virus so that mutants with
diminished transforming activity could be detected. At this
concentration of virus, the number of microwells that were
positive for transformation with recombinant EBV contain-
ing wild-type EBNA-2 was just beyond the linear range.

TABLE 2. Transformants obtained and LMP transactivation for
recombinant EBV containing EBNA-2 mutations

Timeto LMPStainingMean no. of wells Time to LMP with
Cosmid containing trans- forma- acti- PE2

formants . mono-
(no./plate) twon va- clonal

(wk) ionaantibody
Linker-insertion mutants
T1EBNA-21i18 6 (1, 1, 17) 4-8 1+ +
TlEBNA-21i34 39 (32, 38, 48) 3-4 2+ +
TlEBNA-21il1l 22 (5, 12, 24, 45) 3-4 1+ +
T1EBNA-21i142 43 (38, 44, 46) 3 2+ +
TlEBNA-21i230 36 (19, 53) 3 3+ +
TlEBNA-21i242 52 (46, 46, 64) 3 3+ +
TlEBNA-21i320 0 (0, 0, 0, 0) 0 +
TlEBNA-21i332 59 (54, 64) 3 2+ +
TlEBNA-21i376 54 (53, 54) 3 3+ +
T1EBNA-21i425 59 (54, 64) 3 3+ +
TlEBNA-21i462 64 (64, 64) 3 4+ +

Deletion mutants
T1EBNA-2d19-33 7 (1, 2, 2, 12, 20) 4-6 +/- +
T1EBNA-2d19-110 0 (0, 0, 0, 0) 0 +
T1EBNA-2d112-141 3 (1, 1, 2, 6) 4-8 2+ +
T1EBNA-2d143-230 19 (11, 20, 20, 24) 3-5 2+ +
TlEBNA-2dl43-320 0 (0, 0, 0, 0, 0) 0 +
T1EBNA-2d195-230 40 (18, 46, 55) 3 4+ +
T1EBNA-2d195-320 0 (0, 0, 0, 0) 0 +
TlEBNA-2d244-378 0 (0, 0, 0) 0 +
TlEBNA-2d321-378 0 (0, 0) 0 +
TlEBNA-2d333-425 0 (0, 0) 0 +
TlEBNA-2d398-473 0 (0, 0, 0, 0, 0, 0) 0 -
TlEBNA-2d426-462 0 (0, 0, 0, 0) 0 -
TlEBNA-2d447-472 0 (0, 0) 0 +
TlEBNA-2d449-479 0 (0, 0) 0 +
TlEBNA-2d463-483 55 (54, 55, 55) 3 5+ +

Wild-type T1EBNA-2 55 (50, 53, 55, 61) 3 4+ +
a LMP transactivation was scored from 0 to 5+ relative to transactivation

by the vector control (0) or wild-type EBNA-2 (4+).

Almost all of the wells were positive with an undiluted
preparation of wild-type EBNA-2 recombinant virus; about
one-half of the wells were positive with a fourfold dilution of
the wild-type EBNA-2 recombinant virus preparation. The
undiluted preparation of recombinant EBV containing wild-
type EBNA-2 was estimated to contain about 100 to 200
transforming viruses, based on the number of transformed
wells obtained with serial dilutions of this virus preparation
(data not shown). The number of transformed wells obtained
when primary B lymphocytes were infected with each
recombinant virus preparation is shown in Table 2.
Ten of 11 linker-insertion and 5 of 15 EBNA-2 deletion

mutation recombinant viruses transformed lymphocytes.
One linker-insertion mutant (amino acid 18) and two deletion
mutants (amino acids 19 to 33 and 112 to 141) consistently
had a lower transforming efficiency than wild-type EBNA-2
(c30% of the number of wells transformed with wild-type
recombinant virus [Table 2]). This is a minimal estimate of
the reduction in transforming activity, since the wild-type
EBNA-2 recombinant virus preparation, which resulted in
nearly all wells being positive for transformation, corre-
sponded to 100 to 200 transforming viruses in endpoint
dilution assays. Transformants with recombinant EBV con-
taining these mutations also took longer to appear as mac-
roscopically visible colonies (Table 2) and grew at a slower
rate than recombinants containing wild-type EBNA-2 (data
not shown). One linker-insertion mutant (amino acid 111)
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and one deletion mutant (amino acids 143 to 230) showed a
moderately reduced transforming efficiency compared with
wild-type EBNA-2 (c50% of the number of wells trans-
formed with wild-type recombinant virus [Table 2]). Many of
the transformants with these mutations took slightly longer
to appear as macroscopically visible colonies, and cell lines
from these transformants grew at a slower rate than recom-
binant EBV with wild-type EBNA-2 (data not shown). These
two mutants were classified as transforming with moderate
efficiency, since the data suggest that they were not fully
wild type and not as clearly impaired as those with a low
transforming efficiency. Eight of the linker-insertion mutants
and two of the deletion mutants resulted in approximately
the same number of positive wells as recombinants with
wild-type EBNA-2; however, a twofold difference would not
be detected in this assay.
One linker-insertion mutant (amino acid 320) and 10 dele-

tion mutants (amino acids 19 to 110, 143 to 320, 195 to 320,
244 to 378, 321 to 378, 333 to 425, 398 to 473, 426 to 462, 447
to 472, and 449 to 479) were unable to transform lympho-
cytes (Table 2). To verify that these results were not due to
experimental variability or to unexpected mutations occur-
ring during recombinant DNA cloning, all experiments
which yielded few or no transformants were repeated several
times with at least two independently derived recombinant
DNA clones. Independently derived clones were not ob-
tained, however, for two EBNA-2 deletion mutants (amino
acids 447 to 472 and 449 to 479). These deletions are nearly
identical and are in that respect controls for each other.

Detection and localization of EBNA-2 mutants. Transfec-
tion of each cosmid containing an EBNA-2 mutant into
Burkitt's lymphoma cell lines induced EBNA-2 antigen in
similar numbers of cells (0.5 to 2%) 48 h after transfection as
determined by immunofluorescence microscopy with an
anti-EBNA-2 monoclonal antibody. The EBNA-2-specific
monoclonal antibody PE2 detected each mutant except for
two of the deletion mutants (amino acids 398 to 473 and 426
to 462 [Table 2]). Affinity-purified EBV-immune human
serum specific for EBNA-2 (26) detected these EBNA-2
mutants. Since the mutant with deletion of amino acids 447
to 472 was detected with PE2 and the mutant with deletion of
amino acids 426 to 462 was not, PE2 likely recognizes an
epitope between amino acids 426 and 446. Since PE2 reacts
with both type 1 and type 2 EBNA-2, and amino acids 429 to
443 are largely conserved between type 1 and type 2
EBNA-2, the PE2 epitope is likely to lie between amino
acids 429 and 443.
Each mutant, including those with deletions of potential

nuclear localization signals (amino acids 244 to 378 or amino
acids 463 to 483), localized to the nucleus (see above and
Table 2). To demonstrate that either putative nuclear local-
ization signal was sufficient for nuclear translocation, a
mutant deleted for both sequences was constructed. A
double mutant with deletion of amino acids 244 to 378 and
463 to 483 showed diffuse cytoplasmic staining, with occa-
sional cells showing a perinuclear pattern (Fig. 3).

Transient EBNA-2 expression from the cosmids after
transfection into BL30/P3HR-1 cells was sufficient to allow
quantitation of EBNA-2 expression on immunoblots after
immunoprecipitation. A representative immunoblot is
shown in Fig. 4. Cosmids with EBNA-2 mutants expressed
EBNA-2 at levels similar to the parent wild-type cosmid.
There was comparable EBNA-2 expression for each of the
mutants when the transfected cells were stained for EBNA-2
expression with the anti-EBNA-2 monoclonal antibody (data
not shown). The linker-insertion mutant cosmids expressed

slightly larger EBNA-2 (data not shown), while the deletion
mutant cosmids expressed smaller EBNA-2, compatible
with the size of the deletion (Fig. 4). Deletions involving the
polyproline or the negatively charged carboxy-terminal re-
gion of EBNA-2 resulted in proteins with disproportionately
increased electrophoretic mobility. These results are com-
patible with the hypothesis that the polyproline and acidic
domains contribute to the slower than expected electropho-
retic mobility of wild-type EBNA-2.

Induction of LMP-1 by EBNA-2 mutants. Two series of
experiments were done to assay the ability of the EBNA-2
mutants to transactivate LMP-1. In the first set of experi-
ments, cosmids containing wild-type EBNA-2, each of the
EBNA-2 linker-insertion mutants, and each of the EBNA-2
deletion mutants were used. In the second set of experi-
ments, wild-type EBNA-2 and most of the deletion mutants
(especially those that failed to transform B lymphocytes)
were cloned into a smaller plasmid, pZip-Neo-SV(X)1. Plas-
mids or cosmids containing wild-type or mutant EBNA-2
were transfected into BL30/P3HR-1 cells, and transactiva-
tion of the P3HR-1 LMP-1 gene was assayed by immunopre-
cipitation and immunoblot. Experiments with plasmids and
cosmids were each done in triplicate; thus, a total of six
independent experiments were performed for each of the
mutants shown in Fig. 5. The relative amounts of LMP-1
expressed with each of the mutants was consistent between
experiments; however, the absolute amount of LMP-1 ex-
pressed varied between experiments. Therefore, LMP-1 was
not quantitated directly but was graded from 0 to 5+ relative
to transactivation with the vector control (0+) or with
wild-type EBNA-2 (4+). Levels of LMP-1 transactivation
(relative to wild-type EBNA-2) obtained for EBNA-2 mu-
tants were similar for cosmid and plasmid vectors; however,
the transfection efficiency with the plasmid vector (2 to 5%)
was higher than with the cosmid vector (0.5 to 2%). An
immunoblot of immunoprecipitations from transfections
with each of the plasmids is shown in Fig. 5.
LMP-1 transactivation generally correlated with trans-

forming activity for each of the mutants (Table 2). The one
linker-insertion mutant and 10 deletion mutants that failed to
transactivate LMP-1 also failed to transform B lymphocytes.
Two deletion and five linker-insertion mutants that had
wild-type (4+) or nearly wild-type (3+) LMP-1 transactivat-
ing activity had a wild-type transforming phenotype. Three
linker-insertion and two deletion mutants had moderately
reduced (2+) LMP-1-transactivating activity. The three link-
er-insertion mutants had a wild-type transformation pheno-
type; however, the two deletion mutants had moderate
(amino acids 143 to 230) or reduced (amino acids 112 to 141)
transforming activity. Two linker-insertion mutants had low
(1+) LMP-1-transactivating activity; one had moderate (ami-
no acid 111) and one had low (amino acid 18) transforming
activity. A single deletion mutant (amino acids 19 to 33) had
barely detectable (+/-) LMP-1 transactivating activity and
low transforming activity. Thus, all EBNA-2 domains that
were essential for LMP-1 transactivation were essential for
B-lymphocyte transformation. Furthermore, all EBNA-2
domains that were essential for transformation were also
essential for LMP-1 transactivation. However, some muta-
tions which showed reduced LMP-1 transactivation had a
wild-type transformation phenotype.
Recombinant viruses containing EBNA-2 mutants which

retained the transforming phenotype could be assayed for
LMP-1 expression in the resultant transformed lymphoblas-
toid cell line. At least two independent clones of each mutant
were analyzed and two separate cell extracts were prepared
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FIG. 3. Immunofluorescence staining of BL30/P3HR-1 cells transfected with EBNA-2 mutants deleted for amino acids 244 to 378 (A),
amino acids 463 to 483 (B), or amino acids 244 to 378 and 463 to 483 (C and D). Note the punctate nuclear staining with nucleolar exclusion
(A and B) compared with the diffuse cytoplasmic staining (C) and perinuclear staining (D) for cells expressing EBNA-2 deleted for amino acids
244 to 378 and 463 to 483.

from each clone. EBNA-2 mutants which had normal or
nearly normal LMP-1-transactivating activity in transient
assays yielded lymphoblastoid cell lines that expressed
LMP-1 at levels similar to those in cell lines obtained from
recombinant virus containing wild-type EBNA-2. However,
EBNA-2 mutants with markedly reduced LMP-1-transacti-
vating activity in transient assays also yielded lymphoblas-
toid cell lines that expressed LMP-1 at levels similar to those
in cell lines obtained from recombinant virus with wild-type
EBNA-2. The same samples were used for the EBNA and
LMP-1 immunoblots (Fig. 6 and 7, respectively). EBNA-1
(Fig. 6) is a useful internal control for the amount of protein
loaded in these immunoblots. While the IB4, P3HR-1, dele-
tion mutant 19-33, and mutant 143-230 samples are slightly
overloaded relative to most of the others, the level of LMP-1
expression in the cell lines containing the EBNA-2 mutants
was at least as high as the level in the wild-type EBNA-2
recombinant. Thus, the LMP-1 transactivation activity of
the EBNA-2 mutants in transient assays did not always
correlate with the level of LMP-1 expression in lymphoblas-
toid cell lines derived from the mutants.
The level of EBNA-2 in all of the cell lines was similar

except for TlEBNA-2d463-483. The apparent low level of
expression of this mutation in both transient transfection
(Fig. 4) and stable cell lines (Fig. 6) may have been due to
poorer transfer of the protein from the gel to the nitrocellu-
lose. The difference in EBNA-2 expression between
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FIG. 4. Immunoblots of EBNA-2 expressed in BL30/P3HR-1
cells following transient transfection with cosmids containing
EBNA-2 or EBNA-2 mutants. EBNA-2 was immunoprecipitated
with the PE2 monoclonal antibody and detected by immunoblot with
an EBV-1 human immune serum. A small amount of EBNA-1
carries over in the immunoprecipitate and is evident at about 73 kDa
in each lane. EBNA-2 is the band at about 92 kDa in the IB4 lane,
and EBNA-2 is the band above or below EBNA-1 in the lanes from
cells transfected with cosmids containing EBNA-2. The IB4 lane is
a protein extract from the IB4 lymphoblastoid cell line that has not
been immunoprecipitated. Other lanes are immunoprecipitates from
cells transfected with cosmids T1EBNA-2 or T2EBNA-2, cosmid
vector MUA3, untransfected BL30/P3HR-1 cells, or BL30/P3HR-1
cells mixed with IB4 cells (last lane).
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FIG. 5. LMP-1 transactivation in BL30JP3HR-1 cells transfected
with wild-type or mutant EBNA-2 in pZip-Neo-SV(X)l. LMP-1 was
immunoprecipitated and detected with the S12 monoclonal anti-
body. The arrow indicates LMP-1. The.B4 lane is a protein extract
from the 1B34 lymphoblastoid cell line that has not been immunopre-
cipitated. All other lanes are immunoprecipitates from cells trans-
fected with EBNA-2 mutants' (TlEBNA-2) cloned in pZip-Neo-
SV(X)1, the vector control (pZIPneo), or untransfected BL3O/
P3HR-1 cells. Since BL30/P3HR-1 expresses a low level of LMP-1,
a very faint band can be seen in both the BL30IP3HR-1 and vector
control lanes. The two bands below the arrow are derived from the
heavy chain of the S12 antibody which is recognized by the
secondary antibody used to probe the blot. Sizes are indicated in
kilodaltons.

TlEBNA-2d463-483 and the other mutants was less evident
when EBNA-2 was detected by immunofluorescence with
the monoclonal antibody to EBNA-2.

Induction of CD23 and CD21 by EBNA-2 mutants. Lym-
phoblastoid cell lines transformed by recombinant EfB
containing EBNA-2 mutations were also analyzed for CD23
and CD21 expression because these B-cell activation mole-
cules are induced by EBNA-2 (36, 37). All of the trans-
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FIG. 7. Immunoblots of LMP-1 in protein extracts from lympho-
blastoid cell lines transformed by wild-type or mutant EBNA-2
recombinant viruses. Controls include LMP-1-positive IB4 cells
(lane 1) and BL30/P3HR-1 cells, which express low levels of LMP-1
(lane 2). The arrow indicates LMP-1. Sizes are shown in kilodaltons.

formed lymphoblastoid cell lines showed high-level CD23
and CD21 surface expression. There was substantial quan-
titative variation in the high CD21 and CD23 expression
levels both among different mutants and in different lympho-
blastoid cell lines derived from the same mutant (data not
shown). The mean CD23 surface expression for lymphoblas-
toid cell lines containing EBNA-2 deletion mutants was 55 to
88% of that seen in lines containing wild-type EBNA-2; the
mean CD21 surface expression for cell lines with EBNA-2
deletion mutants was 78 to 96% of that seen with lines
containing wild-type EBNA-2.

DISCUSSION

These mutational analyses indicate that at least four
separate EBNA-2 domains are essential for transformation

N (Fig. 1). Since appropriate levels ofEBNA-2 were expressed
- N 0 N N LN N by each of the mutants, these mutations likely define trans-

ON)1co
- forming domains rather than domains which affect protein

N N N N N N stability or nuclear localization. The essential domains are
2 Z z z z z z z z z z Z most precisely defined by deletions (amino acids 34 to 110,

;L | _333 to 425, and 449 to 462) and a linker-insertion mutation

(amino acid 320). All four domains involve type-common
motifs. The first domain (amino acids 34 to 110) consists of a
25-amino-acid sequence, followed by a polyproline se-

quence, and a 15-amino-acid sequence. The polyproline
region is unlikely to be essential, since type 2 EBV has a
much shorter polyproline region and the length of this region
varies among type 1 isolates. Since a linker-insertion muta-

tion at the beginning of the first domain had no effect on
transformation, the type-common sequences before or after

(Val-Gly-Glu-Asn-Thr-Gly [before] or Arg-Arg-Asp-Ala-
Trp-Thr-Gln-Glu-Pro [after]) the polyproline region are

: likely candidates for essential motifs. The other three essen-

!~''tial domains are in the carboxy third of EBNA-2, which is
largely conserved between EBV types 1 and 2. Two of these
domains include the arginine-glycine repeat and the acidic
carboxy domain, which are hydrophilic sequences that are

likely to be accessible for interactions with other molecules
f EBNA-1 and EBNA-2 in proteln ex- and functionally significant. The third domain is defined by a

Iant viruses. Controls include EBNA-2- linker-insertion mutation (amino acid 320) which results in

nd EBNA-2-negative BL3O/P3HR-1 cells insertion of a hydrophilic sequence (Gly-Arg-Ser-Ser) into a
:es EBNA-1. EBNA-2 is the band above relatively hydrophobic sequence and thus could affect pro-
as in Fig. 4; EBNA-LP is the band below tein folding and impair transformation.
n in kilodaltons. Nuclear proteins of other DNA tumor viruses also have
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independent domains that are essential for transformation.
Adenovirus ElA (42), human papillomavirus E7 (40), and
SV40 large T antigen (30) each have at least two separate
domains which are essential for transformation in certain cell
lines. These other DNA tumor virus nuclear proteins also
frequently have multifunctional domains which are different
from their transforming domains. Adenovirus ElA has two
domains that are essential for transformation and a third
independent domain that is responsible for transcriptional
activation (23). SV40 large T antigen has DNA binding,
DNA replication, ATPase, helicase, and transactivating do-
mains that can be dissociated from its transforming domains
(2, 13, 32). However, EBV is different from the smaller DNA
tumor viruses in that EBV has an extensive repertoire of six
different nuclear and two different membrane proteins ex-
pressed in latently infected, growth-transformed B lympho-
cytes. Furthermore, EBV has numerous immediate-early
and early viral replication cycle genes, so that EBNA-2 (and
probably other proteins expressed in latent infection) is not
essential for virus replication. The P3HR-1 strain of EBV is
deleted for EBNA-2 and is able to replicate in B lympho-
cytes. Therefore, each virus protein expressed in B lympho-
cytes transformed by EBV might be expected to have fewer
functions than the transforming proteins of the smaller DNA
tumor viruses.
At least one-third of the EBNA-2 molecule is dispensable

for B-lymphocyte transformation if one includes deletions
which reduce but do not abolish transformation. Two dele-
tions (amino acids 195 to 230 and 463 to 483) did not reduce
transformation, while a larger deletion (amino acids 143 to
230) which overlaps the former deletion removed primarily
type-specific sequences and had only a slight effect on
transformation. Deletions in two other independent domains
(amino acids 19 to 33 and 112 to 141) reduced but did not
eliminate transformation. These latter two deletions involve
sequences common to type 1 and type 2 EBV. Assuming that
most of the polyproline region is dispensable for transforma-
tion (as described above), our deletion analysis indicates that
at least 65% of the amino half of the EBNA-2 protein is
probably dispensable for transformation. Thus, a large part
of the EBNA-2 molecule, including sequences which are
highly conserved between type 1 and type 2 EBV (amino
acids 19 to 33 and 463 to 483), is dispensable for transfor-
mation and for transactivation.
By defining the role of EBNA-2 domains in transformation

and LMP-1 transactivation, our data are consistent with the
hypothesis that transformation and transactivation are
closely linked. Each important transforming domain was
also important in LMP-1 transactivation. All 11 deletion and
linker-insertion mutations which abolished transformation
also abolished LMP-1 transactivation in transient-transfec-
tion assays. Similarly, the five mutants with a low or
moderate transforming efficiency also showed reduced
LMP-1 transactivation compared with wild-type EBNA-2.
While high-level LMP-1 transactivation (or nontransacti-

vation) in transient assays correlated with a wild-type trans-
forming (or nontransforming) phenotype, intermediate LMP-
1-transactivating activity did not always correlate with the
results of the transformation assays (Table 2). Three of the
mutants with a wild-type transforming phenotype showed
reduced LMP-1 transactivation. In addition, one of the
deletion mutants (amino acids 19 to 33) resulted in few
transformants and barely detectable LMP-1 transactivation,
while another deletion mutant (amino acids 112 to 141)
resulted in fewer transformants but greater LMP-1-transac-
tivating activity. The imperfect correlation between trans-

formation and LMP-1 transactivation could be a conse-
quence of the complexity and inherent inaccuracy of the
transformation or transactivation assay. However, we can-
not exclude the less likely possibility that this imperfect
correlation reflects an intrinsic difference in the mechanism
of LMP-1 transactivation and lymphocyte transformation.

Further genetic analyses within and around amino acids 19
to 33 of EBNA-2 offer the best potential for obtaining a
mutant which fails to transactivate LMP-1 but retains some
transforming activity. This deletion mutant had the lowest
LMP-1-transactivating activity and still transformed cells,
albeit with reduced transforming activity. However, despite
the reduced LMP-1-transactivating activity of this mutant
and other EBNA-2 mutants in transient-transfection assays,
lymphoblastoid cell lines obtained from recombinant EBV
containing this mutation and other EBNA-2 mutations had
wild-type levels of LMP-1 expression. The high-level
expression of LMP-1 in lymphoblastoid cell lines containing
the EBNA-2 mutants may be due to selection for cells with
high LMP-1 levels during transformation or during subse-
quent passage. These findings are consistent with the
hypotheses that LMP-1 is an essential transforming gene and
that other viral or cellular genes can complement those
EBNA-2 mutations with diminished LMP-1 transactivation
activity.
While we cannot exclude the possibility that further mu-

tational analysis could partially separate transformation
from transactivation domains, our experiments strongly fa-
vor the hypothesis that transformation and transactivation
are largely overlapping functions. Thus, transactivation of
viral and cellular genes may be the primary mechanism by
which EBNA-2 mediates transformation. Alternatively,
EBNA-2 may induce transformation by another mechanism
and the upregulation of LMP-1 and specific cell proteins may
be a consequence of transformation. For example, EBNA-2
interaction with a cellular growth-regulatory protein could
be an indirect mechanism by which EBNA-2 could mediate
viral and cellular gene transactivation. Two series of exper-
iments suggest that EBNA-2 does not interact with a ubiq-
uitous cell growth-regulatory protein. First, EBNA-2 does
not immortalize primary rodent fibroblasts, alone or in
combination with myc or activated ras (14, 35a). Second,
LMP-1 transactivation by EBNA-2 is somewhat species and
tissue specific and is most evident in human B lymphocytes
(39).
The EBNA-2 type-common acidic domain is likely to be

important in transactivation and transformation. The finding
that deletion of amino acids 463 to 483 did not reduce
transformation or transactivation was therefore unexpected,
since this mutation deletes part of the conserved major
acidic and the entire conserved basic carboxy terminus
which could interact with cellular proteins involved in tran-
scription or growth control. The well-conserved, acidic,
carboxy EBNA-2 domain (amino acids 457 to 469) is homol-
ogous to the acidic portion of the adenovirus ElA domain 2
and human papillomavirus E7 region 2 (29a) and thus could
interact with cellular proteins such as the retinoblastoma,
p107, and p300 proteins. The adenovirus ElA domain 2 and
human papillomavirus E7 region 2 are involved in binding to
the retinoblastoma gene product; however, deletion of the
carboxy part of ElA domain 2 does not affect retinoblas-
toma, p107, or p300 protein interactions (43). Since deletion
of the carboxy portion of adenovirus ElA domain 2 does not
affect binding to these cell proteins, the absence of an effect
of the homologous EBNA-2 deletion (amino acids 463 to 483)
might be expected and does not exclude the possibility that
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EBNA-2 might interact with these cell proteins. Deletion of
the EBNA-2 sequence immediately amino terminal to amino
acid 463 abolishes transformation, as is observed with dele-
tion of the amino-terminal portion of adenovirus ElA do-
main 2. However, these latter sequences of EBNA-2 and
adenovirus ElA are only weakly homologous.

Analysis of amino acid sequences and phenotypic charac-
teristics which are common or specific to EBV-1 and EBV-2
EBNA-2 genes are also useful for relating primary sequence
to function. Fifty-six percent of the predicted amino acid
sequence is identical in type 1 and type 2 EBV EBNA-2 (as
is indicated in Fig. 1). Type-common sequences are likely to
be important in the phenotypic features shared by type 1 and
type 2 EBV, including B-lymphocyte transformation and
LMP-1, CD23, and CD21 transactivation. Similarly, type-
specific sequences are likely to be important in the trans-
forming and transactivation phenotypes specific for type 1 or
type 2 EBV. Compared with type 1 EBV, type 2 EBV has a
lower transforming efficiency, poorer initial outgrowth, and
higher cell density dependence for cell viability. Compared
with type 1 EBNA-2, type 2 EBNA-2 also has less effect in
transactivating CD21 or CD23 expression in stably trans-
fected cell lines (37), and EBV type 2 transformants are more
variable in CD23 expression (6). However, type 2 EBNA-2
does not differ from type 1 EBNA-2 in LMP-1 transactiva-
tion in acute transfection experiments (39) or in transformed
cell lines (6). These type-common and type-specific effects
are compatible with the working hypothesis that transforma-
tion and transactivation are closely linked and that transfor-
mation or CD21 and CD23 transactivation may be partly
affected by type-specific EBNA-2 domains that are not
involved in LMP-1 transactivation.
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