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Epstein-Barr virus (EBV) latent membrane protein 1 (LMP1) is essential for EBV-mediated transformation
of primary B lymphocytes. LMP1 spontaneously aggregates in the plasma membrane and enables two trans-
formation effector sites (TES1 and TES2) within the 200-amino-acid cytoplasmic carboxyl terminus to con-
stitutively engage the tumor necrosis factor receptor (TNFR)-associated factors TRAF1, TRAF2, TRAF3, and
TRAF5 and the TNFR-associated death domain proteins TRADD and RIP, thereby activating NF-kB and c-Jun
N-terminal kinase (JNK). To investigate the importance of the 60% of the LMP1 carboxyl terminus that lies
between the TES1-TRAF and TES2-TRADD and -RIP binding sites, an EBV recombinant was made that
contains a specific deletion of LMP1 codons 232 to 351. Surprisingly, the deletion mutant was similar to wild-
type (wt) LMP1 EBV recombinants in its efficiency in transforming primary B lymphocytes into lymphoblastoid
cell lines (LCLs). Mutant and wt EBV-transformed LCLs were similarly efficient in long-term outgrowth and
in regrowth after endpoint dilution. Mutant and wt LMP1 proteins were also similar in their constitutive
association with TRAF1, TRAF2, TRAF3, TRADD, and RIP. Mutant and wt EBV-transformed LCLs were
similar in steady-state levels of Bcl2, JNK, and activated JNK proteins. The wt phenotype of recombinants with
LMP1 codons 232 to 351 deleted further demarcates TES1 and TES2, underscores their central importance in
B-lymphocyte growth transformation, and provides a new perspective on LMP1 sequence variation between
TES1 and TES2.

Epstein-Barr virus (EBV) infection of resting primary hu-
man B lymphocytes usually does not result in lytic virus infec-
tion. Instead, EBV DNA episomes persist in the cell nucleus
and express six nuclear proteins (EBNAs) and three integral
plasma membrane proteins (latent membrane proteins [LMPs])
(reviewed in reference 31). These proteins mediate the persis-
tence of EBV DNA and the efficient transformation of the
infected cells into indefinitely proliferating lymphoblastoid cell
lines (LCLs) (reviewed in reference 30). Recombinant EBV-
based genetic analyses implicate five EBNAs and LMP1 as the
critical proteins for lymphocyte proliferation (5, 14, 26, 35, 39,
58, 71). LMP1 induces many of the phenotypic changes char-
acteristic of EBV-transformed LCLs, and LMP1 has trans-
forming effects on immortalized rodent fibroblasts (1, 52,
74–76). Furthermore, LMP1 is expressed in vivo in EBV-asso-
ciated lymphoproliferative disease in immunocompromised
patients, in nasopharyngeal carcinoma, and in Hodgkin’s dis-
ease (57).

LMP1 is a constitutively activated receptor that engages
cytoplasmic signal-transducing proteins characteristic of tumor
necrosis factor receptors (TNFRs). LMP1 is composed of a
24-amino-acid (aa) cytoplasmic amino terminus, six hydropho-
bic membrane-spanning segments separated by short turns that
function collectively, and a 200-aa cytoplasmic carboxyl termi-

nus (see Fig. 1) (30). The six hydrophobic membrane-spanning
segments enable LMP1 molecules to aggregate in the cell
plasma membrane independently of an exogenous ligand (23,
26, 37, 75, 76), while the cytoplasmic carboxyl terminus has two
sites that constitutively associate with TNFR signal-transduc-
ing proteins (24, 53). Site 1 is within the membrane-proximal
45 aa of the cytoplasmic carboxyl terminus and engages
TRAF1, TRAF3, TRAF5, and TRAF2 (2, 6, 8, 53, 61). Site 2
is within the distal 35 aa of the carboxyl terminus and engages
the TNFR-associated death domain proteins TRADD and
RIP (10, 21, 24). In contrast to TNFRs that recruit TRAFs or
TRADD and RIP after binding to ligand and receptor aggre-
gation, LMP1 continuously associates with these proteins
through these two sites (4, 6, 8, 21, 24, 53, 66, 73). Signaling
through site 1 induces NF-kB activation and upregulates ex-
pression of TRAF1 and EBI3 in lymphocytes and of the epi-
dermal growth factor receptor in epithelial cells, whereas sig-
naling through site 2 induces NF-kB and c-Jun N-terminal
kinase activation, but cannot up-regulate TRAF1, EBI3, or
epidermal growth factor receptor expression (7, 8, 10, 16, 20,
32, 44, 46, 48).

Previously reported recombinant EBV reverse genetic anal-
yses using primary B-lymphocyte transformation assays indi-
cated that the LMP1 transmembrane segments and sites 1 and
2 in the carboxyl terminus are key components for primary
B-lymphocyte growth transformation (22, 24, 26, 28). Dele-
tions of specific amino acid sequences from the cytoplasmic
amino terminus have little or no effect on transformation by
the recombinant EBV as long as arginines and prolines are
expressed to tether the first membrane-spanning segment to
the cytoplasm (22). Consistent with a stringent requirement for
six properly anchored transmembrane segments to achieve ag-
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gregation of LMP1 molecules in the plasma membrane, LMP1
lacking the amino terminus and first transmembrane segments
accumulates in the plasma membrane, but does not aggregate
or support primary B-lymphocyte growth transformation (26).
Site 1 is necessary and sufficient for the initiation of lympho-
cyte transformation (28). The EBV recombinant MS231, which
expresses an LMP1 that is carboxy-terminally truncated after
site 1, can growth transform B lymphocytes when the trans-
formed cells are cocultivated with fibroblasts, whereas the
EBV recombinant MS187, which expresses an LMP1 that is
carboxy-terminally truncated before site 1, cannot growth
transform B lymphocytes. Furthermore, EBV recombinants
with deletion of DNA that encodes the TRAF binding site
cannot transform B lymphocytes (22). The importance of site 2
is based on the phenotype of a recombinant with a double
point mutation of LMP1 Y384Y385 to isoleucine. This mutation
abrogates TRADD binding and cripples transformation, as
measured by LCL outgrowth without fibroblast cocultivation
(24). Because of genetic and biochemical evidence that sites 1
and 2 are critical for effecting lymphocyte transformation, we
use the designation transformation effector sites 1 and 2 (TES1
and -2, respectively).

The experiments reported here are designed to investigate
the importance of the 60% of the LMP1 cytoplasmic carboxyl
terminus between TES1 and TES2 (aa 232 to 351 [Fig. 1]).
These residues are potentially important in signaling and in
positioning TES1 or TES2 for interaction with cell proteins.
Included in this part of the carboxy terminus are four direct,
imperfect repeats of a conserved PQDPDNTDDNG sequence
(aa 253 to 301); a PPQLT sequence (aa 320 to 324) that
resembles a PxQxT/S TRAF binding core, but does not func-
tion as one; a protease cleavage site that has a role in LMP1
catabolism; 19 potential serine or threonine phosphorylation
sites, including the major phosphorylated amino acids S313 and
T324; and sequences that vary in human isolates and have been
reported to affect the ability of LMP1 to transform immortal-
ized rodent fibroblasts (6, 8, 12, 19, 36, 38, 40, 50, 51). To
evaluate the importance of aa 232 to 351, an EBV recombinant
with these codons deleted has been generated by second site
homologous recombination with EBV P3HR-1, and the re-
combinant phenotype has been characterized in primary B-
lymphocyte growth transformation assays (70).

MATERIALS AND METHODS

Cells, virus, growth of infected cells, and assays of effects of cell density on
regrowth. P3HR-1 (42), IB4 (43), BJAB (41), LCLs, and 293 cells were grown as
described elsewhere (6, 23). To test the effects of cell density on regrowth, LCLs
were serially diluted and seeded into 96-well plates at 30,000 to 1,250 cells/well.
Fresh medium was added to cultures after 1 week, and LCL regrowth was
monitored for 3 weeks.

LMP1 DNA clones. EcoRI A and pSVNaeZ DNAs are described elsewhere
(67, 70, 71). Plasmid DNA Flag-LMP1 was made by replacing codons 2 to 4 of
synthetic wild-type (S-wt) DNA (23) with codons for the Flag antibody epitope
(Sigma) between the unique ClaI and XbaI sites, placing a NotI site at a HindIII
site at nucleotide (nt) 166480 and a PacI site at a BglII site (nt 169037). Plasmid
DNA Flag-LMP1D232–351 joins the NaeI site (nt 168627) with a Klenow-filled
NcoI site (nt 168758). Expression vectors pSG5 Flag-LMP1 and pSG5 Flag-
LMP1D232–351 are 2.4- and 2.0-kb MluI DNA fragments from plasmid Flag-
LMP1 or plasmid Flag-LMP1D232–351 inserted into the Klenow-blunted
BamHI site of pSG5 (Stratagene).

NF-kB activation. A total of 2.5 3 105 293 cells were transformed with LMP1
expression vector, 33-kB-L luciferase reporter (A gift from Bill Sugden, Uni-
versity of Wisconsin, Madison) (48), and a pGK-b gal transfection control and
analyzed as described elsewhere (6).

Recombinant EBV construction, Western blotting, in situ immunofluores-
cence, and coimmunoprecipitation analyses. Recombinant EBVD232–351 was
made by second site homologous recombination as described elsewhere (59, 72).
EBV proteins were detected by Western blotting and by in situ immunofluores-
cence and were coimmunoprecipitated as described elsewhere (23, 28, 59).

RESULTS

An EBV recombinant with LMP1 codons 232 to 351 deleted
is competent for primary B-lymphocyte growth transforma-
tion. An EBV LMP genomic clone with an in-frame deletion of
codons 232 to 351 and with an insertion of codons for the Flag
epitope within the amino-terminal cytoplasmic domain was
constructed as described in Materials and Methods. The pre-
dicted protein has the Flag epitope and a shorter carboxyl-
terminal cytoplasmic tail with TES1 juxtaposed with TES2
(Fig. 1). The deleted sequence comprises the epitope recog-
nized by the LMP1-specific monoclonal antibody S12.

Flag-LMP1D232–351 DNA was recombined into the P3HR-1
EBV genome by the second site homologous recombination
method. In brief, P3HR-1 cells have an endogenous EBV that
is competent for virus replication, but the virus is transforma-
tion defective due to a deletion of DNA that codes for EBNA2
and EBNA LP. When 107 P3HR-1 latently infected cells are
cotransfected with a cosmid DNA that spans the P3HR-1 de-
letion, a mutated LMP1 DNA, and an expression vector for the
EBV immediate-early transactivator BZLF1, virus replication
is induced in the transfected cells and about 107 virions are
produced. Almost all are parental P3HR-1 EBV, but about 102

to 103 recombinants with the cosmid DNA are also produced,
and these recombinants are able to transform resting human B
lymphocytes into proliferating cells. Under optimal conditions,
10% of those recombinants will have undergone homologous
recombination with and incorporated the mutated LMP1 DNA.
When this mixture of viruses is used to infect about 108 B
lymphocytes and the infected cells are plated into 2,000 micro-
wells, as many as one-half of the wells are positive for LCLs.

About one-third of the virus from a P3HR-1 cell cotransfec-
tion was used to infect resting primary B lymphocytes from a
healthy human donor, and 630 recombinants were recovered,
as evidenced by the number of resulting LCLs. A sample of 245
LCLs were further analyzed by PCR for their LMP1 genes.
Five of the 245 (2%) LCLs were found to have the Flag-

FIG. 1. Diagram of LMP1. The Flag epitope was introduced at the amino
terminus (NH2). The positions of residues 187, 231, 352, and 386 are marked.
LMP1 aggregates in the plasma membrane and constitutively associates with
TRAFs, TRADD, and RIP. TES1 is located between residues 187 to 231 and
aggregates TRAF1, -2, -3, and -5 to mediate NF-kB activation and initial B-
lymphocyte growth transformation. TES2 is located between residues 352 and
386; aggregates RIP or TRADD, which associate with TRAFs to mediate high-
level NF-kB and c-Jun N-terminal kinase (JNK) activation; and enables perma-
nent LCL outgrowth.
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LMP1D232–351 DNA, whereas the remaining 240 encoded
only wt LMP1 DNA from P3HR-1. All five Flag-LMP1D232–
351 DNA-containing LCLs were coinfected with P3HR-1 EBV.
The smaller than expected percentage of Flag-LMP1D232–351
recombinants might be due to recombination constraints im-
posed by the interruptions of DNA homology at the Flag
codon insertion and codon 232-to-351 deletion sites, to a third
critical transformation effector site within the deletion, or to a
role for the deleted amino acids in protein folding or stability.

To establish the transformation phenotype of the Flag-
LMP1D232–351 recombinants, one Flag-LMP1D232–351 re-
combinant LCL was transfected with the BZLF1 expression
vector to reactivate virus replication, and fresh primary B lym-
phocytes were infected with the resulting virus progeny. Hun-
dreds of second-generation LCLs resulted, and 140 were ex-
amined by PCR for the Flag epitope that is characteristic of the
Flag-LMP1D232–351 DNA. Two-thirds of the 140 were in-
fected with a Flag-LMP1D232–351 EBV recombinant. Twenty-
four of these LCLs were selected because the PCR analysis
indicated the presence of the Flag codon insertion, but re-
vealed no signal that indicated wt P3HR-1 LMP1 DNA with-
out the Flag codon insertion (data not shown). By another
PCR analysis that scores specifically for wt LMP1 DNA, 2 of
the 24 LCLs were found to have less than 1 wt LMP1 DNA
molecule in 1,000 cells. Of the others, 3 LCLs had no more
than 1 wt LMP1 DNA in 100 cells, 9 had no more than 1 wt
LMP1 DNA in 10 cells, and 10 had about 1 wt LMP1 DNA per
cell. The two LCLs having no more than 1 wt LMP1 DNA in
1,000 cells were cloned by limiting dilution, and two cell lines
(D24–68 and D33–15) were established in which no wt LMP1
DNA could be detected at a level of sensitivity of 1 LMP1
DNA in 104 cells.

The LMP1 genes in the D24–68 and D33–15 LCLs were
further analyzed by PCR (Fig. 2). Primers that are specific for
wt LMP1 amino-terminal codons amplified DNA of the ex-
pected size from IB4 cells, which have four integrated EBV
genomes per cell. This procedure could detect 1 IB4 cell di-
luted with 104 EBV-negative BJAB cells (Fig. 2A, lane 4). In
lanes 9 and 10, wt LMP1 DNA was not detected in 104 D24–68
or D33–15 LCLs. This indicates that the D24–68 and D33–15
LCLs have no wt LMP1 DNA, with a sensitivity of 4 LMP1
genes in 104 cells. In panel B, another set of primers that are
identical to codons 232 to 240 and complementary to codons
315 to 323 amplified wt LMP1 DNA of the expected size when
at least 1 IB4 cell was diluted with DNA from 104 EBV-
negative BJAB cells (lane 4), whereas no DNA was detected in
lanes 9 and 10 from 104 D24–68 and D33–15 LCLs. DNA of the
expected wt size was amplified from 104 Flag-wt1 (F-wt1) and
F-wt2 LCLs which are infected with Flag-wt LMP1 recombi-
nants (lanes 11 and 12). In panel C, primers were used that
amplify LMP1 amino-terminal codons from P3HR-1 cells,
which have wt LMP1 DNA (lane 2) or plasmid Flag-
LMP1D232–351 DNA (lane 1). The PCR product from plas-
mid Flag-LMP1D232–351 DNA is larger due to the Flag codon
insertion. Lysates from 104 D24–68 and D33–15 LCLs (lanes 3
and 4) yielded a PCR product similar in size to DNA amplified
from the plasmid Flag-LMP1D232–351 DNA that was used in
their construction. F-wt1 and F-wt2 LCLs (lanes 5 and 6) have
Flag-LMP1 DNA which amplified a DNA of similar size be-
cause of the Flag codon insertion. In panel D, primers that
flank the coding sequence of the carboxyl-terminal tail ampli-
fied a smaller product from plasmid Flag-LMP1D232–351
DNA (lane 1) than P3HR-1 cells, which have wt LMP1 DNA
(lane 2). The DNA from 104 D24–68 and D33–15 LCLs (lanes
3 and 4) produced PCR products that were similar in size to
the DNA amplified from plasmid Flag-LMP1D232–351 DNA

used in their construction. DNA from F-wt1 and F-wt2 LCLs
which are infected with Flag-LMP1 recombinants (lanes 5 and
6) amplified DNA similar in size to that amplified from
P3HR-1 cells which have wt LMP1 DNA (lane 2). Thus,
D24–68 and D33–15 LCLs have no apparent wt LMP1 DNA
with a sensitivity of 4 EBV DNA copies in 10,000 cells, and
both the codon 232-to-351 deletion and the Flag codon inser-
tion are evident. These results indicate that LMP1 aa 232 to
351 are not essential for EBV-mediated transformation of
primary B lymphocytes into indefinitely proliferating lympho-
blastoid cell lines.

Flag-LMP1D232–351 LMP1 recombinants transform pri-
mary B lymphocytes de novo with wt efficiency. The ability of
the Flag-LMP1D232–351 EBV recombinants to transform pri-
mary B lymphocytes was compared with that of Flag-LMP1
recombinants, which are isogenic except for their LMP1 genes.
D24–68, D33–15, F-wt1, and F-wt2 LCLs were induced to lytic
infection, and filtered viruses prepared from the LCLs were
serially diluted and then used to infect primary B lymphocytes.
In Table 1, the filtered virus DNA titer as determined by
endpoint dilution PCR and the number of LCLs growing in
microwells 6 weeks after infection at each virus dilution are

FIG. 2. PCR analyses of mutated LMP1 recombinant EBV-infected LCLs
for LMP1 DNA. (A) PCR analysis for wt amino-terminal LMP1 DNA with the
primers 59-GAGGATGGAACACGACCTTGAGA-39 and 59-CTCCAGTCCA
GTCACTCATAACG-39. Lanes 8 to 2 are 104 IB4 cells (4 EBV DNA per cell)
serially 10-fold diluted with 104 EBV-negative BJAB cells. After PCR amplifi-
cation, DNAs were size separated in 3% agarose gels containing ethidium bro-
mide. The endpoint dilution (lane 4) is the 1024 dilution for a sensitivity of 4
copies of LMP1 DNA per 104 cells. No wt LMP1 DNA was detected in 104

D24–68 LCLs (lane 9) or D33–15 LCLs (lane 10) or in water (lane 1). Molecular
markers (in base pairs) are indicated to the left of each panel. (B) PCR analysis
for wild-type carboxyl-terminal LMP1 DNA as in panel A, except that the
primers 59-GACGGACCCCCACTCTGCTCTC-39 and 59-ATTGTGGAGGGC
CTCCATCATTTC-39 were used. (C) PCR analysis for Flag-LMP1 and wt LMP1
amino-terminal DNA as in panel A, except that the primers 59-CACGCGTTA
CTCTGACGTAGCCG-39 and 59-CTCCAGTCCAGTCACTCATAACG-39
were used. (D) PCR analysis for Flag-LMP1D232–351 deletion mutant and wt
LMP1 carboxyl-terminal DNA as in panel A, except that the primers 59-CTCT
ATTGGTTGATCTCCTTTGG-39 and 59-GCCTATGACATGGTAATGCCTA
G-39 were used.
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compared. All LCLs replicated virus, and all viruses were
transformation competent. F-wt1 LCL produced the smallest
amount of virus, and EBV from this LCL produced the fewest
LCLs at every dilution. D24–68 LCL produced more virus than
F-wt1 LCL, and EBV from D24–68 LCL produced more LCLs
at every dilution. The virus DNA titer was less than that of
F-wt2 or D33–15 LCLs, but EBV from the D24–68 LCL was
similar to EBV from the F-wt2 LCL in the number of trans-
formed cell lines. F-wt2 and D33–15 LCLs produced similar
amounts of virus, but EBV from D33–15 LCLs produced
slightly more transformed cell lines. Clearly, Flag-LMP1D232–
351 recombinants are quite similar to Flag-LMP1 recombi-
nants in replication and in primary B-lymphocyte transforma-
tion.

Flag-LMP1D232–351 recombinant EBV transformants pro-
liferate into long-term LCLs with wild-type efficiency. Ten LCLs
transformed by each of the four virus stocks from F-wt1, F-wt2,
D24–68, or D33–15 LCLs were continuously subcultivated in
vitro to compare the efficiency of long-term LCL outgrowth of
cells with that of the second-passage Flag-LMP1D232–351 or
F-LMP1 EBV recombinants. All of these LCLs continued to
expand for the ensuing 6 months in culture. Thus, these cell
lines did not differ in their growth rate or ability to expand into
long-term LCLs.

Flag-LMP1D232–351 LMP1 and Flag-LMP1 recombinant-
transformed LCLs are similar in the endpoint dilution from
which they can regrow. LCLs are dependent on cross-feeding
for rapid growth. Even after 6 months of continuous subculti-
vation, LCLs typically require seeding between 104 to 105 cells
per ml of complete culture medium in order regrow to 106 cells
per ml by 21 days. Subtle growth defects are frequently most
evident when cells are challenged by plating at low cell density
(15, 28, 77). The inherent sensitivity to dilution of cells trans-
formed by Flag-LMP1D232–351 or F-LMP1 EBV recombi-
nants was therefore determined by seeding serial dilutions of
cells into 96-well plates at cell concentrations from 30,000 to
1,250 cells per 0.1 ml of medium. LCL outgrowth was moni-
tored over the course of 3 weeks, and the results are presented
in Table 2. The progenitor F-wt1, F-wt2, D24–68, or D33–15
LCLs efficiently regrew when plated at 6,000 to 11,000 cells per
0.1 ml, but not when plated at a lower cell density. Two cell
lines transformed by recombinant EBV passaged from each
progenitor were tested for regrowth after endpoint dilution.

The endpoint dilutions for regrowth of second-passage EBV
recombinant-transformed LCLs were 2,500 and #5,000 for
F-wt1, #1,250 and 5,000 for Fwt-2, #1,250 and #1,250 for
D24–68, and #1,250 and #5,000 for D33–15. Thus, Flag-
LMP1D232–351 recombinant-transformed LCLs are similar to
Flag-LMP1 recombinant-transformed LCLs in their sensitivity
to low-density plating.

EBNA and LMP1 expression levels and LMP1 aggregation
are similar in Flag-LMP1D232–351 and Flag-LMP1 recombi-
nant EBV-transformed LCLs. LMP1 characteristically aggre-
gates in a single area in LCL plasma membranes. LMP1 was
localized by indirect immunofluorescence on fixed and perme-
abilized wt, Flag-LMP1, and Flag-LMP1D232–351 recombi-
nant-transformed LCLs (Fig. 3). Flag-LMP1 in the F-wt2 LCL
was detected in plasma membrane aggregates by using M5
monoclonal antibody to Flag (Fig. 3B) or S12 monoclonal
antibody that recognizes an epitope within LMP1 aa 232 to 351
(Fig. 3E). An LCL transformed by an EBV recombinant with
a wild-type LMP1 that does not have a Flag epitope tag stained
similarly with S12 (Fig. 3F) but not M5 antibody (Fig. 3C).
Flag-LMP1D232–351 in the D33–15 LCL was immunoreactive
in similar membrane aggregates with M5 antibody (Fig. 3A),
but was not detected with S12 antibody (Fig. 3D). The same
results were obtained with the D24–68 LCL (data not shown).

TABLE 1. Transforming efficiency of recombinant EBVa

EBV recombinant
transformed LCL

Viral DNA titer in
cell supernatants

No. of LCLs in 48 wells
at dilution:

100 1021 1022 1023

F-wt1 1 17 7 1 0
F-wt2 9 47 32 6 2
D24–68 3 48 36 4 1
D33–15 9 48 47 16 8

a F-wt1 and F-wt2 LCLs were infected with Flag-LMP1 recombinant EBV,
and D24–68 and D33–15 LCLs were infected with Flag-LMP1D232–351 recom-
binant EBV. Each LCL was transfected with pSVNael Z, a BZLF1-expressing
vector, and treated with phorbol ester to induce lytic infection. After 5 days, cells
and media were frozen and thawed, 0.45-mm-pore-diameter filtered, serially
10-fold diluted, and used to infect primary B lymphocytes isolated from periph-
eral blood. A total of 2.5 3 106 cells were seeded into 48 wells of a 96-well plate.
For each dilution, the number of replicating LCLs was scored in columns 3 to 6
at 6 weeks postinfection. To titrate viral DNA (column 2), an aliquot of the virus
preparation was serially threefold diluted and PCR analyzed for EBV DNA with
the primers 59-CACGCGTTACTCTGACGTAGCCG-39 and 59-CTCCAGTCC
AGTCACTCATAACG-39. The titer is the reciprocal of the maximum dilution at
which an EBV-specific, PCR-amplified DNA product is detected after electro-
phoresis in agarose gels stained with ethidium bromide.

TABLE 2. LCL regrowth after limiting dilutiona

EBV
recombinant

Endpoint for regrowth in EBV recombinant-
transformed LCLsb

Progenitorc
2nd passage

Cell line 1 Cell line 2

F-wt1 6,667 2,500 #5,000
F-wt2 10,000 #1,250 #5,000
D24–68 9,167 #1,250 #1,250
D33–15 10,833 #1,250 #5,000

a LCLs were serially diluted with RPMI 1640 medium containing 10% fetal
bovine serum, and microwells were seeded with 0.1 ml. Fresh medium was added
1 week later, and regrowth was monitored for 3 weeks total.

b The numbers indicate the minimum cell seeding needed to regrow more than
106 cells per ml by 3 weeks.

c Mean of three tests.

FIG. 3. Indirect immunofluorescent staining of methanol and acetone-fixed
lymphoblastoid cell lines with M2 monoclonal antibody to Flag or S12 mono-
clonal antibody to the LMP1 carboxyl terminus. LMP1 spontaneously aggregates
in the plasma membrane.
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Thus, deletion of aa 232 to 351 does not alter LMP1 plasma
membrane localization or aggregation.

Flag-LMP1 levels were measured by M2 Flag antibody pre-
cipitation of Flag-LMP1, size separation in denaturing poly-
acrylamide gels, and Western immunoblot detection with M5
Flag antibody. In Fig. 4A, a protein of about 60 kDa is present
in F-wt1 (lane 1) and F-wt2 (lane 2) LCLs. A prominent,
nonspecific band just below Flag-LMP1 is detected in all lanes
of the blot. Two proteins of about 40 kDa are present in the
D24–68 (lane 4) and D33–15 (lane 5) LCLs, which express
Flag-LMP1D232–351. The sum of the two protein band inten-
sities of Flag-LMP1D232–351 is similar to that of Flag-LMP1,
consistent with the similar level of immunofluorescent staining
in situ (Fig. 3). M5 antibody does not detect LMP1 in immu-
noprecipitates from an LCL that expresses wild-type LMP1
without the Flag epitope tag (Fig. 4, lane 3). In Fig. 4B, F-wt1,
F-wt2, and wt LMP1 LCLs have similar quantities of LMP1 in

unfractionated cell lysates, as detected by immunoblotting with
S12 monoclonal antibody. S12 reactive, full-length LMP1 is
absent from the D24–68 and D33–15 LCLs (lanes 4 and 5).
These results confirm that the D24–68 and D33–15 LCLs do
not express the 60-kDa LMP1 but do express the 40-kDa Flag-
LMP1D232–351. Furthermore, deletion of residues 232 to 351
abolishes the S12 monoclonal antibody epitope, which is likely
within the imperfect repeat sequences.

Expression of EBV nuclear proteins EBNA LP, -1, -2, and
-3C was examined by Western immunoblotting with immune
human serum. In unfractionated cell lysates, levels of EBNA1
and EBNA2 were prominent and equivalent in F-wt1, F-wt2,
wt, D24–68, or D33–15 LCLs (Fig. 4C). EBNA LP staining was
more diffuse, but the levels were approximately the same in the
five LCLs. Detection of EBNA3C required extended exposure
to film, but the relative levels were similar in the five LCLs.
Thus, Flag-LMP1D232–351, Flag-LMP1, and wt LMP1 EBV
recombinant-transformed LCLs are not different in latent
EBV gene expression.

Flag-LMP1D232–351 is similar to Flag-LMP1 in inducing
NF-kB activation. Since NF-kB activation by TES1 and TES2
is genetically linked to B-lymphocyte transformation and likely
to be pathophysiologically relevant, we tested the ability of
Flag-LMP1D232–351 to activate an NF-kB-responsive lucif-
erase reporter in transiently transfected 293 human embryonic
kidney cells. Transfection of 32, 100, 320, or 1,000 ng of Flag-
LMP1- or Flag-LMP1D232–351-expressing vectors activated
NF-kB progressively with more DNA (Fig. 5A). Higher levels
of NF-kB activation correlated with higher LMP1 expression
(Fig. 5B). Flag-LMP1D232–351 was consistently as active or
somewhat more active than Flag-LMP1.

Flag-LMP1D232–351 and Flag-LMP1 constitutively associ-
ate with signaling proteins in LCLs. Flag-LMP1 association
with signaling proteins was examined by immunoprecipitation
with Flag antibody M2 and Western immunoblot analysis. The
death domain-containing proteins TRADD and RIP copre-
cipitated with Flag-LMP1 and Flag-LMP1D232–351 with
about the same efficiency, whereas neither protein coprecipi-
tated with Flag antibody with extracts from an LCL trans-
formed by an EBV recombinant that expresses a wt LMP1 that
lacks Flag (Fig. 6). TRAF1, TRAF2, and TRAF3 also copre-
cipitated at about the same level with Flag antibody with Flag-
LMP1- or Flag-LMP1D232–351-transformed LCL extracts,
whereas TRAFs did not coprecipitate from extracts of wt
LMP1-transformed LCLs. The efficiencies of immunoprecipi-
tation of Flag-LMP1 and Flag-LMP1D232–351 were similar,
whereas Flag antibody precipitated only a trace amount of wt
LMP1. These biochemical results are consistent with the aa
232-to-351 deletion being similar to wild-type EBV in effecting
EBV-mediated growth transformation.

LCLs transformed by Flag-LMP1D232–351, Flag-LMP1,
and wt LMP1 EBV recombinants are similar for levels of
JNK1 and JNK2, phosphorylated JNK1 and JNK2, and Bcl2.
LMP1 activates c-Jun N-terminal kinase (JNK) and upregu-
lates Bcl2 levels (10, 11, 16, 32, 60, 68). Steady-state levels of
JNK1 and JNK2, phosphorylated JNK1 and JNK2, and Bcl2
were assayed by Western immunoblotting. Western immuno-
blot analysis with an antibody that recognizes JNK1 and JNK2
detects similar levels of JNK1 and JNK2 in LCLs transformed
by Flag-LMP1D232–351, Flag-LMP1, and wt LMP1 EBV re-
combinants (Fig. 7A). Western immunoblot analysis with an
antibody that recognizes the phosphorylated forms of both
JNK1 and JNK2 detects phosphorylated JNK2 (P-JNK2) at
similar levels in LCLs transformed with EBV recombinants
that express Flag-LMP1D232–351, Flag-LMP1, and wt LMP1.
Although the antibody recognizes both P-JNK1 and P-JNK2,

FIG. 4. Protein expression in recombinant EBV-infected LCLs. (A) Western
immunoblot analysis for Flag-LMP1. About 108 cells were Dounce homogenized
in buffer containing 0.5% Brij 58, 100 mM NaCl, and 50 mM Tris (pH 7.2) and
cleared by centrifugation. Flag-LMP1 was immunoprecipitated with M2 affinity
gel (Sigma) for 6 h. Affinity gel was washed once, and precipitated proteins were
detached with buffer containing SDS and 2-mercaptoethanol. About 10% of the
immunoprecipitates were size separated in denaturing polyacrylamide gels, blot-
ted to nitrocellulose filters, probed with M5 monoclonal antibody to Flag (Sigma)
and peroxidase-conjugated secondary antibody to mouse immunoglobulin G (Amer-
sham), and visualized by enhanced chemiluminescence (NEN Life Science). The
position of Flag-LMP1 (F-L) is marked on the left, and the position of Flag-
LMP1D232–351 (F-LD) is marked on the right. (B) Western immunoblot anal-
ysis for LMP1 carboxyl-terminal amino acids. About 5 3 104 cells were lysed in
buffer containing SDS and 2-mercaptoethanol and resolved in denaturing poly-
acrylamide gels. After Western transfer to nitrocellulose filters, LMP1 was de-
tected as in panel A, except S12 monoclonal antibody was used. The position of
Flag-LMP1 (F-L) or LMP1 (L) is marked on the left. (C) Western immunoblot
analysis for EBV nuclear antigens (EBNA) leader protein (LP), EBNA1, EBNA2,
and EBNA3C. The position of each protein is marked on the left. Analysis was
done as in panel B, except that serum from a normal human donor and perox-
idase-conjugated secondary antibody to human immunoglobulin G were used. In
all panels, molecular mass markers (in kilodaltons) are marked on the right.
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P-JNK1 is not detected in any of these LCLs (Fig. 7B). These
results indicate that P-JNK2 is the predominant activated JNK
in LCLs and that LCLs transformed by Flag-LMP1D232–351
recombinants are similar in JNK activation. Western immuno-
blot analysis with antibody to Bcl2 reveals that the Bcl2 levels
are similar in all of these LCLs (Fig. 7C). These results dem-
onstrate that residues 232 to 351 are not involved with activat-
ing JNK2 or with regulating Bcl2, JNK1, or JNK2 levels.

DISCUSSION

These data indicate that LMP1 aa 232 to 351 are not critical
for primary B-lymphocyte growth transformation in vitro. The
assays employed to compare the phenotypic characteristics
of Flag-LMP1D232–351 with Flag-LMP1 EBV recombinants

have previously revealed differences between mutant and wt
EBV recombinants in a reduced efficiency of initial lymphocyte
growth transformation, in a reduced efficiency of LCL out-
growth at various stages of expansion from the initial transfor-
mants, or in an increased cell density dependence (15, 23, 27,

FIG. 5. F-LMP1- and F-LMP1D232–351-expressing vectors activate NF-kB.
(A) HEK293 cells (2.5 3 105) were transfected (Qiagen Superfect) with the
indicated amounts of F-LMP1- or F-LMP1D232–351-expressing vector or pSG5
vector control and with 350 ng of 3X-kB-L, a luciferase reporter with three
NF-kB sites from human major histocompatibility class I and Fos minimal
promoter and with 350 ng of pGK-b-gal DNA, a b-galactosidase-expressing
vector used to monitor transfection efficiency. After 20 h at 37°C, cells were lysed
in reference lysis buffer (Promega) and analyzed for luciferase activity (Promega)
and b-galactosidase expression (Tropix) according to the manufacturer’s direc-
tions. (B) Western immunoblot analysis for F-LMP1 or F-LMP1D232–351.
Equivalent amounts of protein from lysates prepared as described above were
size separated and analyzed as described in the legend to Fig. 4A. The position
of F-LMP1 or F-LMP1D232–351 is marked on the left.

FIG. 6. Coimmunoprecipitation of TRAF1, TRAF2, TRAF3, TRADD, or
RIP with F-LMP1 or F-LMP1D232–351. Proteins from LCLs (2.0 3 108 cells)
infected with F-LMP1, F-LMP1D232–351, or a wt LMP1 EBV recombinant were
solubilized by Dounce disruption in 0.5% Brij 58, 100 mM NaCl, and 50 mM Tris
(pH 7.2) and immunoprecipitated with M2 affinity gel (Sigma) to Flag. Precip-
itated proteins were Western immunoblot analyzed with antibodies to TRAF1,
TRAF2, TRAF3, and TRADD from Santa Cruz Biotechnology, antibody to RIP
from Pharmingen, or M5 antibody to Flag from Sigma. Input lanes represent
unfractionated cell proteins, unbound lanes represent proteins not precipitated
with M2 affinity gel, and Imm Ppt lanes represent immunoprecipitated proteins.

FIG. 7. Western immunoblot analysis for c-Jun N-terminal kinase 1 and 2
(JNK1 and JNK2), phosphorylated JNK1 and JNK2 (P-JNK1 and P-JNK2), and
Bcl2. LCLs (1.5 3 106) transformed with F-LMP1, F-LMP1D232–351, or a wt
LMP1 EBV recombinant were directly lysed in buffer containing SDS and 2-mer-
captoethanol. Cell proteins were resolved in denaturing polyacrylamide gels, West-
ern blotted to nitrocellulose filters, and probed with antibodies. (A) JNK1 and
JNK2 are detected at similar levels in all LCLs with an antibody that recognizes
JNK1 and JNK2 (New England Biolabs). (B) P-JNK2 but not P-JNK1 is detected
at similar levels in all LCLs with an antibody that specifically recognizes P-JNK1
and P-JNK2 (New England Biolabs). (C) Bcl2 protein is detected at similar levels
in all LCLs with a Bcl2-specific antibody (Santa Cruz Biotechnology).
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28, 77). The absence of any phenotypic difference between
Flag-LMP1D232–351 and Flag-LMP1 EBV recombinants in
these three assays and the absence of any biochemical differ-
ence between Flag-LMP1D232–351 and Flag-LMP1 in associ-
ation with cell signaling proteins, NF-kB activation, JNK acti-
vation, or altered cell gene expression indicates that aa 232 to
351 are not important for lymphocyte growth transformation in
vitro. These results also underscore the principal positive ef-
fector roles of TES1 and TES2 in primary B-lymphocyte
growth transformation. This result is consistent with previous
recombinant genetic analyses of the role of the LMP1 carboxyl
terminus in B-lymphocyte growth transformation. The previ-
ous experiments showed that the LMP1 amino terminus, trans-
membrane segments, and TES1 are sufficient for initial pri-
mary B-lymphocyte growth transformation in the absence of
the LMP1 carboxyl-terminal 155 aa (27, 28). Cocultivation with
fibroblast feeder cells is required for efficient long-term LCL
outgrowth after transformation by the MS231 EBV recombi-
nant that expresses LMP1 aa 1 to 231. TES2 appears to be
critical for efficient long-term LCL outgrowth, since a double
point mutation at the carboxyl terminus of TES2 has a pheno-
type that is similar to that of MS231 (24). Although there
remains the possibility that a point mutant in the TES1 core
TRAF binding site can transform when the infected cells are
cocultivated with fibroblasts, the data thus far are consistent
with a model in which TES1 is the most important effector site
overall, and TES2 is the principal effector site in the carboxyl-
terminal 155 aa. Certainly, aa 232 to 351 are not important for
efficient primary B-lymphocyte growth transformation in vitro.

Either LMP1 residues 232 to 351 are unimportant for pri-
mary B-lymphocyte growth transformation, or there are mul-
tiple domains within this region, some positive and some neg-
ative, such that removal of the entire region has no net effect.
Indeed, aa 232 to 351 include four copies of an 11-residue
repeat, a site for protease-specific cleavage, sites proposed to
interact with Janus kinase 3 (JAK3) and mediate the activation
of signal transduction and activation of transcription (STAT)
proteins, and sites for specific serine/threonine phosphoryla-
tion that are highly conserved among EBV isolates (12, 13, 38,
40, 50, 51). The wt transforming ability of Flag-LMP1D232–351
EBV recombinants is compatible with the hypothesis that
LMP1’s potential interaction with JAK3 does not mediate sig-
naling that is significant to the growth transformation of pri-
mary B lymphocytes. We cannot exclude the possibility that
this potential interaction may have a subtle effect on some
aspect of latent infection. The absence from Flag-LMP1D232–
351 of the normal protease cleavage site between asparagine
241 and leucine 242 might have been expected to result in
increased accumulation of the deletion mutant LMP1, but
Flag-LMP1D232–351 was similar in abundance to wt LMP1.
No other functional consequences have been attributed to the
protease cleavage (52). Furthermore, a previous mutation of
the secondary phosphorylation site at T324 to a glutamic acid
resulted in an LMP1 that appeared to be unable to transform
Rat-1 cells, as measured by a cell contact inhibition assay (51).
This finding raised the expectation that deletion of this site
would affect B-lymphocyte growth transformation.

The LMP1 aa 232-to-351 deletion includes 9 of the 10 res-
idues (aa 343 to 352) that are deleted from EBV strains that
are endemic to southern Chinese ethnic groups that have ele-
vated relative risk for nasopharyngeal carcinoma (19). The
same deletion has been noted in some American and Euro-
pean EBV strains, including viral genomes in some Hodgkin’s
lymphoma tumor cells and in some patients with lymphopro-
liferative disease (9, 29, 33, 34, 47, 54–56, 65, 69). Experimental
studies comparing the effects of the aa 343-to-352 deletion

mutant LMP1 with wild-type LMP1 in BALB/c 3T3 cells indi-
cate that the deletion may be associated with increased trans-
forming effects (36). However, the specific association of this
deletion with malignancies has not been documented by formal
epidemiological criteria, and recent data indicate this deletion
is present in other ethnic groups (17, 18, 64). Furthermore,
lymphocytes natively transformed by EBV strains that have the
aa 343-to-352 deletion mutant LMP1 are not more tumori-
genic in nude or SCID mice, and the deletion has not been
associated with poorer outcomes in EBV-associated human
lymphoproliferative disease (3, 17, 18, 62, 63). Moreover,
LMP1 with aa 343 to 352 deleted did not differ from wild-type
LMP1 in NF-kB activation or in induction of CD40 or CD54
surface expression on B-lymphoma cells (25, 45). Thus, the
overall significance of this deletion in the pathogenesis of
EBV-related malignancies is uncertain.

The absence of a phenotype in B-lymphocyte transformation
assays with deletion of aa 232 to 351 may not be fully predictive
of the role of these sequences in vivo. In immunocompetent
humans, LMP1 is expressed during lytic EBV infection in oro-
pharyngeal epithelial cells, in type III latency that accompanies
primary infection in B lymphocytes, and in type II latency in
some circulating B lymphocytes. LMP1 is also expressed in
EBV-associated nasopharyngeal carcinoma, Hodgkin’s lym-
phoma, and in some leiomyosarcomas of the intestine (re-
viewed in reference 57). In these various tissues or stages of
EBV infection, aa 232 to 351 may have a role in regulating the
effects of TES1 or TES2 or may have other effects that are
independent of TES1 or TES2. Amino acids 232 to 351 are
highly conserved in all EBV isolates and are therefore likely to
have an important role in some aspect of normal EBV infec-
tion in vivo. Comparison of the biological properties of mutant
versus wt transformed lymphocytes in SCID mouse tumorigen-
esis models may reveal some difference. However, the differ-
ence may be subtle and require study in a primate lympho-
cryptovirus infection model (49).

The finding that residues 232 to 351 are not important for
lymphocyte growth transformation is an important step in de-
fining the amino-terminal boundary of TES2. Previously, TES2
was formally defined by the double point mutation of Y384Y385
to I384 (24). Clearly, aa 352 to 386 are a fully competent TES2
for B-lymphocyte growth transformation in vitro. Since the
terminal 11 residues are sufficient to engage TRADD and
synergistically activate NF-kB, the amino-terminal boundary of
TES2 is likely to be closer to the carboxyl terminus than aa 352.
However, RIP also interacts with TES2, and the interaction
appears to require more than the terminal 11 residues (21).
More precise definition of the boundaries of TES2 and TES1
is important in evaluating whether these sites have additional
effector functions.
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