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Because of its central regulatory role, T-cell receptor (TCR) signal transduction is a common target of
viruses. We report here the identification of a small signaling protein, ORF5, of the T-lymphotropic tumor
virus herpesvirus saimiri (HVS). ORF5 is predicted to contain 89 to 91 amino acids with an amino-terminal
myristoylation site and six SH2 binding motifs, showing structural similarity to cellular LAT (linker for
activation of T cells). Sequence analysis showed that, despite extensive sequence variation, the myristoylation
site and SH2 binding motifs were completely conserved among 13 different ORF5 isolates. Upon TCR stimu-
lation, ORF5 was efficiently tyrosine phosphorylated and subsequently interacted with cellular SH2-containing
signaling proteins Lck, Fyn, SLP-76, and p85 through its tyrosine residues. ORF5 expression resulted in the
marked augmentation of TCR signal transduction activity, evidenced by increased cellular tyrosine phosphor-
ylation, intracellular calcium mobilization, CD69 surface expression, interleukin-2 production, and activation
of the NF-AT, NF-�B, and AP-1 transcription factors. Despite its structural similarity to cellular LAT, however,
ORF5 could only partially substitute for LAT function in TCR signal transduction. These results demonstrate
that HVS utilizes a novel signaling protein, ORF5, to activate TCR signal transduction. This activation
probably facilitates viral gene expression and, thereby, persistent infection.

Upon engagement of the T-cell antigen receptor (TCR),
many cellular proteins, including TCR subunits, adaptor pro-
teins, and other effector molecules, are phosphorylated and
subsequently are involved in the formation of molecular com-
plexes at the site of contact with the antigen-presenting cells
(33, 51, 54) The earliest signaling event following TCR engage-
ment is the sequential activation of the non-receptor protein
tyrosine kinases (PTKs) of the Src and Syk families. Activated
Src family PTKs, Lck and Fyn, in T cells subsequently phos-
phorylate tyrosine residues within a consensus sequence
termed the immunoreceptor tyrosine-based activation motif in
the cytosolic tails of the TCR subunits. The phosphorylated
immunoreceptor tyrosine-based activation motifs of TCR in
turn recruit the Syk family PTKs ZAP70 and Syk through their
Src homology 2 (SH2) domains (33). Together with Lck and
Fyn, the ZAP70 and Syk kinases then promote the phosphor-
ylation of many intracellular signaling molecules, including
phospholipase C-�1 (PLC-�1), Cbl, Vav, LAT (linker for ac-
tivation of T cells) and SLP-76 (SH2-containing leukocyte pro-
tein-76) (12, 25, 41, 45, 46, 53). Phosphorylation of these cel-
lular signaling molecules ultimately induces various cellular
events such as cytoskeletal alteration, intracellular Ca�� in-
flux, transcription factor activation, and cytokine/chemokine
production (4, 20, 38, 43, 59).

Two adaptor proteins, LAT and SLP-76, have been shown to
be critical for the optimal activation of T cells and to function

in linking proximal signaling events to distal downstream sig-
naling actions. LAT is a lipid raft-associated protein that has a
short transmembrane domain, sites for palmitoylation at the N
terminus, and 10 tyrosine-based signaling motifs in its cytoplas-
mic tail. Upon TCR stimulation, LAT rapidly becomes phos-
phorylated on its multiple tyrosine residues by ZAP70, and the
phosphorylated tyrosine residues of LAT then serve as binding
sites for the SH2 domains of PLC-�1, Grb2, and Gads (20, 61).
Because of its important role in TCR signal transduction, a
T-cell line devoid of LAT has defects in Ca2� mobilization,
production of IP3, induction of CD69, activation of Ras and
interleukin-2 (IL-2) gene expression, and tyrosine phosphory-
lation of Vav, SLP-76, and PLC-�1 (20, 61). LAT�/� mice
exhibit a complete block in thymocyte development at the
pro-T3 stage and defects in mast cell functions (62). SLP-76,
on the other hand, is a cytoplasmic adaptor protein consisting
of three domains: an N-terminal acidic region containing sev-
eral tyrosine residues that are also phosphorylated by ZAP70
after TCR engagement (19, 24, 37, 52, 57); a central proline-
rich region that binds the SH3 domains of Grb2, Gads, and
Lck; and a carboxy-terminal SH2 domain that interacts with
the Fyn binding protein FYB/SLAP130 (43, 58). A gene-tar-
geting approach has shown that SLP-76 is also necessary for
T-cell development. SLP-76�/� mice lack peripheral T cells
and also lack CD4� CD8� double-positive thymocytes and
CD25� CD44� and CD4� CD8� double-negative thymocytes
(9–11, 42–44). SLP-76-deficient cell lines are also defective in
TCR-mediated PLC-�1 phosphorylation, extracellular signal-
regulated kinase activation, Ca2� mobilization, and IL-2 pro-
moter activity (59). This indicates that LAT and SLP-76 are
essential for linking TCR/CD3 to downstream signal cascades.
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Herpesvirus saimiri (HVS) is a member of the gammaher-
pesvirus family, which includes human Epstein-Barr virus and
Kaposi’s sarcoma-associated herpesvirus (KSHV). HVS infec-
tion is endemic and nonpathogenic in its natural host, squirrel
monkeys (Saimiri sciureus) (15). However, HVS infection of
other species of New World primates results in rapidly pro-
gressing fatal T-cell lymphomas and leukemias (14, 29). Be-
sides its potent oncogenicity in vivo, HVS can immortalize
peripheral blood mononuclear cells of human, rhesus monkey,
and common marmoset to IL-2-independent growth in vitro (2,
5). Cell lines derived from peripheral blood mononuclear cells
of common marmoset by in vitro immortalization with HVS
represent a restricted lymphocyte subpopulation that is CD2�,
CD8�, CD4�, and CD56�; thus, these cells are derived from
suppressor/cytotoxic T lymphocytes (31). Sequence divergence
at the left end of the viral genome defines three subgroups (A,
B, and C) of HVS that differ with respect to their oncogenic
potential. Subgroup A and C strains immortalize common
marmoset T lymphocytes to IL-2-independent permanent cell
growth in vitro, but none of the subgroup B strains tested had
this ability (16, 50). Subgroup C strains are further capable of
immortalizing human, rhesus monkey, and rabbit T lympho-
cytes into continuously proliferating T-cell lines and also of
inducing lymphoma in rhesus monkeys and rabbits (2, 5).

Herpesvirus persists in its host through an ability to establish
a latent infection and periodically reactivates to produce in-
fectious virus. To do this, lymphotropic gammaherpesviruses,
particularly Epstein-Barr virus, KSHV, and HVS, have been
shown to deregulate lymphocyte signal transduction (8, 27, 34).
Two HVS proteins, ORF14 and Tip, have been previously
found to target and alter TCR signal transduction. HVS
ORF14 protein, which shows a high homology to the mouse
mammalian tumor virus (MMTV) superantigen (vSag), is de-
tected primarily during lytic replication, is N glycosylated, and
is secreted into supernatant. Like MMTV vSag, ORF14 is able
to induce the proliferation of CD4-positive human T cells
through an interaction with major histocompatibility complex
(MHC) class II molecules (17). However, unlike MMTV vSag,
which activates T cells in a TCR V�-dependent manner,
ORF14 induces the polyclonal proliferation of T cells indepen-
dent of the TCR V� subtype (17, 32). Mutational analysis has
shown that ORF14 is not required for viral replication but is
required for in vitro and in vivo viral oncogenesis and persis-
tent infection in animals (32). A second HVS protein, called
Tip (tyrosine kinase-interacting protein), is expressed primarily
during viral latency. As seen with ORF14, Tip is not required
for viral replication but is required for T-cell transformation in
culture and for lymphoma induction in primates (17). As a
lipid raft resident protein, Tip interacts with the SH3 domain
of Lck tyrosine kinase, and this interaction interferes with early
events in the TCR signal transduction pathway (3, 27, 35).
Furthermore, Tip interacts with a novel cellular endosomal
protein, p80, which contains an amino-terminal WD repeat
domain and a carboxy-terminal coiled-coil domain (39, 40).
Interaction of Tip with p80 facilitates endosomal vesicle for-
mation and subsequent recruitment of Lck and TCR into the
endosomes for degradation. Thus, T-lymphotropic HVS has
evolved elaborate mechanisms to deregulate TCR signal trans-
duction at multiple points in the viral life cycle. These mech-
anisms are likely necessary for the establishment and mainte-

nance of persistent infection and for the induction of disease in
the infected host.

We report here the identification of a novel viral signaling
protein, ORF5, of HVS that contains an amino-terminal my-
ristoylation for membrane attachment and six SH2 binding
motifs for signal transduction. Tyrosine-phosphorylated ORF5
effectively interacted with cellular SH2-containing signaling
proteins Lck, Fyn, SLP-76, and p85 through its tyrosine resi-
dues, and these interactions strongly enhanced TCR signal
transduction activity. These results demonstrate a novel viral
strategy: HVS harbors several viral proteins that activate or
inactivate TCR signal transduction depending on the stage of
viral life cycle.

MATERIALS AND METHODS

DNA sequencing. The region spanning the entire ORF5 gene of HVS sub-
group A strain A11 and subgroup C strain C488 was used to design primers for
PCR of ORF5 (GenBank accession no. AJ131936): forward 5� EcoRI CGC
GAA TTC TGT TAG ATG TGG ATG CTT TGA GAG C, corresponding to
nucleotides (nt) 12583 to 12549 of A11 and nt 12339 to 12285 of C488, and
reverse 5� XhoI CGC CTC GAG CAC AAT TTC TTC ATA AAT ATG,
corresponding to nt 11722 to 11742 of C488. PCR products were then cloned into
the EcoRI/XhoI sites of pSP72. Sequencing was performed with the M13 for-
ward sequencing primer and an ABI PRISM 377 automatic DNA sequencer.

RNA extraction and reverse transcriptase PCR (RT-PCR). One microgram of
total RNA was used for the synthesis of first-strand cDNA with a kit for 3� rapid
amplification of cDNA ends (Invitrogen, San Diego, Calif.) according to the
manufacturer’s instructions. Aliquots of cDNA samples were then PCR ampli-
fied with a combination of forward ORF5 gene-specific primers and a reverse
universal adaptor primer provided with the kit. The amplified PCR products
were separated on 2% agarose gels, visualized by ethidium bromide staining,
purified with a QiaEx gel purification kit (Qiagen, Chatsworth, Calif.), cloned
into pCRII.1 TOPO (Invitrogen), and sequenced with T7 sequencing primer.

Plasmids. pTracerEF.GFP (Invitrogen) and pEF.IRES.puro were used for
transient and stable expression of ORF5, respectively. In addition, the ORF5-
coding sequence was cloned into the EcoRI/XhoI sites of pGEX4T-1 (Clontech,
Palo Alto, Calif.). The Myc-tagged Lck and Fyn, Flag-tagged SLP-76, and Myc-
tagged LAT were kindly provided by Sabine Lang, Gary Koretzky, and Lawrence
Samelson. In vitro site-directed mutagenesis was carried out to construct ORF5
tyrosine-to-phenylalanine (YF) and glycine-to-alanine (G2A) mutants. Each
ORF5 mutant was completely sequenced to verify the presence of the mutation
and the absence of any other changes.

Cell lines and antibodies. Cultures of 293T cells were maintained in Dulbec-
co’s modified Eagle’s medium supplemented with 10% fetal bovine serum. Jur-
kat T cells were grown in RPMI 1640 supplemented with 10% fetal bovine
serum. Jurkat T E6.1 cells (55), and J.CaM1 (49), JCaM2.5 (21, 22), J14-v-29
(59), and P116 (56) cells, which have deficient expression of Lck, LAT, SLP-76,
and ZAP70, respectively, were used in this study. J.CaM1 and P116 cells were
purchased from the American Type Culture Collection (Manassas, Va.).
J.CaM2.5, J14-v-29, and LAT-reconstituted LAT#3 cells were kindly provided
by A. Weiss (University of California, San Francisco). Polyclonal antibodies used
in this study were anti-Fyn, anti-ZAP70, anti-PLC-�1 and anti-LAT (Santa Cruz
Biotechnology, Santa Cruz, Calif.). Monoclonal antibodies were anti-CD3 mag-
netic beads and anti-CD3/CD28 magnetic beads (Dynal, Lake Success, N.Y.);
anti-CD3 (PharMingen, San Diego, Calif.); anti-CD3�, anti-p85 subunit of phos-
phatidylinositol 3-kinase (PI3 kinase), and anti-c-Myc (Santa Cruz Biotechnol-
ogy); anti-Lck (Transduction Laboratories, Lexington, Ky.); anti-V5 (Invitro-
gen); antiphosphotyrosine antibody 4G10 (Upstate Biotechnology, Lake Placid,
N.Y.); and anti-CT-B antibody (Sigma, St. Louis, Mo.).

Transfection and luciferase assay. Calcium phosphate (Clontech) was used for
transient expression in 293T cells. Electroporation at 260 V and 975 �F was used
for transient expression in Jurkat T cells. Stable Jurkat T-cell lines expressing
ORF5 were selected and maintained in the presence of puromycin (5 �g/ml).

For the luciferase reporter assay, Jurkat T cells were electroporated with 20 �g
of luciferase reporter plasmid, 2 �g of �-galactosidase plasmid, and the indicated
amounts of pTracerEF.GFP and pTracerEF.GFP-ORF5 to a total amount of 50
�g of DNA per transfection. At 36 h posttransfection, cells were washed twice
with phosphate-buffered saline (PBS), lysed, and analyzed by luciferase assay
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(Promega, Madison, Wis.). Luciferase activity was normalized to �-galactosidase
activity and presented as fold induction compared with the control.

Protein purification and mass spectrometry. To identify ORF5 binding pro-
teins, 10 liters of Jurkat T cells was lysed with lysis buffer (20 mM HEPES [pH
7.4], 100 mM NaCl, 1% NP-40) containing protease and phosphatase inhibitors.
After centrifugation, the supernatant was filtered through a 0.45-�m-pore-size
syringe filter and precleared by mixing with glutathione S-transferase (GST)-
bound glutathione beads twice. Precleared lysates were mixed with glutathione
beads containing GST, GST-ORF5 fusion protein, or tyrosine-phosphorylated
GST-ORF5 (GST-pORF5) protein for 4 h. Afterwards, the beads were exten-
sively washed with lysis buffer. Proteins bound to the beads were eluted, sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE), and subjected to peptide sequencing at the Harvard Mass Spectrometry
Facility.

Metabolic labeling. At 24 h posttransfection, 293T cells were incubated with
Dulbecco’s modified Eagle’s medium containing 5% dialyzed fetal bovine serum
and [3H]myristic acid (100 �Ci/ml) overnight. The cells were then washed once
with 1� PBS, lysed in ice-cold radioimmunoprecipitation assay buffer (50 mM
Tris [pH 7.5], 200 mM NaCl, 1% TritonX-100, 0.5% Na-deoxycholate, 0.1%
SDS, and proteinase inhibitors), and immunoprecipitated with an anti-V5 or
anti-Myc antibody.

GST pull-down assays. GST fusion proteins were purified from either the
Escherichia coli Top10 or the TKX1 strain, which contains a mammalian elk
tyrosine kinase expression vector (Stratagene, La Jolla, Calif.). Jurkat T-cell
lysates were incubated with glutathione beads containing GST fusion protein in
binding buffer (20 mM HEPES [pH 7.4], 100 mM NaCl, 1% NP-40, and protease
inhibitors) at 4°C for 2 h. The glutathione beads were then washed four times
with binding buffer, and the proteins associated with the beads were analyzed by
SDS-PAGE and subjected to immunoblot assay with a phosphorimager (BAS-
1500; Fuji Film Co., Tokyo, Japan).

In vitro kinase assay. The immune complex kinase mixture was resuspended
with 20 �l of kinase buffer (20 mM Tris-HCl [pH 7.5], 10 mM MgCl2, 2 mM
dithiothreitol, and 10 �Ci of [�-32P]ATP) and incubated for 20 min at room
temperature. The reaction was performed in the absence and presence of the Src
substrate enolase (Sigma). The kinase reaction was stopped by adding SDS
sample loading buffer, and the mixture was subjected to Nu-PAGE (4 to 12%
gradient gel; Invitrogen) in MES (morpholinepropanesulfonic acid) buffer for 40
min. The dried gel was autoradiographed with a Fuji phosphorimager.

Cell stimulation, immunoprecipitation, and immunoblotting. Jurkat T cells (5
� 106) were stimulated with anti-human CD3 magnetic beads at 37°C for the
indicated times. Stimulation was stopped by the addition of an equal volume of
ice-cold 2� 1% NP-40 lysis buffer. Cell lysates were then precleared by rocking
at 4°C for 1 to 2 h in the presence of protein A/G-agarose (Santa Cruz Biotech-
nology). The precleared cell lysates were incubated with the relevant antibodies
for 2 h, followed by protein A/G-agarose for 2 h. Immunoprecipitates were
separated by SDS-PAGE and transferred onto polyvinylidene difluoride mem-
branes (Amersham Pharmacia Biotech, Chicago, Ill.). Membranes were reacted
with appropriate antibodies in 5% skim milk–PBS–Tween 20 (or 3% bovine
serum albumin–PBS–Tween 20 for phosphotyrosine blots). The protein was
visualized with chemiluminescent detection reagents (Pierce, Rockford, Ill.) and
detected with a Fuji phosphorimager.

Calcium mobilization analysis. Cells (2 � 106) were loaded with 1 �M indo-1
(Molecular Probes, Eugene, Oreg.) in 200 �l of RPMI complete medium for 30
min at 37°C, washed once with complete medium, resuspended in 1 ml of RPMI
complete medium, and then put on ice until analyzed. Baseline calcium levels
were established for 1 min prior to the addition of the antibody. Cells were
stimulated with 10 �g of anti-human CD3 antibody (PharMingen) per ml. Base-
line absolute intracellular calcium levels were determined by using ionophore
and EGTA. Data were collected and analyzed on a FACS Vantage instrument
(Becton Dickinson, Mountain View, Calif.).

CD69 surface expression. Jurkat T cells were transfected with pTracerEF.GFP
or pTracerEF.GFP-ORF5. At 24 h postelectroporation, Ficoll-Histopaque was
used to remove dead cells. The live cells were stimulated with anti-CD3 Dyna-
beads or phorbol myristate acetate (PMA) (50 ng/ml), or were given medium
alone as a control, for an additional 16 h at 37°C and then were fixed with 1%
paraformaldehyde. Fluorescence-activated cell sorter analysis was performed
with a FACS Scan (Becton Dickinson) with phycoerythrin-conjugated mouse
anti-human CD69 antibody (PharMingen).

Immunofluorescence. Cells were fixed with 2% paraformaldehyde for 15 min,
permeabilized with cold acetone for 15 min, blocked with 10% goat serum in PBS
for 30 min, and reacted with 1:5,000 dilutions of primary antibodies in PBS for
30 min at room temperature. After incubation, cells were washed extensively
with PBS, incubated with 1:100 Alexa 488-conjugated goat anti-mouse antibody

(Molecular Probes, Eugene, Oreg.) in PBS for 30 min at room temperature, and
washed three times with PBS. Nuclear staining was performed for 1 min with
Lo-Pro 3 (Molecular Probes) diluted 1:50,000. Confocal microscopy was per-
formed with a TCS SP laser-scanning microscope (Leica Microsystems, Exton,
Pa.) fitted with a 40� Leica objective (PL APO, 1.4NA), using Leica imaging
software. Images were collected at a 512- by 512-pixel resolution. The stained
cells were optically sectioned in the z axis, and the images in the different
channels (photomultiplier tubes) were collected simultaneously. The step size in
the z axis varied from 0.2 to 0.5 �m to obtain 30 to 50 slices per imaged file. The
images were transferred to a Macintosh G4 computer (Apple Computer, Cu-
pertino, Calif.), and National Institutes of Health Image version 1.61 software
was used to render the images.

Measurements of secreted IL-2. Cells (106) were cultured in 24-well tissue
culture plates with or without anti-CD3 and anti-CD28 Dynabeads in 1 ml of
RPMI1640 complete medium. The supernatants were harvested 8 h later, and
IL-2 production was measured with an enzyme-linked immunosorbent assay kit
(PharMingen).

Isolation of lipid rafts. Lipid rafts were isolated by floatation on discontinuous
sucrose gradients (6, 7). Briefly, 293T cells (five 10-cm-diameter dishes) were
washed with ice-cold PBS and lysed for 30 min on ice in 1% Triton X-100 in
TNEV (10 mM Tris-HCl [pH 7.5], 150 mM NaCl, 5 mM EDTA) containing
phosphatase inhibitors and protease inhibitor cocktail (Roche, Indianapolis,
Ind.). The lysate was further homogenized with 10 strokes in a Wheaton loose-
fitting Dounce homogenizer. Nuclei and cellular debris were pelleted by centrif-
ugation at 900 � g for 10 min. For the discontinuous sucrose gradient, 1 ml of
cleared cell lysates was mixed with 1 ml of 85% sucrose in TNEV and transferred
to the bottom of a Beckman 14- by 89-mm centrifuge tube. The diluted lysate was
overlaid with 6 ml of 35% sucrose in TNEV and finally with 3.5 ml of 5% sucrose
in TNEV. The samples were then centrifuged in an SW41 rotor at 200,000 � g
for 20 h at 4°C, and 1-ml fractions were collected from the top of the gradient.

RESULTS

Sequence analysis of HVS ORF5 isolates. The ORF5 genes
of HVS strains A11 and strain C488 were originally predicted
to encode 81 and 72 amino acids, respectively (1, 18). However,
the extensive sequence variation at the amino terminus sug-
gested potential splicing of the ORF5-coding sequence. To test
this hypothesis, we performed RT-PCR with ORF5 gene-spe-
cific primers by using the purified mRNA from HVS-infected
OMK cells. This showed that HVS strain A11 ORF5 was
spliced from nt 12329 to 12255 and that HVS strain C488
ORF5 was spliced from nt 12054 to 11979. As a result, both
sequences encoded an ORF5 protein of 89 to 91 amino acids
(Fig. 1). We determined the primary amino acid sequences of
ORF5 mRNAs from 11 additional HVS subgroup A and C
isolates. All ORF5 alleles are predicted to encode 89 to 91
amino acids (Fig. 1).

Amino acid substitutions, deletions, or insertions in ORF5
proteins from different isolates were compared with ORF5
from strains A11 and C488. This analysis showed that amino
acid sequence identity of ORF5 among subgroup C isolates
was 83 to 100% (Table 1). However, the ORF5 alleles of
subgroup A isolates were further divided into two separate
clusters: the ORF5 alleles of A11, 30, 42, 45, 49, 74, and 78 (the
A11 cluster) showed 97 to 100% identity, and the ORF5 alleles
of OMI, 2, and 72 (the OMI cluster) showed 93 to 100%
identity (Table 1). Interestingly, the amino acid identity of
ORF5 between the A11 cluster and OMI cluster was 77 to
80%, whereas the amino acid identity of ORF5 between sub-
group A and subgroup C was only 46 to 50% (Table 1). This
indicates that the ORF5 sequence is relatively conserved
within each subgroup, whereas it shows a significant variation
between subgroups.

The presence of potential structural motifs was assessed
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based on primary amino acid sequence. Interestingly, full-
length ORF5 contained the putative myristoylation site at the
second glycine (G2) residue, which appeared to be strikingly
conserved in all isolates (Fig. 1). Furthermore, despite exten-
sive sequence variation throughout the open reading frame,
ORF5 proteins of all isolates showed a complete conservation
of six YxxI/L/V sequences preceded by negatively charged glu-
tamic acid and/or aspartic acid residues; these motifs most
closely match the consensus sequences for Src family kinase

SH2 binding (ExxYxxI/L/V) (47, 48). Based on sequence con-
servation, both the myristoylation and SH2 binding motifs are
predicted to have important roles in ORF5 function. Since
HVS subgroup C strain 488 has been well characterized (28),
the ORF5 protein from this strain was selected for the rest of
study.

Amino-terminal myristoylation and lipid raft localization of
ORF5. To test whether the G2 residue of ORF5 is the site for
the addition of the myristate moiety, we constructed expression

FIG. 1. Sequence analysis of ORF5 alleles of HVS. Amino acid sequences of ORF5 proteins from 13 different isolates of HVS were aligned
by using the Cluster W program. Sequences are grouped into three clusters: the A11 cluster of HVS subgroup A (light gray), the OMI cluster of
subgroup A (gray), and HVS subgroup C (dark gray). The putative myristoylation at the second glycine residue is indicated by asterisks, and the
six potential SH2 binding motifs are underlined.

TABLE 1. Amino acid identity of ORF5 proteins among HVS isolates

HVS strain
% Amino acid identity with ORF5 from straina:

A11 30 42 45 49 74 78 OMI 2 72 C488 80 26–76

A11 100 100 98 98 100 100 100 78 80 80 50 50 50
30 100 98 98 100 100 100 78 80 80 50 50 50
42 100 97 98 98 98 77 79 79 50 49 50
45 100 98 98 98 78 80 80 49 49 49
49 100 100 100 78 80 80 50 50 50
74 100 100 78 80 80 50 50 50
78 100 78 80 80 50 50 50

OMI 100 93 93 46 47 46
2 100 100 47 48 47

72 100 47 48 47

C488 100 83 100
80 100 83

26–76 100

a Groups of boldface numbers, from left to right, indicate the A11 cluster of subgroup A, the OMI cluster of subgroup A, and subgroup C, respectively.
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vectors containing the carboxy-terminal V5-tagged wild-type
(wt) ORF5 and a glycine-to-alanine (G2A) ORF5 mutant. At
24 h posttransfection, 293T cells were metabolically labeled
with [3H]myristate and immunoprecipitated with an anti-V5
antibody. The carboxy-terminal Myc-tagged Lck, which con-
tains an amino-terminal myristoylation site, was included as a
control. wt ORF5 and Lck were readily labeled with [3H]myr-
istate, whereas ORF5 G2A was not (Fig. 2A). Interestingly, wt
ORF5 migrated slightly slower in SDS-PAGE than did the
G2A mutant, suggesting that the amino-terminal myristoyl-
ation slows the migration of ORF5.

Since ORF5 contained the myristoylation at its amino-ter-
minal glycine residue, we compared the localization of wt ORF5
with that of the G2A mutant by using confocal immunofluores-
cence. At 48 h postelectroporation with wt ORF5 and the G2A
mutant expression vector, human Jurkat T cells were fixed, per-
meabilized, and reacted with an anti-V5 antibody. wt ORF5 was
localized primarily at the plasma membrane, whereas the G2A
mutant was detected in the cytoplasm, with a dramatic reduction

of plasma membrane localization (Fig. 2B). This result indicates
that the amino-terminal myristoylation is necessary for the effi-
cient localization of ORF5 at the plasma membrane.

The membrane lipid raft microdomain has been described as
a functional platform for signaling of various stimuli and traf-
ficking of signal receptor molecules (6, 7). To further investi-
gate the potential lipid raft localization of ORF5, 293T cells
were transfected with empty vector or ORF5 expression vector.
At 48 h posttransfection, cells were lysed with 1% Triton X-100
and subjected to discontinuous centrifugation. Fractions 3-4-5,
6-7-8, and 9-10-11 were previously shown to contain the raft
region, the interval region, and the soluble region of the gra-
dients, respectively (39). Immunoblot assay showed that ORF5
was present primarily in lipid raft fractions (Fig. 2C). The
position and integrity of the lipid rafts in the sucrose gradient
were confirmed by the presence of the raft-associated GM1
ganglioside (Fig. 2C). These results collectively indicate that
ORF5 is modified by the amino-terminal myristoylation and is
constitutively present in lipid rafts.

FIG. 2. Myristoylation and membrane and lipid raft localization of ORF5. (A) Myristoylation of ORF5. 293T cells transiently transfected with
the V5-tagged wt ORF5 (lane 1), the ORF5 G2A mutant (lane 2), and Myc-tagged Lck (lane 3) were metabolically labeled with [3H]myristate
overnight, lysed in radioimmunoprecipitation assay buffer, and immunoprecipitated (IP) with anti-V5 (	V5) or anti-Myc (	Myc) antibody.
Immunoprecipitates were then analyzed by SDS-PAGE and fluorography (top) or by an 	V5 and 	Myc immunoblot (IB) (bottom). (B) Local-
ization of ORF5. At 36 h postelectroporation with wt ORF5 or ORF5 G2A mutant expression vector, Jurkat T cells were fixed with 2%
paraformaldehyde, permeabilized, and reacted with mouse monoclonal anti-V5 antibody followed by Alexa 488-conjugated goat anti-mouse
antibody. The cells were then stained with Lo-Pro-3 nuclear dye. Cells were visualized by laser-scanning microscopy, and representative optical
sections are presented. (C) ORF5 localization in lipid rafts. 293T cells were transfected with empty vector alone or V5-tagged ORF5 expression
vector. At 48 h posttransfection, cells were lysed with 1% Triton X-100 and subjected to discontinuous centrifugation. Each fraction was subjected
to immunoblot assay with anti-V5 antibody. HRP-conjugated CT-B (GM1) was used as a control to locate the lipid raft fractions.
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Interaction of tyrosine-phosphorylated ORF5 with SH2-con-
taining cellular proteins. To identify cellular proteins interact-
ing with ORF5, a GST pull down assay was performed with
bacterial GST fusion proteins. Unphosphorylated GST-ORF5
was produced from the E. coli Top10 strain, and tyrosine-
phosphorylated GST-ORF5 (GST-pORF5) was produced
from the E. coli TKX1 strain, which contains the elk tyrosine
kinase. The elk tyrosine kinase has broad specificity and effi-
ciently phosphorylates many mammalian proteins in E. coli.
We found that over 60% of GST-ORF5 protein purified from
E. coli TKX1 was tyrosine phosphorylated by elk kinase (Fig.
3).

In an effort to identify cellular proteins interacting with
ORF5, we performed bulk purification with over 10 liters of
Jurkat T-cell pellets with GST, GST-ORF5, or GST-pORF5
fusion protein. Several cellular proteins specifically interacted
with GST-pORF5 protein but not with GST and GST-ORF5
protein (Fig. 3). Mass spectrometry revealed that these cellular
proteins were Lck, Fyn, SLP-76, and the PI3 kinase regulatory
subunit (p85) and catalytic subunit (p110) (Fig. 3). Interest-
ingly, all of these cellular proteins except p110 contain an SH2
domain. It seems likely that Lck, Fyn, SLP-76, and p85 interact
with the phosphorylated ORF5 through their SH2 domains,
whereas p110 interacts through its association with the p85
regulatory subunit.

Identification of the tyrosine residues of ORF5 that are
responsible for binding to cellular proteins. To define the

tyrosine residues of ORF5 that are responsible for binding to
cellular proteins, each tyrosine residue of ORF5 was mutated
to phenylalanine to generate Y23F, Y44F, Y55F, Y62F, Y72F,
and Y87F. These GST-ORF5 mutant fusion proteins were pu-
rified from the Top10 or TKX1 bacterial strain and used for in
vitro binding assays as described for Fig. 3. While the tyrosine-
phosphorylated fusion proteins containing wt, Y23F, Y44F,
Y55F, Y62F, and Y87F bound to Lck at similar levels, the
tyrosine-phosphorylated GST-ORF5 Y72F fusion did not do so
under the same conditions, indicating that phosphorylated Y72

is the primary site for Lck interaction (Fig. 4). In addition, the
tyrosine-phosphorylated GST-ORF5 Y44F fusion was not able
to bind to SLP-76, while all other tyrosine-phosphorylated
GST-ORF5 fusion proteins efficiently bound to SLP-76, indi-
cating that phosphorylated Y44 is the principal site for SLP-76
interaction (Fig. 4). In contrast, none of the Y-F mutations of
ORF5 abolished the interaction with Fyn and p85, suggesting
that Fyn and p85 likely bind to multiple tyrosine residues of
ORF5 (Fig. 4). Finally, ORF5 binding to these cellular pro-
teins appeared to be specific, because these interactions were
detected only with the tyrosine-phosphorylated GST-ORF5
proteins and not with the unphosphorylated GST-ORF5 pro-
teins (Fig. 4). These results indicate that ORF5 efficiently binds
to cellular SH2-containing Lck, Fyn, p85, and SLP-76 signaling
molecules through its phosphorylated tyrosine residues.

ORF5 interaction with Src family PTKs. We next examined
the interaction of ORF5 with the Src family PTKs Lck and Fyn
by performing in vitro immune complex kinase assays. To gen-
erate cells stably expressing ORF5, pEF.IRES.puro expression
vector containing the V5-tagged ORF5 gene was electropo-
rated into human Jurkat T cells, followed by selection for
puromycin resistance. ORF5 protein was readily detected in
puromycin-resistant Jurkat-ORF5 cells by immunoblotting
with an anti-V5 antibody. Lysates of Jurkat-vector and Jukat-
ORF5 cells were used for immunoprecipitation with anti-V5,

FIG. 3. Identification of cellular proteins interacting with the ty-
rosine-phosphorylated ORF5. (Left) Glutathione-Sepharose beads
containing GST (lane 1), GST-ORF5 (lane 2), or tyrosine-phosphory-
lated GST-ORF5 (GST-pORF5) (lane 3) were resolved by SDS-
PAGE, followed by immunoblotting (IB) with an antiphosphotyrosine
antibody (	pY). (Right) Glutathione-Sepharose beads containing
GST (lane 1), GST-ORF5 (lane 2), or phosphorylated GST-ORF5
(GST-pORF5) (lane 3) were mixed with lysates of Jurkat T cells.
ORF5 binding proteins were resolved by SDS-PAGE and visualized by
Coomassie blue staining. Arrows indicate the PI3 kinase catalytic sub-
unit (p110), PI3 kinase regulatory subunit (p85), SLP-76 (p75), Lck,
and Fyn (p55). Numbers in parentheses indicate the frequency of
peptides of each cellular protein obtained from mass spectrometry.

FIG. 4. Identification of tyrosine residues of ORF5 responsible for
binding to cellular proteins. GST and GST-ORF5 mutant fusion pro-
teins purified from either E. coli strain Top10 or TKX1 were mixed
with Jurkat T-cell lysates. Polypeptides associated with GST and GST-
ORF5 fusion proteins were separated by SDS-PAGE and subjected to
immunoblotting with anti-Lck, anti-Fyn, and anti-p85 antibodies.
Whole-cell lysate (WCL) obtained from 293T cells transfected with a
Flag-tagged SLP-76 expression vector and anti-Flag antibody were
used for this assay. WCL was included as a control. GST and GST-
ORF5 mutant fusion proteins purified from either E. coli strain Top10
or TKX1 were resolved by SDS-PAGE and subjected to immunoblot-
ting with an antiphosphotyrosine (	pY) antibody and also stained with
Coomassie blue (CB).
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anti-Lck, or anti-Fyn antibodies, followed by in vitro kinase
reaction with [�-32P]ATP. In vitro kinase reaction with V5
immunoprecipitates revealed that ORF5 protein was readily
phosphorylated by associated kinases (Fig. 5A). In addition to
the 20- to 25-kDa ORF5 protein, cellular proteins of 55, 85,
110, and 140 kDa were present in the ORF5 immune complex.
In vitro kinase reactions with Lck and Fyn immune complexes
also showed that both contained 20- to 25-kDa bands that
comigrated with ORF5 (Fig. 5A). Furthermore, Lck kinase
activity was greatly enhanced in Jurkat-ORF5 cells compared
with that in Jurkat-vector cells. To further delineate the ORF5
effect on Lck and Fyn kinase activities, Jurkat-vector and Jur-
kat-ORF5 cells were unstimulated or stimulated with an anti-
CD3 antibody, followed by immunoprecipitation with anti-Lck
and anti-Fyn antibodies and in vitro kinase reaction. Enolase
was also included in the in vitro kinase reaction as a substrate.
The results of autophosphorylation of Lck and Fyn and
transphosphorylation of enolase showed that Jurkat-ORF5
cells contained the enhanced kinase activities of Lck and Fyn
compared to Jurkat-vector cells in the absence of anti-CD3
stimulation, whereas Lck and Fyn kinase activities were further
increased in Jurkat-ORF5 cells upon anti-CD3 stimulation
(Fig. 5B). These results suggest that Lck and Fyn interact with
and efficiently phosphorylate ORF5 protein in living cells and
that Lck and Fyn kinase activities are likely activated by ORF5
interaction.

To further demonstrate that ORF5 is a target and interact-
ing protein for Lck and Fyn kinases, 293T cells were trans-
fected with the V5-tagged ORF5 expression vector alone or
together with Lck or Fyn expression vector. At 48 h posttrans-
fection, cell lysates were used for immunoblotting with anti-
phosphotyrosine or anti-V5 antibodies or for in vitro binding
assay with GST-Lck-SH2/SH3 or GST-Fyn-SH2/SH3 fusion
proteins. Immunoblotting showed that ORF5 was effectively
phosphorylated by Lck and Fyn kinases and that the tyrosine-
phosphorylated form of ORF5 migrated more slowly in SDS-
PAGE than the unphosphorylated form of ORF5 (Fig. 5C and
D, lanes 3). In vitro binding assays showed that the SH2 do-
mains of Lck and Fyn strongly bound to tyrosine-phosphory-
lated ORF5 protein but did not bind to unphosphorylated
ORF5 protein (Fig. 5C and D). These results demonstrate that
ORF5 is readily phosphorylated by Lck and Fyn in living cells
and that the tyrosine-phosphorylated ORF5 in turn interacts
with the SH2 domains of Lck and Fyn.

To investigate whether the phosphorylation of ORF5 by Lck
and Fyn was specific, 293T cells were cotransfected with the
V5-tagged ORF5, Lck, Fyn, and ZAP70 in various combina-
tions. In addition, ORF5 was replaced with the Myc-tagged
LAT as a control for ZAP70-mediated tyrosine phosphoryla-
tion. At 48 h posttransfection, whole-cell lysates were used for
immunoblotting with antiphosphotyrosine, anti-ZAP70, anti-
V5, and anti-Myc antibodies. This showed that ORF5 tyrosine
phosphorylation was readily detected in cells expressing Lck or
Fyn, whereas it was not detected in cells expressing ZAP70
(Fig. 5E, lanes 2, 3, and 4). Furthermore, ZAP70 expression
did not enhance the Lck- or Fyn-mediated tyrosine phosphor-
ylation of ORF5 (Fig. 5E, lanes 5 and 6). Finally, the migration
of ORF5 was significantly retarded due to its tyrosine phos-
phorylation in cells expressing Lck or Fyn but not in cells
expressing ZAP70 (Fig. 5E). By contrast, the tyrosine phos-

phorylation of LAT was apparent in cells expressing Lck and
ZAP70, suggesting that, as previously shown (61), Lck activates
ZAP70, which in turn phosphorylates LAT (Fig. 5E, lane 10).
These results indicate that unlike cellular LAT, ORF5 is ef-
fectively tyrosine phosphorylated by Lck and Fyn kinases but
not by ZAP70 kinase.

Induction of TCR-mediated tyrosine phosphorylation of cel-
lular proteins by ORF5. An early signaling event following
TCR engagement is the increase in tyrosine phosphorylation of
cellular proteins (25). To examine the effect of ORF5 on TCR
signal transduction, Jurkat-vector and Jurkat-ORF5 cells were
stimulated with an anti-CD3 antibody for various times, and
whole-cell lysates were used for immunoblotting with an an-
tiphosphotyrosine antibody. No significant difference in TCR
or CD3 surface expression between Jurkat-vector and Jurkat-
ORF5 cells was detected (data not shown). However, immu-
noblotting revealed that while the tyrosine phosphorylation of
numerous cellular proteins was rapidly induced in both Jurkat-
vector and Jurkat-ORF5 cells upon TCR stimulation, the level
of tyrosine phosphorylation was much higher in Jurkat-ORF5
cells (Fig. 6A). Particularly, the levels and rates of tyrosine
phosphorylation of specific cellular proteins (15, 19, 22, 32, 53,
55, 70, 85, 110, and 140 kDa) were significantly higher in
Jurkat-ORF5 cells than in Jurkat-vector cells. To further dem-
onstrate the increase of tyrosine phosphorylation of cellular
proteins in Jurkat-ORF5 cells upon TCR stimulation, PLC-�1,
ZAP70, and CD3� proteins were immunoprecipitated with
their specific antibodies and reacted with an antiphosphoty-
rosine antibody. The tyrosine phosphorylation of PLC-�1,
ZAP70, and CD3� proteins was considerably higher in Jurkat-
ORF5 cells than in Jurkat-vector cells upon TCR stimulation
(Fig. 6B). Furthermore, the tyrosine phosphorylation of ORF5
was also detected after TCR stimulation. These results dem-
onstrate that ORF5 expression enhances cellular tyrosine
phosphorylation induced by TCR signal transduction.

Upregulation of TCR signal transduction by ORF5. Upon
engagement with the MHC complexes on the antigen-present-
ing cells or target cells, TCR initiates an array of signal trans-
duction events: rapid tyrosine phosphorylation of cellular pro-
teins, increased intracellular free calcium, activation of cellular
transcription factor activity, and, ultimately, production of IL-2
(33). To further examine the effect of ORF5 on TCR-induced
intracellular free calcium mobilization, Jurkat T cells contain-
ing vector or wt ORF5 were treated with an anti-CD3 antibody
and monitored by flow cytometry for the level of intracellular
free calcium. To demonstrate the specificity of ORF5 activity
in TCR signal transduction, Jurkat T cells stably expressing the
ORF5 Y72F mutant lacking Lck binding were constructed and
included in this assay. Control Jurkat-vector cells exhibited a
rapid increase in intracellular calcium concentration immedi-
ately after anti-CD3 antibody stimulation, whereas Jurkat T
cells transiently or stably expressing ORF5 showed a signifi-
cantly enhanced level of intracellular calcium under the same
conditions (Fig. 7A). In striking contrast, Jurkat T cells stably
expressing the ORF5 Y72F mutant showed a reduced level of
intracellular calcium compared to control Jurkat-vector and
Jurkat-ORF5 cells (Fig. 7A). The ORF5 Y72F mutant was
expressed at a level equivalent to that for wt ORF (Fig. 7A,
right panel). This indicates that, as seen with tyrosine phos-
phorylation, TCR-mediated intracellular calcium mobilization
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FIG. 5. Interaction of ORF5 with Src family kinases. (A) In vitro immune complex kinase reactions. Jurkat-vector (lanes 1) and Jurkat-ORF5
(lanes 2) cell lysates were immunoprecipitated (IP) with anti-V5 (	V5), anti-Lck, and anti-Fyn antibodies. Subsequently, immunoprecipitates were
subjected to an in vitro immune complex kinase assay with [�-32P]ATP. Arrows indicate Fyn, Lck, and ORF5 proteins. Molecular weight markers
(in thousands) are indicated at the left. (B) In vitro Lck and Fyn kinase reactions. Jurkat-vector and Jurkat-ORF5 cells were unstimulated (�) or
stimulated (�) with an anti-CD3 antibody for 3 min, and cell lysates were then immunoprecipitated with anti-Lck and anti-Fyn antibodies.
Subsequently, immunoprecipitates were subjected to an in vitro immune complex kinase assay with [�-32P]ATP and 5 �g of enolase. (C) In vitro
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is also greatly enhanced by ORF5 and that ORF5 interaction
with Lck is necessary for this activity.

Furthermore, we examined whether ORF5 expression in-
duced the activation of cellular AP-1, NF-
B, and NF-AT
transcription factors. At 36 h postelectroporation with each
transcription factor luciferase reporter construct cotransfected
with increasing amounts of ORF5 expression vector, lysates of
Jurkat T cells were used to measure luciferase activity. AP-1
and NF-AT transcription factor activity was drastically acti-
vated by ORF5 expression, whereas NF-
B transcription fac-
tor activity was only weakly induced under the same conditions
(Fig. 7B).

Finally, the production of IL-2 cytokine and the surface
expression of the CD69 early lymphocyte activation marker,
which are the consequences of TCR signal transduction (13),

were measured in Jurkat T cells electroporated with empty
vector or ORF5 expression vector. At 36 h posttransfection,
these cells were costimulated with or without anti-CD3 and
anti-CD28 antibody for 8 h. The ORF5 G2A mutant was in-
cluded in this assay as a control. IL-2 production was observed
in vector-transfected Jurkat T cells only after CD3-CD28 co-
stimulation (Fig. 7C). In ORF5-expressing cells, IL-2 produc-
tion was detected in the absence of CD3-CD28 costimulation,
whereas it was considerably enhanced in the presence of CD3-
CD28 costimulation (Fig. 7C). In contrast, ORF5 G2A-
expressing cells without CD3-CD28 costimulation did not pro-
duce IL-2 cytokine, whereas with CD3-CD28 costimulation
they did produce IL-2, but at a lower level than control Jurkat
T cells and Jurkat T cells expressing wt ORF5 (Fig. 7C).

In concert with IL-2 production, ORF5 expression also up-

interaction of tyrosine-phosphorylated ORF5 with the SH2 domain of Lck kinase. 293T cells were transfected with the V5-tagged ORF5 expression
vector (lanes 1), Myc-tagged Lck expression vector (lanes 2), or V5-tagged ORF5 and Myc-tagged Lck expression vector (lanes 3). Whole-cell
lysates (WCL) were used for immunoblotting (IB) with anti-V5 or antiphosphotyrosine (	pY) antibody to show ORF5 expression and its tyrosine
phosphorylation. The same WCL were then used for binding assay with Sepharose bead-conjugated Lck-SH2, Lck-SH3, or Lck-SH2/SH3 followed
by immunoblotting with either an anti-V5 or antiphosphotyrosine antibody. (D) In vitro interaction of tyrosine-phosphorylated ORF5 with the SH2
domain of Fyn kinase. Samples and procedures were as described for panel C, except for the use of Fyn in place of Lck kinase. (E) Lck and Fyn
but not ZAP70 phosphorylate ORF5. 293T cells were transfected with the V5-tagged ORF5, Myc-tagged LAT, Lck, Fyn, and ZAP70 expression
vector in various combinations. At 48 h posttransfection, cell lysates were used for immunoblotting with an antiphosphotyrosine antibody. The
bottom panels show the expression levels of ZAP70, ORF5, and LAT. Arrows indicate Lck, Fyn, ZAP70, LAT, and ORF5. Lane 1, ORF5; lane
2, Lck plus ORF5; lane 3, Fyn plus ORF5; lane 4, ZAP70 plus ORF5; lane 5, Lck plus ZAP70 plus ORF5; lane 6, Fyn plus ZAP70 plus ORF5;
lane 7, LAT; lane 8, Lck plus LAT; lane 9, ZAP70 plus LAT; lane 10, Lck plus ZAP70 plus LAT. Numbers on the left are molecular weights in
thousands.

FIG. 6. TCR-mediated tyrosine phosphorylation of cellular proteins. (A) Jurkat-vector and Jurkat-ORF5 cells were stimulated with anti-CD3
(	CD3) Dynabeads at 37°C for the indicated times. Equivalent amounts of whole-cell lysates (A) were then separated by SDS-PAGE and
immunoblotting with an antiphosphotyrosine antibody. Molecular weight markers (in thousands) are indicated to the left, and the arrows indicate
the tyrosine-phosphorylated proteins. (B) The same whole-cell lysates were then used for immunoprecipitation (IP) with anti-PLC-�1, anti-ZAP70,
anti-CD3�, and anti-V5 antibodies. After extensive washing, immunoprecipitates were separated by SDS-PAGE and analyzed by immunoblotting
(IB) with an antiphosphotyrosine (	pY) antibody or an antibody specific for PLC-�1, ZAP70, CD3�, or V5-ORF5.
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regulated the surface expression of CD69 activation antigen in
Jurkat T cells regardless of TCR stimulation (Fig. 7D). To
further explore the upregulation of CD69 surface expression
by ORF5, we expressed ORF5 in Lck-deficient J.CaM1 cells,
SLP-76-defient J14-v-29 cells, and ZAP70-deficient P116 cells,
which were derived from Jurkat T cells (49, 56, 59). In contrast
to its activity in parental Jurkat T cells, ORF5 expression was
incapable of inducing the upregulation of CD69 surface ex-
pression in Lck-deficient J.CaM1 cells and SLP-76-defient J14-
v-29 cells, indicating that Lck and SLP-76 are required for

ORF5’s ability to induce CD69 surface expression (Fig. 7D). In
striking contrast, ORF5 upregulated CD69 surface expression
in ZAP70-deficient P116 cells in the absence of TCR stimula-
tion as efficiently as in parental Jurkat T cells (Fig. 7D). Fur-
thermore, PMA stimulation synergistically enhanced the CD69
surface expression induced by ORF5 expression in ZAP70-
deficient P116 cells (Fig. 7D). These results collectively dem-
onstrate that ORF5 expression efficiently enhances TCR signal
transduction activity, as evidenced by the increase of tyrosine
phosphorylation of cellular proteins, intracellular calcium mo-

FIG. 7. Enhancement of TCR signal transduction by ORF5. (A) Intracellular calcium mobilization. Jurkat T cells electroporated with
pTracerEF.GFP or pTracerEF.GFP-ORF5 (left two panels) and stable Jurkat-vector, Jurat-ORF5, or Jurkat-ORF5 Y72F cell lines (middle panel)
were stimulated with an anti-CD3 (	CD3) antibody. Calcium mobilization of GFP-positive cell populations was monitored over time by changes
in the ratio of violet to blue (405 to 485 nm) fluorescence. Data for calcium mobilization in the left two panels are presented as a histogram of
the number of cells with a particular fluorescence ratio (y axis) versus time (x axis). Data in the middle panel are presented as linear lines of the
averaged number of responding cells. The breaks in the graphs indicate the time intervals during the addition of CD3 antibody. Data were similar
in two independent experiments. wt ORF5 and ORF5 Y72F mutant expressions in Jurkat T cells were determined by immunoblotting (IB) with
an anti-V5 antibody (right panel). (B) Activation of AP-1, NF-
B, and NF-AT transcription factor activity by ORF5. Jurkat T cells were
electroporated with 20 �g of plasmids containing the luciferase reporter vector containing an AP-1-, NF-
B-, or NF-AT-dependent promoter
sequence with increasing amounts of ORF5 expression vector. At 36 h posttransfection, the level of luciferase activity was measured by using cell
lysates. Luciferase activity was normalized to �-galactosidase activity for transfection efficiency. Shown is the fold induction obtained with vector,
based on the average and standard error from two independent experiments. The same cell lysates were used for immunoblot analysis to confirm
the expression of ORF5 (bottom panels). (C) IL-2 production. At 36 h postelectroporation with vector, ORF5 expression vector, or ORF5 G2A
mutant expression vector, Jurkat T cells were stimulated with or without anti-CD3-CD28 Dynabeads for an additional 8 h. The supernatants were
used to assay IL-2 production by enzyme-linked immunosorbent assay. (D) Surface expression of CD69. At 24 h postelectroporation with
pTracerEF.GFP or pTracerEF.GFP-ORF5, Jurkat T, Lck-deficient J.CaM1, SLP76-deficient J14-v-76, or ZAP70-deficient P116 cells were
unstimulated or stimulated with either anti-CD3 Dynabeads or PMA (50 ng/ml) for an additional 16 h. GFP-positive cell populations were then
gated and examined for CD69 surface expression by flow cytometry.
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bilization, CD69 surface expression, IL-2 production, and the
activation of NF-AT, NF-
B, and AP-1 transcription factor
activity. Furthermore, this activity requires Lck and SLP-76
expression, but not ZAP70 expression.

Partial substitution of ORF5 for LAT function. LAT has
been shown to be critical for the optimal activation of T cells
and to function in linking proximal signaling events to distal
downstream signaling actions (20, 61). The LAT-deficient
J.CaM2.5 variant of Jurkat T cells fails to elevate intracellular
calcium, increase CD69 activation marker, or activate NF-AT

and AP-1 transcription factor activity upon TCR stimulation
(20). Since ORF5 contains an amino-terminal membrane at-
tachment site and six SH2 binding motifs, showing structural
similarity to LAT, we next investigated whether ORF5 was
capable of substituting for LAT function in TCR signal trans-
duction. J.CaM2.5 cells were electroporated with pTracerEF.
GFP, pTracerEF.GFP-ORF5, or pTracerEF.GFP-LAT ex-
pression vector. At 36 h postelectroporation, cells were stim-
ulated with anti-CD3 antibody, and GFP-positive J.CaM2.5
cells were then monitored for intracellular free calcium mobi-

FIG. 7—Continued.
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lization and CD69 surface expression by flow cytometry. wt
LAT expression efficiently induced the elevation of intracellu-
lar calcium and CD69 surface expression upon TCR stimula-
tion (Fig. 8). However, ORF5 expression only partially substi-
tuted for LAT function in inducing intracellular calcium
mobilization upon CD3 stimulation and did not substitute at
all for LAT in the upregulation of CD69 surface expression
(Fig. 8). GFP expression resulted in no effect on either intra-
cellular calcium mobilization or CD69 surface expression un-
der the same conditions (Fig. 8). These results indicate that,
despite its structural similarity, ORF5 is only capable of par-
tially substituting for LAT function in linking proximal signal-
ing events to the downstream intracellular calcium influx.
These results also suggest that ORF5 is likely distinct from
LAT in its action in TCR signal transduction.

DISCUSSION

In this study, we identified a novel viral signaling adaptor
protein, ORF5, encoded by T-lymphotropic HVS. Sequence
comparison of ORF5 proteins from 13 HVS isolates revealed
that ORF5 contains two conserved motifs: a myristoylation site
and six SH2 binding motifs. Protein binding assays showed that
tyrosine-phosphorylated ORF5 interacted with cellular SH2-
containing proteins Lck, Fyn, SLP-76, and PI3 kinase. The
consequence of ORF5 interaction with these cellular signaling
molecules was the strong augmentation of TCR signal trans-
duction, evidenced by increased tyrosine phosphorylation, in-
tracellular calcium mobilization, IL-2 production, CD69 sur-
face expression, and activation of cellular transcription factors

AP-1, NF-AT, and NF-
B. Thus, these results demonstrate
that HVS ORF5 functions as an adaptor to efficiently link
proximal signaling events to distal downstream signaling ac-
tions.

Previous sequence analysis indicated the presence of a small
open reading frame, encoding ORF5, in the HVS subgroup A
and C genomes (1, 18). Despite strong conservation of the
ORF5 gene between two strains, the ORF5 proteins of sub-
group A strain 11 and subgroup C strain 488 showed dramatic
sequence variation throughout the coding sequence, particu-
larly in the amino-terminal region. Our RT-PCR analysis dem-
onstrated that the ORF5 genes of both viruses are spliced near
the 5� end of the coding sequence, which leads to the addition
of 14 identical amino acids to their amino terminus, providing
the amino-terminal myristoylation site for membrane attach-
ment. Sequence comparison of 13 ORF5 alleles showed that
ORF5 was relatively conserved within each subgroup but
showed a dramatic sequence divergence between subgroups;
for example, there was 97 to 100% identity among members of
the A11 cluster of subgroup A but only 46 to 50% identity
between the A11 cluster and subgroup C. Among more than 80
different open reading frames compared between HVS sub-
group A11 and C488 strains, only two other open reading
frames have been shown to display considerable sequence di-
vergence (2, 14, 36). These are the STP oncoprotein and the
Tip signaling protein. Neither of these proteins is required for
viral replication, but they are required for in vitro T-cell im-
mortalization and in vivo lymphoma induction (28). Our study
has added ORF5 to this list of divergent viral proteins. Inter-
estingly, all three viral proteins play important roles in the
deregulation of cellular signal transduction: STP activates Ras
and TRAF signal transduction (26), Tip deregulates Lck signal
transduction (28), and ORF5 enhances TCR signal transduc-
tion. This unusually high diversity between HVS subgroups
reflects some unknown, powerful biological selection process
that has been acting preferentially on these viral signaling
proteins. This also suggests that, similar to the case for STP
and Tip, ORF5 may be dispensable for viral replication but
indispensable for viral oncogenesis. This possibility is under
active investigation.

The divergence of the ORF5 amino acid sequence raises the
intriguing possibility that different ORF5 alleles may have dif-
ferent signaling activities or different cellular targets. However,
we found that, despite the dramatic divergence throughout the
ORF5-coding sequence, all six SH2 binding motifs were com-
pletely conserved among 13 isolates. In addition, HVS strain
A11 ORF5 also induced CD69 surface expression and NF-AT
and AP-1 transcription factor activity as efficiently as HVS
stain C488 ORF5 (data not shown). Thus, despite dramatic
amino acid sequence divergence, ORF5 alleles likely have sim-
ilar activity and cellular targets in TCR signal transduction.

Upon engagement with the MHC complex on antigen-pre-
senting cells or target cells, TCR initiates an array of signal
transduction events: rapid tyrosine phosphorylation of cellular
proteins, increased intracellular free calcium, and ultimately,
activation of cellular transcription factor activity. Numerous
studies have demonstrated a critical role of adaptor proteins in
TCR signal transduction (12, 23, 25, 41, 45, 46, 53). Particu-
larly, LAT is a prominent adaptor molecule that is essential for
linking the proximal signaling events of the TCR pathway to

FIG. 8. Partial substitution of ORF5 for LAT function in TCR
signal transduction. (Top) Intracellular calcium mobilization.
J.CaM2.5 LAT-deficient cells electroporated with pTracerEF.GFP,
pTracerEF.GFP-ORF5, or pTracerEF.GFP-LAT were stimulated
with anti-CD3 (	CD3) Dynabeads, and calcium mobilization in GFP-
positive cell populations was then monitored over time. The procedure
and data presentation are as described for Fig. 7A. Data were similar
in two independent experiments. (Bottom) Surface expression of
CD69. At 24 h postelectroporation with pTracerEF.GFP or pTracerEF.
GFP-ORF5, J. CaM2.5 cells were unstimulated or stimulated with
either anti-CD3 Dynabeads or PMA (50 ng/ml) for an additional 16 h.
GFP-positive cell populations were then gated and examined for CD69
surface expression by flow cytometry.
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the distal downstream signaling events. Interestingly, ORF5
displays a similarity to LAT; both have an amino-terminal
membrane attachment motif and multiple SH2 binding motifs,
and both augment TCR signal transduction. Despite this sim-
ilarity, however, the level of functional substitution of ORF5
for LAT was only minimal. This finding indicates that ORF5 is
similar but distinct from LAT. This notion is also supported by
our finding that while ZAP70 is the primary kinase to phos-
phorylate LAT in the TCR signaling pathway (61), Lck and
Fyn but not ZAP70 were capable of efficiently phosphorylating
ORF5. This suggests that ORF5 enhances TCR signal trans-
duction in a way distinct from that of LAT.

We used in vitro GST pull-down assays with bacterially pu-
rified tyrosine-phosphorylated ORF5 to identify cellular inter-
acting proteins. This revealed that tyrosine-phosphorylated
ORF5 interacted with cellular SH2-containing Lck, Fyn, SLP-
76, and p85. This interaction was specific, because unphos-
phorylated ORF5 was unable to interact with these cellular
proteins. In addition, the precise point mutations containing
the replacements of tyrosine residues of ORF5 with phenylal-
anine resulted in the specific loss of interaction with cellular
proteins. Furthermore, the lack of Lck or SLP-76 expression
abolished the ability of ORF5 to augment CD69 surface ex-
pression, and the ORF5 Y72F mutant, which lacked Lck bind-
ing, was incapable of enhancing TCR signal transduction. Fi-
nally, when we used the same GST pull-down procedure with
bacterially purified tyrosine-phosphorylated KSHV K1 and
HVS Tip, which both also contain SH2 binding motifs, we
identified completely different repertoires of cellular SH2-con-
taining proteins (unpublished results). These features support
the validity and specificity of our procedure to identify cellular
proteins interacting with tyrosine-phosphorylated ORF5.
However, since this procedure may lead to a biased represen-
tation of cellular interacting proteins, we will continue our
efforts to identify additional cellular proteins interacting with
ORF5 by using a modified yeast two-hybrid screen (30) and/or
in vivo binding protein purification.

Herpesviruses have a large genome and thus have the luxury
of being able to utilize multiple genes to achieve the desired
association with the host. The reason that these viruses retain
such genes is not to cause disease in the host but to facilitate
their persistence in the host. Since HVS is T lymphotropic, the
regulation of TCR may be an essential part of the HVS life
cycle that allows it to persist in the host. We have found that at
least three HVS proteins directly target TCR signal transduc-
tion. ORF14 protein, a homolog of MMTV vSag, is detected
primarily during lytic replication and induces the polyclonal
proliferation of CD4-positive T cells through an interaction
with MHC class II-TCR molecules (60). Tip, which is ex-
pressed primarily during viral latency, interacts with Lck ty-
rosine kinase and p80 endosomal protein and thus interferes
with early events in the TCR signal transduction pathway and
induces a rapid endocytosis of the TCR complex (39, 40).
Finally, ORF5, which is expressed primarily during viral rep-
lication cycle but not during the viral latent cycle (unpublished
results), interacts with cellular SH2-containing proteins, which
results in the strong augmentation of TCR signal transduction.
This indicates that T-lymphotropic HVS elaborately regulates
TCR signal transduction at multiple points in the viral life cycle
and that the positive or negative activity of HVS toward TCR

signal transduction also differs, depending on the stage of viral
life cycle: ORF5 and ORF14 lytic proteins activate TCR signal
transduction to facilitate viral progeny production, whereas
Tip latent protein inactivates TCR signal transduction to avoid
host immune recognition and to establish and/or maintain viral
latency. Future study of the molecular mechanisms of HVS-
mediated TCR signal transduction will lead to a better under-
standing of viral persistence and disease progression and also
provide a novel means for investigating the cellular regulatory
systems of signal transduction pathways.
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