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Herpesvirus ateles is a gamma-2-herpesvirus which naturally infects spider monkeys (4teles spp.) and causes
malignant lymphoproliferative disorders in various other New World primates. The genomic sequence of
herpesvirus ateles strain 73 revealed a close relationship to herpesvirus saimiri, with a high degree of
variability within the left terminus of the coding region. A spliced mRNA transcribed from this region was
detected in New World monkey T-cell lines transformed by herpesvirus ateles in vitro or derived from T cells
of infected Saguinus oedipus. The encoded viral protein, termed Tio, shows restricted homology to the onco-
protein StpC and to the tyrosine kinase-interacting protein Tip, two gene products responsible for the
T-cell-transforming and oncogenic phenotype of herpesvirus saimiri group C strains. Tio was detectable in
lysates of the transformed T lymphocytes. Dimer formation was observed after expression of recombinant Tio.
After cotransfection, Tio was phosphorylated in vivo by the protein tyrosine kinases Lck and Src and less
efficiently by Fyn. Stable complexes of these Src family kinases with the viral protein were detected in lysates
of the transfected cells. Binding analyses indicated a direct interaction of Tio with the SH3 domains of Lyn,
Hck, Lck, Src, Fyn, and Yes. In addition, tyrosine-phosphorylated Tio bound to the SH2 domains of Lck, Src,
or Fyn. Thus, herpesvirus ateles-encoded Tio may contribute to viral T-cell transformation by influencing the

function of Src family kinases.

Two simian viruses, herpesvirus saimiri (HVS) and herpes-
virus ateles (HVA), have been isolated from squirrel (Saimiri
sciureus) and spider (Ateles spp.) monkeys, respectively. They
have proven unique in the ability to induce T-cell lymphomas
and leukemias in several New World primate species cognate
to the natural hosts. HVS and HVA are related viruses of the
genus Rhadinovirus (gamma-2-herpesviruses) which differ in
their biological properties (reviewed in reference 28). While
genomic sequences in general are well conserved among these
rhadinoviruses, the far left ends of the coding sequences dis-
play a pronounced variability (1, 2, 23, 58, 66, 67, 73). In the
case of HVS, this led to the classification of the viral isolates
into subgroups A, B, and C (53). The divergence correlated
with differences in the ability of HVS strains to immortalize T
lymphocytes in vitro (4, 72).

Sequence analyses of this variable region revealed open
reading frames for all of the HVS isolates examined. Subgroup
A strains code for StpA (saimiri transformation-associated
protein of group A) (48, 57), the corresponding reading frame
of subgroup B isolate SMHI was designated StpB (3), and two
open reading frames in subgroup C genomes give rise to StpC
and Tip (5, 31). The viral proteins have only limited sequence
similarities. A hydrophobic carboxy terminus is common to all
of these proteins and probably serves as a membrane anchor
(3, 38, 42, 51). The amino-terminal parts of StpA, StpC, and
Tip are rich in acidic amino acids (42). The central region of
StpC consists of 18 consecutive collagen-like triplets (Gly-X-Y,
where X and/or Y represent Pro), and individual triplets are
spread over the amino-terminal halves of StpA and StpB (3,
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42). Spontaneous and targeted viral deletion mutants of sub-
group A and C strains indicated that these proteins are not
required for virus replication but are responsible for the on-
cogenic phenotype of these viruses in vitro and in vivo (13, 14,
18, 43, 44, 52). StpA and StpC were also shown to be oncogenic
in the absence of other viral factors. Both proteins were found
to be sufficient to transform rodent fibroblast cells in vitro (42).
In addition, mice carrying an StpC-encoding transgene devel-
oped malignant epithelial tumors (56), while animals with a
StpA-encoding transgene developed peripheral T-cell lympho-
mas (46).

The transforming effects are supposed to be mediated by
cellular factors interacting with the viral proteins. StpA was
found to interact with cellular Src and, after phosphorylation
by Src, bound to Lck and Fyn kinase Src homology 2 (SH2)
domains in vitro (48). SH2 domains generally consist of about
150 amino acids and directly bind to phosphotyrosine residues.
Specificity of distinct SH2 domains is determined by flanking
sequences of the tyrosine residues (69, 70). The tyrosine-con-
taining motif of StpA (V/IYAEV/I) represents the consensus
for optimal binding to the SH2 domain. The tyrosine residue
within this domain is required for interaction with Src (48). In
contrast, StpC associates with cellular Ras and activates mito-
gen-activated protein kinase (39). In the viral context, active
Ras may substitute for StpC in viral transformation (34), indi-
cating that Ras is indeed a major effector of the transforming
functions of StpC. However, StpC alone did not induce detect-
able alterations of the T-cell compartment in transgenic mice
(56). Additional viral factors were suspected to determine the
cell tropism of viral transformation. This function was attrib-
uted to the tyrosine kinase-interacting protein Tip, which has
been shown to associate with the lymphocyte-specific kinase
Lck (6, 51).

This interaction was found to be mediated by a region of
Tip containing a proline-rich Src homology 3 (SH3)-binding
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(SH3B) motif, a motif referred to as the C-terminal Src kinase
homology (CSKH) motif, and a spacer sequence between
SH3B and CSKH (40). On the other hand, the SH3 domain of
Lck has been shown to be sufficient to form a stable complex
with Tip in vitro (41). SH3 domains are protein modules me-
diating protein-protein interactions with short, specific, pro-
line-rich sequences that possess a left-handed polyproline type
II helix structure (25, 26, 65). The consequences of the Tip-Lck
interaction have been controversial, ranging from inhibition of
Lck-mediated signal transduction by Tip to dramatic stimula-
tion of Lck signaling and increased Lck phosphotransferase
activity in cell-free systems (41, 50, 59, 75). HVS expressing an
SH3B mutant form of Tip (Pro to Ala) effectively transformed
T lymphocytes in vivo and in vitro, leading to the assumption
that Lck interaction is not necessary for the Tip effector func-
tion (19). A novel Tip-associated protein, Tap, might instead
be the mediator of Tip functions essential for transformation.
Stable expression of Tap together with Tip in Jurkat cells
induced the surface expression of adhesion molecules, leading
to lymphocyte aggregation and NF-«B activation (77).

While HVS has been studied extensively during the last 2
decades, very little is known about HVA. In this report, we
describe the HVA strain 73-encoded protein Tio, which shares
homologies with HVS oncoprotein StpC and with Lck-inter-
acting protein Tip. This protein appears to be functionally
related to HVS proteins StpA and StpB, as well as to Tip.
Thus, Tio is considered to be the prime candidate for a novel
oncogene encoded by HVA strain 73.

MATERIALS AND METHODS

Cells, virus, and cell culture. Owl monkey kidney (OMK) cells (12) (OMK 637
[ATCC CRL 1556]) and 293T cells (20, 63) were kept in Dulbecco modified
Eagle medium supplemented with 10% fetal bovine serum, L-glutamine, strep-
tomycin, and penicillin. Virus was propagated on permissive OMK cells by
following standard protocols (27). HVA strain 73 was originally isolated from
lymphocytes by cocultivation with permissive cell cultures from a healthy spider
monkey (Ateles paniscus) imported from Colombia. Marmoset cell line A661 was
isolated after in vitro transformation of cotton-topped marmoset (Saguinus oe-
dipus) lymphocytes (28), cell line A1022 was obtained after isolation of lympho-
cytes from an S. oedipus marmoset infected with HVA strain 73 (24). Lymphoid
cell lines were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, L-glutamine, streptomycin, and penicillin but without exogenous
interleukin-2. Cell line A17 was established from the spleen of an S. oedipus
marmoset infected with HVS strain Al1l, cell line B1 was isolated from an S.
oedipus marmoset after infection with HVS group B strain SMHI, and cell line
C37 was established from a lymph node of an S. oedipus marmoset infected with
HVS strain C-488.

Molecular cloning of Tio, expression cloning, and recombinant proteins. The
genomic sequence of the Tio-encoding gene was obtained in the course of the
sequencing of the complete genome of HVA strain 73 as previously described
(1). mRNA was isolated from cell lines A661 and A1022, reverse transcribed, and
amplified by PCR using primers corresponding to the 5" end of orf2 and oli-
go(dT) or a primer derived from the 3’ end of orfl. To facilitate cloning,
restriction enzyme recognition sites and sequences corresponding to the Flag or
AULI epitope tag were attached to the primer sequences, resulting in N-termi-
nally tagged proteins. Identity to the genomic sequence was confirmed for all
derived clones by automated DNA sequencing on an ABI377 sequencer. Tio
c¢DNA was cloned into pGEX-2TK with or without a Flag epitope tag to give
glutathione S-transferase (GST) fusion proteins. These proteins were expressed
in standard Escherichia coli XL2-Blue bacteria or in bacteria expressing a con-
stitutively active Elk-1 tyrosine kinase (47) (TKX1; Stratagene, La Jolla, Calif.).
After affinity chromatography using glutathione-Sepharose CL4B, Flag epitope-
tagged Tio (Flag-Tio) and untagged Tio were purified by thrombin cleavage of
GST-Flag-Tio in accordance with the manufacturer’s (Amersham Pharmacia
Biotech, Freiburg, Germany) instructions. Eukaryotic expression clones were
constructed by cloning of Tio, Flag-Tio, or AU1 epitope-tagged Tio (AU-Tio)
into pcDNA3 (Invitrogen, Carlsbad, Calif.). Human Lck was cloned into the pFJ
expression vector (41), pFJ-Src was obtained from S. M. Lang, Erlangen, Ger-
many (17), and human Fyn (21) was cloned into the pcDNA-3.1(—)/Myc-HisA
vector (Invitrogen). GST-SH3 fusion proteins used for fluorescence spectrome-
try were expressed and purified as previously described (60). The functionality of
these fusion proteins has been previously described.

Antisera, antibodies, and synthetic peptides. Anti-Tio serum was raised in
rabbits immunized with purified GST-Tio or with Tio protein whose GST tag had
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been removed through site-specific proteolysis with thrombin. The antiserum was
used at a dilution of 1:5,000. Antibodies against Src family kinases were pur-
chased from Santa Cruz Biotechnologies (Santa Cruz, Calif.), Pharmingen (San
Diego, Calif.), Upstate Biotechnology Inc. (Lake Placid, N.Y.), or Transduction
Laboratories (Lexington, Ky.). Horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies were purchased from Dako (Hamburg, Germany), Jackson
Immunoresearch Laboratories (Dianova, Hamburg, Germany), or Medac (Ham-
burg, Germany). Anti-myc hybridoma cell line 9E10 was obtained from the
American Type Culture Collection (ATCC CRL-1729), and tissue culture su-
pernatants were used at a dilution of 1:100. Antiphosphotyrosine monoclonal
antibody PY99 (unconjugated or HRP coupled) was purchased from Santa Cruz
Biotechnologies and used at a dilution of 1:3,000. Synthetic peptides were syn-
thesized and purified at the Institute for Biochemistry, University of Erlangen.
The authentic sequences of the peptides were determined by mass spectrometry.

Transient transfection, immunoprecipitation, and immunoblotting. 293T cells
were transfected with plasmid DNA by using a CaCl, transfection method.
Briefly, cells were distributed among the wells of six-well plates. The next day,
each well was fed with 3.6 ml of complete medium. DNA (1 to 5 pg) was diluted
in 180 pl of H,O, 20 pl of 2.5 M CaCl, was added, and the combination was
mixed with 200 pl of BES buffer [S0 mM N,N-bis(2-hydroxyethyl)-2-aminoeth-
anesulfonic acid, 280 mM NaCl, 1.5 mM Na,HPO,, pH 6.96]. This mixture was
applied to the cells, which were then incubated at 37°C overnight. The cells were
washed twice with phosphate-buffered saline (PBS), pH 7.4, fed with 2 ml of
complete medium, and incubated for 16 to 24 h. Cells were harvested and frozen
at —80°C or lysed for further analyses. For immunoprecipitation assays, cells
were lysed in TNE buffer (50 mM Tris [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1%
Nonidet P-40) supplemented with 1 mM Na;VO,, 5 mM NaF, and 10 pg each of
aprotinin and leupeptin (Sigma, St. Louis, Mo.) per ml for 20 min on ice. Lysates
were cleared by centrifugation at 14,000 X g for 10 min, and the protein con-
centration of the supernatants was determined. For each experiment, the same
amount of total protein was used. A 5-ul volume of antiserum/mg of protein or
1 to 2 pg of monoclonal antibody was added, and the mixture was incubated for
at least 1 h at 4°C to allow complex formation. Flag epitope-tagged proteins were
precipitated by using monoclonal antibody M2 covalently bound to agarose
(Kodak, New Haven, Conn.). Immunoprecipitation with uncoupled antibodies
was completed by incubation with protein A-Sepharose or with rabbit anti-mouse
antibodies coupled to protein A-Sepharose. The immunoprecipitates were
washed at least five times in TNE buffer. For immunoblotting, cell lysates or
immunoprecipitates were separated by sodium dodecyl sulfate (SDS)-38, 9, 10, or
12% polyacrylamide gel electrophoresis (PAGE) and transferred to polyvinyl-
idene difluoride (PVDF) membrane filters (Amersham Pharmacia Biotech,
Freiburg, Germany). The PVDF membrane filters were incubated for 1 h at
room temperature in blocking buffer (PBS [pH 7.4], 0.1% Tween 20, 5% [wt/vol]
nonfat dried milk powder) and then incubated with antiserum or antibody di-
luted in blocking buffer. After thorough washing in PBS containing 0.1% Tween
20, immunoblots were incubated with secondary antibodies coupled to HRP.
Bands were visualized by enhanced chemiluminescence (Amersham Pharmacia
Biotech) in accordance with the manufacturer’s instructions. Antiphosphoty-
rosine immunoblotting was performed in accordance with the same protocol but
without milk powder.

Fluorescence spectrometry and calculation of the binding constant. Fluores-
cence measurements were based on the interaction of peptides with aromatic
residues in the SH3 domains, predominantly tryptophan. Measurements were
performed essentially as previously described (64) in a Perkin-Elmer 760-40
fluorescence spectrophotometer at an excitation wavelength of 290 nm (slit
width, 2 nm) and an emission wavelength of 345 nm (slit width, 17 nm). A mini
magnetic stirrer was used to mix the solution in a 1-cm? quartz fluorescence cell.
A circulating water bath was used to maintain the sample temperature at 18°C.
To obtain the titration curves for calculation of the binding constants, peptides
from a stock solution of 5 mg/ml in PBS-1 mM dithiothreitol were added in small
increments to 1 ml of PBS-1 mM dithiothreitol containing 50 pg of GST-SH3
domain fusion proteins. Upon addition of the peptide solution, changes in
fluorescence were measured. Since the concentration of the SH3 domain-con-
taining protein was low, the experimental data were fitted to the following
equation: F = F,,, X [peptide]/(K, + [peptide]), where [peptide] is the final
peptide concentration at each measurement point, F is the measured protein
fluorescence intensity at the particular peptide concentration, and F,,, is the
observed maximal fluorescence intensity of the protein when saturated with the
peptide. Nonlinear regression curve fitting was carried out to fit the experimental
data to the equation, with F, ., and K, as fitted parameters. The change in
protein concentration that occurred as a result of peptide addition was properly
corrected.

In vitro binding assays. One microgram of GST-SH2 domain fusion proteins
was incubated with 500 ng of purified Flag-Tio protein in 1 ml of TNE for 1 h at
4°C. Complexes were precipitated with glutathione-Sepharose (Amersham Phar-
macia Biotech) for 1 or 2 h at 4°C, washed five times with RIPA buffer (1%
[wt/wt] Nonidet P-40, 1% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS, 0.15
M NaCl, 0.01 M sodium phosphate [pH 7.2], 2 mM EDTA), resolved on by
SDS-9% PAGE, and transferred onto a PVDF membrane filter. Immunoblot
detection was performed as described above.

Nucleotide sequence accession number. The nucleotide sequence of the gene
for Tio is available under GenBank accession no. AF083423.
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FIG. 1. Left-terminal genome variation among strains of HVS and HVA. The variable regions of HVS subgroups A and C encode the proteins StpA, StpC, and
Tip, respectively, which are necessary for the transforming phenotype of the virus. Two open reading frames (ORF1 and ORF2) were identified in the corresponding
genomic region of HVA strain 73. This region was transcribed into an mRNA of about 1 kb. The transcript was found to be spliced and to code for a single protein,
Tio, that has homology to Tip and StpC. The splice occurs within the StpC-homologous portion of the Tio mRNA. Two of the small U RNAs of HVS (HSUR and
HAUR) and reading frame 3 (HVS and HVA 03) are conserved. The other HSUR copies and the reading frame for dihydrofolate reductase (DHFR) found in HVS
are not present in the genome of HVA.

RESULTS proline-rich SH3B motif, and a C-terminal transmembrane
Cloning and prediction of the fio gene product of herpesvi- ~ domain (Fig. 2). ) )
rus ateles. The complete nucleotide sequence of the coding Further analysis of the left term_lnal nucleotide sequence of
unique DNA of herpesvirus ateles has been determined re- ~ HVA suggested that a second reading frame (ORF2) encoding
cently (1). The transformation-relevant region at the left ter- 61 amino acids may have homology to StpC. While StpC con-
minus of HVS unique DNA displays a strong variability among sists primarily of 18 consecutive collagen-l{ke motifs (Gly-X-Y,
HVS subgroups and HVA, while the rest of the genome of ~ Where X or Y is Pro) (5), the deduced amino acid sequence of
HVA shows a high degree of conservation with respect to the ~ ORF2 displays a dispersed pattern of four collagen-like motifs
complete sequence of HVS strain A1l (Fig. 1) (1, 2). Initially, that are flanked by multiple proline-rich sequences (Fig. 2 and
an open reading frame (ORFl) enc()ding 193 amino acids was 3) Within the nucleotide sequence of ORF2, we recognized a
identified at the genomic position of the transformation-asso- possible splice donor consensus sequence, and consequently,
ciated proteins of HVS. The amino acid sequence predicted we found a possible splice acceptor site which lies within the 5’
from ORF1 showed significant similarities to the product of untranslated region of ORF1. Computational translation of
the rip gene (Fig. 1 to 3). The homologies found were restricted ~ this region again revealed a high proline content and two
to definite domains of Tip, namely, a serine-rich stretch of  additional collagen-like motifs.
amino acids duplicated in Tip of strain C488, a domain sur- Finally, we examined mRNA from HVA-transformed mon-
rounding a conserved tyrosine residue (Y-127), the CSKH key T cells by reverse transcription and PCR. Analysis of the
motif which is homologous to the al helix of Src (6, 76), the resulting cDNA clones uncovered a single, spliced mRNA

o [ P I | N

CSKH SH3B hydrophobic
stpC | [ERRRREFEFRERERT PXPXLPPR
18 collagen repeats
v splice v -
StoC homology T Tip homology

FIG. 2. Modular structure of Tio. The Tio molecule can be divided into two sections. The N-terminal third displays 36% amino acid identity to HVS StpC. This
homology relies on richness in glycine and proline residues which are also common to collagen repeats. The perfect repetitive collagen-like structure of StpC (small
boxes, 30% grey) was not found in Tio. Instead, individual collagen triplets are dispersed between positions 11 and 77 and connected by proline-rich sequences (60%
grey boxes). The C-terminal two-thirds of Tio shows 33% identity to Tip. The most prominent feature here is the conservation of the SH3B domain (10% grey) and
its functionally associated domain, CSKH (80% grey). The distance between these domains is also conserved. Other Tip-related regions of Tio include a serine-rich
motif (S pattern box) and the region around a conserved tyrosine residue (checkerboard pattern box). The hydrophobic C terminus (black box) probably serves as a
membrane anchor.
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CCAAT TATAA
1 gtaaaatttgaatttcaaagtttaataaaatatgtggtcagtcctagagtcagatcaggaattgcaggactttecaatctggtacccaataaaatataaa
101 aagcagtaaagcaaacagtatcacacagacttgagcagagATGGCTAACGAGCCACAAGAACACGAAGAAGGAAAACCCTTCTTCCCCCCGCTGEGCGAC
aal M A N E P Q EH E E G K P F F P P L G D
H + + + + ~ + ~ ~
201 TCTGGTGAAGAAGGGCCACCTAACATCCCTCAGGACCCGACGCCAGGAACACCACCAGGCCCCATTAATTCTAAAAATGAAGATTACCCACCGCCTTTAG
aa2l 8§ G E E G P P N I P O D P T P G T P P G P I N S K N E D Y P P P L E
H ~ + ~ + + + + + ~ + ~ + + + + + + +

>< gplice donor
301 AAAACCCAGgtatgttgaagccttaaaaaatattaagaacctctacctaagtacccatggaagacatecectacttttgaggtcaagaacccacacccaaa
aab5s N P G{M L K P *)
H + +
401 ctagtgectgtaagttcaacaacaagttacgaagataataggagagaagcaatgtgtttttgtatectgecatgtacggagatcagtaaaccacttttata
501 teccacgecaagegaacctacagatagcaagectccaggggaaagttacaccaccggtaaaatgtcatgtatttgttgtggetgataattggettgttgttt
601 cttgtagtcattttattactacacaaaatattttcaaagaggtgagtgggtttgtaaacttttctcataaccataactgtttatgttttacgecatgaaa
701 tagtttttatgaacggttattaagtattagagtttgttattgagcggcgaatggcagttatatattattgactgaagettactatagtaacaaggtagga
801 ctgttagttatgacaaaaaaactgagatgaaactgttgtgtaatgccacatagctttaaagcagacacaagaaaataccagatgtaaactaaagtcagta
>< gplice acceptor

901 tgcaattttttgaccagGTCCTAACAAATCAGAAGGACCGCCAGACGGCAGCGGAAACTCATCACCCCCTGTAACAATGCTGGTTAAAAATAATGGTGAT
aab8 P N K $S B G P P DG S GNS S P P V TMUL V K DNDN G D
H + + + + + ~ + + ~ + + ~
1001 CGCACCAAACAGGATGTGTCAGAAAGTGGAGGGAACAACTCAGCACCCAACTCTGTAGAAAGTAAACACACGTCAAGCAGTAGTAGTGCTGGAAACGGAA
2aa8s R T K ¢ b v 8§ E §$ G G N N S A PN SV E S KHT S S 8§ S 8§ A G N G N
H -~ + ~ ~ + + + ~ + + + + + ~ ~ +
1101 ATGAAACAAAATGCCCAGACGAGCAAAATACACAGGAATGCATCACGACAATATACATCCCTTGGGAGGACGCAAAACCAAAATTAATGGGACTGGTAAA
aall9 E T K ¢ P D E QNT Q ECTI TTTTI Y I PWEUD AWIZ XK P XL M G L V K
H + + + + ~ ~ ~ + ~ + + + ~ + ~ + ~
1201 ACTGGATAGTTCGGACAGTGAGGAAGARAGGTCCCCTTTTAATAAATACCCAAAARACTATAAAAAACTTAGAGTTGACATGGGTGAAAACTGGCCGCCG
aals2 L. D 8§ § D §$S E E E R 8§ P F N K ¥ P K N Y K KL RV DMGEDNW P P
H + + ~ + ~ + + + ~ ~ + ~ + ~ ~ + +
1301 GGCATACCTCCACCACAATTACCACCTCGGCCAGCAAACCTAGGGCAAAAACAGTCAGCGACTAGTAAAAATGGGCCTCAGATAATCTTGCGAGAGGCTA
aal8s ¢ I P P P QQ L P P R P A N L G O K O S A T S K N G P Q I I L R E A T
H + ~ + + + + + + + + + + + ~ + ~ ~ + -~ ~
1401 CAGAGGTTGAGTCACAACAGGCCACTGATGGACAACTGAATCATCGTGTAGAAAAAGTTGAGAAGAAGCTGACATGTGTTATCTGCTTACTGATTGGGAT
aa2l9 E V E 8$ Q 9 A T™ b G Q L N H RV EZ XKV EI K XL T CV I CL L I G I
H + ~ ~ ~ ~ ~ -~ + + ~ ~ + + + ~ ~ +
1501 ACTGGTTCTACTAATATTGTTGTTTATGTTAGGTTTTCTGTTCCTGTTAATGAAALgataaagctatctgtgagacacgaaaactgttetctetgtgtat
aa252 L v L L I L L F M L G F L F L L M K 269
H + ~ + - + ~ ~ + ~ ~ + ~ + +
1601 gtgaaagcagtg

FIG. 3. Primary structure of the gene for Tio. The presentation is inverted relative to the standard orientation of the HVA strain 73 genome. The nucleotide
sequence starts with a region homologous to the StpC promoter and ends with the first nucleotide of the nonrepetitive DNA. The splice donor and acceptor sites of
the mRNA are indicated above the nucleotide sequence. The amino acid translation of Tio (amino acids [aa] 1 to 269) is given in single-letter code. The line below
the amino acid sequence (H) shows the homology of Tio to StpC and Tip of HVS strain C488. Identical amino acids are marked by plus signs, and similar amino acids
are marked by tilde symbols. Similar amino acids were hydrophobic (L, I, V, M, F, Y, and W), basic (R and K), acidic (D and E), polar (N and Q), or small and neutral
(G, A, S, and T). The underlined amino acid sequences are those of the synthetic peptides used for fluorescence spectrometry.

where a 608-bp intron has been spliced out (Fig. 3). This
mRNA encodes a 269-amino-acid protein that displays homol-
ogy to StpC in the amino-terminal third of its amino acid
sequence and to Tip in the C-terminal half of its amino acid
sequence (Fig. 2 and 3); thus, we refer to it as the two-in-one
(Tio) protein of herpesvirus ateles strain 73.

Identification of Tio in transformed monkey T-cell lines. In
order to identify the predicted protein in HVA-transformed
monkey cell lines, an antiserum against a GST-Tio-fusion pro-
tein was raised in rabbits. Upon Western blot analysis, the
antiserum specifically recognized a number of proteins in the
44- to 46-kDa range in lysates of cell line A661, which was
generated by in vitro transformation of S. oedipus peripheral
lymphocytes, and of cell line A1022, which was isolated from
an S. oedipus marmoset infected with HVA strain 73. The main
difference between these cell lines is in the numbers of genome
equivalents they carry (28). While A661 cells harbor approxi-
mately 103 genome copies per diploid cell, A1022 cells have

only 4 genome copies per cell, which might reflect differences
in expression levels as detected by Western blotting (Fig. 4B,
lanes 1 and 2). The appearance of Tio as at least a doublet of
43 and 46 kDa is thought to be related to posttranslational
modifications. The specificity of the antiserum was confirmed
by incubating anti-Tio serum with lysates of S. oedipus T cells
which were transformed by an HVS subgroup A, B, or C strain
(Fig. 4, lanes 3 to 5). Expression cloning of Tio and transfec-
tion into 293T cells gave rise to a protein pattern with the same
electrophoretic mobility as the proteins identified in the trans-
formed monkey T cells, confirming the identity of Tio (data not
shown).

Multimerization of Tio. The viral protein was also expressed
in 293T cells as a fusion protein with an N-terminal Flag
epitope tag (Flag-Tio) which caused a mobility shift of Tio to
a 45- and 47-kDa doublet. Flag-specific Western blot analyses
of immunoprecipitated Flag-Tio often revealed an additional
band twice the size of the Tio band which was sensitive to high
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FIG. 4. Expression of Tio in transformed monkey T cells. (A) Coomassie-
stained SDS-PAGE gel loaded with 15 g of total cell lysate of transformed S.
oedipus T cells in each lane. Lanes: 1, cell line A661; 2, cell line A1022; 3 to 5,
cell lines established with HVS subgroups A, B, and C, respectively. (B) Parallel
gel transferred to a PVDF membrane filter and incubated with rabbit anti-Tio
serum. Molecular size standards are given on the left.

concentrations of P-mercaptoethanol and extended boiling
(data not shown). This band was not observed in control reac-
tions and raised the question of whether Tio dimerizes or
multimerizes when expressed in 293T cells. To assess the pos-
sibility of Tio homodimer formation, an additional expression
plasmid was constructed with an AU1 epitope tag fused to the
N terminus of Tio (AU-Tio). When Flag-Tio and AU-Tio were
expressed in the same cells, the Flag and AU1 epitope-tagged
proteins coprecipitated (Fig. 5, lanes 4 and 9). However, mix-
ture of separately expressed Flag-Tio and AU-Tio proteins did
not lead to coprecipitation of the respective proteins (Fig. 5,
lanes 5 and 10). We concluded that Tio forms homodimers or
even multimers in transfected 293T cells. The fact that Flag-
Tio and AU-Tio did not aggregate in vitro argues against an
artifact due to overexpression or gel overloading. Further-
more, this observation suggests that Tio homodimers or mul-
timers are very stable and have a low exchange rate.

Tio is phosphorylated on tyrosine when coexpressed with
Lck, Src, or Fyn. HVS-C488 Tip is known to be associated with

|.P. Flag .P. AU-1

12345 678 910
W.B. kDa

Fg @ @EDes

- 60
- 45

o~

- 60

| s

AU-1 -—

FIG. 5. Tio forms homodimers. 293T cells were transfected with expression
vectors (lanes 1 and 6), with an expression construct for Flag-Tio (lanes 2 and 7)
or AU-Tio (lanes 3 and 8), or with a mixture of both Tio expression plasmids
(lanes 4 and 9). In addition, lysates containing either Flag-Tio or AU-Tio were
mixed prior to immunoprecipitation (I.P.) (lanes 5 and 10). Precipitations were
performed with anti-Flag agarose (lanes 1 to 5) or with anti-AU1 antibody bound
to protein A-Sepharose (lanes 6 to 10). Coprecipitated proteins and their con-
trols were detected by Western blotting (W.B.) with anti-Flag (upper panel) or
anti-AU1 (lower panel) antibodies. Molecular mass standards are given on the
right.
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FIG. 6. Tio is tyrosine phosphorylated by Src family kinases in vivo. 293T
cells were transfected with expression vectors (lane 1) or an expression plasmid
for Flag-Tio (lane 2), Lck, Src, or myc-tagged Fyn kinase (lane 3) or for Flag-Tio
plus the respective kinase (lane 4). Twenty micrograms of total cell lysates was
separated by SDS-9% PAGE and analyzed for tyrosine-phosphorylated proteins
(A) by Western blotting (W.B.). Expression of the transfected plasmids was
controlled by detection of each individual kinase with specific antibodies (B) or,
for Flag-Tio, with epitope-specific antibodies (C). Arrowheads to the right of the
phosphotyrosine blots indicate a protein detected only after cotransfection of
Flag-Tio with Lck or Src. Molecular mass standards are given on the right.

Lck, and StpA of HVS strain All interacts with cellular Src.
To compare the functional relatedness of Tio to Tip and StpA,
we performed cotransfection experiments with 293T cells by
employing Flag-Tio and Src family kinase Lck, Src, or Fyn.
Crude lysates of transfected cells were analyzed by Western
blotting using phosphotyrosine-specific, kinase-specific, or an-
ti-Flag antibodies (Fig. 6). The kinases were expressed at com-
parable levels in the appropriate samples (Fig. 6B) and were
phosphorylated on tyrosine (Fig. 6A, lanes 3 and 4). After
coexpression of Tio, an additional phosphoprotein was de-
tected in the presence of Lck and Src. A corresponding protein
was not observed in the absence of Tio or when Tio was
expressed alone or together with Fyn (Fig. 6A). The total
amount of Flag-Tio detected by the epitope-specific antibody
was approximately constant in all Tio-transfected samples, but
in the presence of Lck or Src, a shift to the slower-migrating
forms was observed (Fig. 6C, compare lanes 2 to lanes 4) which
was most likely due to tyrosine phosphorylation (Fig. 6A, lanes
4).
While phosphorylation of Flag-Tio by Fyn was not detected
in standard cell lysates (Fig. 6A), treatment of the transfected
cells with orthovanadate prior to lysis revealed tyrosine phos-
phorylation of Tio by endogenous kinases with an increase
after coexpression of Fyn. Antiphosphotyrosine Western blot-
ting after Flag immunoprecipitation of untreated cell lysates
confirmed tyrosine phosphorylation of Flag-Tio in the pres-
ence of Fyn. However, compared to that by Lck and Src,
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FIG. 7. Tio coprecipitates with Src family kinases. 293T cells were transfected with expression vectors (lanes 1 and 5) or an expression plasmid for Flag-Tio (lanes
2 and 6), Lck, Src, or myc-tagged Fyn kinase (lanes 3 and 7), or Flag-Tio plus the respective kinase (lanes 4 and 8). Flag-Tio was immunoprecipitated (I.P.) by anti-Flag
(lanes 1 to 4) antibody, and Western blotting (W.B.) was performed by using specific antibodies to detect coprecipitated Lck (A), Src (B), or myc-tagged Fyn (C). The
reverse experiments were performed by using kinase-specific or anti-myc antibodies for immunoprecipitation (lanes 5 to 8) and anti-Flag antibody for Western blotting.
The lower panel shows the results of control Western blotting after reprobing of the membranes with the antibodies used for immunoprecipitation. Open arrowheads,
Flag-Tio; black arrowheads, Lck, Src, or Fyn-myc; HC, immunoglobulin heavy chains. Molecular mass standards are given on the right.

phosphorylation of Tio by Fyn was significantly lower (data not
shown).

Thus, Tio was found to be tyrosine phosphorylated in vivo in
the presence of Lck, Src, or Fyn. Two of these Src family
kinases (Lck and Fyn) play an important role in T-cell signaling
and might link Tio to lymphocyte growth regulation.

Association of Tio with Lck, Src, and Fyn in transfected
293T cells. To investigate the direct association of Tio with the
tyrosine kinases, cDNA expression constructs of Flag-Tio and
of the Src kinases were cotransfected into 293T cells and co-
immunoprecipitation assays were performed. Immune com-
plexes from mock-transfected cells did not react with any of the
antibodies used in these assays (Fig. 7, lanes 1 and 5). An
anti-Flag monoclonal antibody directly precipitated Flag-Tio
(Fig. 7, lanes 2) and was not cross-reactive with the tyrosine
kinases (Fig. 7, lanes 3). On the other hand, antibodies di-
rected against the recombinant kinases were specific (Fig. 7,
lanes 7), as no binding to Flag-Tio was observed (Fig. 7, lanes
6).

After coexpression of Flag-Tio with Lck, anti-Flag, as well as
anti-Lck, immune complexes contained both Lck and Flag-Tio
(Fig. 7A, lanes 4 and 8), indicating direct binding of Tio to Lck.
An analogous experiment was performed with expression con-
structs for Flag-Tio and c-Src (Fig. 7B). Exogenous Src asso-
ciated with Tio and vice versa (Fig. 7B, lanes 4 and 8). In
contrast, endogenous Src was detectable in Src immunopre-
cipitates (Fig. 7B, lanes 5 and 6), but Flag-Tio was not copre-
cipitated (Fig. 7B, lane 6). Furthermore, Flag-Tio did not co-
precipitate endogenous Src (Fig. 7B, lane 2). This is consistent
with the finding that no tyrosine phosphorylation of Tio by
endogenous Src was detected (Fig. 6). The third tyrosine ki-
nase tested was Fyn. To facilitate the experimental procedure,
myc epitope-tagged Fyn was used. Coprecipitation analysis
revealed that Tio associates with Fyn and vice versa (Fig. 7C).
Remarkably, Fyn appeared to favor association with a 45-kDa
Flag-Tio phosphoprotein while Lck and Src associated prefer-

entially with a 47-kDa Flag-Tio phosphoprotein. This observa-
tion may be due to differential phosphorylation by Lck, Src, or
Fyn. Alternatively, the individual kinases may display different
affinities for the Tio variants.

Tio interacts with the SH3 domains of Src family tyrosine
kinases. Sequence analysis and comparison with Tip suggested
that Tio interacts with Src family kinases through their SH3
domains and that this interaction is mediated by its class II
SH3B motif. To test this hypothesis, we performed GST affin-
ity chromatography experiments. A GST-Lck-SH3 fusion pro-
tein and Flag-Tio were purified from E. coli. GST-Lck-SH3
specifically bound Flag-Tio as monitored by Flag Western blot-
ting. In a reverse assay, Flag-Tio coimmunoprecipitated GST-
Lck-SH3 (data not shown). These experiments confirmed that
Tio is comparable to HVS Tip with respect to Lck-SH3 inter-
action.

To investigate the direct interaction of Tio with other Src
family tyrosine kinases, a synthetic peptide corresponding to
the most obvious candidate SH3B motif of Tio was synthesized
and its affinity to SH3 domains was measured by fluorescence
spectrometry. This assay revealed that the predicted SH3B
domain of Tio is sufficient to bind directly to the SH3 domains
of all of the Src family members tested (Table 1). Surprisingly,
the affinity of the peptide for the Lyn and Hck SH3 domains
was high, while it was moderate for the Lck SH3 domain and
relatively low for the Fyn, Src, and Yes SH3 domains. The SH3
domains of Grb2, Abl, and phosphatidylinositol 3-kinase
(PI3K) subunit p85-alpha did not bind to the Tio SH3B pep-
tide. No binding to any of the SH3 domains tested was ob-
served with a synthetic peptide from the proline-rich N termi-
nus of Tio. This indicates that the interaction of the class II
SH3B motif of Tio is specific for Src family kinases.

Tyrosine-phosphorylated Tio binds directly to the SH2 do-
mains of Lck, Src, and Fyn. The direct interaction of Tio with
the SH3 domains of Src kinases and the tyrosine phosphory-
lation of Tio in vivo raised the possibility that binding to the
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TABLE 1. Measurement of the affinity of proline-rich Tio peptides
for GST-SH3 domains

K, (LM) of:
GST-SHS Tio-C207 o
Tio-N20'
Expt 1 Expt 2
Lyn 5.88 £0.17 5.75 £0.34 NB¢
Hck 9.30 = 0.36 8.75 = 0.16 NB
Lck 25.67 =0.73 26.24 = 0.43 NB
Fyn 41.36 = 1.33 39.41 = 2.15 NB
Src 45.03 £ 2.73 44.45 = 0.75 NB
Yes 76.46 = 1.39 72.05 = 2.12 NB
Grb2 NB NB NB
Abl NB NB NB
PI3K NB NB NB

“ Corresponding to amino acids 183 to 202 of Tio. Sequence: PPGIPPPQLP-
PRPANLGQKQ (molecular weight, 2,101).

b Corresponding to amino acids 26 to 45 of Tio. Sequence: PPNIPQDPTPGT-
PPGPINSK (molecular weight, 2,023).

¢ NB, no binding.

SH2 domains of these kinases might be allowed. To determine
the capability of Tio to bind to SH2 domains, tyrosine-phos-
phorylated or nonphosphorylated Flag-Tio was incubated with
various GST-SH2 fusion proteins. The resulting complexes
were purified by GST affinity chromatography, resolved by
SDS-PAGE, and analyzed for the presence of Tio bound to
GST-SH2 domains (Fig. 8). No binding of nonphosphorylated
Tio to SH2 domains was observed, but complex formation of
phosphorylated Tio with the SH2 domains of Lck, Src, and Fyn
was detected. A GST fusion protein containing the SH2 and
SH3 domains of Lck served as a positive control, demonstrat-
ing phosphorylation-independent binding of Tio to the Lck
SH3 domain. Similar to the SH3 interaction, SH2 binding
seemed to be specific for Src family kinases, as no association
of phosphorylated Tio was observed with the SH2 domain of
phospholipase C-y, Abl, Grb2, or Vav.

In conclusion, our experiments demonstrate that Tio can
bind to Src family kinases via their SH3 domains and, upon
tyrosine phosphorylation, via their SH2 domains. Thus, Tio
combines properties of Tip, which binds directly to the Lck

SH3/SH2
GST-SH2 PLCy Abl Grb2 Lck Fyn Src Vav Lck
pY - + - + - + -+ % -+ - + - + kDa
- 45
OST i o - e

‘ -69

pTyr - ¥ 45
-30

-69

Flag a . . ab .
-30

FIG. 8. Tyrosine-phosphorylated Tio binds to GST-SH2 domains of Src fam-
ily kinases. Flag-tagged Tio fusion proteins were expressed in bacteria with or
without an active tyrosine kinase. Both phosphorylated (pY +) and unphosphor-
ylated (pY—) Tio proteins were purified and tested for the ability to bind to
GST-SH2 domains derived from the proteins given at the top. Western blotting
was performed to control the amount of input GST fusion proteins (GST) and to
detect tyrosine-phosphorylated (pTyr), as well as total (Flag), Flag-Tio bound by
the GST-SH2 proteins. A GST-SH3/SH2 fusion protein of Lck was used to
analyze the binding capacity of the unphosphorylated Tio preparation. Molecu-
lar mass standards are given on the right.
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SH3 domain, and StpA, which interacts with Src kinases in a
phosphotyrosine dependent manner.

DISCUSSION

We have identified Tio as a protein encoded by the putative
transformation-relevant region of HVA strain 73. Expression
of Tio in virus-transformed monkey T cells hints at a functional
role for this viral protein in lymphocyte growth transformation.
Its potential to form dimers or multimers and its association
with nonreceptor tyrosine kinases of the Src family are remi-
niscent of oncoproteins of other DNA tumor viruses (16).

Homodimerization of viral effector proteins was shown to be
essential for the oncogenic properties of several tumor viruses.
A prominent example is the bovine papillomavirus (BPV).
BPV oncoprotein ES5 acts as a disulfide-linked homodimer
which induces dimerization of platelet-derived growth factor
receptor B in the absence of ligand (16). Autophosphorylation
of dimerized platelet-derived growth factor receptor § aug-
ments intrinsic kinase activity (35). Further tyrosine phosphor-
ylation generates specific binding sites for cellular signaling
molecules containing SH2 or phosphotyrosine-binding (PTB)
domains and initiates a sustained mitogenic signal through
activation of the ras (32), mitogen-activated protein kinase
(33), and PI3K pathways (9, 32). Finally, BPV ES expression
results in transformation of cultured fibroblasts (16). Dimeric
protein gpS5 of spleen focus-forming virus appears to use a
similar mechanism of cellular transformation. This protein ac-
tivates the erythropoietin receptor and is responsible for the
induction of erythroleukemia by spleen focus-forming virus
(16).

Polyomavirus middle T antigen (mT) is also able to form
dimers or multimers, but this property is not necessary for the
transforming phenotype (68). Like Tio, mT associates with Src
kinase family members (reviewed in reference 54), namely,
with Src (11), Yes (45), and Fyn (10, 36). The interaction has
been mapped to the kinase domain of Src (22) and results in
increased Src (7) and Yes (45) kinase activities. Tyrosine phos-
phorylation of mT generates binding sites for SH2 and PTB
domains and results in the recruitment of PI3K (74), phospho-
lipase C-y1 (71), and the adapter molecule Shc (15). Further-
more, mT associates with 14-3-3 proteins (61) and with protein
phosphatase 2A (62). In addition, proline-rich sequences of
mT might serve as interaction sites for SH3 domains. These
properties of mT suggest that the viral oncoprotein leads to
transformation of rodent cells by inducing the constitutive
dimerization-independent formation of signaling complexes.

Association with tyrosine kinases has also been described for
transformation-related proteins of other gammaherpesviruses
and was the basis of our experiments. The Tio-related protein
Tip of HVS strain C488 binds to the T-cell-specific tyrosine
kinase Lck (6). This interaction has been mapped to a proline-
rich region of the viral protein and to the SH3 domain of the
kinase (40, 41). However, mutation of the SH3B site of Tip
enhanced the transforming phenotype of HVS strain C488
(18), indicating that SH3-mediated Lck interaction of Tip is
not essential for T-cell growth transformation. The absolute
requirement for Tip in this system (19) suggests that Tip em-
ploys other mechanisms to promote T-cell transformation. As-
sociation of Tio with Src also hints at a functional relationship
with StpA of HVS strain All. This protein is required for the
transforming phenotype of the virus (57) and is oncogenic by
itself when expressed in rodent fibroblasts or in transgenic
mice (42, 46). While association of StpA with Src was found to
be mediated by an SH2-binding site (48), the significance of
this interaction for transformation has not been analyzed so
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far. Finally, Epstein-Barr virus latent membrane protein 2A
(LMP2A) associates with several tyrosine kinases expressed in
transformed B cells. LMP2A interacts with the B-cell-specific
kinase Lyn via the SH2 domain, and its binding to Syk kinase
depends on phosphorylation of an immuno tyrosine-based ac-
tivation motif (29, 30). LMP2A appears not to be required for
B-cell transformation but is thought to maintain latency by
downregulation of Lyn and prevent Epstein-Barr virus from
reactivation by blocking B-cell receptor signaling (49, 55).
However, expression in transgenic mice recently revealed
novel B-cell-stimulatory effects of LMP2A (8).

In this context, our findings of Tio dimerization and associ-
ation with Src family kinases support the hypothesis that Tio is
the oncoprotein of HVA, which was initially based on se-
quence homologies. Through dimerization and/or simulta-
neous binding of SH3 and SH2 domains, Tio might assemble
signaling complexes which finally initiate sustained mitogenic
signals leading to T-cell transformation. Most critical in this
context appears to be the involvement of the protein tyrosine
kinases Lck and Fyn, which are key enzymes in T-cell activa-
tion. In contrast, signals mediated by Lyn, Hck, Src, or Yes in
T cells are not described. Initial binding of Tio to SH3 domains
of tyrosine kinases enables Tio phosphorylation and subse-
quent binding to SH2 or PTB domains. Thereby, Tio might
serve as an adapter either among Src family kinases or between
these kinases and other signaling molecules. Besides SH3- and
phosphotyrosine-dependent interactions, sequence homolo-
gies suggest that Tio also might recruit cellular factors known
to associate with the HVS oncoprotein StpC. These proteins,
the GTPase Ras and the NFkB-inducing tumor necrosis factor
receptor-associated factors (reviewed in reference 37), could
link Tio to additional growth-promoting cellular pathways.

Our experiments demonstrate that the HVA protein Tio is
expressed in virus-transformed T lymphocytes and has the po-
tential to interfere with cellular growth regulation. Further
analyses are necessary to determine the transforming proper-
ties of Tio and the composition of the Tio complexes and to
identify the signaling pathways leading to T-cell transformation
by HVA.
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