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An Alternative to SH2 Domains for Binding
Tyrosine-Phosphorylated Proteins

W. Michael Kavanaugh and Lewis T. Williams*

Src homology 2 (SH2) domains bind specifically to tyrosine-phosphorylated proteins that
participate in signaling by growth factors and oncogenes. A protein domain was identified
that bound specifically to the tyrosine-phosphorylated form of its target protein but differs
from known SH2 sequences. Phosphotyrosine-binding (PTB) domains were found in two
proteins: SHC, a protein implicated in signaling through Ras; and SCK, encoded by a
previously uncharacterized gene. The PTB domain of SHC specifically bound to a ty-
rosine-phosphorylated 145-kilodalton protein. PTB domains are an alternative to SH2
domains for specifically recruiting tyrosine-phosphorylated proteins into signaling com-
plexes and are likely to take part in signaling by many growth factors.

SH2 domains are amino acid sequences
that are similar to a 100-residue noncata-
lytic region of the Src tyrosine kinase and
are present in various signaling molecules
(I). SH2 domains are functional protein
motifs that bind tyrosine-phosphorylated
targets by recognizing phosphotyrosine and
specific adjacent residues (2). Activation of
tyrosine kinases by growth factors, cyto-
kines, and oncogenic agents therefore
serves as a switch for assembling SH2 do-
main—containing proteins with their ty-
rosine-phosphorylated targets in signaling
complexes in which downstream effectors
are activated.

We identified a domain in the signaling
protein SHC that binds specifically to the
tyrosine-phosphorylated form of its target
protein. The amino acid sequence of the
PTB domain is not similar to that of any
member of the known SH2 domain family.
The SHC gene encodes 46- and 52-kD
transforming proteins that are tyrosine
phosphorylated in response to a number of
growth factors and have been implicated as
mediators of signaling from growth factor
receptor and nonreceptor tyrosine kinases
to Ras (3). The SHC protein contains (i)
an SH2 domain at its COOH-terminus that
binds tyrosine-phosphorylated targets such
as activated growth factor receptors, (ii) a
region of similarity to human alpha 1 col-
lagen in the middle of the molecule that
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contains a binding site for the GRB2
adapter protein, and (iii) a 232-residue
NH,-terminus with no known function.
We investigated proteins that coimmu-
noprecipitated with SHC in growth factor—
stimulated cells. Several tyrosine-phospho-
rylated proteins of approximately 145 kD
(collectively called ppl45) were present in
anti-SHC immunoprecipitates from cells
treated with either platelet-derived growth
factor (PDGF) or fibroblast growth factor
(FGF) but not in anti-SHC immunopre-
cipitates from unstimulated cells (Fig. 1). A
similar tyrosine-phosphorylated protein or
proteins were associated with SHC in B
cells stimulated with antibodies to immu-
noglobin M, in activated T cells, in HepG2
hepatoma cells stimulated with interleukin-
6, and in CCE embryonic stem cells stimu-
lated with leukemia inhibitory factor (4).
The number and electrophoretic mobility
of the ppl145 proteins varied slightly among
different cell types. These may represent
different proteins or the same protein with
different amounts of phosphorylation. All
of these proteins appear to bind to SHC in
a similar manner. The ppl45 proteins in
fibroblasts or in B cells were not recognized
by immunoblotting with antibodies to
SHC, phospholipase C gamma, Ras
guanosine triphosphatase-activating pro-
tein, the guanine nucleotide exchange fac-
tor Son of Sevenless (SOS), insulin recep-
tor substrate 1, the guanine nucleotide
exchange factor C3G, the transforming
protein Eps 15, or the PDGF or FGF re-
ceptors (5).
To characterize binding of SHC to
SCIENCE
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ppl45, we separated proteins from cell ly-
sates by SDS-polyacrylamide gel elec-
trophoresis (SDS-PAGE), transferred them
to nitrocellulose, and incubated them
with 3?P-labeled glutathione-S-transferase
(GST)-SHC fusion protein. 3?P-labeled
SHC bound specifically to three proteins of
approximately 180, 145, and 120 kD from
lysates of PDGF-stimulated fibroblasts but
did not bind any proteins from lysates of
unstimulated cells (Fig. 2A). The 180-kD
band comigrated with the autophosphoryl-
ated PDGF receptor; the 145-kD band
comigrated with the major ppl45 protein
identified in Fig. 1; the identity of the
120-kD protein is unknown. The *2P-SHC
probe also bound 145-kD proteins present
in anti-SHC immunoprecipitates from
PDGF-stimulated cells but did not bind any
proteins in immunoprecipitates from un-
stimulated cells (Fig. 2A). Therefore, the
32P_.SHC probe apparently binds to the
same 145-kD protein or proteins that asso-
ciate with SHC in vivo. These experiments
demonstrate that SHC binds pp145 directly
and that interaction of SHC and pl145 in
vitro requires PDGF stimulation in vivo.
To map the region of SHC responsible
for binding to pp145, 3?P-SHC probes were
prepared that contained deletions of various
domains. Deletion of the SH2 domain of
SHC eliminated binding to the p180 and
pl120 proteins in lysates of PDGF-stimulat-
ed cells but did not affect binding to pp145
in either cell lysates or in anti-SHC immu-
noprecipitates (Fig. 2B). Further, the isolat-
ed SH2 domain from SHC bound to p180
and pl20 but not to ppl45 (Fig. 2B).

Anti- Anti-
Pre SHC SHC
| I ! r 1
PDGF: - + - + FGF: - +
s '
200— ==
. .
% =
65—  emw—
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L [ " |
Anti-phosphotyrosine blot

Fig. 1. Association of SHC with 145-kD tyrosine-
phosphorylated proteins in vivo. Balb/3T3 fibro-
blasts were stimulated with PDGF (left); L6 myo-
blasts expressing the human FGF receptor 1 were
stimulated with bFGF (right) (72). Cell lysates were
immunoprecipitated with preimmune serum or
antiserum to SHC and immunoblotted with anti-
body to phosphotyrosine. Black arrows indicate
the 52-kD SHC protein and a 66-kD SHC-related
protein seen in fibroblasts. The pp145 proteins are
indicated by open arrows. Each lane contains
equal amounts of SHC, as determined by immu-
noblotting with antiserum to SHC (5).




Therefore, binding of SHC to p120 and
p180 was due to the SH2 domain, but bind-
ing of SHC to ppl45 did not require the
SH2 domain. By further deletional analysis,
we identified a 186—amino acid fragment
representing residues 46 to 232 of SHC that
bound ppl45 (Fig. 2C). This fragment
bound specifically to pp145 and not to any
other proteins in nitrocellulose-filter bind-
ing assays of lysates or of anti-SHC immu-
noprecipitates from cells stimulated with
PDGF or FGF or from activated B cells.
This region of SHC also specifically bound
ppl45 in solution-binding assays (Fig. 2D).
The pp145-binding domain (designated the
PTB domain) is located in the NH,-termi-
nal portion of SHC, for which no function
had been previously assigned.

Because both SHC and p145 are ty-
rosine phosphorylated in growth factor—

Fig. 2. Binding of SHC to pp145. (A) A
Binding of full-length SHC to proteins
in cell lysates or in anti-SHC immuno-
precipitates (SHC IP) from quiescent
(—) or PDGF-stimulated (+) Balb/3T3
cells. . Proteins were analyzed by
SDS-PAGE and transferred to nitro-
cellulose. The filters were incubated
with 32P-GST-SHC fusion proteins
as probes (13). (B) The pp145 protein
in lysates or anti-SHC immunopre-
cipitates from PDGF-stimulated fibro-
blasts were blotted with 32P-SHC
(left), SHC in which the SH2 domain
‘had been deleted (SHCASH2, resi-
dues 1to 377, middle), or the isolated
SH2 domain from SHC (residues 378 c
to 473, right). (C) Mapping of the
pp145-binding domain on SHC.
Fragments of SHC corresponding to

PDGF:

SHC

the indicated residues were prepared Rl
as %2P-GST fusion proteins and as 1-377
probes as described above. The or-

ganization of the SHC protein is 1-232
shown, including the two translation

start sites (MET' and MET45); the 1-46
GRB2 binding site; and the PTB, col-

lagen, and SH2 domains. Shown are 376473
blots of anti-SHC immunoprecipi-

tates from PDGF-stimulated fibro- con T
blast lysates with the use of three rep- 46-177

resentative probes. (D) Binding of the
PTB domain to pp145 in solution.
GST-SHCASH2 protein containing
the IHA epitope was incubated with
lysate of activated B cells and then
purified by immunoaffinity chroma-
tography with monoclonal antibody
to IHA (74). The starting material, col-
umn flowthrough, and SDS eluates
were analyzed by blotting with 32P-
labeled PTB domain probe as de-
scribed above.
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stimulated cells, we examined how the
binding properties of these two molecules
were influenced by tyrosine phosphoryla-
tion. Phosphotyrosine was not detected on
immunoblots of a baculovirus-derived
SHC protein probe when antibody to
phosphotyrosine was used, and treatment
of the SHC probe with tyrosine-specific
phosphatases had no effect on binding to
pp145 (5). Therefore, tyrosine phosphoryl-
ation of SHC is not required for binding.
To investigate the relation of phosphory-
lation of p145 to binding with SHC, we
transferred ppl45 derived from anti-SHC
immunoprecipitates from PDGF-stimulat-
ed cells to nitrocellulose and treated it
with tyrosine-specific phosphatases. De-
phosphorylation of immobilized ppl45
completely eliminated binding to 3%P-
SHC (Fig. 3A). This effect was prevented
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by inclusion of the tyrosine phosphatase
inhibitor sodium orthovanadate. Con-
versely, when p145 in lysates of unstimu-
lated cells, which does not bind SHC, was
phosphorylated with recombinant PDGF
receptor, the p145 then bound to the PTB
domain of SHC (5). Therefore, binding of
SHC to p145 requires p145 to be tyrosine
phosphorylated.

To further investigate the mechanism
of PTB binding to ppl45, we separated
proteins in cell lysates by SDS-PAGE,
transferred them to nitrocellulose, and as-
sayed binding of 32P-SHC to pp145 in the
presence of phosphotyrosine. Binding of
SHC to ppl45 was competitively inhibit-
ed by high concentrations of phosphoty-
rosine but not by similar concentrations of
phosphoserine (Fig. 3B). Phosphotyrosine
also inhibited binding of SHC to p180 and
p120, which are SH2 domain—-dependent
interactions. These experiments suggested
that binding of the PTB region to ppl45
involves recognition of phosphotyrosine,
as does SH2 domain binding.

Taken together, these results demon-
strated that (i) the PTB domain of SHC
specifically binds to ppl45 and not to
other proteins, (ii) that this interaction

PTPase +
A Control PTPase vanadate

1 1 1
I 1 I 1 I 1

32p.gHC
blot

APT
blot

B P-tyr

B =
£ £ 3
3 o=
e T e Wy
ik
p145—>§ :“:

Fig. 3. Involvement of phosphotyrosine in binding
of SHC to pp145. (A) Proteins in anti-SHC immu-
noprecipitates from PDGF-stimulated fibroblasts
were immobilized on nitrocellulose and treated
with tyrosine-specific phosphatases in the pres-
ence or absence of the protein tyrosine phos-
phatase (PTPase) inhibitor sodium orthovanadate
(75). The filters were then blotted with 32P-GST-
SHC (top) or immunoblotted with antibody to
phosphotyrosine (bottom). (B) Lysates from
PDGF-stimulated cells were blotted with 32P-
GST-SHC in the presence of the indicated con-
centrations of phosphotyrosine (P-tyr) or phos-
phoserine (P-ser).
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requires stimulation of cells by various
growth factors, and (iii) that the PTB
domain specifically recognizes the ty-
rosine-phosphorylated form of p145. This
combination of specificities is functionally
similar to those of SH2 domains. We also
observed that ppl45 could not be effec-
tively dephosphorylated while it was com-
plexed to SHC in immunoprecipitates.
This suggested that the PTB domain pro-
tected the phosphotyrosine of pp145 from
phosphatase action, as do SH2 domains
(6). However, PTB domains are clearly
different in sequence from SH2 domains.
The amino acid sequence of the PTB re-
gion of SHC is different from that of all
members of the known SH2 domain fam-
ily. The only recognizable sequence simi-
larity is a short motif present in the ex-
treme NH,-terminal end of the PTB do-
main—GVSYLVR (7)—which is some-
what similar to the consensus sequence for
phosphotyrosine binding in SH2 domains:
G(S or T)FLVRES (Fig. 4) (7, 8). How-
ever, mutation of the arginine in this mo-
tif (Arg®® of SHC) to leucine did not
affect binding of the PTB domain to
pp145 (5); the analogous mutation in SH2
domains abolishes binding to tyrosine-
phosphoryl- ated targets (9). The remain-
der of the PTB domain has little or no
sequence similarity with highly conserved
residues or motifs present in SH2 domains,
some of which are important for SH2 do-
main function. The predicted secondary
structure of the PTB domain is also differ-
ent from that of SH2 domains (5). Struc-
tural comparison of these domains, which
are similar in function but dissimilar in
sequence, may lead to new insights into
protein-protein interactions in tyrosine ki-
nase signaling.

Comparison of the DNA sequence of
the PTB domain with sequences in com-

Fig. 4. Comparison of the amino acid
sequences of SHC and SCK (7).
Shown is a comparison of residues

SCK
SHC

puter databases revealed a gene that con-
tained a putative PTB domain. A partial
clone of this gene, EST03775, was origi-
nally obtained by sequencing expressed
sequence tags from human brain comple-
mentary DNA (cDNA) clones (10) but
had not been recognized as a putative
signaling molecule. By screening human
placental and HepG2 cDNA libraries with
ESTO03775, we identified a larger partial
clone encoding a protein with a PTB do-
main and an SH2 domain that were sim-
ilar to those of SHC, which we call SCK
(for SHC-like) (Fig. 4). The conserved
region of the PTB domain correlated with
the minimal region necessary for binding
to ppl45. The identification of a PTB
domain in SCK establishes that PTB do-
mains are present in more than one gene.
Although the biological function of SCK
is unknown, the presence of both SH2 and
PTB domains strongly suggests that it is a
signaling molecule. Northern (RNA) blot
analysis demonstrated that the tissue dis-
tribution of SCK mRNA is different from
that of SHC mRNA. SCK mRNA expres-
sion is much greater in the liver than in
other tissues and is present in the brain.
SHC mRNA expression is approximately
the same in the liver as it is in other
tissues, except that it is very low in the
brain.

These data are consistent with a model
in which stimulation of cells with growth
factors leads to tyrosine phosphorylation
of pl45, which then binds to SHC
through its PTB domain. In this way, the
PTB domain directs assembly of a signal-
ing complex in the same way as do the
SH2 domains of SHC or of other signaling
proteins. Thus pp145, the target or targets
of the SHC PTB domain, may also be an
important signaling molecule. It has been
proposed that SHC links growth factor

* ok kk

. .pgsGdaaa aaEWiRkGSF ihKPahGWLH PdarVILGPGV SYVVRYMGCi
rtrveGgqlg geEWtRhGSF vnKPtrGWLH PndkVWGPGV SY1VRYMGCV

11 to 432 of SHC with a SCK partial

SCK
SHC

EVLrSMRSLD FNTRTQVTRE AInrlhEAVP GvrGs.wkkK apnkaLaSvL
EVLgSMRaLD FNTRTQVTRE AIslvcEAVP GakGatrrrK pcsrpLsSiL

clone. Bold uppercase letters repre-
sent identical residues. The PTB do-

SCK
SHC

mains of SHC (Fig. 2C) and of SCK

GkSNLrFAGM sIsihiSTdg LsLsvpatrQ vIANHHMpSI SFASGGDtDm
GrSNLKFAGM pItltvSTss LnLmaadckQ iIANHHMQSI SFASGGDpDt

are enclosed in boxes; the SH2 do-

mains are underlined. Asterisks mark

the FLVRES-like sequenceinthe PTB ~ SHC

SCK |tdYVAYVAKD PiNQRACHIL ECCEGLAQsi ISTVGQAFEL RFKQYLhsPP
aeYVAYVAKD PvNQRACHIL ECpEGLAQJv ISTiGQAFEL RFKQYLrnPP

domain.
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KvalPpeRlA GpeeSAWg.d ds1EHnYY NsiPGKEPPL GGlVDsRLal
KlvtPhdRmA GfdgSAWAEe EEeppDHGYY NAfPGKEPPL GGVVDMRL. .

tgpcAltald qgpsPslrda csLpwdvgst GtappGDgyV gadargPPd.
.regAapgaa rptaPnaqgtp shLgatl.pv GgpvgGDpeV rkqmppPPpc

heehl YVNtQgLD.. .......... APepedSpkk DLFDMrPFED
pgrelfddps YVNvQnLDka rqavggagpp NPaingSapr DLFDMkKkPFED

ALklhecsva agvtaaplpl edqwpsPPtr rapvApteEQ LRQEPWyHGr
................... PPPpq svsmA...

EQ LRgEPWfHGk

mSRRaAErmL radGDFLVRd SvTnPGQYVL TGmhaGQPKH LLLVDPEGVV
1SRReAEalLl qlnGDFLVRe StTtPGQYVL TGlqgsGQPKH LLLVDPEGVV
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receptor and nonreceptor tyrosine kinases
to activation of Ras; one mechanism for
this link is formation of a complex of SHC
with GRB2, an adapter protein, and with
SOS, a guanine nucleotide exchange fac-
tor for Ras (11). We speculate that p145
may also participate in the regulation of
Ras signaling by virtue of its association

with SHC.
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Identification of Herpesvirus-Like DNA
Sequences in AIDS-Associated
Kaposi’s Sarcoma

Yuan Chang,* Ethel Cesarman,f Melissa S. Pessin, Frank Lee,
Janice Culpepper, Daniel M. Knowles,T Patrick S. Moore

Representational difference analysis was used to isolate unique sequences present in
more than 90 percent of Kaposi’s sarcoma (KS) tissues obtained from patients with
acquired immunodeficiency syndrome (AIDS). These sequences were not present in
tissue DNA from non-AIDS patients, but were present in 15 percent of non-KS tissue DNA
samples from AIDS patients. The sequences are homologous to, but distinct from, capsid
and tegument protein genes of the Gammaherpesvirinae, herpesvirus saimiri and Epstein-
Barr virus. These KS-associated herpesvirus-like (KSHV) sequences appear to define a

new human herpesvirus.

Kaposi’s sarcoma is the most common
neoplasm occurring in persons with AIDS;
approximately 15 to 20% of AIDS patients
develop this neoplasm, which rarely oc-
curs in immunocompetent individuals (1).
Epidemiologic evidence indicates that
AlIDS-associated KS (AIDS-KS) may
have an infectious etiology. Gay and bi-
sexual male AIDS patients are approxi-
mately 20 times more likely than hemo-
philiac AIDS patients to develop KS, and
KS may be associated with specific sexual
practices among gay men with AIDS (2).
KS is uncommon among adult AIDS pa-
tients infected through heterosexual or
parenteral human immunodeficiency virus

(HIV) transmission, or among pediatric
AIDS patients infected through vertical
HIV transmission (3). Agents suspected of
causing KS include cytomegalovirus
(CMV), hepatitis B virus, human herpes-
virus 6 (HHV6), HIV, and Mycoplasma
penetrans (4). Extensive investigations,
however, have not demonstrated an etio-
logic association between any of these
agents and AIDS-KS (5). Noninfectious
environmental agents, such as nitrite in-
halants, also have been proposed to play a
role in KS tumorigenesis (6).

To search for foreign DNA sequences
belonging to an infectious agent in AIDS-
KS, we used representational difference
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analysis (RDA) to identify and character-
ize unique DNA sequences in KS tissue
that are either absent or present in low
copy number in nondiseased tissue ob-
tained from the same patient (7). This
method can detect adenovirus genome
added in single copy to human DNA, but
has not been used to identify previously
uncultured infectious agents. RDA is per-
formed by making simplified “representa-
tions” of genomes from diseased and nor-
mal tissues obtained from the same indi-
vidual through polymerase chain reaction
(PCR) amplification of short restriction
fragments. The DNA representation from
the diseased tissue is then ligated to a
priming sequence and hybridized to an
excess of unligated, normal-tissue DNA
representation (8). Only unique sequences
found in the diseased tissue that have
priming sequences on both DNA strands
are preferentially amplified during subse-
quent rounds of PCR amplification. This
process can be repeated with different li-
gated priming sequences to enrich the
sample for unique DNA sequences that are
found only in the tissue of interest.

The initial round of amplification-hy-
bridization from KS and excess normal-tissue
DNA resulted in a diffuse banding pattern
(Fig- 1, lane 2), but four bands at approx-
imately 380, 450, 540, and 680 base pairs
(bp) were identifiable after the second
amplification-hybridization (Fig. 1, lane
3). These bands became discrete after a
third round of amplification-hybridization
(Fig. 1, lane 4). Control RDA, performed
by hybridizing DNA extracted from
AIDS-KS tissue against itself, produced a
single band at ~540 bp (Fig. 1, lane 5).
The four KS-associated bands (designated
KS330Bam, KS390Bam, KS480Bam, and
KS631Bam after digestion of the two
flanking 28-bp ligated priming sequences
with Bam HI) were gel purified.

KS390Bam and KS480Bam Southern
(DNA) hybridized nonspecifically to both
KS and non-KS human tissues and were not
further characterized. The remaining two
RDA bands, KS330Bam and KS631Bam,
were cloned and sequenced (9). KS330Bam
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