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The T and natural killer (NK) cell-speci®c gene SAP
(SH2D1A) encodes a `free SH2 domain' that binds a
speci®c tyrosine motif in the cytoplasmic tail of SLAM
(CD150) and related cell surface proteins. Mutations
in SH2D1A cause the X-linked lymphoproliferative
disease, a primary immunode®ciency. Here we report
that a second gene encoding a free SH2 domain,
EAT-2, is expressed in macrophages and B lympho-
cytes. The EAT-2 structure in complex with a
phosphotyrosine peptide containing a sequence motif
with Tyr281 of the cytoplasmic tail of CD150 is very
similar to the structure of SH2D1A complexed with
the same peptide. This explains the high af®nity of
EAT-2 for the pTyr motif in the cytoplasmic tail of
CD150 but, unlike SH2D1A, EAT-2 does not bind to
non-phosphorylated CD150. EAT-2 binds to the phos-
phorylated receptors CD84, CD150, CD229 and
CD244, and acts as a natural inhibitor, which inter-
feres with the recruitment of the tyrosine phosphatase
SHP-2. We conclude that EAT-2 plays a role in con-
trolling signal transduction through at least four
receptors expressed on the surface of professional
antigen-presenting cells.
Keywords: antigen-presenting cells/crystal structure/
EAT-2/SAP/XLP

Introduction

The SH2D1A (or SAP) gene encodes a 15 kDa protein
whose absence or mutation causes X-lymphoproliferative
(XLP) primary immunode®ciency (Coffey et al., 1998;
Nichols et al., 1998; Sayos et al., 1998), a disease
characterized by an extreme sensitivity to infection with
Epstein±Barr virus (EBV) (Purtilo et al., 1975; Hamilton

et al., 1980; Seemayer et al., 1995; Sullivan, 1999; Howie
et al., 2000; Morra et al., 2001a). Both T and natural killer
(NK) cell dysfunctions have been observed in XLP
patients (Sullivan et al., 1980; Lanier, 1998; Benoit et al.,
2000; Parolini et al., 2000). Uniquely, the SH2D1A
protein comprises only a single SH2 domain with a 26
C-terminal amino acid tail (Coffey et al., 1998; Nichols
et al., 1998; Sayos et al., 1998). SH2D1A, which is
expressed in T and NK cells (Nagy et al., 2000), binds to a
motif [TIpYxx(V/I)] in the cytoplasmic tail of SLAM
(CD150) (Sayos et al., 1998), 2B4 (CD244) (Lanier, 1998;
Tangye et al., 1999; Parolini et al., 2000; Sayos et al.,
2000), Ly-9 (CD229) and CD84 (Sayos et al., 2001) via its
SH2 domain. Classically, SH2 domain binding depends
upon phosphorylation of the tyrosine in the ligand and
requires additional contacts C-terminal to the pTyr,
usually at the +3 position. Characteristically, SH2D1A
uses a `three-pronged' modality of binding to the Tyr281
motif of CD150 (Sayos et al., 1998; Li et al., 1999; Poy
et al., 1999), where residues N-terminal to the phospho-
tyrosine, Ile (±1) and Thr (±2), interact in a speci®c manner
with the b-pleated sheet bD and with the tyrosine pocket of
SH2D1A, respectively (see Figure 3A and B for SH2
domain nomenclature). SH2D1A can bind to the unphos-
phorylated cytoplasmic tail of CD150 (Sayos et al., 1998),
and it blocks recruitment of the SHP-2 phosphatase to the
tail of phosphorylated CD150 (Sayos et al., 1998), CD244
(Tangye et al., 1999; Sayos et al., 2000), CD84 and CD229
(Sayos et al., 2001). Recently, SH2D1A has been shown to
bind to a 62 kDa phosphoprotein adaptor (p62dok) (Sylla
et al., 2000).

CD150 is found not only on cells of T and NK lineage,
but also on resting B cells, dendritic cells and macrophages
(Sidorenko and Clark et al., 1993; Cocks et al., 1995;
Wang et al., 2001). Because CD150 is a self-ligand, it is
involved bi-directionally in antigen-presenting cell
(APC)±T cell interactions (Punnonen et al., 1997; Sayos
et al., 1998; Mavaddat et al., 2000). CD244 is expressed
on APCs such as macrophages or monocytes, and on NK
cells and a subset of CD8+ T cells (Nakajima and Colonna,
2000). CD229 and CD84 are expressed on myeloid cells,
macrophages, B cells and cells of the T lineage (Sandrin
et al., 1992; De la Fuente et al., 1997). Thus, all four
receptors, which interact with SH2D1A, are expressed on
the surface of professional APCs, where SH2D1A is
absent.

Because of the importance of SH2D1A in T and NK cell
signaling, we reasoned that APCs must contain a regulator
with properties similar to SH2D1A. We focused on a
previously reported cDNA, termed EAT-2, which encodes
a 132 amino acid single SH2 domain protein with
unknown functions (Thompson et al., 1996). Here we
show that EAT-2 is the SH2D1A equivalent in B
lymphocytes and macrophages as it binds to CD84,

Structural basis for the interaction of the free SH2
domain EAT-2 with SLAM receptors in
hematopoietic cells
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CD150, CD244 and CD229 through its SH2 domain. The
structure of a complex of EAT-2 with a phosphotyrosine
peptide (pTyr281) derived from the CD150 cytoplasmic
tail is very similar to that of SH2D1A with the same
peptide. Thus, EAT-2 and SH2D1A are free SH2 domains
that de®ne a new class of proteins that play a role either in
T cells or in APCs.

Results

The human EAT-2 gene
A cDNA library made with RNA from human splenocytes
was used to clone a cDNA encoding human EAT-2. The
human EAT-2 cDNA has a coding region of 399
nucleotides (DDBJ/EMBL/GenBank accession No.
AF256653) (Figure 1A). Its nucleotide sequence is 83%
identical to the mouse cDNA (Figure 1A). The complete
genomic organization of human EAT-2 was obtained
using BLAST analysis (Altschul et al., 1990) of the High
Throughput Genomic (HTG) database and the human
EAT-2 cDNA sequence. Using seven different GenBank
sequences of pBACs containing the EAT-2 exons, but in
particular pBAC AL359699 and AC068536, the EAT-2
gene was shown to have an exon±intron organization
similar to that of mouse and human SH2D1A (Coffey et al.,
1998; Wu et al., 2000) (Figure 1B). Like the SH2D1A

gene, EAT-2 consists of four exons spanning ~14 kb. The
coding region of the ®rst and second exons is highly
conserved between human and mouse (87 and 90%
identity, respectively), while exon 3 is slightly less
conserved (81%) (Figure 1A). Two additional sequences
highly homologous to the ®rst and third exon are located in
the same chromosomal area (exon IA, which is located
~30 kbp upstream of the ®rst exon, and exon IIIA)
(Figure 1B). Interestingly, the sequence of the coding
region of the fourth exon is extremely conserved between
species (Figure 1A). Exon 1, exon 2 and approximately the
®rst two-thirds of exon 3 code for the EAT-2 SH2 domain
(Figure 3A), while the terminal portion of the third exon
and exon 4 account for the EAT-2 tail (Figure 3A). A
human expressed sequence tag (EST) sequence that is 99%
identical to human EAT-2 and derived from a lung cDNA
library has been found recently (#BG569733).

The nucleotide region 5¢ to the ATG contains a
canonical TATA box at 335 nucleotides upstream of the
ATG. The length of the 3¢-untranslated region (UTR) was
determined by comparing the genomic DNA sequence
downstream of the stop codon with three ESTs
(#BE896279, #BF375549 and #AW613569). We therefore
predict that the major human EAT-2 mRNA will be ~2400
nucleotides, similar to a major 2.5 kb cDNA encoding
murine EAT-2 (Thompson et al., 1996). The 3¢-UTR of

Fig. 1. The human EAT-2 gene. (A) Alignment of the human and mouse EAT-2 nucleotide sequences. The coding region sequences of the human
(hEAT-2) and mouse (mEAT-2) EAT-2 cDNAs are compared. Exon boundaries are indicated (bold font, identity of nucleotides; regular font,
difference of nucleotides). (B) Genomic organization of the human EAT-2 gene. The human EAT-2 gene consists of four exons that present an
overall organization similar to that of the SH2D1A gene. The putative exon IIIA represents part of exon III (see text).
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EAT-2 contains three ARE recognition sites, which
indicates that EAT-2 mRNA levels may be controlled
post-transcriptionally by triggering cell surface receptors,
as is the case with SH2D1A (Wu et al., 2000).

EAT-2 is expressed in B lymphocytes
and macrophages
SH2D1A is expressed mostly in T lymphocytes and NK
cells (Nagy et al., 2000). To establish whether EAT-2 was
expressed in cells of the immune system that are SH2D1A-
negative, several populations of immunocytes were tested.
EAT-2 is highly expressed in organs such as spleen, lymph
nodes, lung and small intestine (Thompson et al., 1996;
M.Morra, data not shown). To enrich for B cells and other

APCs, splenocytes from an immunode®cient mouse, tge26
(Wang et al., 1994), which lacks NK and T cells, were
used. EAT-2 but not SH2D1A is expressed in tge26 spleen
and lymph nodes (Figure 2A). No murine EAT-2 transcript
was detected in the thymus (Figure 2B). The murine B-cell
leukemia lines K46 and M12 tested positive for the EAT-2
transcript, while the T-leukemia line EL-4 is negative
(Figure 2B). Human EAT-2 nucleotide sequences were
ampli®ed using RNA from ®ve out of the six B-lymphoma
or lymphoblastoid cell lines tested (Cess, Daudi,
Namalwa, Raji and RPMI1888) (M.Morra, data not
shown). Expression of mouse EAT-2 in highly puri®ed
cell-sorted B lymphocytes (B220+ cells) and macrophages
(CD11b+ cells) was con®rmed by TaqMan analysis
(Figure 2C). Peritoneal exudate macrophages isolated
from RAG-2 null mice that lack T and B cells also tested
positive for EAT-2 expression (M.Morra, data not shown).
Taken together, these results show that within the
hematopoietic cell lineage, EAT-2 is expressed in APCs
such as B lymphocytes and macrophages.

The structure of EAT-2 is similar to that
of SH2D1A
The amino acid sequences of the SH2 domains of human
and mouse EAT-2 share sequence homologies with all
other SH2 domains (Figure 3A, lower panel). The EAT-2
SH2 domain is homologous to the SH2 domain of Grb2
(35%), Csk (30%), Lck (30%) and Syk (30%). However,
the highest homology of the mouse and human EAT-2
SH2 domain is with the SH2 domain of mouse and human
SH2D1A (47 and 40%, respectively) (Figure 3A, upper
panel). To enable a comparison of the structures of EAT-2
and SH2D1A, an attempt was made to grow crystals of
mouse EAT-2 with a short (14mer) peptide segment of the
cytoplasmic tail of CD150 including Tyr281. Although
both the unphosphorylated (Tyr281) and the phosphoryl-
ated (pTyr281) peptide had co-crystallized with human
SH2D1A (Li et al., 1999; Poy et al., 1999), only a crystal
of the mouse EAT-2 SH2 domain complexed with the
pTyr281 peptide was obtained.

We expressed and puri®ed a fragment of EAT-2
(residues 1±103) lacking the C-terminal tail and crystal-
lized it in complex with a 14 residue CD150 phosphopep-
tide (residues 273±286, with the Tyr281 phosphorylated).
The structure was solved by molecular replacement with
the SH2D1A SH2 domain and re®ned to an R-value of
21.6% at 2.15 AÊ resolution (see Materials and methods)
(Figure 3F). The ®nal model included all 103 residues
of EAT-2, residues 277±286 of CD150 and 86 water
molecules.

EAT-2 has a characteristic SH2 fold (Kuriyan and
Cowburn, 1997), which includes a central b-sheet with
a-helices packed against either side (Figure 3B).
Canonical SH2 domains bind phosphopeptides in a `two-
pronged' fashion: the phosphotyrosine residue binds in a
pocket on one side of the central sheet, and the three to ®ve
residues C-terminal to it bind in a pocket on the opposite
side (Kuriyan and Cowburn, 1997). The CD150 phospho-
tyrosine peptide retains these general binding features in
the complex with EAT-2 (Figure 3B). Further, EAT-2, like
SH2D1A (Poy et al., 1999), forms additional interactions
with the three amino acids N-terminal to CD150 Tyr281
(Ile ±1, Thr ±2 and Leu ±3; Figure 3B±D). The CD150

Fig. 2. EAT-2 is expressed in B lymphocytes and macrophages.
RT±PCR and TaqMan analysis of murine EAT-2 and SH2D1A
expression. (A) EAT-2 and SH2D1A expression in spleen and lymph
nodes (LFN) of wild-type mice and T and NK cell-de®cient tge26 mice
(Wang et al., 1994). (B) Expression of the mouse EAT-2 transcript in
the murine B leukemia M12 and K46, but not in the T-cell line EL-4.
(C) Puri®ed B lymphocytes (B220+ cells) and macrophages (CD11b+

cells) from wild-type mice are positive for EAT-2 transcripts by
TaqMan analysis (see Materials and methods).
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peptide makes a parallel b-sheet interaction with the bD
strand of the domain, and the side chains of residues Leu
±3 and Ile ±1 of the CD150 peptide pack with Leu49 and
Tyr51 in strand bD of EAT-2 (Figure 3B and D). Thr ±2
(Thr279 of CD150) hydrogen-bonds with Glu16 of
EAT-2, and with a buried water molecule that is also
coordinated by Arg31 (Figure 3D). Corresponding inter-
actions are also observed in SH2D1A±CD150 complexes
(Poy et al., 1999).

The phosphorylated Tyr281 is coordinated in a manner
similar to that observed in other SH2 domain complexes;
the conserved Arg31 forms the expected bi-dentate

hydrogen bonds with phosphate oxygens (Figure 3D).
The ®ve residues following Tyr281 are coordinated by
interactions with the EF and BG loops, and the bD strand
of the central sheet (Figure 3D). These C-terminal
interactions are similar to those seen in other SH2 domain±
phosphopeptide complexes. Val284 (pY +3) inserts into a
hydrophobic cleft in a manner analogous to that of an
isoleucine at this position in Src family SH2 complexes
(Eck et al., 1993; Waksman et al., 1993) (Figure 3D). We
conclude that the interactions between the CD150 peptide
and EAT-2 are very similar to those of SH2D1A with the
same peptide and utilize the same unusual three-pronged
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binding mode (Li et al., 1999; Poy et al., 1999). Although
similar to other SH2 domains in their phosphotyrosine and
C-terminal (+3) recognition, they are different in their
ability to recognize speci®cally residues N-terminal to the
phosphotyrosine. Thus, SH2D1A and EAT-2 represent a
distinct class of SH2 domains. These results validate
previous data obtained by screening of a library of random
peptides with the EAT-2 SH2 domain (Poy et al., 1999).

In spite of only 40% identical residues between mouse
EAT-2 and human SH2D1A, their structures are very
similar. This point is illustrated clearly by superimposing
the EAT-2 SH2 domain onto the SH2D1A SH2 domain.

The two structures superimpose with an r.m.s. deviation of
0.69 AÊ for Ca atoms (Figure 3E). Moreover, amino acid
residues that are substituted in the SH2D1A protein of
XLP patients, and which severely affect the functions of
SH2D1A (Morra et al., 2001b), are conserved in mouse
and human EAT-2 as well as in mouse and human
SH2D1A (Figure 3A, upper panel). These residues are
located mostly in positions that are key for the interaction
between the EAT-2 SH2 domain and the CD150 phospho-
peptide (indicated by the symbol `+' in Figure 3A, upper
panel), or in positions critical for the stability of the
SH2D1A protein (Morra et al., 2001b).

M.Morra et al.
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EAT-2 binds to the phosphorylated cytoplasmic
tail of CD84, CD150, CD244 and CD229
The structural analysis revealed that EAT-2 binds to a
phosphorylated peptide derived from the cytoplasmic tail
of CD150 in a three-pronged fashion. To measure the
af®nity of binding between EAT-2 and the CD150 Tyr281
peptide, a ¯uorescence polarization assay was used. An
11mer peptide encompassing the CD150 cytoplasmic
region 276±286 was labeled with ¯uorescein isothio-
cyanate (FITC) in its a-amino group. The af®nity of
binding of this peptide, either with or without phosphoryl-

ation of Tyr281, was determined in a polarimeter using
varying concentrations of GST±EAT-2 and GST±
SH2D1A. GST±EAT-2 (Figure 4, upper panel) binds the
phosphorylated pTyr281 peptide with an af®nity compar-
able with GST±SH2D1A (Figure 4, middle and lower
panel) (Kd = 131 nM for EAT-2/pTyr281; Kd = 127 nM for
SH2D1A/pTyr281). However, in contrast to SH2D1A,
EAT-2 fails to bind the Tyr281 peptide in the absence of
phosphorylation (Figure 4, upper and lower panel). Taken
together, these in vitro binding studies distinguish between
the SH2 domains of EAT-2 and SH2D1A in that only

Fig. 3. Structure of mouse EAT-2±CD150 phosphopeptide complex. (A) Structure-based sequence comparison of EAT-2 with other SH2 domains.
Upper panel: the human and mouse EAT-2 and SH2D1A protein sequences are compared. Yellow areas, identical residues; green areas, blocks of
similarity; blue areas, conserved positions. Exon boundaries are indicated (Ex, exon). Elements of secondary structure are indicated at the top and
labeled using the standard SH2 domain nomeclature (Eck et al., 1993). Key residues for the peptide±SH2 domain interactions are indicated by the
symbol `+'. Amino acid substitutions found in XLP patients are indicated at the bottom. An arrow indicates Cys15 of EAT-2 and Gly16 of SH2D1A.
Lower panel: the mouse EAT-2 SH2 domain is compared with the SH2 domain of the human inositol polyphosphate-5-phosphatase (h SHIP), viral
Abelson leukemia oncogene (v abl), Rous sarcoma virus oncogene (v src), human tyrosine kinase lck (h lck) and human tyrosine phosphatase SHP-2
(h SHP-2). Blocks of color indicate similarity or identity as indicated in the above panel. (B) Ribbon diagram showing the EAT-2 SH2 domain in
complex with the CD150 phosphopeptide. The bound phosphopeptide is shown in a stick representation (yellow). Selected EAT-2 residues that form
the binding site are shown in blue. The N-terminal residues of the peptide make a parallel b-sheet interaction with strand bD; the side chains of these
residues make hydrophobic contacts with Leu49 and Tyr51 in strand bD (see text, and D). Interestingly, R12 (at position aA2), which is conserved
in most SH2 domains and generally contributes to phosphotyrosine coordination, does not participate in phosphate binding in the EAT-2 complex.
Instead, Arg54 (bD6) hydrogen-bonds with the phosphate group. Similar coordination was described for the SH2D1A SH2 domain±CD150
phosphotyrosine peptide complex (Poy et al., 1999). Interactions C-terminal to the phosphotyrosine are dominated by Val +3pY, which binds in a
hydrophobic cleft. (C) Surface representation of the EAT-2 SH2 domain with the bound CD150 pTyr281 peptide. Hydrophobic residues at the ±1 and
±3 positions of the peptide (in a stick representation) intercalate with hydrophobic and aromatic residues on the surface of the SH2 domain. Thr2 (Thr
279 of SLAM) hydrogen-bonds with Glu16. C-terminal to the phosphotyrosine, Val +3 is buried in a mostly hydrophobic groove. Key residues for the
SH2 domain±peptide interaction are represented in light green. (D) Stereo view showing the details of CD150 coordination. Residues 278±286 of the
CD150 phosphopeptide are shown in green; EAT-2 residues surrounding the bound peptide are colored yellow. White lines indicate hydrogen bond
interactions; red spheres represent ordered water molecules that bridge between the peptide and the SH2 domain. EAT-2 residues are labeled in white;
N and C indicate the respective termini of the CD150 peptide. Green arrows indicate the phosphotyrosine and `+3' binding pockets. Note the
b-sheet hydrogen bonding pattern between the main chain of residues 49±53 of EAT-2 and the N-terminal residues of the CD150 phosphopeptide.
The peptide essentially forms an additional strand in the central b-sheet of EAT-2. (E) Superimposition of the mouse EAT-2 and human SH2D1A
structures bound to the CD150 pTyr281 peptide. Mouse EAT-2 (gray) and human SH2D1A (blue) a-carbon traces are superimposed. Note that the
peptides are bound in essentially identical conformations. (F) Stereo view of the electron density map for the CD150 phosphopeptide bound to the
EAT-2 SH2 domain. The 2Fo ± Fc annealed omit map was calculated at 2.15 AÊ resolution and contoured at 1.2s.
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SH2D1A can bind to the peptide in the absence of
phosphorylation.

Next, we determined whether EAT-2 binds to the
complete cytoplasmic tails of CD150 and of the related
receptors CD84, CD229 and CD244, as does SH2D1A
(Sayos et al., 2000, 2001). An altered yeast two-hybrid
system was used. We chose the yeast two-hybrid system
because there is no tyrosine phosphorylation in yeast cells.
Moreover, we previously had developed an altered yeast
two-hybrid system in which phosphorylation of tyrosine
could be established without interfering with the read-out
of the assay (Sayos et al., 2001). Brie¯y, yeast cells were
co-transformed with two vectors: (i) the ®rst is a bi-
cistronic vector, containing coding sequences for either the
EAT-2 sequence alone (two-hybrid system) or EAT-2 and
mutant tyrosine kinase fyn420,531Y±F (modi®ed two-hybrid
system); and (ii) the second vector contains the coding

Fig. 5. EAT-2 binds only to the phosphorylated cytoplasmic tail of
CD150, CD84, CD229 and CD244 in a modi®ed yeast hybrid system.
(A) Interactions between EAT-2 and CD150, CD244, CD229 or CD84
require the presence of the tyrosine kinase fyn. Yeast cells (strain
Y187) were co-transformed with full-length mouse EAT-2 and mutant
fyn420,531Y±F in pBRIDGE, and with vector pGAD424 containing the
cytoplasmic tail of CD150, CD244, CD229 or CD84. An empty
pGAD424 vector was used as a control. Protein interactions were
detected by measuring activation of b-galactosidase (U/ml) in the yeast
lysate. Interactions in the presence of the protein tyrosine kinase
fyn420,531Y±F are indicated by dashed bars. In control experiments with
the same transformed yeast cells, fyn420,531Y±F expression was
repressed speci®cally by adding L-methionine to the culture medium
(solid bars). (B) Schematic representation of the putative EAT-2-
binding motifs in the cytoplasmic tail of the CD150 family members.
The motifs in the cytoplasmic tail of CD150 and CD229 that have been
shown to bind SH2D1A by mutational analyses are indicated by an
asterisk (Sayos et al., 2001; Howie et al., 2001).

Fig. 4. EAT-2 binds exclusively to a phosphorylated peptide (pY281)
derived from the cytoplasmic tail of CD150. (A) Fluorescence
polarization analysis of the EAT-2 binding to a phosphorylated pY281
peptide. Different concentrations of GST±mouse EAT-2 (or
GST±human SH2D1A) and an 11mer synthetic peptide identical to
amino acid residues 276±287 of human CD150 (Sayos et al., 1998),
tyrosine phosphorylated or not, were used. Top panel: binding of
GST±mouse EAT-2 to the pY281 (®lled triangles and continuous line)
or the Y281 peptide (open squares and dashed line). Bottom panel:
binding of GST±human SH2D1A to the pY281 (®lled triangles and
continuous line) or the Y281 peptide (open squares and dashed line).
x-axis: protein concentration (nM); y-axis: polarization units (mP). The
table summarizes the apparent dissociation constant (kD). (B) Hybrid
system analysis of the interaction between EAT-2 and the cytoplasmic
tail of CD150 in the presence or absence of fyn. Dashed bars indicate
the interaction between the EAT-2 (or SH2D1A) full-length protein
fused to a GAL4 DNA-binding domain and the GAL4 DNA activation
domain fused to the cytoplasmic tail of the CD150 receptor. An empty
pGAD424 vector was used as a control (solid bars). The test was
conducted in either the presence or absence of fyn420,531Y±F.
y-axis = b-galactosidase (U/ml).
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sequences for the cytoplasmic tail of human CD84,
CD150, CD229 or mouse CD244.

In line with the ¯uorescence polarization results, EAT-2
interacted with CD150 only in the presence of fyn, while
no reporter activity was detected without fyn (Figure 4B).
SH2D1A was used as a control for its ability to interact
with CD150 in the absence of fyn (Sayos et al., 1998)
(Figure 4B).

Next, we expanded the analysis to the CD150-related
receptors CD84, CD229 and CD244. As in the case of
CD150, a reporter activity was evident only in the
presence of fyn (Figure 5). Thus, this assay demonstrated
the ability of EAT-2 to interact with CD150, CD244,
CD229 or CD84. This interaction requires the presence of
fyn420,531Y±F (Figure 5) and is dependent upon tyrosine
phosphorylation of the receptors.

EAT-2 partially blocks recruitment of SHP-2 to the
APC receptors
The apparent high af®nity of the interaction between
EAT-2 and the pTyr281 peptide predicted that EAT-2, like
SH2D1A, potentially could block recruitment of signal
transduction molecules to the cytoplasmic tails of the four
APC cell surface receptors. To avoid interference by
endogenous EAT-2 or receptor molecules, we utilized a
previously published COS-7 cell assay. Cells were
transiently transfected with different combinations of
plasmids encoding EAT-2, fyn and either CD84, CD150,
CD229 or CD244. As expected, EAT-2 binds to all four
proteins in COS-7 cells (Figure 6). As shown in Figure 6,
EAT-2 binding blocks SHP-2 recruitment to the
CD150, CD84, CD229 and CD244 receptors, albeit less
ef®ciently than SH2D1A. This difference might be

Fig. 6. In vivo binding of EAT-2 to CD150 family members. Interactions were examined after co-transfection of combinations of mouse EAT-2 (in
pCMV-FLAG) with CD150, CD244, CD229 or CD84, and fyn into COS-7 cells (plasmid combinations are indicated above each set of panels). All
cells were surface biotinylated prior to being subjected to detergent lysis. Immunoprecipitates (I.P.) made with an antibody againsT cD150-related
receptors (panels on the left of each ®gure) are analyzed by western blotting. Anti-phosphotyrosine = W.B. a-PY; avidin = W.B. AV-HRP;
EAT-2 = W.B. a-FLAG; SHP-2 = W.B. a-SHP-2. In the panels on the right of each ®gure, lysates of the same transfections are analyzed by western
blotting. (A) EAT-2 and CD150. (B) EAT-2 and CD244. (C) EAT-2 and CD84. (D) EAT-2 and CD229.
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explained by the absence of the non-phospho binding in
the case of EAT-2, which could affect the transient triple
transfection assay.

Interestingly, as previously observed for SH2D1A
(Sayos et al., 1998, 2001), overexpression of EAT-2
apparently induces tyrosine phosphorylation of the
CD150-related receptors. This explains the binding of
EAT-2 to the CD150 family of glycoproteins in the
absence of fyn (Figure 6), whilst they fail to do so in the
phosphorylation-free environment of the yeasT cell.
Recent ®ndings (Latour et al., 2001; A.Lanyi, unpublished
data) indicate that SH2D1A selectively activates/recruits
fyn to CD150. Thus, phosphorylation of CD150-related
receptors by SH2D1A would derive by both inhibition of
SHP-2 recruitment and activation of fyn. According to our
phosphorylation results (Figure 6), we predict that EAT-2
might play a role similar to that of SH2D1A in activat-
ing fyn- or src-related kinases in B lymphocytes and
macrophages.

Next, we tested EAT-2 binding in the presence of
CD150 and CD229 receptors where the cytoplasmic
tyrosines were mutated to phenylalanine. Using a direct
interaction hybrid system in the presence of fyn, we
observed that mutation CD150 Y1F (CD150 Y281F)
(Figure 7A) or the double mutation CD229 Y23F (CD229
Y558F, Y581F) (Figure 7B) totally ablated EAT-2 bind-
ing. These ®ndings perfectly parallel results with
CD150±SH2D1A (Howie et al., 2001) and CD229±
SH2D1A (Sayos et al., 2001). In vivo binding experiments
supported and extended these ®ndings. EAT-2, like
SH2D1A (Howie et al., 2001), binds to both phos-
phorylated Tyr281 and Tyr327 in CD150 (Figure 7C).
Combined mutation of these binding sites totally ablated
EAT-2 binding to the CD150 and CD229 receptors
(Figure 7). These results unambiguously indicate that
EAT-2 binding to the CD150-related receptors is
dependent upon phosphorylation of the motif in the
receptors.

Fig. 7. Analysis of EAT-2 binding to Y±F CD150 and CD229 mutant
receptors. (A) EAT-2 binding to CD150 Y±F mutants in a direct
interaction hybrid system. Hybrid system direct interaction analysis of
the binding between EAT-2 in pBRIDGE-Fyn420,531Y±F (dashed bars)
and different cD150 Y±F mutations in pGAD424. As control, vector
pBRIDGE was used (solid bars). In particular, mutants CD150 Y1F
(Tyr281 to phenylalanine), Y3F (Tyr327 to phenylalanine) or Y13F
(Tyr281 and Tyr327 to phenylalanine) were used in this study.
The lower part of the ®gures depicts the mutations in the CD150
cytoplasmic tail. (B) EAT-2 binding to CD229 Y±F mutants in a direct
interaction hybrid system. Hybrid system direct interaction analysis of
the binding between EAT-2 in pBRIDGE-Fyn420,531Y±F (dashed bars)
and different cD229 Y±F mutations in pGAD424. As control, vector
pBRIDGE was used (solid bars). In particular, mutants CD229 Y2F
(Tyr558 to phenylalanine), Y3F (Tyr581 to phenylalanine) and Y23F
(Tyr558 and Tyr581 to phenylalanine) were used in this study. The
lower part of the ®gure depicts the mutations in the CD229 cytoplasmic
tail. (C) EAT-2 binding to CD150 Y±F mutants in an in vivo system.
Full-length wild-type CD150, CD150 Y1F (Tyr281 to phenylalanine),
CD150 Y2F (Tyr307 to phenylalanine), CD150 Y3F (Tyr327 to
phenylalanine) and CD150 Y123F (Tyr281, Tyr307 and Tyr327 to
phenylalanine) were co-transfected with EAT-2 and fyn in a COS-7
cell system. Mutant cD150 cDNAs used in the transfections are
indicated above each set of panels. Immunoprecipitates (I.P.) were
made with an anti-CD150 antibody and analyzed by western blotting.
Anti-phosphotyrosine = W.B. a-PY; avidin = W.B. AV-HRP;
EAT-2 = W.B. a-FLAG. The bottom panel shows the lysates of the
same cell extracts used for the precipitation.
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Fyn phosphorylation of mutants CD150 Y1F, Y2F or
Y123F is much lower compared with phosphorylation of
wild-type CD150 (Figure 7C). Similar results were
obtained using SH2D1A (Howie et al., 2001). Both
Tyr315 and Tyr335 in the cytoplasmic tail of mouse
CD150 (equivalent to Tyr307 and Tyr327 of human
CD150) are required for fyn binding to CD150 (Latour
et al., 2001). We speculate that the lower phosphorylation
of CD150 of Y±F mutants might be because of an
inef®cient ternary complex formation among the CD150,
EAT-2 and fyn molecules. Because a similar pattern of
phosphorylation of CD150 mutants and EAT-2 binding to
CD150 in COS-7 cells was also detected in the absence of
fyn (M.Morra, data not shown), EAT-2 might activate src-
related kinases other than fyn.

Discussion

Here we show that EAT-2 is an SH2D1A-like molecule in
professional APCs such as B lymphocytes and macro-
phages. Although the SH2D1A±CD150 interaction is
unique in its binding in the absence of tyrosine phos-
phorylation (Sayos et al., 1998; Poy et al., 1999), this
distinction between CD150 and the other cell surface
proteins cannot be explained easily. The presence of a
Cys15 in EAT-2 instead of a Gly16 in SH2D1A might be
of signi®cance. Residue 15 lies behind Arg31 (Arg32 in
SH2D1A) in the phosphotyrosine-binding pocket; substi-
tution with cysteine eliminates a buried water molecule,
which in SH2D1A hydrogen-bonds to the arginine. It is
possible that the more hydrophobic environment sur-
rounding Arg31 of EAT-2 makes binding of a non-
phosphorylated tyrosine residue energetically unfavorable.
Thus, while EAT-2 and SH2D1A SH2 domains share a
`three-pronged' mode of interaction, the interaction with
non-phosphorylated tyrosines may be unique to the
interaction of SH2D1A with Tyr281 in CD150.

The interactions of EAT-2 and SH2D1A with the
CD150 family members are summarized in Figure 8. We
speculate that SH2D1A and EAT-2 are introduced into the
immune synapse via CD150 and CD229, CD84 or CD244
to ensure their presence at the T cell±APC interface. It is

likely that following T-cell receptor (TCR) triggering,
CD244, CD229 and CD84 are tyrosine phosphorylated
rapidly, thus recruiting EAT-2 and SH2D1A. In this
fashion, SH2D1A and EAT-2 could function indirectly to
prolong phosphorylation of important substrates during
TCR triggering. Because our results indicate that over-
expression of EAT-2 induces tyrosine phosphorylation of
the CD150-related receptors as does SH2D1A (Sayos
et al., 1998; Latour et al., 2001), EAT-2 might activate fyn
or other src-related kinases in B lymphocytes and
macrophages.

The difference between EAT-2 and SH2D1A binding to
CD150 could partly account for the differences in CD150
signaling in T and B lymphocytes (Cocks et al., 1995;
Punnonen et al., 1997), which are SH2D1A- and EAT-2-
expressing cells, respectively. Preliminary binding experi-
ments using peptides with an amino acid sequence
surrounding EAT-2 Tyr127 indicated that the phospho-
lipase-C-g enzyme might bind the EAT-2 tail if phos-
phorylated (M.Morra, data not shown). The fact that
EAT-2 may act as an adaptor articulating interactions with
SH2 domain-containing molecules through its tail might
also account for differences in CD150 signaling in
different lymphocyte populations.

EAT-2 and SH2D1A have a similar exon±intron
organization, which suggests their origin by duplication
from a common ancestor gene. The EAT-2 gene maps
closely to the CD150 cluster, which includes CD48, CD84,
CD229, CD244 and 19A (Morra et al., 2001a; Wang et al,
2001), and which is a located in a 260 kb fragment on
chromosome 1q22. Thus, a relationship between genomic
localization and function of these genes and EAT-2 is
suggested. The SH2D1A gene deletion leads to multiple
defects in cell signaling (Wu et al., 2001). In addition to
typical XLP patients, the SH2D1A gene has been found to
be altered in some patients affected by lymphomas
(Brandau et al., 1999) or common variable immunode®-
ciency syndrome (CVID) (Gilmour et al., 2000; Morra
et al., 2001c). Patients characterized by a chronic infection
by EBV and XLP-like patients with a negative family
history tested negative for SH2D1A mutations (Sumegi
et al., 2000; M.Morra, unpublished data). Searching for
mutations in EAT-2 in these patients may be necessary. In
particular, because EAT-2 is expressed mostly in
B lymphocytes and macrophages, it is plausible that the
gene may be involved in lymphomagenesis or other
proliferative diseases. Because EAT-2 can be found in
ESTs derived from a variety of human tumors, it is likely
that the gene plays an important role in signal transduction
events in non-hematopoietic cells. Furthermore, the
EAT-2 protein may interact with novel members of the
CD150 family that are expressed in a variety of different
tissues. The creation of a mouse with a disrupted EAT-2
gene or overexpression of the gene will permit a deeper
understanding of the function of EAT-2 in different cell
types and of its role in cell signal transduction.

Materials and methods

Cells and antibodies
The A20, M12, K46, EL-4 and COS-7 cells (ATCC) were grown as
previously described (Sayos et al., 1998). Anti-human CD150 2E7
monoclonal antibody (mAb) was a gift from DNAX (Cocks et al., 1995).

Fig. 8. A possible model for the interactions between EAT-2, SH2D1A
and the four cell surface receptors at the interface of B lymphocytes,
macrophages (Mf) and T cells. The receptor±ligand interactions of
CD48/CD244 (Brown et al., 1998) and CD150/CD150 (Punnonen et al.,
1997; Mavaddat et al., 2000) have been reported.
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Anti-mouse CD244 mAb was purchased from BD Pharmingen. Anti-
human CD229 (clone HCD229.1.84) and CD84 (clone CD84.1.2.21 and
CD84.1.7) antibodies were produced as previously described (Sayos et al.,
2001). For western blotting, anti-FLAG M5 mAb (Kodak) and polyclonal
rabbit anti-SHP-2 were used (Santa Cruz). The detection system consisted
of anti-mouse or anti-rabbit IgG horseradish peroxidase (HRP)-conjug-
ated polyclonal antibodies (Santa Cruz). For antiphosphotyrosine
blotting, we used a directly conjugated HRP±antibody cocktail (Zymed).

Plasmid construction
Mouse EAT-2 cDNA was cloned in the vector pCMV-2/FLAG (Kodak).
The CD150 construct was generated by subcloning the human CD150
cDNA in vector pJFE14-SRa (a gift from DNAX Research Institute). The
mouse CD244, human CD229 and human CD84 cDNAs were subcloned
in the pCDNA3.1 vector.

Human CD150 mutants (Y281F or Y1F; Y307F or Y2F; Y327F or
Y3F; Y281,327F or Y13F; Y281,307,327F or Y123F) were generated by
PCR-mediated mutagenesis (Howie et al., 2001).

Immunoprecipitation and western blotting
COS-7 cells (10 3 106) were transfected by the DEAE-dextran method
(Ausubel et al., 1995). Proteins were immunoprecipitated as previously
described (Sayos et al., 1998) and precipitates were separated by
SDS±PAGE and transferred to a PVDF Immobilon membrane (Millipore
Corp.). Filters were blocked with 3% bovine serum albumin (BSA) and
then probed with the antibodies indicated.

Cloning of the human EAT-2 cDNA
A cDNA containing the complete human EAT-2 sequence was obtained
by PCR using spleen cDNA as template (Marathon library, Clontech).
Primers recognizing the ®rst exon were paired with primers recognizing
sequences surrounding Y120 and Y127 of the mouse EAT-2 sequence.
Thus, a fragment of ~400 bp was generated using the pair of primers
recognizing Y127. Ampli®ed fragments were subcloned in a TA cloning
vector and the inserts were sequenced.

RT±PCR and TaqMan analysis
Total RNA was isolated by TRIzol Reagent (BRL, Gaithersburg, MA).
One step RT±PCR (Access RT±PCR kit, Invitrogen) was performed using
the mouse EAT-2 primer combinations F5¢-GACCAACCGAGAGTG-
TGA-3¢ and R5¢-TTATTGGGTTTGAAAGGTGAA-3¢.

For the TaqMan analysis, spleens were mashed and depleted of red
blood cells. Individual cell populations (CD11b and B220) were isolated
using antibodies conjugated to magnetic beads (Miltenyi Biotec, Auburn,
CA). cDNA was synthesized by a SuperScript First-Strand synthesis
system (Invitrogen).

VIC-labeled rodent GAPDH control primers and probe were purchased
from Applied Biosystems (Foster City, CA). The following mouse EAT-2
primer combination was used: F5¢-gctgccacatctgcaagtgt-3¢ and R5¢-
gaacagatcttgctatcccaatca-3¢.

The EAT-2 probe (5¢-tgccaatttctagtgagccactgagaccc-3¢) was labeled
using 6-carboxy¯uorescein (Applied Biosystems). Reactions were
conducted in TaqMan Universal PCR Master Mix (Applied

Biosystems) using an ABI PRISM 7700 Sequence Detection System
(Applied Biosystems).

A modi®ed yeast two-hybrid system
The sequence encoding mouse EAT-2 was cloned in the multiple cloning
site 1 of the bi-cistronic vector pBRIDGE (Clontech). A mutant of human
fyn420,531Y±F was subcloned in the second multiple cloning site of
pBRIDGE, as described previously (Sayos et al., 2001).

Sequences encoding the cytoplasmic tail of CD84, CD150, CD229 or
CD244 were cloned in the GAL4 DNA activation domain site of vector
pGAD424 (Clontech). Human CD150 fragment was obtained from the
pGBT9±CD150 construct (Sayos et al., 2001). Mouse CD244 was
ampli®ed by PCR using the CD244 5¢ sense primer 5¢-CCGGAATTC-
AAGAAGAGGAAGCAGTTACAGTTC-3¢ and the CD244 3¢ antisense
primer 5¢-GGAAGATCTCTAGGAGTAGACATCAAAGTTCTC-3¢.
Human CD84 was ampli®ed by PCR using the CD84 5¢ sense primer
5¢-ATCGAATTCTTCCGTTTGTTCAAGAGAAGA-3¢ and the CD84 3¢
antisense primer 5¢-ATCGGATCCCTAGATCACAATTTCATAGCT-
3¢. Human CD229 and CD229 Y±F mutants (mutants Ly-9 558 Y±F or
CD229 Y2FY; Ly-9 581 Y±F or CD229 Y3F; and Ly-9558, 581 Y±F or
CD229 Y23F) were generated as previously described (Sayos et al.,
2001).

Plasmids pBRIDGE and pGAL4 were co-transformed and plated on
SD agar supplemented with a ±Trp, ±Leu, ±Met dropout. The
b-galactosidase colony lift ®lter assay and liquid culture assay using
o-nitrophenyl-b-D-thiogalactopyranoside (ONPG) as a substrate were
carried out as described in the Clontech Yeast Protocols Handbook.

Expression, puri®cation and crystallization of the mouse
EAT-2 molecule
Mouse EAT-2 (residues 1±103) was expressed in Escherichia coli strain
BL21 (DE3) using the pRSET plasmid (Invitrogen). Cell pellets were
lysed by sonication, and the EAT-2 protein was puri®ed to homogeneity
from clari®ed lysates using cation exchange chromatography (S-
Sepharose FastFlow, Pharmacia) followed by phosphotyrosine af®nity
chromatography essentially as described for SH2D1A (Poy et al., 1999).

EAT-2 crystals were grown in hanging drops at 22°C. The EAT-2
protein (20 mg/ml) was combined with a 3-fold excess of the
phosphorylated CD150 pY281 peptide (VEKKSLTIpYAQVQK). The
complex was crystallized over a well solution containing 30% PEG 8000,
100 mM sodium citrate pH 5.6, 25 mM ammonium sulfate and 10 mM
dithiothreitol (DTT). All diffraction data were recorded at ±165°C.
Crystals were `dunked' brie¯y in a buffer containing well solution plus
20% glycerol prior to ¯ash freezing in liquid nitrogen. The EAT-2/pY281
data were recorded using a Mar Research image plate detector mounted
on a Rigaku rotating anode source with mirror optics at ±165°C. All
diffraction data were integrated and scaled using the programs DENZO
and SCALEPACK (Otwinowski and Minor, 1997) (Table I).

The atomic structure of the EAT-2±CD150 complex was then
determined by molecular replacement with the program AmoRe
(Navaza, 1992). The SAP/pY281 SH2 domain structure, with the
phosphopeptide removed, was used as a search model (PDB code
ID4W) (Poy et al., 1999). The rotation and translation searches were
unambiguous. Difference electron density maps calculated after rigid
body re®nement of the properly positioned model yielded clear electron
density for the bound CD150 phosphopeptide. The peptide was built and
the Eat-2 SH2 domain was re®tted manually using the program O (Jones
and Kjeldgaard, 1997). Ordered solvent was built with the aid of the
program ARP/wARP (Lamzin and Wilson, 1997) and the structure was
re®ned with data extending to 2.1 AÊ resolution using REFMAC in the
CCP4 program suite (CCP4, 1994). Re®nement statistics are presented in
Table I. Figure 3 was prepared using the programs MOLSCRIPT, O and
GRASP. Coordinates have been deposited with the Brookhaven Protein
Data Bank (ID code 1I3Z).

Measurement of peptide binding af®nity using
¯uorescence polarization
Fluorescent polarization assays were performed according to Danliker
et al. (1981) as previously described (Morra et al., 2001b). A Beacon
system was used in these experiments. Polarization values are expressed
in millipolarization units (mP). The curves were ®t by non-linear
regression using the Prizm curve-®tting software (Graphpad Software,
San Diego, CA).

Table I. Data collection and re®nement statistics

Resolution (AÊ ) 2.1
Space group P21212
Unit cell (AÊ ) 58.9, 59.5, 34.9
Molecules/asymmetric unit 1
Rsym (% overall/2.16±2.1 AÊ shell) 5.4/33.0
Re¯ections (total/unique) 24 668/7460
Completeness (%) 97.0

Re®nement statistics

Resolution range (AÊ ) 20.0±2.15
Protein atoms 908
Water molecules 86
Rcryst/Rfree (%, F > 2s) 21.6/27.9
Rcryst (%, all data) 23.1
R.m.s.d. bond length/angles 0.016 AÊ /2.151°
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