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The mammalian growth factor receptor- binding protein Grb2 is an adaptor that mediates 
activation of guanine nucleotide exchange on Ras. Grb2 binds to the receptor through its 
SH2 domain and to the carboxyl-terminal domain of Son of sevenless through its two SH3 
domains. It is thus a key element in the signal transduction pathway. The crystal structure 
of Grb2 was determined to 3.1 angstrom resolution. The asymmetric unit is composed 
of an embedded dimer. The interlaced junctions between the SH2 and SH3 domains bring 
the two adjacent faces of the SH3 domains in van der Waals contact but leave room for 
the binding of proline-rich peptides. 

T h e  25-kD adaptor protein Grb2 is the 
human homolog (I)  of Sem-5 protein from 
Cmno&Mitis elegans (2) and of Drk from 
Drosopkh mehnogaster (3). It is a modular 
protein composed of one SH2 and two SH3 
domains (4). After activation and phos- 
phorylation of the epidermal growth factor 
(EGF) receptor, the Grb2-Sos complex is 
recruited to the membrane in an SH2-de- 
pendent manner and activates the Ras sig- 
naling pathway. Recently it has been sug- 
gested that regulation of Grb2 may play a 
role in apoptosis (5). The SH2 domain of 
Grb2 also binds to class I1 phosphotyrosyl 
peptides with consensus sequence pYXNX 
with a preference for residues Q, Y, and V at 
position + 1 and Y, Q, and F at position +3 
relative to the phosphotyrosine (6, 7). 

The SH3 domain of Grb2 binds to Sos 
and Sosderived, proline-rich peptides (8). 
SH3 domains can bind peptides in two 
opposite orientations (plus and minus) (9). 
Solution structures of Grb2 NH2-terminal 
(10) and COOH-terminal (1 1) SH3 do- 
mains with bound peptides were recently 

determined. They show that Grb2 binds 
PPPVPPRRR peptides in the minus orien- 
tation as previously postulated. 

Crystals were obtained at 19°C by dial- 
ysis from a Grb2 solution (15 mglml) with 
sodium acetate (pH 8.0) as a crystallizing 
agent. They belong to space group P43 with 
a = b = 90.0 and c = 97.7 A and contain 
two molecules in the asymmetric unit (12). 
The crystal structure of Grb2 (Fig. 1) shows 
three distinct domains. Within a molecule 
of Grb2, the SH3 domains are not in con- 
tact with the SH2 domain. They are sepa- 
rated by an interlaced junction with few 
contacts that resembles a pair of suspenders. 
The crystal structure indicates that the rel- 
ative positions of the three domains in the 
protein leave the three binding sites fully 
accessible. This makes it very unlikely that 
a conformational change in the Grb2 SH2 
domain could be transmitted to the Sos 
proline-rich binding sites of SH3 domains 
and vice versa. 

Each SH3 domain forms a P barrel, as 
previously described in other x-ray or nu- 

clear magnetic resonance structures (9, 
13). It consists of five antiparallel strand- 
ed P sheets. The two SH3 domains have 
36% sequence identity and C a  can be 
superimposed within 1.35 A root mean 
square. Much attention has focused on the 
binding of peptides to Grb2 SH3 domains 
(9-1 1). Some bind preferentially to the 
NH2-terminal domain, others to the 
COOH-terminal one. At both sites, the 
peptide backbone adopts a polyproline 
type I1 helix conformation in the minus 
orientation. As shown in Fig. 2, the bind- 
ing re ions of the two SH3 domains are A' -34 apart. Because of their proximity, 
the two SH3 domains form a continuous 
surface at the bottom of the molecule, 
which presents an alignment of negatively 
charged residues. This arrangement clearly 
favors a tighter binding of peptides with 
basic residues, Both SH3 domains of Grb2 
contain an RGD sequence that forms a 
quite accessible turn. 

The interface between the two SH3 do- 
mains is mainly defined by van der Waals 
contacts and buries only 1000 A2 with 5 
hydrogen bonds as compared to a typical 
(14) protein-protein interface of 1500 A 
containing 10 hydrogen bonds. Due to the 
small area of this interface, it is possible that 
the two SH3 domains of Grb2 could disso- 
ciate and adopt different orientations (Fig. 
3), allowing Grb2 to be a flexible adaptor. 
The relative position of the Lck SH2-SH3 
domains (15) (Lck is a member of the Src- 
family tyrosine kinases) is different. When 
'the SH2 domains are superimposed (Fig. 
4), the SH3 domain of Lck is 90' away from 
those of Grb2. These observations support 
an independent function of SH2 and SH3 
domains in such modular proteins. 

The SH2 domain of Grb2, which recog- 
nizes phosphorylated peptides, is made of a 
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Fig. 1. (A) Ribbon diagram 
of Grb2 produced with the 
program Molscript (22) and 
Raster3D (23). (B) Ribbon 
diagram of the dimer of 
Grb2. Molecule A is col- 
ored in green and molecule 
B in red. 



Fig. 2 Space-filling mod- 
el of the SH3 domain 
binding sites. The ribbon 
diagram of the SH2 do- 
main is colored in green, 
the NH2-terminal SH3 in 
dark blue, the COOH-ter- 
minal SH3 in light blue, 
and the peptide binding 
sites are in yellow. The row 
of negatively charged resi- 
dues Aspt4, Aspt5, Glu30, 
Glu31, Asp33, Asplm, 
Asptm, G I u ~ ~ ~ ,  Asp172, 
and GIu174 is colored in 
red. 

classical (16, 17) central antiparallel P 
sheet flanked by two helices. GrbZ binds 
the peptide SPGEpYVNIEFGS of insulin 
receptor substrate 1, where pY corresponds 
to The crystal structures of this pep- 
tide complexed with the Syp tyrosine phos- 
phatase SH2 domain, as well as of the un- 
complexed Syp, have been described (16). 
Superposition of the SH2 domains of the 
peptide-Syp complex and of Grb2 shows 
the phosphorylated tyrosine of the peptide 
in proximity of ArgB6 of GrbZ in agreement 
with binding and mutation studies, which 
show that this residue 4 a key element for 
peptide binding. The Grb2 jaw, made from 
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Fig. 3. Schematic representation of the possible 
relative orientation of the SH3 domains of Grb2. N, 
NH2-terminal, and C, COOH-termind. The arrow Fig. 4. Superposition of the SH2 domains of Grb2 
indicates the distance between the SH3 peptide (seen 90' from Fig. 1) with the SH2 of the Lck 
binding sles. (A) Closed; as observed in the Grb2 W2-SH3 peptide complex in red (15). The asso- 
x-ray structure. (B) Half open. (C) Open. ciated peptide is colored in yellow. The SH2 and 

NH,-terminal SH3 domains of Grb2 are in green, 
whereas the COOH-terminal is in dark blue. 

dimer, although light-scattering measure- 
ments show that in diluted solutions, GrbZ 
behaves as a monomer. If the dimer exists in 
solution, the two embraced molecules 
would still have their peptide binding sites 
(two for SH2 and four for SH3) accessible 
and therefore dimerization would not play a 
regulatory function. Whether or not this 
dimerization plays a role in the adaptor 
function of Grb2 remains to be shown. 
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Recruitment and Activation of PTPI C in Negative 
Regulation of Antigen Receptor 

Signaling by Fcy RllBl 
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Coligation of the Fc receptor on B cells, FcyRIIBl, with the B cell antigen receptor (BCR) 
leads to abortive BCR signaling. Here it was shown that the FcyRllBl recruits the phos- 
photyrosine phosphatase PTPl C after BCR coligation. This association is mediated by 
the binding of a 13-amino acid tyrosine-phosphorylated sequence to the carboxyl- 
terminal Src homology 2 domain of PTPl C and activates PTPI C. lnhibitory signaling and 
PTPI C recruitment are dependent on the presence of the tyrosine within the 13-amino 
acid sequence. lnhibitory signaling mediated by FcyRllBl is deficient in motheaten mice 
which do not express functional PTPI C. Thus, PTPI C is an effector of BCR-FcyRIIBl 
negative signal cooperativity. 

F o r  decades it has been known that im- 
mune complexes consisting of antigen and 
immunoglobulin G (IgG) antibodies are po- 
tent inhibitors of humoral immune respons- 
es ( I ). Immune complex-mediated inhibi- 
tion of antibody poduction has been shown 
to depend on  coligation of BCR and the 
receptor for the Fc region of IgG (FcyRIIBl) 
and does not result from independent liga- 
tion of the FcyRIIBl (2). Studies indicate 
that FcyRIIBl coligation aborts the immune 
response at the level of BCR signal trans- 
duction. BCR signal transduction is med- 
iated by the rapid activation of Src and Syk 
family tyrosine kinases ( 3 ) ,  augmented pro- 
tein tyrosine phosphorylation (4), phospho- 
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inositide hvdrolvsis. and elevation of the , , ,  
cytoplasmic free calcium concentration 
([Caz+],), which result in B cell prolifera- 
tion, differentiation, and antibody secretion 
(5). Coligation of BCR and FcyRIIBl leads 
to the premature termination of inositol 
trisphosphate (IP3) production (6), inhibi- 
tion of the extracellular Ca2+ influx (7) ,  
and blockade of blastogenesis (8). 

FcyRIIBl is the only receptor for IgG Fc 
domains that is detectable on  the surface of 
B lymphocytes (9). Mutational analysis of 
this receptor has revealed that a 13-amino 
acid motif in  the cvtonlasmic domain is , A 

required for negative signaling (1 0). Muta et 
al. showed that this 13-amino acid se- 
quence mediates inhibitory signaling when 
it is expressed in an inert receptor context, 
that phosphorylation of Tyr30"n this 13- 
amino acid "inhibitor" sequence follows 
BCR coligation, and that this tyrosine is 
essential for FcyRIIBl-mediated inhibitory 
signaling (1 1).  Although this sequence has 
only been described in a single receptor, it is 
operationally termed ITIM (immune recep- 
tor tyrosine-based inhibitor motif) in this 
report. It seemed plausible, given the doc- 

umentation in many systems of protein 
phosphotyrosine interaction with SH2 do- 
mains (12), that this inhibitory signaling 
might be mediated by FcyRIIBl recruit- 
ment of one or more effectors which bind 
by means of their SH2 domains to the 
p h ~ s p h o r ~ l a t e d  Tyr309 in the ITIM. 

T o  identify such a hypothetical effector 
we used synthetic nonphosphorylated and 
tyrosine-phosphorylated (designated by the 
prefix "p") ITIM peptides with the se- 
quence EAENTIT(p)YSLLKH to isolate 
binding proteins in lysates of [35S]methi- 
onine-labeled A20 cells (13). Three pro- 
teins, of 160, 70, and 65 kD, bound to 
pITIM but not to nonphosphorylated ITIM 
(Fig. IA).  These proteins were purified 
from 5 X lo9 A20 cells by pITIM affinity 
chromatography and subsequent elution 
with p-nitrophenyl phosphate (pNPP is a 
phosphotyrosine analog), followed by SDS- 
polyacrylamide gel electrophoresis (PAGE) 
fractionation and membrane transfer as de- 
scribed (14), and subjected to sequence 
analysis. The  NH,-terminal 17-amino acid 
sequence of the 65-kD protein was found to 
be a perfect match for the phosphotyrosine 
phosphatase PTPlC,  also known as HCP, 
SHP, or SH-PTPl (15). W e  confirmed the 
identity of the protein by immunoblotting 
with antibody to P T P l C  (anti-PTPlC) 
(Fig. 1B). Equal amounts of P T P l C  were 
present in pITIM peptide adsorbates of un- 
stimulated A20 cells, A20 cells stimulated 
with rabbit antibody against membrane im- 
munoglobulin (mIg), and A20 cells stimu- 
lated with F(abl), fragments of the antibody 
(Fig. IB). This suggests that the association 
of P T P l C  with FcyRIIBl does not require 
BCR-induced modification of the enzyme. 

T o  address the physiological relevance of 
the FcyRIIBI-PTPIC interaction, we deter- 
mined whether this association occurs in 
cells. Using the monoclonal antibody 2.462 
we immun~preci~i tated FcyRIIBl from un- 
stimulated A20 cells and from A20 cells 
that had been stimulated with intact or 
F(abl), rabbit anti-mIg (1 6). Sequential im- 
munoblotting of SDS-PAGE-fractionated 
material with anti-FcyRIIB, anti-phospho- 
tyrosine, and anti-PTPlC showed inductive 
FcyRIIBl tyrosine phosphorylation (Fig. 
1C) and P T P l C  co-immunoprecipitation 
(Fig. 1E) only in cells stimulated with intact 
anti-mIg. Stimulation had no effect on  the 
amount of FcyRIIBl immunoprecipitated 
(Fig. ID). The stimulation with F(abt), an- 
ti-mIg did not induce FcyRIIBl tyrosine 
phosphorylation or P T P l C  association (Fig. 
1, C and E). In similar experiments per- 
formed with IIA1.6 cells [an FcyRIIBl-neg- 
ative variant of the A20 cell line (17)] 
neither tyrosine-phosphorylated protein nor 
P T P l C  coprecipitation with the 2.462 an- 
tibody was detected (18). These data dem- 
onstrate that BCR-FcyRIIB1 coligation is 
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