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Abstract Protein interaction domain families that modulate the
formation of macromolecular complexes recognize specific
sequence or structural motifs. For instance SH3 and WW
domains bind to polyproline peptides while SH2 and FHA
domains bind to peptides phosphorylated in Tyr and Thr
respectively. Within each family, variations in the chemical
characteristics of the domain binding pocket modulate a finer
peptide recognition specificity and, as a consequence, determine
the selection of functional protein partners in vivo. In the
proteomic era there is the need for reliable inference methods to
help restricting the sequence space of the putative targets to be
confirmed experimentally by more laborious experimental
approaches. Here we will review the published data about the
peptide recognition specificity of the SH3 domain family and we
will propose a classification of SH3 domains into eight classes.
Finally, we will discuss whether the available information is
sufficient to infer the recognition specificity of any uncharacter-
ized SH3 domain. © 2002 Published by Elsevier Science B.V.
on behalf of the Federation of European Biochemical Societies.
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1. Introduction

The SH3 domain is probably the most widespread protein
recognition module in the proteome and more than 1500 dif-
ferent SH3 domains can be identified by search algorithms in
protein databases. It is found in proteins that have been im-
plicated in signal transduction, cytoskeleton organization and
membrane traffic. All SH3 domains share a highly conserved
fold that can be represented as a sandwich formed by two
three-stranded B-sheets [1]. One side of the sandwich is rather
hydrophobic and constitutes the ligand binding surface (Fig.
D).

The discovery that most SH3 ligands are rich in prolines [2—
6] and the analysis of several structures of SH3 domains com-
plexed with their peptide ligands [7-10] led to the formulation
of a general SH3-peptide binding model [9,10]. SH3 ligands
contain two XP dipeptides, separated by a scaffolding residue
(often a proline). The two XP moieties in the core (XP-x-XP)
motif occupy two hydrophobic pockets formed by residues
that are conserved in most SH3 domains. The third binding
pocket is lined by negative residues and can host a positively
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charged side chain flanking the core motif. SH3 ligands bind
to their receptors in a left-handed polyproline type 11 (PPII)
helical conformation in either of two opposite orientations
depending on the position of a positive residue in the peptide
sequence. Peptides that bind in a type I orientation conform
to the consensus RxLPP#P (where # is normally a hydro-
phobic residue), while peptides that are characterized by
Px#PxR (type II) bind in the opposite orientation. The SH3
domain of the protein kinase Abl binds to ligands that have a
tyrosine (or a large hydrophobic residue) in place of the pos-
itively charged side chain at position P—3 of class I peptides
(for residue nomenclature see Fig. 1). This model has served
as a framework in the interpretation of SH3 binding experi-
ments and in the identification of SH3 peptide targets on
newly discovered proteins.

More recently, however, several exceptions have challenged
the generality of this model suggesting that the binding po-
tential of the SH3 domain family might be larger than origi-
nally thought. For instance the SH3 domain of amphiphysin 1
was shown to prefer class II peptides containing an arginine
instead of an aliphatic residue at position PO [11,12]. More
strikingly, the SH3 domain of Eps8 binds to ligands that
contain a PxxDY motif [13] while the second SH3 domain
of the immune cell adapter FYB/SLAP was recently shown
to form a complex with proteins containing a tyrosine-based
RKxxYxxY motif [14]. The assignment of this last domain to
the SH3 family, however, still needs structural confirmation
since several characteristic SH3 residues are missing from its
primary sequence. Finally the minimal sequence required for
YAP recognition by the SH3 domain of p53BP2 is VPMRLR
[15]. Although these ‘atypical’ ligands do not contain a clas-
sical PxxP signature they still bind to the PPII binding pock-
ets, as demonstrated by mutagenesis experiments. However, it
is not clear whether they actually adopt a PPII conformation.
One typical example of an SH3-mediated interaction that does
not involve a peptide in PPII conformation is the binding of
the SH3 domain of p53BP2 to p53 [16]. Furthermore, the SH3
domain of Pex13p, a protein involved in peroxisomal assem-
bly, binds to two very different ligands, one of which, Pex5p,
does not contain a polyproline motif and binds in an o-helical
conformation to an SH3 region that is different from the PPII
peptide binding pocket [17].

Several excellent surveys have recently covered the function-
al and structural aspects of SH3-mediated interactions [18—
20]. Here we will briefly review recent systematic approaches
and we will ask whether the vast amount of structural and
biochemical information that has been collected makes it pos-
sible to infer the recognition specificity of any newly discov-
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Fig. 1. Surface representation of the Abl SH3 domain bound to the
peptide APTMPPPLPP [7]. The surface is colored according to
charge with negative residues colored in red and positive ones in
blue. Only the o carbon backbone of the ligand peptide is shown.
The nomenclature of the residues in the ligand peptide are accord-
ing to Lim et al. [9] where PO corresponds to the position of the
first Pro in the PxxP motif of class 1 peptides. Residue numbering
in the SH3 domain is according to the alignment in Fig. 2.

ered SH3 domain. It is important to stress that, although
most SH3 domain partners contain a PxxP motif, the SH3
is an ancient domain that has existed for sufficient time to
extensively explore structural and functional diversity. Our
analysis will only cover those ‘interaction modes’ that are
mediated by binding to relatively simple short peptides. The
significance of this analysis relies on the assumption that most
of the natural protein partners of any given SH3 domain
contain the preferred proline binding motif, as determined
for instance by searching peptide repertoires. Alternatively,
other contacts distal to the polyproline core motif may be
prominent in determining ligand preference. Examples that
support either models have been reported but the relative
importance of ‘core’ and ‘distal’ interactions in determining
partner recognition is not clear [21-24].

Although the scientific literature contains a large number of
reports about SH3 domain structures and preferred peptide
ligands, this collection may not represent a balanced descrip-
tion of the SH3 domain family recognition specificity. An SH3
domain that happens to bind to a ‘classical’ RxxPxxP peptide
will stand fewer chances of being reported in print than a
domain found to bind to an ‘odd’ peptide motif. In order
to provide a general unbiased picture of the SH3 domain
family, we have recently characterized the binding potential
of the entire SH3 repertoire of the complete genome of the
yeast Saccharomyces cerevisiae [25].
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2. The yeast SH3 repertoire

Domain or protein family databases contain more than
1500 SH3 domains. A y-blast search of the S. cerevisiae pro-
teome reveals a total of 24 proteins containing SH3 domains.
Three of these proteins contain multiple SH3 domains. Slalp
has three SH3 domains in tandem while Bemlp and Bzzlp
have two.

When all the SH3 domains in the PFAM database are
aligned and organized into a phylogenetic tree by the Clus-
talW program, the yeast domains are represented in most of
the branches of the tree indicating that a large fraction of the
diversity observed in the SH3 gene family is represented in the
smaller yeast SH3 repertoire. SH3 sequences can be aligned
relatively easily in the conserved core domain. However, the
length of the loops connecting the B-strands differs in size.
Most of the SH3 domains have an RT loop of 18 residues
and an n-Src loop of four residues. The spread in loop length,
however, can be considerable ranging from 15 to 31 residues
in the RT loop and from three to 31 residues in the n-Src
loop. A similar spread in loop lengths is also represented in
the S. cerevisiae SH3 family. Thus, the conclusions derived
from a detailed study of the binding potential of the yeast
SH3 domains are likely to shed light on the rules governing
recognition specificity mediated by SH3 domains in general.

3. Ligand preference

Twenty-five S. cerevisiae SH3 domains were used as baits to
select ligands from a nonapeptide library of random amino
acid sequence displayed on the capsid of filamentous bacter-
iophages [26]. Ten to 20 positive clones were sequenced in
each panning experiment and the consensus sequences re-
ported in Table 1 were deduced from the comparison of the
amino acid sequences of the peptides displayed by the selected
clones. Four SH3 domains (Cdc25, Hofl, YdI117W,
Yar014C) could not select any ligand from the repertoire.
Furthermore, these domains would not bind to the polypro-
line peptides selected by the other domains. In conclusion,
these four SH3 domains, at least when isolated from their
protein context, do not bind to any simple linear peptide
with micromolar affinity. The vast majority of the yeast
SH3 domains selected proline rich peptides. The only excep-
tion is the SH3 domain of Fuslp that was found to bind
preferentially to peptides conforming to the consensus
rxxR(ST)(TS)SI, where x is any amino acid and capital and
small letters represent residues that are present in more than
80% and 50% of the selected peptides, respectively. Although
this consensus ligand does not contain any essential proline, it
still binds to the canonical SH3 domain peptide binding sur-
face as demonstrated by mutation analysis. Most of the con-
sensus ligand peptides that we determined could be confidently
assigned to class I (+xxPxxP) or class II (PxxPx+) motifs.
Myo3p and Myo5p displayed preference for a Tyr, or another
aromatic side chain, instead of the positively charged side
chain at position P—3. This is reminiscent of the consensus
ligand of the SH3 domain in the Abl tyrosine kinase. Finally
the first SH3 domain of the protein Bem1 would not bind to
typical class I or class II motifs but rather selected peptides
containing the PpxVxPY consensus.

We have constructed structural models of most of the yeast
SH3 domains and we have attempted to rationalize ligand
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Table 1
Classification of SH3 recognition specificity
Class Class consensus SH3 domain consensusl Ref
Rvsl67 RxX#PXpP [25]
Nbp2 PXRPaPxxP [25]
Pex13 Rx1Px#P [25]
Yh1002 YRp#PxxXP [25]
IR Rx#PxXP Slal-3, hRxpPxpP [25]
Yes RPLPXLP [30]
PI3Kp85 RPLPPLP [4]
Src RPLPx#P [4,30]
Hck RxLPx#P
Lyn RPLPPLP [4]
Fyn RPLPP#P [4]
Yfr024 PpLPXRP [25]
Ysc84 PxLPxXR [25]
Ygrl3e6 Px#PXRp [25]
IR PxXPXR Yprl54 Pp#PXRp [25]
PLCg PPVPPRP [30]
CAP PxPPxRxSSL [31]
p53BP2 RPx#P#R+ [30]
Grb2-C PxxPXR
Shol s+XLPxXXP [25]
1K +XxXPXxP Bzzl-1 K+xPPpxp [25]
Bzz2-2 ++pPPPp#P [25]
Itk/Tsk, YXKxXPPPIP [32]
Crk N P#LP#K [30]
2K PxxXPx+ Cortactin +PP#PXKPXWL [30]
Abpl +XXPXXPX+PxW# [25]
Abl PPxX@xPPP#P [4,30]
1@ Px@xxPxxP Myo3 Px@pPPxxXP [25]
Myo5 Px@pPPxxP [25]
Spectrin @xXPPX#P
2D PxxDY Eps8 and rel PxxDY [13]
Ygrl3e Rx+%X1P [25]
Yprl54 @+RPp%%%P [25]
X Bbcl P+#PxRP [25]
R+xPxpP
ORS Boil PPRXPrR# [25]
PxRxPxR
Boi2 PPRNPxR# [25]
PXRNPxXR
Amph PxXRPxXR [11)]
End P+RPPxP [11]
Fusl RxxR (ST) (ST) (ST)L [25]
Beml_1 PPXVPY [25]
Y No peptide selected. Cdc25, Hofl, Ydlll7w, Yar0l4c [25]

IFor simplicity, for some SH3 domains, only a reduced core consensus was reported in this table. Consensus sequences without a reference are

unpublished results from our laboratory.

preference. This turned out not to be always straightforward
because specificity is largely determined by the residues in the
RT and n-Src loops that, because of their variability, cannot
be confidently modeled.

Bzz1-1 and Bzz-2 have a preference for an extra positive
charge at P—4. Yprl54, Ygr136, Abpl, Boil, Boi2, Slal-3 and
Bbcl also like a second positive charge in the ligand peptide.
Inspection of their peptide binding surface reveals a higher
density of negative residues in the specificity pocket since
they all share the characteristic of having a negative residue
at positions 19, 20 in the RT loop and/or at position 44 in the
n-Src loop. On the other hand, we have not been able to find
a simple explanation for the preference for arginine at P+1 in
class II peptides bound by Boil, Boi2 and Bbcl. This is pos-

sibly a consequence of the inadequacy of some of the models
because of the still insufficient number of structures that de-
scribe the interaction between SH3 domains and the cognate
peptides.

4. Classification of SH3 domains

In Table 1 we have compared the recognition specificity of
the recently characterized yeast SH3 domains with that of
several other domains, by grouping them into eight classes,
according to the similarities of their preferred ligands. Some
domains are able to bind to different peptide consensus se-
quences and are therefore assigned to more than one class.

SH3 domains that recognize canonical Rx#PxxP or
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Px#PxR motifs are the most numerous and are assigned to
classes 1R and 2R, respectively. The distinction into two dif-
ferent classes is somewhat arbitrary since some of these do-
mains bind to both class I and class II peptides. However,
most domains show a preference for either peptide orientation
and we therefore considered it useful to formally maintain the
distinction. Classes 1K and 2K include domains that bind to
KxxPxxP or PxxPxK [32], although they sometimes tolerate
an Arg at position P—3 of the ligand peptide. The founder of
class 1@ is the well studied SH3 domain of Abl which was
shown to bind to class I peptides that have an aromatic (or
sometimes aliphatic) residue instead of a positively charged
one at P-3.

Several other SH3 domains bind to peptides that cannot be
confidently assigned to any of the classes that we have defined
previously. These domains can be considered members of spe-
cificity classes that, at the moment, contain a single element.
In the present classification they are grouped into one class,
dubbed X or ORS (odd recognition specificity). The SH3 do-
mains of the Eps8 family that bind to the PxxDY consensus
have been grouped into a separate specificity class since a
sizeable number of domains of this family have already
been characterized [13,30,31]. This class was named 2D
although there is no conclusive evidence that the ligand pep-
tide folds into a PPII conformation and binds in a type II
orientation. The last domain class, termed Y, contains those
domains for which we have not been able to define any pref-
erence for simple linear peptides.

5. Searching for classification rules

Fig. 2 shows the alignment of the amino acid sequences of
the SH3 domains within the eight classes. Inspection of the
alignments reveals some regularity but only few absolute
rules. For instance, the AL(YF)D(YF) (positions 5-9 in the
alignment), WW (45-46), and PXNY (61-64) motifs, which
form the hydrophobic pockets that host the PPII helix, are
highly conserved in the domains that bind to typical class I or
class II ligands, while the domains that have been assigned to
the ORS class deviate to different extents from the canonical
pattern. Similarly the (EDT)—(LIV) motif in the RT loop (21—
22) is not present in SH3 domains such as the ones of Hofl,
Cdc25 and YarOl4c that, in our experiments, failed to select
simple linear peptides. These and other empirical rules can be
implemented in a simple algorithm based on position-specific
scoring matrices that permits ranking any SH3 domain ac-
cording to the probability that it would bind to a polyproline
peptide. A similar approach can be used to assign SH3 do-
mains to any of the classes although the limited number of
members in some classes renders the statistical approach less
significant.

As already pointed out [8,7], the residue at position 21 in
the RT loop of an SH3 domain is one of the major determi-
nants of the identity of the residue at position P—3 in the
ligand peptide. The vast majority of SH3 domains have either
Asp or Glu at position 21. Domains displaying an Asp, with-
out exception, bind to peptides that have a positive residue at
P—3. By contrast, those that have a Glu (or Thr, in the case
of Abl) bind to peptides that do not contain positively
charged residues only if positions 17-19 in the RT loop are
not occupied by a second negatively charged side chain. This
rule has a high predictive value and is confirmed by experi-
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ments carried out with artificial SH3 repertoires obtained by
randomization of the ligand binding surface of the Abl SH3
scaffold [27] (Panni et al., submitted). Striking is also the
presence of glutamine at positions 12 and 18 in most of the
RT loops of the SH3 domains assigned to class 2R. Several
other regularities can be revealed by a close inspection of the
residues that are conserved in the alignment of the eight spec-
ificity classes, although none of these can be used as a strict
classification rule. Furthermore, it is sometimes difficult to
distinguish whether a residue is conserved in the alignment
because it is involved in making specific contacts with a
shared ligand, or rather it is only a relic of a common evolu-
tionary history. Particularly instructive is the analysis of the
2D class that includes close relatives of Eps8 that bind to
PxxDY peptides. Mongiovi et al. [13] noticed that members
of this SH3 class have an Ile at position 64, a position that is
normally occupied by a Tyr or a Phe in the vast majority of
the members of the SH3 domain family. Since this residue is
involved in the formation of one of the hydrophobic pockets,
Ile 64 was promptly blamed for the unusual recognition spec-
ificity of this SH3 class. However, site-directed mutagenesis
has not confirmed the prediction since an Eps8 SH3 in which
Ile 64 was changed to Tyr still binds to PxxDY peptides. By
panning SH3 repertoires [27] with a peptide that contains the
PxxDY motif we have recently shown that the major deter-
minant of PxxDY recognition is the positively charged residue
at position 43 in the n-Src loop since all the SH3 domains that
are selected from the repertoire share this characteristic. Fur-
thermore, Eps8 SH3 domains that have been mutated in this
residue do not bind any longer to PxxDY peptides (Panni and
Cesareni, unpublished).

6. SH3 domain residues that are not directly involved in peptide
binding may affect recognition specificity

The search for rules underlying an elusive recognition code
must rely on the assumption that the SH3 domain residues
that are involved in ligand recognition can be aligned with
confidence and that their ‘binding properties’ are largely in-
dependent of the underlying scaffold. Although this might
turn out to be true for the very conserved regions in the
hydrophobic pockets, one has to consider that most ligand
specificity is determined by the structure of the RT and n-Src
loops. These loops are highly variable in length and, as
a consequence, model building is less accurate. Furthermore, a
couple of recent reports pointed out how SH3 residues that do
not make direct contact with the ligand may play a dramatic
role in determining the sequence of the preferred partner pep-
tide [15,28]. Although the SH3 domain of p53BP2 binds to
class II peptides, as determined by screening of phage dis-
played repertoires, it also recognizes the VPMRLR peptide
in the sequence of its physiological partner YAP [15]. Espanel
and Sudol identified two residues that are uncommon at their
respective positions in the alignment and could be held re-
sponsible for this odd recognition specificity. One is a Trp
at position 47 (in the alignment of Fig. 3) while the second
is a Leu at position 64. By mutating these residues into Arg
and Tyr respectively, they were able to prove that W47R
prevents the binding to VPMRLR while enhancing the affinity
for typical class II ligands. By contrast, the mutation L64Y
has no effect on recognition specificity. Since the side chain of
the residue at position 47 is not involved in the formation of
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Class 2R PxxPxR
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EpsB_CE
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Boil TDDGE!‘-—-—NDG N’LR!!K EE'
Boi2 TDDEEY~~KDG NLRTN~EE
Bbcl SVED~~~~~ AE YQDS{5} E
Beml/1 GDE~~~~~~ KD NPSTG~KE
Fusl ATHT~~~~~ DG VEKCNT{1l1lR
AMPH H PSDSE~~~ADD QYRDLAT~~YK
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Hofl LI E---~APGLAN!'HK§)!LLITEIVN ————— KD KFV!DN{TFI
—A
RT loop Bb n-src loop  PC pd pe

Fig. 2. Multiple alignments of SH3 domains grouped into classes of homogeneous recognition specificity. Residues that are conserved in more
than 50% of the sequences have a black background while residues with side chains with similar properties have a gray background.

the ligand binding pocket, this result cannot be rationalized
with a simple model and stresses the importance of ‘long dis-
tance’ effects. Similarly the recent determination of the struc-
ture of the SH3 domain of the yeast Abpl protein and site-
directed mutagenesis experiments revealed that the Glu at

position 6 plays a major role in determining the extended
consensus of the Abpl SH3 domain [28]. Also this result is
unexpected because the residue at position 6 is not predicted
to make contact with the ligand peptide. Notwithstanding
these observations, the available data and results from selec-
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Fig. 3. Cross-reactivity of different SH3 domains. Twenty SH3 domains were tested with 40 different peptides in an ELISA-type experiment.
The reactivity of each SH3 domain is reported in a semi-quantitative manner according to the color scale in the lower part of the figure. Col-
ored squares boxed with thick lines indicate the peptides that were selected by the SH3 domain in the corresponding column.

tion of SH3 domain repertoires (Panni et al., submitted) sug-
gest that residues in the peptide binding pockets determine
recognition specificity in a way that is largely independent
of the underlying scaffold.

7. Cross-reactivity

Most of the considerations elaborated above are based on
results obtained by screening phage-displayed peptide reper-
toires. Panning of peptide repertoires makes it possible to
determine the preferred ligands of the different bait domains
in the specific selection conditions. It is possible, however, that
the highly specific consensus sequences reported in Table 1
only reflect minor differences in affinities and that SH3 do-
mains may bind, with comparable strength, to peptides dis-
playing different motifs. Thus, we were interested in determin-
ing the degree of promiscuity (cross-reactivity) in SH3-ligand
interaction. In Fig. 3 we have reported, in a semi-quantitative
manner, the results of an ELISA-type experiment in which 20
yeast SH3 domains were tested for their ability to bind to a
collection of 40 peptides displayed on filamentous phage cap-
sids. The resulting ‘interaction map’ in Fig. 3 represents a
description of the recognition specificity of the yeast SH3
gene family.

Perhaps reassuringly, most SH3 domains have the highest
reactivity when challenged with the partner peptides, that is
those that were selected by the panning experiments (boxed).
Many of them, however, also reacted with peptides that were
originally selected with different domains. As expected, the
most specific domains were those displaying a non-conven-
tional consensus: Myo3p, Myo5p, Bemlp-1, Fuslp and
Abplp. Also Boilp, Boi2p, Bbclp and Slalp-3 were found
to be rather selective although their consensus ligands can be

easily aligned to class I or class II motifs. The remaining SH3
domains would bind to a larger number of peptides that could
be matched to typical +xxPxxP or PxxPx+ consensus sequen-
ces. Bzz1p-1, Bzz1p-2, Yhl002p and Pex13 would mostly bind
to class I peptides while Yfr024, Ysc84, Rvs67, Yprl54,
Ygr136 and Shol bind to both peptide classes. Collectively
these results indicate that SH3 domains have distinct specific-
ities and support the classification that we have outlined (Ta-
ble 1). However, they also indicate that the class borders are
not strict and that some SH3 domains can bind to peptides
that are typical of more than one class.

8. Conclusions and perspectives

A number of reports over the past few years have indicated
that the SH3 scaffold can support a wide variety of different
interactions and that it might be difficult to constrain all of
them into a single simple interpretative model. However, the
recent characterization of the recognition potential of the en-
tire SH3 repertoire of S. cerevisiae supports the notion that
binding of SH3 domains to simple peptides folded into a PPII
helix is likely to govern the formation of a large number of
protein complexes [25].

The ability to infer the preferred ligand of any SH3 domain
and, as a consequence, to obtain information about likely
functional protein partners would represent an important ad-
vance. Although some recognition rules begin to emerge, the
available data do not support the idea of a simple recognition
code whereby the identity of the side chains at a limited num-
ber of positions in the SH3 domain binding pocket would
determine unequivocally ligand preference.

On the other hand, natural protein partners do not neces-
sarily contain amino acid sequences that exactly match the
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sequence of the ‘strict’ comsensus ligand, as determined by
screening peptide repertoires under highly stringent condi-
tions. An attainable goal would be the ability to infer a broad
consensus, sufficiently selective to limit the number of candi-
date partners for further analysis by different more demanding
experimental or informatic approaches. At the same time,
however, the consensus should be sufficiently broad to avoid
missing physiological partners that do not contain an exact
match to the selective consensus.

We have used the published data obtained by panning pep-
tide repertoires with a large number of SH3 domains to define
specificity classes and we have shown the emergence of rules
that help to tentatively assign any SH3 domain to eight differ-
ent broad specificity classes. The addition of fresh data to
classes that are not sufficiently populated will eventually
make it possible to apply, with increased confidence, statistical
methods like SPOT [29] or other methods based either on
position-specific profiles or on neural network approaches to
infer detailed binding specificity within the eight broad classes.

Acknowledgements: This work was supported by AIRC, the European
Union FP5 and MURST.

References

[1] Musacchio, A., Noble, M., Pauptit, R., Wierenga, R. and Sar-
aste, M. (1992) Nature 359, 851-855.

[2] Cicchetti, P., Mayer, B.J., Thiel, G. and Baltimore, D. (1992)
Science 257, 803-806.

[3] Cheadle, C., Ivashchenko, Y., South, V., Searfoss, G.H., French,
S., Howk, R., Ricca, G.A. and Jaye, M. (1994) J. Biol. Chem.
269, 24034-24039.

[4] Rickles, R.J., Botfield, M.C., Weng, Z., Taylor, J.A., Green,
O.M., Brugge, J.S. and Zoller, M.J. (1994) EMBO 1J. 13, 5598-
5604.

[5] Rickles, R.J., Botfield, M.C., Zhou, X.M., Henry, P.A., Brugge,
J.S. and Zoller, M.J. (1995) Proc. Natl. Acad. Sci. USA 92,
10909-10913.

[6] Sparks, A.B., Quilliam, L.A., Thorn, J.M., Der, C.J. and Kay,
B.K. (1994) J. Biol. Chem. 269, 23853-23856.

[7] Musacchio, A., Saraste, M. and Wilmanns, M. (1994) Nature
Struct. Biol. 1, 546-551.

[8] Yu, H., Chen, J.K., Feng, S., Dalgarno, D.C., Brauer, A.W. and
Schreiber, S.L. (1994) Cell 76, 933-945.

G. Cesareni et al.IFEBS Letters 513 (2002) 38—44

[9] Lim, W.A., Richards, F.M. and Fox, R.O. (1994) Nature 372,
375-379.

[10] Feng, S., Chen, J.K., Yu, H., Simon, J.A. and Schreiber, S.L.
(1994) Science 266, 1241-1247.

[11] Cestra, G. et al. (1999) J. Biol. Chem. 274, 32001-32007.

[12] Grabs, D., Slepnev, V.I., Songyang, Z., David, C., Lynch, M.,
Cantley, L.C. and De Camilli, P. (1997) J. Biol. Chem. 272,
13419-13425.

[13] Mongiovi, A.M., Romano, P.R., Panni, S., Mendoza, M., Wong,
W.T., Musacchio, A., Cesareni, G. and Paolo Di Fiore, P. (1999)
EMBO J. 18, 5300-5309.

[14] Kang, H., Freund, C., Duke-Cohan, J.S., Musacchio, A., Wag-
ner, G. and Rudd, C.E. (2000) EMBO 1J. 19, 2889-2899.

[15] Espanel, X. and Sudol, M. (2001) J. Biol. Chem. 276, 14514—
14523.

[16] Gorina, S. and Pavletich, N.P. (1996) Science 274, 1001-1005.

[17] Barnett, P., Bottger, G., Klein, A.T., Tabak, H.F. and Distel, B.
(2000) EMBO J. 19, 6382-6391.

[18] Kay, B.K., Williamson, M.P. and Sudol, M. (2000) FASEB J. 14,
231-241.

[19] Mayer, B.J. (2001) J. Cell Sci. 114, 1253-1263.

[20] Musacchio, A. (2002) in: Advances in Protein Chemistry, Vol. 61
(Janin, J. and Wodak, S., Eds.), in press, Academic Press, New
York.

[21] Kay, B.K., Kasanov, J., Knight, S. and Kurakin, A. (2000)
FEBS Lett. 480, 55-62.

[22] Lee, C.H., Leung, B., Lemmon, M.A., Zheng, J., Cowburn, D.,
Kuriyan, J. and Saksela, K. (1995) EMBO J. 14, 5006-5015.

[23] Saksela, K., Cheng, G. and Baltimore, D. (1995) EMBO 1J. 14,
484-491.

[24] Ghose, R., Shekhtman, A., Goger, M.J., Ji, H. and Cowburn, D.
(2001) Nature Struct. Biol. 8, 998-1004.

[25] Tong, A.H.Y. et al. (2001) Science 295, 321-324.

[26] Felici, F., Castagnoli, L., Musacchio, A., Jappelli, R. and Cesa-
reni, G. (1991) J. Mol. Biol. 222, 301-310.

[27] Zucconi, A., Panni, S., Paoluzi, S., Castagnoli, L., Dente, L. and
Cesareni, G. (2000) FEBS Lett. 480, 49-54.

[28] Fazi, B. et al. (2001) J. Biol. Chem. 19, 19.

[29] Brannetti, B., Via, A., Cestra, G., Cesareni, G. and Citterich,
M.H. (2000) J. Mol. Biol. 298, 313-328.

[30] Sparks, A.B., Rider, J.E., Hoffman, N.G., Fowlkes, D.M., Quil-
lam, L.A. and Kay, B.K. (1996) Proc. Natl. Acad. Sci. USA 93,
1540-1544.

[31] Kurakin, A., Hoffman, N.G. and Kay, B.K. (1998) J. Peptide
Res. 52, 331-337.

[32] Bunnell, S.C., Henry, P.A., Kolluri, R., Kirchhausen, T., Rickles,
R.J. and Berg, L.J. (1996) J. Biol. Chem. 271, 25646-25656.



