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niversité de Montpellier 1, 15 rue Charles Flahault, 34060 Montpellier Cedex, France

eceived April 6, 1999
and differentiation. These “switch molecules” cycle be-
t
f
o
t
g
T
G
t
c
n
P
t
s
S
p
d
t
R
e
n
k
s
R
c
b
t
s
b

y
t
i
t
4
r

RA (RalGEF/AF6 or Ras-associating) domains are
ound in a wide variety of proteins, several of which
re known to be Ras-GTP effectors. The three dimen-
ional structure of the RA domain has been experi-
entally determined in Ral-guanine nucleotide ex-

hange factor (Ral-GEF) and found to be similar to
hat of the Ras-binding domain of c-Raf1, in spite of a
ery low level of sequence identity. Using various ap-
roaches of sequence analysis, including automatic
rocedures such as BLAST2, profilescan, and hidden
arkov models (HMM), as well as the bidimensional

ydrophobic cluster analysis (HCA), here we found
hat a region with a similar structure is also present at
he N-terminus of the band 4.1/JEF domain of
IAA0316 (a human cDNA open reading frame) and
09G03.2 (a related protein sequence predicted from
. elegans genome cloning), as well as in a particular
lass of adapter proteins including Grb7, Grb10,
rb14, MIG-10, and PRP48. Although the structural
onservation of this motif does not necessarily imply a
onservation of its ability to bind small GTPases of the
as superfamily, several proteins with a band 4.1/JEF
omain and adapters of the Grb7 group have close
unctional relationships with such small GTPases.
hus, our finding raises the intriguing possibility of a
irect interaction between members of these two
roups of proteins and Ras-like GTP-binding proteins.
1999 Academic Press

Small GTP-binding proteins (G-proteins) of the Ras
uperfamily play a critical role in signal transduction
nd control a variety of major biological functions in-
luding intracellular trafficking and cell shape, growth

1 Corresponding author. Fax: 33 1 44 27 37 85. E-mail: callebau@
mcp.jussieu.fr.
113
ween GDP-bound inactive and GTP-bound active
orms (1). This process is regulated by several classes
f proteins including guanine nucleotide exchange fac-
ors (GEFs), GTPase activating proteins (GAPs) and
uanine nucleotide dissociation inhibitors (GDIs) (2).
o understand the physiological function of small
TPases it is critical to identify their downstream

argets, of which only a limited number is known. Well-
haracterised examples include serine threonine ki-
ases such as Raf, Rho-kinase or p21-activated kinase
AK (3-5). In fact, there is no sharp boundary between
he regulators and effectors of small GTPases since, in
ome cases, the same proteins can have both functions.
everal conserved domains of interaction with Ras su-
erfamily GTPases have been defined and their three-
imensional structures have been experimentally de-
ermined (6-12). One of these is RA (Ral GDS/AF6 or
as-Associating), a conserved domain found in a vari-
ty of proteins, several of which (e.g. Ral GDS (Gua-
ine nucleotide Dissociation Stimulator) and AF6) are
nown to be RasGTP effectors (13). Interestingly, the
tructure of a representative member of this family,
alGDS, also named RalGEF (Guanine nucleotide Ex-
hange Factor) (14-16), is very similar to the Ras-
inding domain of the protein kinase c-Raf (17), al-
hough these two effectors of RasGTP display little
equence identity (13%). These two similar structures
elong to the ubiquitin a/b roll superfold (18).
Here we present evidence, based on sequence anal-

sis, for the presence of RA-like domains in two impor-
ant classes of proteins. First, this domain could be
dentified in the amino-terminal region of representa-
ive examples of a larger conserved domain, the band
.1/JEF (JAK, ERM, FAK) domain. This domain rep-
esents a recent extension of the well-characterised
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



b
r
M
m
t
2
i
u
p
a
o
s
w
N
t
J
p
t
p
w
(
o
i
l
3
t
i
t
d
p

M

w
s
f
(
P
s
s
(
t
i
t
i
fl
H
t

R

b
t
g
C
a
K
B
P
J
d
o

(
h
o
(
t

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
and 4.1 domain (19, 20). The band 4.1 domain, also
eferred as FERM (Four point one/Ezrin/Radixin/
oesin) (21), was originally described as the N-ter-
inal chymotrypsin-resistant region of erythrocyte pro-

ein band 4.1 which is able to bind glycophorin C (22,
3). It was found in a large variety of proteins, includ-
ng the related ezrin, radixin and moesin (ERM), talin,
nconventional myosins and several protein tyrosine
hosphatases (21, 24, 25). Band 4.1 domains share the
bility to interact with the membrane-proximal region
f the C-terminal cytoplasmic tail of proteins with a
ingle transmembrane segment (21, 24, 25). Recent
ork has shown the presence of a similar domain in the
-terminal region of two groups of tyrosine kinases,

he FAKs (Focal Adhesion Kinases) (19, 20, 26) and the
AKs (JAnus Kinases) (19, 20) in which they also ap-
ear to mediate interaction with transmembrane pro-
eins. Second, we also show that RA-like domains are
resent in adapter proteins of the Grb7/10/14 family,
hich bind, through their C-terminal Src-Homology 2

SH2) domain, phosphotyrosine-containing sequences
n a variety of activated tyrosine kinase receptors,
ncluding epidermal growth factor receptor (27), insu-
in receptor (28-32) and insulin-like growth factor (29,
0, 33). Although there is no experimental evidence
hat these domains are functional in terms of bind-
ng Ras-superfamily members, our observations allow
o propose several working hypothesis that will be
iscussed regarding the physiology of these various
roteins.

FIG. 1. Schematic domain organisation of human KIAA0316 and
A), as well as of members of the Grb7/Grb10/Grb14 family (B). Th
uman KIAA0316 codes for amino acids sharing high similarity with
n the KIAA0316 sequence). GenBank or SwissProt accession numb
39): SH2, Src-Homology 2, PH, Pleckstrin Homology, BPS, Betwee
he PH and SH2 domains (61); Band 4.1/JEF, Band 4.1 / JAK, ERM
114
ATERIALS AND METHODS

Searches in the non-redundant database (NR; 356,412 sequences)
ere performed using BLAST2 (version 2.0.8, scoring matrix Blo-

um62) and PSI-BLAST programs running at the National Center
or Biological Information (NCBI, USA) (34). Hidden Markov Model
HMM) searches were carried out using the HMMER package (35).
rofilescan was run at the ISREC server (http://www.isrec.isb-sib.ch/
oftware/PFSCAN_form.html). Guidelines to the use of bidimen-
ional Hydrophobic Cluster Analysis (HCA) are described elsewhere
36, 37). HCA combines sequence comparison with secondary struc-
ure predictions and is particularly efficient at low levels of sequence
dentity (around 15% sequence identity). The HCA score is propor-
ional to the number of hydrophobic amino acids which are topolog-
cally conserved (often not chemically identical), and therefore re-
ects the degree of conservation of the hydrophobic core (38). High
CA scores are associated with low root mean squares values be-

ween three-dimensional structures (38).

ESULTS

In the course of our attempts to identify new mem-
ers of the band 4.1/JEF domain family, we searched
he NCBI NR database using the BLAST2 pro-
ram. We identified an hypothetical protein from
. elegans, the putative product of the gene H09G03.2,
s a close homologue of the human open reading frame
IAA0316 (29% identity over 539 amino acids,
LAST2 E-value 5 3 3 10265). Both proteins have a
SD-95/Dlg/Zo-1 (PDZ) domain followed by a band 4.1/
EF domain (Figure 1A). In addition, a complete WW
omain, a small module characterised by the presence
f two highly conserved tryptophanes (39), is found up-

elegans H09G03.2, two proteins that possess a band 4.1/JEF domain
rotein sequences are drawn to scale. The 59 untranslated region of
e very N-terminus of C. elegans H09G03.2 (50% identity, not shaded
are those described in Figure 3. Domains are designated as follows
leckstrin Homology and SH2 (62), also named IPS (Insert between
AK (19); WW, WW domain; PDZ, PSD-95/Dlg/Zo-1.
C.
e p
th
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(
K
a
e
t
W
t
A
f
d
o
i
u

t
J
j
2
G
a
G
M
s
M
p
c
p
a
r
s
i
d
t
p
N
t
t
c
t
(
f
c
1
p
a
n
o

R
w
a
o
f
s
6
G

respectively) are comparable to those generally ob-
s
q
m
c
a
T
o

i
p
w
r
s
d
m
m
a
w
t
a
4
t
c
d
d
t
J
d
a
r
s
o
b

D

p
1
A
i
m
b
t
b
t
v
c
(
c
n
o
d
J
I
t

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
Figure 1A). The N-terminal sequence of human
IAA0316, as retrieved from Genbank, contains only
n incomplete WW domain. However, the 59 suppos-
dly untranslated region codes for amino acid residues
hat are conserved in H09G03.2 and correspond to the

W domain. This suggests that there may be a func-
ional initiation codon upstream from the proposed
TG that may have been missed due to a phase shift

ollowing a sequencing error. Another incomplete WW
omain is also found in the very N-terminal sequence
f C. elegans H09G03.2, which appears also conserved
n the 59 untranslated region of human KIAA0316 (Fig-
re 1A).
We then searched the NR database using an itera-

ive strategy with the C. elegans H09G03.2 band 4.1/
EF domain as a seed. A BLAST2 hit was observed,
ust below the significance threshold (E-value 5 14;
4% identity over 90 amino acids) with the human
rb7 protein (aa 101 to 191), which belongs to an
dapter-protein family containing the mammalian
rb7, Grb10 and Grb14 proteins as well as C. elegans
IG10 (see discussion). All these proteins share a con-

erved central domain (the GM domain, for Grb and
IG10) of approximately 300 amino acids containing a

leckstrin homology (PH) domain (Figure 1B). In all
ases, the GM domains are flanked by a N-terminal
roline-rich region. Grb7, Grb10 and Grb14 possess, in
ddition, a C-terminal SH2 domain (Figure 1B). The
egion of similarity with C. elegans H09G03.2 corre-
ponds to an as yet uncharacterised region located
mmediately N-terminal to the PH domain in the GM
omain. A profilescan run at the ISREC server using
he Grb7 sequence as query, significantly matched the
rofile corresponding to the RA_DOMAIN (PS50200;
score 5 24.24). Similar results were obtained with all

he members of the Grb7 family (Nscore ranging be-
ween 16.04 and 22.66 relative to the PS50200 profile),
onfirming the existence of a RA-like domain in all
hese proteins. Conversely, a Hidden Markov Model
HMM) search using the multiple alignment of the RA
amily (Pfam accession number PF00788) also signifi-
antly detected the Grb7/Grb10/Grb14 family (scores of
8.30 and 23.66 for Grb7 and Grb14, respectively). A
rofilescan run independently with C. elegans H09G03.2
nd human KIAA0316 sequences, also results in sig-
ificant matches with the RA_DOMAIN profile (Nscore
f 10.23 and 9.55, respectively).
Comparison of the HCA plot of the RA domain of
alGDS, whose three-dimensional structure is known,
ith those of the RA-like domains of Grb7, H09G03.2
nd KIAA0316 shows the presence in all these proteins
f conserved hydrophobic clusters and key residues,
urther supporting the existence of similar secondary
tructures (Figure 2). HCA scores above 60% (e.g. 62%,
1% and 62% for the comparisons of RalGDS with human
rb7, human KIAA0316 and C. elegans H09G03.2,
115
erved between related structures with divergent se-
uences (38). Interestingly, the conserved residues,
ost of which are closely associated with hydrophobic

lusters, mainly correspond to the few residues that
re conserved between RalGDS and c-Raf (Figure 2).
he corresponding 1D alignment of the RA-like domain
f all these proteins is shown on Figure 3.
Thus, we unambiguously detected RA-like domains

n all members of the Grb7/10/14 family and related
roteins. We also identified this domain in two proteins
ith a band 4.1/JEF domain. In both families, the

elatedness to the RA family is strongly supported by
ignificant values of the comparison with the profile
erived from the multiple alignment of the RA family
embers. In proteins containing a band 4.1/JEF do-
ain, the N-terminal limit of the RA-like domain ex-

ctly corresponds to that of the band 4.1/JEF domain in
hich the RA-like domain is included. The length of

he RA-like domain is approximately 90-100 amino
cids and it includes conserved blocks 1 to 6 of the band
.1/JEF domain (i.e., approximately its N-terminal
hird) (19). The length of the sequences linking the
onserved blocks within this part of the band 4.1/JEF
omain is much less variable than in the rest of the
omain, suggesting stronger structural and/or func-
ional constraints in this region. Interestingly, in the
AK family, the RA-like domain is separated from
ownstream sequences by a clear hydrophilic hinge
nd corresponds exactly to the JAK Homology 7 (JH7)
egion (mouse JAK2: amino acids 37 to 123), one of the
even regions of the JAK family defined on the basis
f sequence similarities among the JAK family mem-
ers (40).

ISCUSSION

In the present study we provide evidence for the
resence of a RA-like domain in proteins of the Grb7/
0/14 family and within the band 4.1/JEF domain.
lthough in the latter case the RA-like domain could be

dentified at a statistically significant level in only two
embers of the family, the strong conservation of the

and 4.1/JEF domain suggests that the N-terminal
hird of this domain has a RA-like structure. It should
e kept in mind that the three-dimensional structure of
he RA domain was experimentally demonstrated to be
irtually identical to that of the Ras-binding region of
-Raf, in spite of a very low level of sequence identity
13%) (14, 15, 17). Evolutionary pressure is obvious on
onservation of structure, and sometimes function, not
ecessarily of sequence. However, the precise meaning
f the presence of a structural module similar to the RA
omain in the Grb7/10/14 family and in the band 4.1/
EF domain remains to be defined at the present time.
ndeed, three-dimensional structures similar to that of
he RA domain and corresponding to the ubiquitin a/b
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uperfold (18) are found in other proteins which are not
unctionally related to Ras binding. Hence, the RA-like
egion of Grb proteins and band 4.1/JEF domains may
nly correspond to this fold without functional conser-
ation. Such functional versatility has already been
bserved for other folds involved in signal transduction
nd interacting with multiple partners (e.g., PH (41,
2) and WW (43) domains). On the other hand it is
ossible that this RA-like domain has a conserved ca-
acity of interaction with small GTPases. This hypoth-
sis is intriguing since, as discussed below, several
roteins with band 4.1/JEF domains and Grb proteins

FIG. 2. HCA plot comparison of the RA-like domains of band 4.1/
s of human Grb7 with the Ras-binding domains of mouse RalGDS
imensional structures are known. Briefly, the sequence is shown on
) are boxed and form clusters which mainly correspond to the inte

re used for proline, glycine, serine and threonine are indicated. Sequ
ydrophobic cluster similarities (shaded grey), indicating the conse
tructure positions, as deduced from their experimental structures
heir HCA plots. The 3D structure of the RA domain of RalGDS is r
116
re known to have functional connections with small
TPases.
RalGDS (or RalGEF), one of the best characterised
ember of the RA family, is one of the Ras effectors,

ike the protein kinase Raf. These effectors interact
uch more strongly with the GTP-bound form of the
TPase. The Ras-interacting domains of RalGDS and
af have a similar structure and their mode of inter-
ction is also strikingly similar. It involves strands of
oth the effector and the small G protein in an inter-
olecular b-sheet, with direct participation of the ef-

ector strands b1, b2, b5 as well as the effector

F domains from human KIAA0316 and C. elegans H09G03.2 as well
NDS_MOUSE) and human cRaf1 (KRAF_HUMAN), whose three-
uplicated alpha-helical net. Hydrophobic residues (V, I, L, M, F, Y,
l sides of regular secondary structures (65). Special symbols which
e identities (white letters on a black background) are associated with
tion of a similar local environment. RalGDS and cRaf1 secondary
B identifiers: 1LXD and 1GUA, respectively), are indicated below
esented on the right, using the MOLSCRIPT software (66).
JE
(G
a d

rna
enc
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-terminal part of the helix a1 (see Figure 2) (14-17). It
s worth noting that the sequences corresponding to
his set of secondary structure elements in the RA
amily are those which are the most conserved in the
rb7/10/14 and band 4.1/JEF families, whereas those
f strand b4 and helix a2, which are distant from the
as-binding site, are more divergent (see Figures 2 and
). Moreover, residues of RalGDS and c-Raf1 involved
n complex formation with Ras and Rap1A, respec-
ively (15) (* and ; on Figure 3), are relatively well
onserved in the Grb7/10/14 and band 4.1/JEF fami-
ies, in particular basic residues. In the RalGDS/Ras

FIG. 3. Multiple alignment of RA domains extracted from the Pfa
f the Grb7/10/14 and band 4.1/JEF families. The structural alignme
alGDS RA domain (GNDS_MOUSE) is also shown (15). The Ra
xperimental structures (PDB identifiers 1GUA and 1LXD, respectiv
hich are involved in the interaction with Rap1A and Ras, respectiv

15). The consensus line indicates residues which are particularly
ydrophobic, aromatic, basic and acidic residues, respectively). Rep
hree protein groups are exemplified by the following pairs (GNDS_
0%; GNDS_MOUSE vs JAK2_MOUSE 16%; GRB7/HUMAN vs KI
iven in the far right column. CAEEL: Caenorhabditis elegans, HU
oftware (67). A comprehensive multiple alignment of RA-like doma
t http://www.lmcp.jussieu.fr/;callebau/JEF.html.
117
16) and c-Raf1/Rap1A (17) complexes, these residues
orm a positively charged surface on the Ras-binding
omain which is complementary to the small G protein
egatively charged surface in the effector region. It
hould be noted however that despite this striking
imilarity, which is likely to be the structural basis
or interaction between Ras and its two effectors,
ignificant structural differences also exist, probably
ccounting for the specificity with which Ras dis-
inguishes between them (16). Together, these ob-
ervations suggest that members of the Grb7/10/14
nd band 4.1/JEF families might also bind proteins of

atabase (Pfam accession number PF0788) with the RA-like domains
of the cRaf1 Ras-Binding Domain (RBD, KRAF_HUMAN) with the
nd RalGDS secondary structure positions, as deduced from their
, are indicated at the top of the sequences. Raf and RalGDS residues
, are indicated by * or ;, according to their degree of participation
nserved between the four groups of proteins (O, f, 1, - indicate
entative sequence identities on the aligned segments between the
USE vs GRB7/HUMAN: 15%; GNDS_MOUSE vs PRP48/MOUSE:

0316/HUMAN 25%). GenBank or SwissProt accession numbers are
N: Homo sapiens. This figure has been drawn using the ESPript

equences of the Grb7/10/14 and JEF/band 4.1 domains is available
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the Ras superfamily through their RA-like domains.
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urther work is however needed to confirm such a
ypothesis.
In the case of the band 4.1/JEF family, the hypothet-

cal presence of a module which might directly bind a
ember of the Ras superfamily, has interesting impli-

ations since several members of this family are regu-
ated by small G proteins, in particular Rho. For in-
tance, binding of ERM proteins (ezrin, radixin,
oesin) to transmembrane proteins has been reported

o be enhanced by Rho-GTP (44), whereas the effects of
ctive Rho have been shown to require the presence of
RM proteins (45). The exact relation between Rho
nd ERM proteins is not fully understood. On one
and, Rho kinase, which is activated by Rho, phosphor-
lates ERM proteins and may maintain them in an
ctive conformation by decreasing head-to-tail interac-
ion (46). On the other hand, the N-ERMAD (N-
erminal Ezrin-Radixin-Moesin-Association Domain)
f ERM proteins (which correspond to the band 4.1/
EF domain) interacts with RhoGDI and may thus
ontribute to the activation of the Rho signalling path-
ay (47). Moreover, radixin interacts with Dbl, a Rho
EF, and it has been suggested that this facilitates the

ormation of a multimolecular complex consisting of
-actin, radixin, RhoGDI, CD44, Rho-GTP and Rho-
arget (48). Thus, a direct interaction between Rho-
TP (or a related GTPase) and ERM proteins could
articipate in the formation of such complexes.
A second group of proteins containing a band 4.1/

EF domain are the FAKs which encompass FAK itself
nd the related PYK2/CAKb (see 49 and 50 for recent
eviews). FAK is translocated to focal adhesions and
utophosphorylated in response to integrin engage-
ent, and appears to play an important role in the

ntiapoptotic effects of integrins as well as in the con-
rol of cell motility. FAK is also regulated in response
o stimulation of a number of heterotrimeric G protein-
oupled receptors. In many instances, activation of
AK by these receptors has been shown to require Rho

51). Thus, FAK appears also to be downstream of Rho,
lthough the precise molecular mechanism coupling
ho to FAK is unknown and may be indirect. Our
bservations suggest that FAK may be directly inter-
cting with Rho-GTP, or a related GTPase, through the
A-like region located N-terminus within its band 4.1/
EF domain. As in the case of ERM proteins, this
ossibility deserves experimental testing.
If we admit that the N-terminal third of band 4.1/

EF domains consists of a RA-like domain, as strongly
uggested by the present results, it is remarkable that
he band 4.1/JEF domain has been conserved as a
hole in a large variety of proteins of many eukaryotic
rganisms (19, 20). This indicates that in these pro-
eins, the RA-like domain does not function indepen-
ently, but, rather, in combination with the two other
hirds of the band 4.1/JEF domain. Thus, it is possible
118
as a divergent, specialised function, different from
hat of “isolated” RA domains. In this respect, it is
nteresting to note that the region of the JAKs which
ould correspond to the RA-like domain (JH7) is crit-

cal for the specificity of the binding of the tyrosine
inase to cytokine receptors (52-57). In particular, a
aturally occurring JAK3 mutation (Y100C in JH7)
rom a patient with autosomal severe combined immu-
odeficiency (SCID) prevents kinase-receptor associa-
ion (58). This mutation, located at a position always
ccupied by a hydrophobic residue in the highly con-
erved block 6 of the band 4.1/JEF domain (19), should
e located in the strand b5 of the RA-like domain, at a
osition also always occupied by a hydrophobic residue
Y114 in the JAK2_MOUSE sequence of the Figure 3)
articipating in the proper folding of the domain. To
ur knowledge, no experimental evidence suggests a
ole for small GTPases in the kinase-receptor interac-
ion.

The Grb7/10 /14 proteins are currently classified as
dapter proteins, which have been isolated on the basis
f the ability of their C-terminal SH2 domains to recog-
ise phosphotyrosine sequences in a wide variety of
ctivated tyrosine kinase receptors (27, 59). Interest-
ngly, Grb10 can also interact with receptors devoid of
ntrinsic tyrosine kinase activity, as recently shown in
he case of growth hormone receptor (60). In addition,
he Grb7/10/14 proteins contain a small proline-rich
egion in the N-terminus part which provides a binding
ite for SH3 domains (30), and a Pleckstrin Homology
PH) domain, located in the central conserved GM re-
ion, which might be involved in protein-protein or
rotein-lipid interaction (see Figure 1). Another region,
ocated Between the PH and SH2 domains (BPS), also
amed IPS (Insert between the PH and SH2 domains)
61), has been recently shown to interact with insulin
nd insulin-like growth factor receptors (61, 62). The
dentification of RA-like domains in the Grb7/10/14
amily, which might therefore bind Ras or members of
he Ras superfamily, could also shed a new light into
he function of these proteins. Indeed, the receptors
hich are recognised by this family are known to acti-
ate the mitogenic MAP kinase signal transduction
athway (63). Interestingly, it has been shown that the
H2 domain of Grb10 interacts with two members of
his pathway, namely Raf1 and MEK1, in a
hosphotyrosine-independent manner (64). The pres-
nce of a RA-like domain leads us to hypothesise that
hese proteins might be more than adapters or scaf-
olding proteins and may act as effectors of Ras-GTP.

Thus, the finding of a RA-like domain in two families
f proteins which are important for cell structure and
ignal transduction leads to interesting hypothesis
oncerning the possible role of small GTPases in the
unction of these proteins. However, these observations
re based on sequence analysis and fold recognition,



and further biochemical experimental work is required
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o determine whether these RA-like regions have con-
erved their ability to bind Ras superfamily proteins,
r whether their conservation reflects only structural
onstraints.

EFERENCES

1. Bourne, H. R., Sanders, D. A., and McCormick, F. (1991) Nature
349, 117–127.

2. Boguski, M. S., and McCormick, F. (1993) Nature 366, 643–
654.

3. Lim, L., Manser, E., Leung, T., and Hall, C. (1996) Eur. J. Bio-
chem. 242, 171–185.

4. Denhardt, D. T. (1996) Biochem. J. 318, 729–747.
5. Sells, M. A., Knaus, U. G., Bagrodia, S., Ambrose, D. M., Bokoch,

G. M., and Chernoff, J. (1997) Curr. Biol. 7, 202–210.
6. Geyer, M., and Wittinghofer, A. (1997) Curr. Opin. Struct. Biol.

7, 786–792.
7. Cherfils, J., Ménétrey, J., Mathieu, M., Le Bras, G., Robineau, S.,
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Z., Miller, W., and Lipman, D. J. (1997) Nucleic Acids Res. 25,
3389–3402.

5. Eddy, S. (1996) Curr. Opin. Struct. Biol. 6, 361–365.
6. Gaboriaud, C., Bissery, V., Benchetrit, T., and Mornon, J. P.

(1987) FEBS Lett. 224, 149–155.
7. Callebaut, I., Labesse, G., Durand, P., Poupon, A., Canard, L.,

Chomilier, J., Henrissat, B., and Mornon, J.-P. (1997) Cell. Mol.
Life Sci. 53, 621–645.

8. Lemesle-Varloot, L., Henrissat, B., Gaboriaud, C., Bissery, V.,
Morgat, A., and Mornon, J. P. (1990) Biochimie 72, 555–574.

9. Lin, D., and Pawson, T. (1997) Trends Cell Biol. 7, [pull-out
centerfold].

0. Harpur, A. G., Andres, A. C., Ziemiecki, A., Aston, R. R., and
Wilks, A. F. (1992) Oncogene 7, 1347–1353.

1. Callebaut, I., Cossart, P., and Dehoux, P. (1998) FEBS Lett. 441,
181–185.

2. Vetter, I. R., Nowak, C., Nishimoto, T., Kuhlmann, J., and Wit-
tinghofer, A. (1999) Nature 398, 39–46.

3. Lu, P.-J., Zhou, X. Z., Shen, M., and Lu, K. P. (1999) Science 283,
1325–1328.

4. Hirao, M., Sato, N., Kondo, T., Yonemura, S., Monden, M.,
Sasaki, T., Takai, Y., Tsukita, S., and Tsukita, S. (1996) J. Cell
Biol. 135, 37–51.

5. Mackay, D. J., Esch, F., Furthmayr, H., and Hall, A. (1997)
J. Cell Biol. 138, 927–938.

6. Matsui, T., Maeda, M., Doi, Y., Yonemura, S., Amano, M., Kai-
buchi, K., and Tsukita, S. (1998) J. Cell Biol. 140, 647–657.

7. Takahashi, K., Sasaki, T., Mammoto, A., Takaishi, K., Kame-
yama, T., Tsukita, S., and Takai, Y. (1997) J. Biol. Chem. 272,
23371–23375.

8. Takahashi, K., Sasaki, T., Mammoto, A., Hotta, I., Takaishi, K.,
Imamura, H., Nakano, K., Kodama, A., and Takai, Y. (1998)
Oncogene 16, 3279–3284.

9. Schlaepfer, D. D., and Hunter, T. (1998) Trends Cell Biol. 8,
151–157.

0. Girault, J. A., Costa, A., Derkinderen, P., Studler, J. M., and
Toutant, M. (1999) Trends Neurosci. 22, in press.

1. Rankin, S., Morii, N., Narumiya, S., and Rozengurt, E. (1994)
FEBS Lett. 354, 315–319.

2. Kohlhuber, F., Rogers, N. C., Watling, D., Feng, J., Guschin, D.,
Briscoe, J., Witthuhn, B. A., Kotenko, S. V., Pestka, S., Stark,



G. R., Ihle, J. N., and Kerr, I. M. (1997) Mol. Cell. Biol. 17,

5

5

5

5

5

5

5

Skolnik, E., Ullrich, A., and Schlessinger, J. (1992) Proc. Natl

6

6

6

6

6

6

6
6

Vol. 259, No. 1, 1999 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
695–706.
3. Frank, S. J., Yi, W., Zhao, Y., Goldsmith, J. F., Gilliland, G.,

Jiang, J., Sakai, I., and Kraft, A. S. (1995) J. Biol. Chem. 270,
14776–14785.

4. Zhao, Y., Wagner, F., Frank, S. J., and Kraft, A. S. (1995) J. Biol.
Chem. 270, 13814–13818.

5. Gauzzi, M. C., Barbieri, G., Richter, M. F., Uze, G., Ling, L.,
Fellous, M., and Pellegrini, S. (1997) Proc. Natl. Acad. Sci. USA
94, 11839–11844.

6. Richter, M. F., Dumenil, G., Uze, G., Fellous, M., and Pellegrini,
S. (1998) J. Biol. Chem. 273, 24723–24729.

7. Yan, H., Piazza, F., Krishnan, K., Pine, R., and Krolewski, J. J.
(1998) J. Biol. Chem. 273, 4046–4051.

8. Cacalano, N. A., Migone, T. S., Bazan, F., Hanson, E. P., Chen,
M., Candotti, F., O’Shea, J. J., and Johnston, J. A. (1999) EMBO
J. 18, 1549–1558.

9. Margolis, B., Silvennoinen, O., Comoglio, F., Roonprapunt, C.,
120
Acad. Sci. USA 89, 8894–8898.
0. Moutoussamy, S., Renaudie, F., Lago, F., Kelly, P. A., and Fini-

dori, J. (1998) J. Biol. Chem. 273, 15906–15912.
1. Dong, L. Q., Porter, S., Hu, D., and Liu, F. (1998) J. Biol. Chem.

273, 17720–11725.
2. He, W., Rose, D. W., Olefsky, J. M., and Gustafson, T. A. (1998)

J. Biol. Chem. 273, 6860–6867.
3. Robinson, M. J., and Cobb, M. H. (1997) Curr. Opin. Cell Biol. 9,

180–186.
4. Nantel, A., Mohammmad-Ali, K., Sherk, J., Posner, B. L., and

Thomas, D. Y. (1998) J. Biol. Chem. 273, 10475–10484.
5. Woodcock, S., Mornon, J. P., and Henrissat, B. (1992) Protein

Eng. 5, 629–635.
6. Kraulis, P. J. (1991) J. Appl. Crystallogr. 24, 946–950.
7. Gouet, P., Courcelle, E., Stuart, D., and Metoz, F. (1999) Bioin-

formatics, in press.


	MATERIALS AND METHODS
	RESULTS
	FIG. 1

	DISCUSSION
	FIG. 2
	FIG.3

	REFERENCES

