The EMBO Journal Vol.22 No. 11 pp. 2571-2582, 2003

Structural basis for SH3 domain-mediated high-
affinity binding between Mona/Gads and SLP-76

Maria Harkiolaki, Marc Lewitzky,

Robert J.C.Gilbert", E.Yvonne Jones'?,
Roland P. Bourette®, Guy Mouchiroud?®,
Holger Sondermann*?®, Ismail Moarefi*® and
Stephan M.Feller’

Cancer Research UK Cell Signalling Group and Weatherall Institute of
Molecular Medicine, Oxford, 'Division of Structural Biology, 2Cancer
Research UK Receptor Structure Group, Henry Wellcome Building of
Genomic Medicine, Oxford, UK, 3Centre de Génetique Moléculaire et
Cellulaire, Université Claude Bernard Lyon 1, Villeurbanne Cedex,
France and *Max-Planck-Institut fiir Biochemie, Martinsried, Germany

SPresent address: Department of Molecular Cell Biology, University of
California, Berkeley, CA, USA
®Present address: Sireen AG, Martinsried, Germany

"Corresponding author
e-mail: stephan.feller@cancer.org.uk

SH3 domains are protein recognition modules within
many adaptors and enzymes. With more than 500
SH3 domains in the human genome, binding selectiv-
ity is a key issue in understanding the molecular basis
of SH3 domain interactions. The Grb2-like adaptor
protein Mona/Gads associates stably with the T-cell
receptor signal transducer SLP-76. The crystal struc-
ture of a complex between the C-terminal SH3 domain
(SH3C) of Mona/Gads and a SLP-76 peptide has now
been solved to 1.7 A. The peptide lacks the canonical
SH3 domain binding motif P-x—x-P and does not
form a frequently observed poly-proline type II helix.
Instead, it adopts a clamp-like shape around the cir-
cumfence of the SH3C B-barrel. The central R-x-x-K
motif of the peptide forms a 3, helix and inserts into
a negatively charged double pocket on the SH3C while
several other residues complement binding through
hydrophobic interactions, creating a short linear
SH3C binding epitope of uniquely high affinity.
Interestingly, the SH3C displays ion-dependent dimer-
ization in the crystal and in solution, suggesting a
novel mechanism for the regulation of SH3 domain
functions.
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Introduction

Discovery and characterization of Src homology 2 and 3
(SH2 and SH3) domains have been fundamental in
understanding many aspects of intracellular signalling
processes. These small, globular and highly versatile
protein interaction modules contribute to key signal
transduction events, such as regulation of cell growth
and activation of immune defence cells, but also appear as
structural components in a variety of systems. Mammalian
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genomes contain hundreds of SH3 domains [for a com-
prehensive overview see http://smart.embl-heidelberg.de/
(Schultz et al., 1998; Letunic et al., 2002)]. A large
number of SH3 domains recognize specific proline-rich
sequences which adopt the conformation of polyproline
type II helices (PPII) and contain the core consensus motif
P—x—x-P (Bork et al., 1997; Kay et al., 2000; Mayer, 2001;
Musacchio, 2002). The SH3 domain interactions with the
core motifs of their ligands are mediated through stacking
of aromatic rings from residues like Trp, Tyr and Phe with
the pyrrolidine ring of the prolines in the core consensus
motif. Binding specificity and affinity beyond the core
motif are generated through additional hydrophobic or
charge interactions. Recent studies show that atypical SH3
domain binding motifs which lack the P-x—x—P core
consensus exist (Manser et al., 1998; Cestra et al., 1999;
Mongiovi et al., 1999; Barnett et al., 2000; Kang et al.,
2000; Kato et al., 2000; Ghose et al., 2001; Lewitzky et al.,
2001; Nishida et al., 2001; Kami et al., 2002).

Adaptor proteins are implicated in the transmission of
many intracellular signals, in particular near the plasma
membrane. They usually consist of multiple protein
interaction domains (like SH2 and SH3) and/or docking
sites for these domains. The hematopoietic adaptor Mona
(monocytic adaptor), a member of the Grb2 family, was
cloned as a yeast-two hybrid (Y2H) binding partner of the
receptor kinase c-Fms/CSF1-R (Bourette et al., 1998).
Simultaneously and shortly thereafter, several other
groups obtained similar clones which were named Gads
(Grb2-related adaptor downstream of Shc), Grap2, GrpL,
Grf40, GRID and GRBLG (Liu and McGlade, 1998; Qiu
et al., 1998; Asada et al., 1999; Law et al., 1999; Ellis
et al., 2000). The name Mona/Gads used throughout this
article takes into account the first two publications
(Bourette et al., 1998; Liu and McGlade, 1998).

Mona/Gads binds to several intracellular signalling
proteins, including SLP-76, LAT, Shc, GCIP, c-Cbl,
HPK1 and Gab3 (Liu et al., 2000, 2001; Tomlinson
et al., 2000; Xia et al., 2000; Bourgin et al., 2002; Burack
et al., 2002; Yankee et al., 2003). Targeted disruption of
the Mona/Gads gene locus leads to a proliferation block in
CD4-CD8- thymocytes and an impaired response of
thymocytes to cross-linking of their CD3 surface antigen
(Yoder et al., 2001). Co-immunoprecipitation experiments
further showed that the SLP-76-LAT complex induced by
CD3 stimulation is disrupted in the absence of Mona/Gads
protein. Tyrosine-phosphorylated LAT is recognized
through the Mona/Gads SH2 domain. In contrast, the
interaction with SLP-76 is mediated by the SH3C domain
of Mona/Gads (Liu et al., 1999). The SLP-76 binding site
for Mona/Gads SH3C has been mapped (Liu et al., 1999;
Berry et al., 2002) and is practically identical to the
SLP-76 region reported to bind the Grb2 SH3C domain
(Lock et al., 2000; Lewitzky et al., 2001). In addition, Drk,
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Table I. Analysis of peptide binding affinities by isothermal titration calorimetry

Peptide K4 (UM)
P1 HKTAKLPAPSIDRSTKPPLDR SLP-76(1) aa 225-245 (21aa) 0.329

P2 PAPSIDRSTKPPL SLP-76(1) aa 231-243 (13aa) 0.181/0.118%9.699(G3C)
P3 APSIDRSTKPP SLP-76(1) aa 232-242 (11aa) 0.675

P4 PAPSIDRSTKPPLDRSLAPLDRE SLP-76(1) aa 231-253 (23aa) m 0.540

P5 PAPSIDRSTKPPLDRSLAPFDRE SLP-76(1) aa 231-253 (23aa) 0.574

P6 PPPPAGRNHSPLP SLP-76(2) aa 198-210 (13aa) NBD

P7 TKPPLDRSLAPFD SLP-76(3) aa 239-251 (13aa) NBD

P8 KPPFSDKPSIPAG SLP-76(4) aa 260-272 (13aa) NBD

P9 HLPKIQKPPLPPT SLP-76(5) aa 278-290 (13aa) NBD

P10 PLPLPNKPRPPSP SLP-76(6) aa 399-411 (13aa) NBD

P11 PLPNKPRPPSPAE SLP-76(7) aa 401-413 (13aa) NBD

P12 PAASIDRSTKPPL SLP-76(1) aa 231-243 (mut P1—>A) 3.056
P13 PAPSIARSTKPPL SLP-76(1) aa 231-243 (mut D—A) 4.562
P14 PAPSIERSTKPPL SLP-76(1) aa 231-243 (mut D—E) 1.247

P15 PAPSIKRSTKPPL SLP-76(1) aa 231-243 (mut D—K) 2.587
P16 PAPSIDASTKPPL SLP-76(1) aa 231-243 (mut R—A) NBD

P17 PAPSIDRSTAPPL SLP-76(1) aa 231-243 (mut K—A) NBD

P18 PAPSIDRSTRPPL SLP-76(1) aa 231-243 (mut K—R) 8.368
P19 PAPSIDRSTKAPL SLP-76(1) aa 231-243 (mut P2—A) 4.118
P20 PAPSIDRSTKVPL SLP-76(1) aa 231-243 (mut P2—V) 1.292

P21 PDIPPPRPPKPHP Gabl1(1) aa 338-350 (13aa) 146.242
P22 EPPPVDRNLKPDR Gab1(2) aa 515-527 (13aa) 0.603
P23 RNLKPDRKVKPAP Gab1(3) aa 521-533 (13aa) 55.792
P24 SNTPPPRPPKPSH Gab3(1) aa 304-316 (13aa) 11.179
P25 EPPPVNRDLKPQR Gab3(2) aa 434-446 (13aa) 0.387
P26 PPPVNRDLKPQRKSRPPPLDLR Gab3(2) aa 434-456 (23aa) 0.747
P27 NVPQIDRTKKPAV USP8(1) aa 403415 (13aa) 0.940
P28 VTPTVNRENKPTC USP8(2) aa 736-748 (13aa) 5.767
P29 KPPVVDRSLKPGA AMSH aa 229-241 (13aa) 0.473
P30 KAPMVNRSTKPNS SLP-65/BLNK aa 202-214 (13aa) 0.921

P31 PPPPLPPKKRR PxxPxK peptide (11 aa) NBD+/25.891(G3N)
P32 PPPPLPPRRRR PxxPxR peptide (11 aa) 20.739/5.404(G3N)
P33 DCPPVNRKLKPKV Dos(1) aa 638-650 (13aa) D.m. 23.125(D)
P34 GPPSVDRKCKPNA Dos(2) aa 690-702 (13aa) D.m. 92.460(D)

The SH3 domain used is Gads/Mona SH3C (aa 256-322) expressed as a GST fusion protein unless indicated otherwise.

3Gads/Mona SH3C aa 265-322 without GST tag and gel filtration purified was used.
(G3C), Grb2 SH3C domain; (G3N), Grb2 SH3N domain (both GST fusion proteins).

(D), Drk SH3C domain (GST fusion protein, SH3 sequence from Drosophila melanogaster).
Peptide sequences are derived from human proteins unless indicated otherwise: m, mouse; D.m., D.melanogaster.
aa, amino acids; NBD, no binding detectable; +, very low affinity, not quantifiable.

the Drosophila homologue of mammalian Grb2 and
Mona/Gads, binds two sequence motifs in the ‘Daughter
of Sevenless’ (Dos) protein which strongly resemble the
SLP-76 binding site of Grb2 and Mona/Gads
(P—x3-R—x,—K-P) (Feller et al., 2002). Drk and Dos are
both crucial players in the development of the R7
photoreceptor cell of the compound fly eye.

Several mammalian signalling proteins also contain
sequences with the P-x3—R—x,—K-P motif (Berry et al.,
2002; Feller et al., 2002). Examples include AMSH, which
interacts with Mona/Gads in the Y2H screen (Asada er al.,
1999), the B-cell adaptor SLP-65/BLNK, the Gab family
of multisite docking proteins (Gab1, Gab2, Gab3) and the
ubiquitin peptidase USPS8 [formerly UBPY (Naviglio ez al.,
1998)]. Gab3 has recently been shown to form complexes
with Mona/Gads during monocyte/macrophage differen-
tiation (Bourgin et al., 2002). USP8 binds to Mona/Gads
in vitro, but we have been unable to co-immunoprecipitate
the endogenously expressed proteins from cell lysates
(M.Lewitzky and S.M.Feller, unpublished data).

To understand the molecular basis of the Mona/Gads
SH3C domain binding selectivity in more detail, a large
panel of known and potential binding motifs was analysed
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using isothermal titration calorimetry (ITC). The binding
motif with the highest affinity was subsequently cocrys-
tallized with the SH3C domain. The three-dimensional
structure of the complex reveals a novel type of
SH3-peptide interaction in which the peptide clamps
onto the binding site. Moreover, the SH3C forms an
ion-mediated dimer within the crystal, which was
subsequently also detected in solution.

Results and discussion

Analysis of known and potential Mona/Gads SH3C
domain binding motifs

Table I shows the results of ITC measurements analysing
different peptides for binding to Mona/Gads SH3C and
two homologous SH3C domains from Grb2 and Drk (see
Figure 1 for SH3 domain sequence alignment and
homology). Initially, the region essential for efficient
binding of Mona/Gads SH3C was determined. A previous
study had raised the possibility that a relatively large
motif, P-x3—R—x,—K-P—x;,—P-L-D, might be necessary
for mouse SLP-76 and mouse Gabl binding to the
homologous Grb2 SH3C domain (Lock et al., 2000).
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Fig. 1. (A) Sequence alignment of selected SH3 domains. The secondary structure of the Mona/Gads SH3C is indicated at the top. Triangles refer to
the residues of mouse Mona/Gads SH3C interacting with the SLP-76 peptide according to the crystal structure. ‘n-Src loop’ and ‘RT loop’ highlight
regions named after sequence variations of viral and cellular Src proteins. Amino acid numbering for the Mona/Gads SH3C in this figure and through-
out this article follows from the Mona/Gads SH3C boundaries of the construct used for the crystal structure determination. Amino acid consensus of
SH3 domains with more than 40% identity with Mona/Gads SH3C is indicated as follows: threshold for capital letters, 90% identical; threshold for
lower-case letters, 50% identical; !, either Ile or Val; %, either Phe or Tyr; #, Asn, Asp, Gln or Glu. (B) The dendrogram shows how selected SH3
domains relate to each other according to amino acid sequence homology. SH3 domains reported to bind to motifs with the consensus
P—x3-R—x,—K-P are coloured. Based upon the homology analysis performed with MultAlin and PHYLIP, the closest homologues of the Mona/Gads
SH3C domain are the SH3 domains of HBP/STAM2, STAM and EAST. HBP/STAM?2 binds to USP8 in a forced expression system (Kato et al.,

2000). No structural information on this SH3 domain is available to date.

The P-L-D motif of mouse SLP-76 is replaced by P-F-D
in human SLP-76 (Jackman et al., 1995) and P-L-E in
human Gabl, but is retained in the human and mouse Gab2
and Gab3 proteins. For the Mona/Gads SH3C we did not
find evidence for a role of residues distant to the
P—x3-R—x,—K-P motif. Peptides of 23 and 21 amino
acids derived from SLP-76 and Gab3, the in vivo binding
partners of Mona/Gads (P1, P4, PS5, P26; see Table I for
sequences, relevant P-L-D or P-F-D motifs underlined),
did not bind any better than a 13 amino acid SLP-76
peptide (P2). The K4 for the complex between P2 and
Gads/Mona SH3C (amino acids 256-322) was 0.181 uM,
a remarkably tight binding for SH3 domain interactions. In
contrast, the affinity of P2 for the Grb2 SH3C domain was
about 50-fold lower (K4 = 9.7 uM). Binding of an 11
amino acid SLP-76 peptide (P3) to Mona/Gads SH3C was
somewhat weaker (Kyq = 0.675 uM) than P2 binding.

Subsequently, a Mona/Gads SH3C domain, truncated
for crystallization purposes (amino acids 265-322) and
purified by gel filtration chromatography after cleavage of
the GST tag, was analysed by ITC. Its Ky for the SLP-76
peptide P2 was 0.118 uM (Table I; Figure 2). To our
knowledge, this is the highest affinity measured in solution
for an SH3 binding peptide of this length.

SLP-76 contains six motifs which lack the Lys residue
of the P-x3—R—x,—K-P motif and instead conform to the
broader consensus P-x;—R/K—x3;-P. None of these bound
detectably to the Mona/Gads SH3C domain (P6-P11),
suggesting that a single positive amino acid flanked in the
—4 and +4 positions by prolines is not sufficient for stable
binding.

Replacement of single residues in the SLP-76 peptide
P2 showed that mutation of Arg or Lys in the
P—x3-R—x,—K-P motif to Ala (P16, P17) abolished
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Fig. 2. Representative result from the ITC measurements. A SLP-76
peptide with 13 amino acids (P2) was titrated into a chamber filled
with highly purified Gads/Mona SH3C (amino acids 265-322). K is
~0.118 uM.

binding to Mona/Gads SH3C. Substitution of Lys by Arg
(P18) led to a 50-fold reduction in binding affinity. These
findings point to a crucial role for Arg and Lys in Mona/
Gads SH3C binding. A substantial loss of binding was also
observed when the prolines of the P—x3—R—x,—K—P motif
were changed to alanines (P12, P19). Substitution of the
Pro following the Lys by Val (P20) reduced the affinity
7-fold. Replacement of the Asp preceding Arg
(P—x,—D-R—x,—K-P) by Ala (P13) was similarly effective
in reducing the affinity, suggesting that this position also
contributes to the strong binding of the wild-type sequence
P2. Changing Asp to the residue Glu (P14), which is also
negatively charged, was only slightly less disruptive.
Surprisingly, replacement of Asp by Lys (P15) did not
disrupt binding substantially more than the replacement by
Glu.

To gain further insight into the binding affinities of
naturally occurring protein epitopes with a complete or
partial P-x3—R—x,—K-P motif, a panel of peptides derived
from SLP-65/BLNK, Gabl, Gab3, AMSH and USP8 was
analysed (P21-P30).

Peptides binding with better than micromolar affinity
were identified for each of these proteins (P22, P25, P27,
P29, P30) and always contain the full P-x3—R—x,—K-P
motif. Other binding peptides with lower affinities were
also detected (P21, P23, P24, P28). With the exception of
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Fig. 3. Two views of the Mona/Gads SH3C structure in complex with
the 13 amino acid SLP-76 peptide (P2). B-strands are coloured blue
and 3¢ helices are shown in orange. (A) View looking down the length
of the B-barrel. (B) View rotated by 90° on the vertical axis.

the P28 peptide derived from USPS, these share only a
reduced consensus motif (R—x,—K-P). Two more typical
SH3 domain binding peptides with the classical
P—x—x-P—x-K and P-x—x—P—x-R motifs (P31, P32) bind
at best poorly to the Mona/Gads SH3C domain.

Beyond mammalian proteins, it was recently shown that
the Drosophila adaptor Drk needs two epitopes containing
the motif P-x3—R—x,—K-P in the Dos protein to determine
correctly the R7 cell fate in the compound eye of the fly
(Feller et al., 2002). Therefore binding of Dos-derived
peptides (P33, P34) to Drk SH3C was also investigated.
With Ky values of 23 and 92 uM, respectively, both
peptide interactions are much weaker than those observed
for SLP-76 and several other mammalian sequences
discussed above. Nevertheless, both sequences are clearly
required for normal fly eye development. This suggests to
us that an as yet unknown mechanism may generate a
stable Dos—Drk complex and also emphasizes the need to
investigate in vivo functions of protein epitopes with low
in vitro binding affinities.
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Table II. Data reduction, phasing and refinement statistics

Peak Inflection Remote
Data collection
Resolution (A) 1.69 (1.75-1.69)
Space group . P2,
Cell dimensions(A) a=28.69,b=7207,

c=34.17
Cell angles (°) o= =90, v=97.70
Wavelength (A) 0.9786 0.9788 0.8731
7 -8.2,7.2 -10.1, 3.7 -23,4.0
Total data 99 470 104 025 80 439
Unique data 15 317 15 352 15 506
Redundancy 6.5 6.8 5.2
Completeness (%) 98.2 (81.4) 98.1 (80.4) 99.9 (99.9)
Ilo(D) 28.2 (4.0) 259 (3.3) 222 (2.3)
Rinerge (%)° 5.5 (40.4) 5.0 (50.6) 47 (44.5)
Phasing
Rano (%)° 5.7 4.5 49
Rdisp (%)d - 3.4 4.8
FOM (solve/resolve) 0.4/0.45
Refinement
Resolution range 36.04-1.70
No. of unique reflections 13 807

Rwr)rke (Rfreef) o

R.m.s.d. bonds (A)

R.m.s.d. angles (deg)

R.m.s.d. chiral (A%) R
R.m.s.d. main-chain bond B (A?)
R.m.s.d. side-chain bond B (A?)

17.86 (21.94)
0.012 (0.021)2
1.375 (1.955)¢
4.827 (5.000)¢
0.770 (1.500)¢
2.440 (3.000)

Model quality (Ramachandran plot)"

Residues in most favoured regions (%) 94.5
Residues in additional allowed regions (%) 5.5

No. of atoms per asymmetric unit (average B values) (Az)

Protein 919 (21.3)
Peptide 179 (23.0)
Water 239 (37.8)
Tons (Cd) 1(17.8)

FOM, figure of merit (the cosine of the mean phase error); R.m.s.d., root mean square deviation.

2Values in parentheses correspond to the highest resolution shell.

meerge = X%, (I, — <l,>)/ZZ,(<I),>), where h is the unique reflection index, /;, is the intensity of the symmetry-related reflection and <I,> is the

mean intensity.

“Rano = ZM(+) — I(-)I/ZI<I>| for anomalous differences, where <I> is the average of Friedel amplitudes.
dRyisp = ZMA; — IASI/ZI<I>| for dispersive differences, where <I> is the average amplitude at two wavelengths A; and A».

R = ZIF, ), — IFCpl ZplFol,, where h defines the unique reflections.
fCalculated on a random 5% of the data.

€Target values in parentheses.

hValues from PROCHECK (Laskowski et al., 1993).

Structure of the SH3-SLP-76 peptide complex

The structure of the Mona/Gads SH3C in complex with P2
was determined by multiwavelength anomalous dispersion
(MAD) using a single crystal of selenomethionated Mona/
Gads SH3C (Table II). The resulting density-modified
map allowed unambiguous interpretation of the polypep-
tide chains. The SH3C domain displays the classical
B-barrel-like fold typical of all known SH3s (Figure 3). It
comprises five B-strands (residues 4-6, 25-30, 3641,
44-49 and 53-55; see also Figure 2) and a 3;g-helical
segment at residues 50-52, as defined by DSSP (Kabsch

and Sander, 1983). There are two molecules in the
asymmetric unit of the crystal in which residues —4 to 55
and 3 to 57, respectively, are visible (amino acids —4 to —1
result from a protease cleavage site overhang). Each
domain is in a complex with a single peptide molecule
docked along the circumference of the B-barrel. The bound
peptides have obvious density for 12 of the 13 amino acids
and an overall extended conformation with a 3¢ helix
formed by residues 6-10.

The two SH3 domains within the asymmetric unit form
a dimer through the coordination of a cadmium ion present
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in the crystallization medium. The seven-coordinate site is
arranged in a pentagonal bipyramid. Five atoms coordinate
in plane with the cadmium atom (Og; and Og, of Glu24
from each SH3 domain and a water molecule) and two
atoms at near-orthogonal positions to the plane on either
side (N¢g, of His42 from each domain). This suggests that
Mona/Gads SH3C has the potential to homodimerize in
the presence of physiologically relevant ions like calcium
or zinc, as discussed further later.

(P)APSIDRSTKPPL

Model features and electrostatic potential of the
SH3-peptide contact region

The buried surface area at the peptide-SH3 interface is
1179 A% This is nearly identical with the 1200 A?
interaction surface described for the Hck SH3 domain in
complex with the HIV Nef protein core, which binds with
a K4 of 0.25 uM (Lim, 1996; Musacchio, 2002). The
contact area in the Hck SH3—Nef complex not only results
from the binding of a short peptide but is complemented by

i {PIAPSIDRSTKPPL

Fig. 4. Divergent stereo view of the electrostatic potential surface representation of the Mona/Gads SH3C in complex with the SLP-76 peptide (P2).
Although the interface area of the Mona/Gads SH3C domain comprises mostly hydrophobic grooves (depicted in grey) where equivalent hydrophobic
residues are docked, there is one prominent area of negative potential (shown in red) in the central region of the interface which promotes hydrogen
bonding with the crucial Arg7* and Lys10* peptide residues (individually labelled SLP-76 peptide residues are marked with an asterisk in all struc-
tures). The first Pro of the SLP-76 peptide (shown in parentheses) is not visible in the structure.

Fig. 5. Divergent stereo view of selected residues of the Mona/Gads SH3C-SLP-76 (P2) interface with the corresponding electron density contoured

at 1.5 root mean square deviation from the mean density.
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a-helical elements in HIV Nef interacting with the RT
loop of the Hck SH3 domain. The buried surface area of
the PPII-helical short linear peptide of Nef alone is only
about 780 A? and the K, of this peptide is 91 uM.

The SLP-76 peptide winds around the circumference of
the barrel-like SH3C domain in a semicircular fashion.
The corresponding docking area is overwhelmingly
hydrophobic, except for one region of high negative
electrostatic potential defining the interface of the peptide
residues Arg7* and Lys10* (all SLP-76 peptide residues
are denoted with an asterisk) with the SH3 domain
(Figure 4). Figure 5 shows the SLP-76 peptide and
interacting SH3 domain residues. Ala2* and Pro3* rest in
a groove on the protein surface primarily defined by Tyr8
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Fig. 6. (A and B) Close-up views of the hydrogen bonding pattern
(yellow broken lines) within the core of the docking region in the two
conformations present in the asymmetric unit of the crystal. All carbon
atoms depicted and their bonds in the SLP-76 peptide are shown in
dark grey. Carbon atoms of the SH3 domain are shown in light grey.
For clarity, Glul4 is not depicted in the top view (A).
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n-Src loop
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and Tyr52 which extend away from the body of the protein
at 90° to each other. Pro3* in particular is involved in weak
hydrophobic stacking with the ring of Tyr52 at an average
distance of 4 A. This could account for the loss of binding
affinity upon substitution of Pro3* by Ala as described
above. Ser4* is facing the solvent and is not likely to be a
significant structural component during binding, while the
side-chain of Ile5* is buried in the next hydrophobic
groove defined by Mona/Gads residues Tyr52, Phel0 and
Pro49 and complemented by the aliphatic region of Arg7*
side-chain carbon atoms. The most distinctive structural
feature within the otherwise extended peptide is a 3, helix
formed by amino acids Arg7* to Lys10* (Figures 3 and 4).
This feature depends in part upon the contribution of
Asp6*, which stabilizes both Ser8* and Thr9* in the
310 arrangement through hydrogen bonds. Asp6* could
conceivably be substituted by other residues that retain
multiple hydrogen bonding potential without a significant
effect on the structure. The latter could explain the binding
characteristics of Asp6* to either Glu or Lys mutants
(Table I, P14 and P15) as described above. The backbone
oxygen atom of Asp6* also forms a hydrogen bond with
Trp36 on the SH3C domain. Arg7* to Lys10* is a region
of extensive interactions that seems to dominate the nature
of the molecular interface. Arg7* hydrogen bonds with the
Oe atoms of Glul7 in the SH3C. The same Glul7 is also
involved in hydrogen bonding to Lysl0*, along with
Glul4 and Aspl6. Glul4 adopts two equally stable
conformations within the asymmetric unit (Figure 6). It
either forms a shared hydrogen bond with both of its Oe
atoms competing for the incoming hydrogen from Lys10*
or faces away from it and hydrogen bonding is completed
by a water molecule. Lys10* is further held in position
through stacking interactions of its aliphatic side-chain
atoms with the indole ring of Trp36. Prol1* is positioned
facing yet another groove on the domain surface. This
corroborates the ITC result obtained with peptides P19 and
P20 where Prol1* is mutated to Ala and Val, respectively,
resulting in reduced binding strength, presumably due to
compromised hydrophobic interactions. Pro12* is exposed
to the environment and does not appear to play an
important role in SH3 domain docking. Binding is
completed with Leul3* whose hydrophobic side-chain is

’\

RT loop

:.-iLi n-Sre loop

Fig. 7. Divergent stereo view of the Mona/Gads SH3C model with regions within the buried interface coloured in blue and a molecular model of the
SLP-76 peptide coloured from red to blue relating to atomic B values from 10 to 30 A2,
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positioned in a hydrophobic groove formed chiefly by
Leu45 and Leu47, flanked by Asp16 and Thr38.

The mean square atomic displacement (<u*>) of the
SLP-76 residues within the crystal structure suggests a
tight binding that is in agreement with the ITC measure-
ments described. The temperature factors (B = <u”> 81%/3)
of the peptide atoms are comparable with that of the SH3C
domain with a variation between 10 and 30 A? (Figure 7).
The lowest values, indicating the most stable regions, are
exhibited by the Arg7* and Lys10* residues that hydrogen
bond to residues of the RT loop. Temperature values
increase gradually towards each end of the peptide chain
with the highest values exhibited in the C-terminal region
that contacts the n-Src loop, implying a relatively fluid
local binding. Characteristically, non-essential residues
such as Asp6* and Ser8* appear to have more variable
atomic positions.

Comparisons with other SH3 domains

Grb2 is a known partner of SLP-76, attaching to the same
epitope as Mona/Gads albeit with much lower affinity. The
latter can be accounted for by the significant differences in

RT loop
[
c n-Sre
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!
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Fig. 8. Ribbon representations of the Grb2 SH3C and Mona/Gads
SH3C domains with areas involved in molecular docking of an SLP-76
peptide coloured blue. (A) Grb2 SH3C-peptide interactions as previ-
ously defined by NMR experiments (Kami et al., 2002). (B) Mona/
Gads SH3C—peptide contacts present in the crystal structure.
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the residues utilized for peptide binding between Grb2
SH3C (Kami et al., 2002) and Mona/Gads SH3C
(Figure 8). In Mona/Gads SH3C, more residues from the
RT loop are involved. Moreover, a significant portion of
the n-Src loop, which remains mostly unengaged in the
Grb2 SH3C complex, is extensively involved in peptide
docking by Mona/Gads SH3C. These features probably
account for the different affinities observed by ITC
(Table I).

The numerous entries within the Protein Data Bank for
SH3 or SH3-like domains allow extensive comparisons
with the Mona/Gads SH3C. Closest structural neighbours
were identified with DALI (Holm and Sander, 1994) and

A
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Fig. 9. Electrostatic potential surface representation of Mona/Gads
SH3C with molecular models of different well characterized SH3 do-
main binding peptides docked onto the SH3 domain. The peptides were
aligned through structural superposition of their respective SH3 part-
ners onto the present structure. (A) Comparison of the SLP-76 peptide
(P2, dark green) with a C3G peptide (light green) from the mouse
c-Crk SH3N-C3G complex (1CKA.pdb). (B) Comparison of the
SLP-76 peptide (dark green) with an mSos peptide (light green) from
the Sem-5 SH3C complex (1SEM.pdb).
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Fig. 10. Dimerization of the Mona/Gads SH3C—peptide complex.
(A) Molecular model of the Mona/Gads SH3C—peptide dimer coordi-
nating a cadmium ion (yellow sphere) and close-up of the seven-coordi-
nate site. The C,, trace of the two SH3C domains is light grey and the
docked SLP-76 peptide residues are dark gray. Residues involved in co-
ordination are also shown. (B) Plots of apparent whole-cell weight-
average molecular weight (M,, .5p) against sample concentration (mg/
ml) for interference data. The same curves were also derived with the
absorbance data but interference data are inherently more precisely
determined. Filled symbols are for Mona/Gads SH3C-SLP-76 peptide
in Ca?*, with different colours representing the different speeds as indi-
cated. Open symbols show the complex with Zn?*. Fitted curves,
shown as broken black lines, are for a linear regression of weight with
concentration in Ca?* and for a rectangularly hyperbolic regression in
Zn**, as appropriate for a dimerization process (Ikemizu et al., 2000).

analysed further using the program SHP (Stuart et al.,
1979). All homologous structures tested displayed pos-
itional C,, deviations of 0.7-1 A. The structures that most
closely resemble Mona/Gads SH3C are Sem-5 SH3C
(1SEM.pdb), Crk SH3N (1CKB.pdb) and Grb2 SH3C
(1GCQ.pdb). Of these structures, Sem-5 SH3C and Crk
SH3N were in complex with peptides that share common

Mona/Gads SH3C binds non-PPIl motif

features with the structure described here. In all three
structures the peptides, although representing different
motifs suited for their respective binding partners, are
bound in the ‘minus’ orientation (for definition see Bork
et al., 1997; Kay et al., 2000; Mayer, 2001; Musacchio,
2002) and follow convergent paths to essential binding
sites (Figure 9).

The C3G peptide in the Crk SH3N complex (Wu et al.,
1995) has a Pro residue in the same position as Pro3* of
the SLP-76 peptide followed by a Leu two residues later,
much like Ile5* (Figure 9A). The peptides then diverge up
to the following Lys (Lys10* in SLP-76) which forms
similar hydrogen bonds with equivalent residues on the
respective SH3 domains. In the Sem-5 SH3C-mSos
peptide complex (Lim et al., 1994), the peptide binds in
anearly identical fashion to SLP-76 binding to Mona/Gads
SH3C from its N-terminus up to the Val position (Ile5* in
the SLP-76 peptide), at which point it deviates away from
the SH3 domain, only to converge back to an essentially
identical position at Arg7* with its equivalent Arg residue
(Figure 9B).

Characteristic residues that coincide in the three com-
plexes are important in deciphering the interactions that
promote binding. The position occupied by Pro3* seems
supremely suited for just this type of residue. Two amino
acids further on the nature of hydrophobic interactions
required in positioning this region persists. The polypep-
tide chains deviate past this point away from the 3
conformation and assume a poly-Pro helical conformation.
However, both peptides converge on the Arg7* or the
Lys10* position. The comparatively conserved route of
convergence on the domain surface is an example of the
employment of different folds in molecular docking onto
similar sites.

SH3 domain dimerization

Several previous reports implicate SH3 domains in
oligomerization processes: the SH3 domain of PI3 kinase
forms fibre-like aggregates in vitro (Guijarro et al., 1998);
the EGF receptor substrate Eps8 forms intertwined SH3
homodimers which appear to regulate binding potential
(Kishan et al., 1997, 2001); a Grb2 SH3C and Vav SH3N
heterodimer forms the interaction basis for Grb2 and the
GTPase regulator Vav (Nishida et al., 2001); the bacterial
SH3-like domain of KorB forms a dimer which binds to
pseudosymmetrical regulatory sites within the RP4 gene
(Delbruck et al., 2002).

In this context, the non-crystallographic dimer of Mona/
Gads SH3C is suggestive of a coordination potential
inherent in this domain. The seven-coordination site of
pentagonal bipyramid geometry displayed by the cadmium
bound in the crystal (Figure 10A) is a known coordination
state of Ca?* in biological systems (Pidcock and Moore,
2001). Zn?* can also be coordinated in a similar fashion
(Rodriguez-Arguelles et al., 1995). The Mona/Gads
SH3C—cadmium interaction is restricted to the molecular
surface diametrically opposite the SLP-76 binding site and
does not interfere with protein folding or docking potential
(Figure 10A). Such an arrangement could confer higher
affinities to Mona/Gads SH3C binding partners such as
Gab family proteins and USP8, which have two potential
Mona/Gads binding sites. Furthermore, in Drosophila, Drk
SH3C has two functionally important binding sites in Dos,
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each of which binds only weakly by itself (Feller ef al.,
2002; Table I) and could require stabilization through SH3
domain dimerization or a similar mechanism.

To test whether the Mona/Gads SH3C domain com-
plexed with the SLP-76 peptide can also dimerize in
solution, analytical ultracentrifugation experiments were
performed in the presence of the physiologically important
ions Ca?* or Zn2*. Figure 10B shows the variation of the
apparent molecular weight M,, ., of the complex at
different concentrations in the presence of Ca?* and Zn2*.
With Ca?* the complex maintains virtually constant
weight, with only a small statistically significant increase
that indicates very weak self-association. The My, o5, of the
complex in Ca?* extrapolated to zero concentration
(infinite dilution, where self-association and diffusion-
limitation do not affect the observed weight) is 8703 =
103 Da, which is close to the theoretical monomeric M,, of
8460. The M., 4, of the complex in Zn?* shows a markedly
different variation with concentration. At 26 000 r.p.m., the
significant increase in M, ,,, plateaus at the expected
weight of a dimer. The resulting K4 of dimerization in the
presence of Zn%*is 0.73 mM (6.37 * 0.56 mg/ml) which is
within the range that may be considered significant within
the cellular environment. To our knowledge, this is the first
time that an ion-mediated dimerization of an SH3 domain
is reported.

Zn?* is not only crucial for a plethora of proteins
involved in DNA transcription, protein—protein inter-
actions and proteolysis but also mediates the formation
of various protein dimers. Maturation and action of
lymphocytes and monocytes is critically dependent on
Zn** (Wellinghausen and Rink, 1998). A number of
Zn**-dependent proteins are known to play important roles
in T-cell receptor signalling, including c-Cbl, TSAd/LAD,
the SLP-76-interacting Rac activator Vav, Lck and CD4
(Lin et al., 1998; Choi et al., 1999; Zheng et al., 2000;
Zugaza et al., 2002). The experiments presented here
encourage further biochemical, biophysical and cell bio-
logical analyses to define the role of zinc in Mona/Gads
signalling and T-cell functions.

Materials and methods

SH3 domain primary structure alignment and dendrogram
The SH3 domain consensus sequence was determined using MultAlin
(Corpet, 1988). The identity matrix was calculated using MacBoxshade
2.15 (M.D.Baron, 1999; distributed at http://iubio.bio.indiana.edu/soft/
molbio/mac/). Sequence alignments were generated with CLUSTAL_W
(Thompson et al., 1994) and depicted through ESPript 2.0 (Gouet et al.,
1999). The dendrogram was drawn using PHYLIP (Phylogeny Inference
Package) (Felsenstein, 1993).

Peptide synthesis and SH3 domain construction, expression
and purification

Peptides were synthesized with an amidated C-terminus using standard
technology and subsequently purified by high-pressure liquid chromato-
graphy. Cloning and bacterial expression of the Drk SH3C and Grb2
SH3C domains have been described previously (Lewitzky et al., 2001;
Feller et al., 2002). The Mona/Gads SH3C domain used for most ITC
experiments (amino acids 256-322) was constructed by PCR and its
functionality has been documented previously (Bourgin et al., 2002).
Bacteria were grown in Luria broth (LB) with 100 pg/ml ampicillin and
protein expression was induced with 0.1 mM ispropyl-B-D-thiogalacto-
pyranoside (IPTG). Bacteria were lysed in cold TPE [1% (v/v) Triton
X-100, 1X phosphate-buffered saline (PBS) pH 7.4, 100 mM EDTA,
10 pg/ml aprotinin, 0.7 pg/ml pepstatin A, 0.5 pg/ml leupeptin, 0.5 pg/ml
antipain]. GST-SH3 fusion protein was purified using GSH-Sepharose
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(Amersham Biosciences). Bound GST-SH3 was eluted with 100 mM
GSH pH 7.5 and dialysed against 5 mM Tris—HCI pH 7.5.

For crystallization experiments, nucleotides encoding amino acids
265-322 of mouse Mona/Gads were amplified by PCR, cloned into
pGEX-6P-1 (Amersham Biosciences) using the BamHI and Xhol
restriction sites, and sequenced. For MAD phasing, the protein was
expressed in Escherichia coli BL21(DE3) cells grown in minimal medium
(M9) supplemented with ions, vitamins, glucose, selenomethionine and
all L-amino acids except methionine. Inhibition of endogenous
methionine production was achieved upon induction through addition of
excess of six L-amino acids (Lys, Thr, Phe, Leu, Ile and Val). The method
is a combination of previously described protocols (Ramakrishnan et al.,
1993; Van Duyne et al., 1993). Bacterial pellets were dissolved in 50 mM
HEPES pH 7.5 with 50 mM NaCl plus protease inhibitors [0.2 mM
phenylmethylsulfonyl fluoride (PMSF), 1| mM EDTA, 1X Complete™
protease inhibitor cocktail (Roche)] and sonicated. The cleared lysates
were applied to GSH-Sepharose and incubated with PreScission™
protease (2.5 U per milligram of GST-SH3 protein) in 2X PBS at 8°C
for 16 h. The eluted SH3 domain was further purified by size exclusion
chromatography (Sephadex-75; Amersham Biosciences) and concen-
trated (Vivaspin VS0611; Vivascience). The purity and monodispersity of
the concentrated SH3 domain were analysed by SDS and native PAGE as
well as by light scattering using a DynaPro-MS/X light scattering system
(ProteinSolutions Inc.).

Isothermal titration calorimetry

Experiments were performed using a VP-ITC MicroCalorimeter
(MicroCal, Northampton, MA). Peptides were used at 0.5 mM in buffer
G (25 mM HEPES-KOH pH 7.5, 100 mM KAc, 5 mM MgAc) and
titrated from a syringe (300 pl total volume) into a sample chamber
holding 1.43 ml of 0.05 mM Mona/Gads SH3C in buffer G. The peptide
concentrations were adjusted in cases of low binding affinities (P15,
1 mM; P18, 1.333 mM; P22, 1 mM). Heat generated by protein dilution
was determined in separate experiments by injecting buffer G without
peptide into the sample chamber filled with Gads/Mona SH3C and was
negligible. Solutions used in the syringe and the sample chamber were
clarified for 10 min at 20 800 g maximum prior to use. Gads/Mona SH3C
solution was degassed before the measurements were made (ThermoVac;
MicroCal). At the equilibrium temperature of 25°C, peptide solutions
were titrated into the sample chamber by 28 injections of 10 ul each.
Resulting peaks of measured deviations from the equilibrium temperature
were integrated to yield the quantity of heat generated. Data were fitted
using %2 minimization on a model assuming a single set of sites to
calculate the binding affinity Kj. All steps of the data analysis were
performed using ORIGIN(V5.0) software provided by the manufacturer.

Crystallization and data collection

Mona/Gads SH3C protein was mixed with SLP-76 peptide (P2) at a molar
ratio of 1:2. Crystallization was successful with the sitting drop vapour
diffusion method at 20°C under equilibrium conditions of 20% PEG-
4000, 5 mM CdCl, and 50 mM sodium cacodylate pH 6.5 (Clear Strategy
Screen; Molecular Dimensions) at a final protein concentration of 10 mg/
ml. Rod-shaped crystals with approximate dimensions 0.3 X 0.2 X
0.2 mm? appeared within 24 h. Crystals were cryoprotected through
transfer into mother liquor containing 20% glycerol and vitrified.

A three-wavelength MAD experiment was performed on BM14 at the
European Synchrotron Radiation Facility, Grenoble. Diffraction data to
1.7 A were collected on an MAR CCD 133 mm detector at a crystal-to-
detector distance of 100 mm (1° oscillation for each exposure). Highly
redundant data were collected for each wavelength and intensities were
integrated and scaled using DENZO and SCALEPACK (Otwinowski,
1993; Otwinowski and Minor, 1997) (Table II).

Structure determination and refinement

Phases were estimated with SOLVE (Terwilliger and Berendzen, 1999)
using the anomalous and dispersive differences estimated from three
datasets collected at wavelengths corresponding to the peak and the
inflection point of the anomalous scattering of the selenium atoms as well
as at a higher-energy remote wavelength (see Table II). Phases were
further modified with RESOLVE (Terwilliger, 2001). The structure was
autotraced with WarpNtrace (Perrakis er al., 1999) (133 out of 136
structured amino acids in the asymmetric unit were traced) with a
resulting R factor over all reflections of 19.3%. Several additional cycles
of manual building in O (Jones et al., 1991) and refinement in REFMAC
(Murshudov et al., 1997) resulted in full structure assignment. Water
molecules were assigned automatically with ARP (Lamzin and Wilson,
1993) and further refined in REFMAC. Phasing, refinement and model
quality statistics are shown in Table II.



Structure and density representations

Ball-and-stick, ribbon and electron density representations were created
using BOBSCRIPT (Esnouf, 1997, 1999) and rendered with Raster3D
(Merritt and Murphy, 1994).

Calculation of buried surface areas and surface
representations

Surface area calculations were carried out in CNS (Brunger et al., 1998)
and surface representations and electrostatic potential calculations were
performed with GRASP (Nicholls et al., 1991).

Analytical ultracentrifugation

Sedimentation equilibrium experiments were performed in a Beckman
Optima XL-I analytical ultracentrifuge, essentially as previously
described (Ikemizu et al., 2000). Briefly, Mona/Gads SH3C and
SLP-76 peptide (molar ratio 1:2) in 50 mM Tris—HCI pH 6.8, 50 mM
NaCl and 2 mM metal ions (ZnCl, or CaCl,) were used at SH3C
concentrations ranging from 2 to 9 mg/ml, centrifuged at 15 000, 18 000
or 26 000 r.p.m., respectively, at 20°C and imaged using absorbance
optics at 305 and 310 nm wavelengths and interference optics. The
sample distributions measured at equilibrium were fitted with the
program ULTRASPIN (Altamirano et al., 2001) using a single-species
equation. Any non-ideal behaviour, such as self-association, manifests
itself as increasing apparent whole-cell molecular weight-average
weights (M, ,pp) With increasing concentration. The values for My, upp
were plotted together against sample concentration over the full range
studied and fitted with either a straight line or the equation:

2M|C

—+M
Kd+C+ !

My app =

for a dimerization, as appropriate. Here, M, is the mass of a monomer, c is
the sample concentration and Kj is the equilibrium constant of dissociation.

PDB accession code
The coordinates and structure factors have been deposited in the Protein
Data Bank with ID code loeb.pdb.
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