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Solution structures of two Src homology 3 (SH3) domain-ligand complexes have been
determined by nuclear magnetic resonance. Each complex consists of the SH3 domain
and a nine-residue proline-rich peptide selected from a large library of ligands prepared
by combinatorial synthesis. The bound ligands adopt a left-handed polyproline type I
(PPII) helix, although the amino to carboxyl directionalities of their helices are opposite.
The peptide orientation is determined by a salt bridge formed by the terminal arginine
residues of the ligands and the conserved aspartate-99 of the SH3 domain. Residues at
positions 3, 4, 6, and 7 of both peptides also intercalate into the ligand-binding site;
however, the respective proline and nonproline residues show exchanged binding po-
sitions in the two complexes. These structural results led to a model for the interactions
of SH3 domains with proline-rich peptides that can be used to predict critical residues
in complexes of unknown structure. The model was used to identify correctly both the
binding orientation and the contact and noncontact residues of a peptide derived from
the nucleotide exchange factor Sos in association with the amino-terminal SH3 domain

of the adaptor protein Grb2.

The Stc tyrosine kinase has an NH,-ter-
minal SH3 domain that negatively regu-
lates its kinase activity (1). SH3 domains
are present in several intracellular proteins
and mediate protein-protein interactions
important in cytoskeletal architecture and
intracellular signaling (2). The identifica-
tion of several SH3-binding proteins by ex-
pression cloning and affinity chromatogra-
phy demonstrated that SH3 domains bind
to proline-rich sequences (3). SH3 domains
also have specific preferences for arginine
and leucine residues, as revealed by the use
of combinatorial peptide libraries with the
Src and phosphatidylinositol  3-kinase
(PI3K) SH3 domains (4, 5). These studies
identified two classes of ligands for both
SH3 domains: class I, with the consensus
sequence RXLPPZP (Z = L for Src SH3; Z
= R for PI3K SH3; X means no clear con-
sensus was found), and class II, with the
sequence XPPLPXR (6).

Recent structures of SH3 domains from
PI3K, Abl, and Fyn complexed with pro-
line-rich ligands indicate that the ligands
adopt a PPII helix conformation (5, 7). The
complexes are stabilized predominantly by
hydrophobic contacts and, in the case of
PI3K SH3, by additional electrostatic inter-
actions between the arginine residues of the
peptide RLP1 (the class I ligand RKLP-
PRPSK) and D21 and E51 of the protein. In
all three complexes, the ligands adopt a
similar binding mode, with the peptide
backbones oriented in the same direction.
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Because class I peptides contain a conserved
NH,-terminal arginine that is critical for
SH3 binding, whereas class II peptides con-
tain a conserved COOH-terminal arginine,
it was suggested that peptides of the two
classes might bind to SH3 domains in re-
verse orientations (4, 5). To address this
possibility of dual binding modes, we have
now determined the solution structures of
c-Src SH3 complexed with a class I peptide
RALPPLPRY (RLP2) and a class II peptide
AFAPPLPRR (PLR1) by multidimensional
nuclear magnetic resonance (NMR) spec-
troscopy (8-11). Although both peptides
adopt a PPII helix conformation, they bind
to the SH3 domain in reverse orientations.

The superimposed a-carbon traces of the
20 final structures for the two complexes are
shown in Fig. 1 and a summary of the
energetic and geometric statistics of the two
sets of structures is provided in Table 1. The
ligand-bound conformations of the Src SH3
domain in both complexes are essentially
identical to that of the unbound state. The
SH3 domain consists of two three-stranded
antiparallel B sheets, with two loops from
residues 93 to 99 and from 112 to 117 (12).
The backbone root-mean-square deviation
between the minimized average structures
of the RLP2-bound and -unbound forms of
the SH3 domain is 1.14 A; the correspond-
ing value for the PLRI-bound and -un-
bound forms is 1.17 A. There is, however,
one important difference between the
bound and unbound states of the Src SH3
domain revealed by hydrogen-deuterium
exchange experiments (10). Eleven slowly
exchanging amide protons exist in RLP2-
bound SH3 (10 for PLR1-bound SH3),
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compared with only three in the unbound
state. These additional slowly exchanging
amide protons are located on the two B
sheets, at positions both near and distant to
the ligand-binding site. Ligand complex-
ation thus appears to retard the cooperative
unfolding of the SH3 domain (13). Both
ligands adopt an extended conformation,
with residues 1 to 7 of RLP2 and residues 3
to 9 of PLR1 forming left-handed PPII heli-
ces in which all prolines are in a trans
configuration.

In the RLP2-SH3 structure, the class I
peptide RLP2 binds with the same orienta-
tion as the ligands in previously determined
SH3-ligand complexes (Figs. 1A and 2, A
and B) (5, 7). Because the PPII helix con-
formation has three residues per turn, resi-
dues at positions i and i + 3 lie on the same
edge of the helix. Residues R1, P4, and P7
form one edge of the PPII helix that inter-
acts with the protein and L3 and L6 form
another protein-contacting edge. The li-
gand-binding site on the SH3 domain con-
tains three binding pockets. The first is an
arginine-binding pocket that accommo-
dates the NH,-terminal R1 of RLP2 and is
positioned between W118 and D99 of the
protein (position P|) (Fig. 3A). The side
chain of R1 packs against the indole ring of
W118 (Fig. 2, A and B). The relative posi-
tions of the R1 carbonyl oxygen and the
indole N-H of W118 allow for a possible
hydrogen bond between them, in analogy to
the hydrogen bond in the Abl SH3-ligand
complex (7, 14). The guanidinium group of
R1 is proximal to the acidic side chain of
D99. This residue is structurally equivalent
to D21 in the RLP1-PI3K SH3 complex,
which was found to form a salt bridge with
R1 of RLP1 (5). A similar salt bridge ap-
pears to exist between R1 of RLP2 and D99
of Src SH3 because the amide proton chem-
ical shift of D99 is significantly perturbed
on RLP2 binding, and the D99N mutant of
Src SH3 binds to RLP2 with a ~40-fold
decrease in affinity (Table 2) (15, 16). The
second (positions P;; and Py) and third
(positions Pj;; and Pp,) (Fig. 3A) pockets
each accommodate a proline residue. Resi-
dues Y92, W118, P133, and Y136 form the
second pocket and make extensive hydro-
phobic contacts with L3 and P4 of RLP2.
The methyl groups of L3 also contact the
side chains of D117 and N135 in the pro-
tein. L6 and P7 of RLP2 interact with the
third binding pocket formed by Y90 and
Y136. The disordered COOH-terminal res-
idues R8 and Y9 of RLP2 do not contact the
SH3 domain (17).

The overall similarity between the struc-
tures of RLP1-PI3K SH3 and RLP2-Src
SH3 suggests that all class I ligands adopt
the same binding mode. There are, howev-
er, differences in the two structures that
exemplify the specificity of SH3-ligand rec-
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ognition. The class I ligands for PI3K SH3
have a conserved arginine at position 6,
whereas those for Src SH3 contain leucine.
This selection has been attributed to the
15-residue acidic insert specific to PI3K
SH3. Residue E51 of this insert forms a salt
bridge with R6 of RLP1, resulting in a small
change in the relative positions of the pep-
tide backbones of RLP1 and RLP2. The side
chain of L6 in RLP2 is structurally better
defined than that of R6 in RLP1 because of
the extensive hydrophobic contacts be-
tween L6 and the receptor. Relative residue
positions within the proline-binding pocket
also differ slightly between the two struc-
tures; for example, P4 of RLP2 binds more
deeply into its binding pocket than P4 of
RLPI1.

The structure of the class II ligand PLR1
complexed to the SH3 domain of Src re-
veals a binding mode not observed previ-
ously. Although PLR1 interacts with the

receptor through the same three binding
pockets as does RLP2, its amide backbone
directionality is reversed relative to that of
RLP2 (Figs. 1 and 2). The COOH-terminal
R9 of PLR1 occupies the arginine-binding
pocket (P;), where its side chain packs
against the W118 indole ring (Figs. 2 and
3B). Analogous to the NH,-terminal argi-
nines of RLP1 and RLP2, R9 forms a salt
bridge to D99 of Src SH3 (15). The pres-
ence of this salt bridge is also consistent
with mutational studies: Replacing R9 with
an alanine results in a similar =10-fold
decrease in affinity as seen when D99 is
mutated to an asparagine (Table 2). Fur-
thermore, the amide proton chemical shift
of D99 is significantly perturbed on PLR1
complexation with a pattern similar to that
observed with RLP2. As a result of the
reverse backbone directionality relative to
the RLP-type ligands, L6 and P7 of PLR1
intercalate into the second binding pocket,

Fig. 1. Stereoviews of the superposition of 20 final refined structures of the RLP2-Src SH3 complex (A)
and the PLR1-Src SH3 complex (B). The a-carbon traces are light blue, L3 and P4 of RLP2 and L6 and
P7 of PLR1 are yellow. Three residues at the binding site are also shown, with W118 in blue and Y92 and
Y136 (in the back) in red. The NH,- and COOH-termini of Src SH3 are labeled N and C, respectively, and
those of the ligands are labeled N’ and C’, respectively. Excluding the less well defined loop regions of the
SH3 domain (residues 94 to 98 and residues 113 to 116) and the disordered residues of the ligands
(residues 8 and 9 of RLP2 and residues 1 and 2 of PLR1), the average root-mean-square deviations of the
20 structures against their mean coordinate are 0.69 A for the backbone atoms and 1.07 A for all heavy
atoms for the RLP2-SH3 complex; the comresponding deviations for the PLR1-SH3 complex are 0.72 and
1.23 A, respectively. None of the structures shows nuclear Overhauser effect violations of >0.3 A or
dihedral angle violations of >3°. The atomic coordinates of the 20 final structures for both complexes
have been deposited in the Brookhaven Protein Data Bank.
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whereas A3 and P4 bind to the third pocket
(Fig. 2, A and C). The opposite orienta-
tions of the two PPII helices also result in
an exchange of positions of the prolines and
nonproline residues. Specifically, P4 and P7
of PLR1 assume the respective positions of
L6 and L3 in RLP2, whereas A3 and L6 of
PLR1 occupy those of P7 and P4 in RLP2,
respectively. The positional interchange ex-
plains the selection of leucine at position 6
in the class II ligand sequences for both
PI3K and Srtc SH3 domains, because this
residue is located in a hydrophobic pocket
that is distant from the PI3K SH3 acidic
insert. Other PLR1 residues do not contact
the protein; the side chains of P5 and R8
are oriented toward the solvent. The NH,-
terminal residues Al and F2 of PLR1 are
structurally disordered. ]

The overall hydrophobic contact be-
tween the peptide and its receptor is less for
PLR1 than for RLP2 because of the short
side chain of A3 in PLR1. Furthermore, the
proline rings of P4 and P7 of PLR1 cannot
undergo the same extensive hydrophobic
interactions with the side chains of D117
and N 135 as do the extended side chains of
L3 and L6 in RLP2. Thus, the variation in
affinity between the two ligands and Src
SH3 (Table 2) appears attributable to dif-
ferences in hydrophobic contacts. The low-
er affinity of PLR1 for Src SH3 may not
represent a general phenomenon for class II
ligands, however, because the class II pep-
tide LNKPPLPKR binds to PI3K SH3 with
a dissociation constant (K;) of 13 pM (5).

Individual residues of the PLR1 peptide
were replaced by alanine or glycine to de-
termine their relative importance for SH3
binding (Table 2). The results of these stud-
ies are consistent with the structure in that
the contact residues (A3, P4, L6, P7, and
R9) contribute most to the binding, where-
as mutations of the two disordered NH,-
terminal residues (A1 and F2) and the non-
contacting residue R8 have little effect on
binding affinity. The scaffolding proline P5,
though not contacting the protein, can sta-
bilize the formation of the PPII helix, and
its mutation to alanine results in an antic-
ipated small decrease in binding affinity.

For both RLP2 and PLR1 peptides, a
conserved XPpXP motif (P, SH3-contact-
ing proline; p, scaffolding proline) contain-
ing P4 and P7 is essential for SH3 binding
(18). The second and third binding pockets
of the SH3 domain can accommodate the
XP dipeptidyl moieties in two orientations.
These two XP moieties are linked by a
scaffolding proline to stabilize the PPII
helix (Figs. 2 and 3). In the complexes, P4
and P7 of RLP2 are located at positions P
and Py;;, whereas those of PLR1 are located
at positions P, and P, (Fig. 3). In the
structure of Abl SH3 complexed with a 3BP-
1-derived peptide, APTMPPPLPP, that
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Table 1. Structural and energetic statistics for the complexes of RLP2-Src  structures. (SA),, represents minimized mean structure obtained from indi-
SH3 and PLR1-Src SH3. The SA, columns give the mean * SD values forthe  vidual SA structures best fitted to each other. The numbers of various
indicated variables obtained from the 20 final refined simulated annealing (SA)  restraints are given in parentheses.

RLP2-Src SH3 PLR1-Src SH3
Parameter
SA/ (SA>ref SA/ (SA>ref
Root-mean-square deviations from experimental distance restraints (A)

All (715) 0.013 = 0.002 0.016 (668) 0.013 = 0.004 0.015
Interproton distances of Src SH3

Intraresidue (207) 0.014 = 0.004 0.018 (206) 0.013 = 0.003 0.015

Interresidue sequential (i — j| = 1) (173) 0.015 = 0.005 0.017 (173) 0.015 = 0.005 0.021

Interresidue short range (1 < |i — j| = 5) (29) 0.009 = 0.006 0.017 (29) 0.013 = 0.014 0.005

Interresidue long range (|i — j| > 5) (171) 0.008 * 0.003 0.011 (71) 0.010 + 0.006 0.009
Hydrogen bond restraints* (26) 0.010 = 0.003 0.011 (24) 0.010 = 0.005 0.012
Interproton distances of RLP2 (62) 0.018 = 0.001 0.017
Interproton distances of PLR1 81) 0.002 = 0.003 0.000
Intermolecular ligand-SH3 interproton distances 47) 0.004 * 0.002 0.013 (34) 0.002 + 0.002 0.009

Root-mean-square dihedral deviations (degrees)
All (52) 0.121 = 0.068 0.151 (52) 0.089 + 0.059 0.102
Deviations from idealized geometryt
Bonds (A) (1053) 0.005 *= 0.000 0.005 (1043) 0.005 = 0.000 0.005
Angles (degrees) (1889) 1.613 = 0.003 1.619 (1870) 1.619 + 0.004 2.229
Impropers (degrees) (496) 0.154 = 0.018 0.158 (496) 0.166 = 0.049 0.150
Energetic statistics (kcal mol~")

Eropert 50+20 7.8 54+ 38 9.5
E,onS —=111.1 £ 241 —-138.6 —123.7 £ 14.4 —-159.8
Enoel 6.2 +21 8.7 58x* 46 7.4
*Four of the distance restraints were derived from the two hydrogen bonds that are conserved in all the calculated structures and located at the center of the 8 sheet; all other hydrogen
bond restraints were from slowly exchanging amide protons. ‘tldealized geometries based on CHARMM 19 parameters (30). $Repulsive potential. The value of the quartic
repulsive force constant used in the structure calculations was 4 kcal mol=1 A=, §Lennard-Jones van der Waals energy calculated with standard CHARMM 19 parameters
(30). 1iTotal distance restraint energy. The values of the square-well NOE and torsion angle force constants were 50 kcal mol~1 A=2 and 200 kcal mol~? rad~2, respectively.
adopts the RLP-type orientation, the pro-  prolines contacting the P}, and Py, sites. allow a better fit of the XP moieties into the
lines at positions 6, 7, 9, and 10 of the In considering possible reasons why XP  hydrophobic clefts (Fig. 2). The side chain
peptide (in boldface) occupy binding posi-  dipeptidyl moieties are selected by SH3 do-  substituent of residue X is only two bonds
tions Py, Py;, Py, and Py, respectively (7).  mains over PX ones (X, nonproline resi-  away from the proline ring in XP (the two

Mutating P6 or P9 to alanine does not  due), the van der Waals surface of an XP  bonds are C_~CO and CO-N) (Fig. 4A). In
affect SH3 binding significantly. In con-  sequence in a PPII helix is structurally more ~ contrast, for a PX sequence, the side chain
trast, replacing P7 or P10 with alanine abol-  compact than that of PX. This appears to  of X is three bonds away from the proline
ishes binding (19). Accordingly, SH3 Ili-
gands that adopt an RLP-type orientation
(class I) on binding prefer to have their two
critical prolines of the XPpXP motif con- indi ;
tacting the P;; and Py sites, whereas PLR- SH-binding mott

Table 3. Sequence alignment of SH3-binding motifs.

Sequence

type (class 1) ligands prefer to have these  Class | consensus* X, p X, P p Xs P
Synthetic library consensus for Src R X L P P L P
Synthetic library consensus for PI3K R X L P P R P
Table 2. Mutational analysis of RLP2 and PLR1.  Phage library consensus for Fyn R P L P P L P
Phage library consensus for Lyn R P L P P L P
Src SH3 Chicken YAP65 (239-247) \ K Q P P P L A P
domain Peptide* Ky (uM)F Human Btk (184-192) T K K P L P P T P
Human Btk (198-206) L K K P L P P E P
A + Human CDC42 GAP (250-258) A P K P M P P R P
D type A 20793 Human C3G (604-612) E L A P P P A L P
Wild-type AFAPPLPRR 59 - 4 Human dynamin (781-789) P Q R R A P A \ P
GFAPPLPRR 51 - 5 Human p22phex (151-159) P P S N P P P R P
AAAPPLPRR 65 - 4 Human PI3K p85 (91-99) P P R P L P \ A P
AFGPPLPRR 69 - 6 Human PI3K p85 (303-311) P A P A L P P K P
AFAAPLPRR >560 Murine 3BP-1 (267-275) P T M P P P L P P
AFAPALPRR 75+6 Murine 3BP-2-40 (2-10) P A Y P P P P \ P
ﬁiﬁggﬁss iggg Class Il consensus* Xy P p Xo P p Xy
AFAPPLPAR 50 + 4 Synthetic library consensus for Src X P P L P X R
AFAPPLPRA >560 Synthetic library consensus for PI3K X P P L P X R
D9ON AFAPPLPRR 500 Human dynamin (812-820) A P P \ P S R P G
Human p47ehox (362-370) Q P A \ P P R P S
*All peptides were synthesized with free NH,-termini and Murine Sos1 (1153-1161) P P P \ P P R R R
carboxamide COOH-termini. Boldface indicates mutated Murine Sos1 (1214-1222) P P L L P P R E P
residues. 1Ky values were measured by fluores- Murine Sos1 (1292-1300) G P =) v P P R Q S
cence spectroscopy (4) and are means * SD of two
independent determinations. *The consensus sequences are defined in the text. Critical prolines of the XPpXP motif are in boldface.

SCIENCE ¢ VOL. 266 ¢ 18 NOVEMBER 1994 1243




ring (Fig. 4B), which results in a larger PX
van der Waals surface that is not comple-
mentary to the hydrophobic clefts. XP is
also conformationally more rigid than PX,
because proline restricts the conformation
of its preceding residue as a result of its
special steric restraints (20).

Consistent with the model that XP is
favored over PX, replacing the XP sequences
of RLP2 and PLR1 with PX sequences re-
sulted in a significant decrease in SH3 bind-
ing affinities. The PX peptides RFPLPPAP
and PPLPPLPR (the PX sequences are in
boldface) showed K values of 290 and 190
M with wild-type Src SH3, respectively,
versus 8.0 and 59 uM for the XP variants
(Table 2). The first peptide was designed to
bind to the SH3 domain in an RLP-type
orientation, but with R1, P3, and P6 at the
respective positions P;, Py, and Pp,. The
second peptide was constructed to have a
PLR-type binding orientation with P2, P5,
and R8 at the respective positions Py, Py,
and P; (21). Other ligands such as the 3BP-
1-derived peptide APTMPPPLPP exempli-
fy the special instance in which the dipep-
tidyl moieties have PP sequences—prolines
occupy positions Py through Py,. As in RLP2
and PLR1, these protein-contacting PP moi-
eties are structurally compact—the two pro-

Fig. 2. (A) Overlay of the RLP2 and the PLR1 ligands at the binding site. For
clarity, the disordered residues of the ligands (R8 and Y9 of RLP2, and A1
and F2 of PLR1) as well as the side chains of the noncontacting A2 of RLP2
and R8 of PLR1 are omitted, and only one SH3 domain is shown. RLP2 is red
and PLR1 is yellow, with their NH,- and COOH-termini and the amino acid
side chains labeled with the corresponding colors. Binding site residues of
Src SH3 are shown in green (Y90, Y92, Y136, and W118) and purple (D99,
D117, and N135). (B) The molecular surface of the RLP2-SH3 complex
[generated by GRASP (37)]. The surface is colored according to the local
electrostatic potential: red, negative regions; blue, positive regions. Binding
site residues are labeled in black. The ligand is colored with yellow for carbon,
red for oxygen, and blue for nitrogen, and the NH,- and COOH-termini are
labeled in yellow. (C) The molecular surface of the PLR1-SH3 complex,

displayed as in (B).
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line rings are two bonds apart—and are con-
formationally rigid. The combinatorial li-
brary studies with the Src and PI3K SH3
domains demonstrate, however, that the
second and third binding pockets of these
SH3 domains have a preference for XP se-
quences where X is not proline. This pro-
pensity for nonproline residues may reflect
the ability of XP sequences (where X has an
extended hydrophobic side chain, such as
Leu and Val) to form composite binding
surfaces that maximize hydrophobic interac-
tions in the SH3-ligand complex.

The highly conserved binding sites in
different SH3 domains and their preference
for proline-rich ligands indicate that SH3-
ligand interactions in the core binding re-
gion are governed by a common model. On
the basis of the two binding modes revealed
for the Src SH3-ligand complexes and oth-
er SH3-ligand structures, we describe the
model as follows: (i) The binding site com-
prises conserved residues corresponding to
Y90, Y92, D99, W118, Y131, P133, and
Y136 of c-Src SH3. (ii) SH3 domains rec-
ognize proline-rich peptides that adopt a
PPII helix conformation and two distinct
binding modes exist that differ in the direc-
tionality of the ligand amide backbone. In
either binding mode, a critical XPpXP motif

Tyr90
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results in the intercalation of the two XP
moieties into distinct hydrophobic pockets
defined by conserved aromatic residues.
The predominant driving force of the com-
plexation is hydrophobic in nature, al-
though it can be assisted by specific elec-
trostatic and hydrogen bond interactions.
(iii) For the RLP-type binding orientation
(class 1), the ligand consensus sequence is
X;-p-X;-P-p-X;3-P. For the PLR-type orien-
tation (class II), the consensus is X3.-P-p-
X,-P-p-X;.. A lowercase p indicates a scaf-
folding residue that tends to be proline,
whereas an uppercase P represents a critical
SH3-contacting proline. X; and X; repre-
sent important residues that also contact
the receptor and can confer ligand specific-
ity. X; and X, are preferentially arginines
for SH3 domains possessing an acidic resi-
due corresponding to D99 of Src SH3 (22).
Most significantly, the salt bridge between
the arginine and the acidic residue deter-
mines the ligand orientation. In the Abl
SH3-binding proteins 3BP-1 and 3BP-2,
X, is methionine or tyrosine (19), and the
Abl SH3 has a compensating threonine
instead of an acidic residue at the position
corresponding to D99 of Src SH3. X,, X/,
X3, and X3, are usually hydrophobic resi-
dues, although, in PI3K SH3-binding se-




quences, X; is arginine, whose guanidinium
group interacts with the extra acidic insert
in PI3K SH3. The corresponding insert is
basic in the neuronal Src SH3 domain,
which therefore may select an acidic X;.
Prolines are preferred at the p positions to
stabilize the formation of the PPII helix.
Residues at these sites in natural sequences
also tend to be hydrophobic as their side
chains are expected to orient toward the
interior of the SH3-binding proteins.

Both consensus sequences comprise seven
residues and represent the core binding re-
gion of SH3 ligands. These residues occupy

A

R-A-L-P-P-L-P-R-Y

11

Critical prolines

three binding pockets in the SH3 domains,
and their three-dimensional arrangement
can be readily constructed with the mne-
monic device shown in Fig. 3. Flanking res-
idues outside this core—NH,-terminal to X,
and COOH-terminal to X, —provide extra
SH3-contacting elements that would be ac-
commodated by one or more additional
binding pockets. For example, the structure
of Abl SH3 complexed with the peptide
APTMPPPLPP reveals a fourth pocket lo-
cated between W120 and W131 of Abl SH3
that interacts with the first two residues of
the peptide [the two tryptophans correspond

A-F-A-P-PL-PRR

=)

Critical prolines

Src SH3 ligand-binding site

Fig. 3. Schematic representations of the RLP2 PPII helix (A) and the PLR1 PPl helix (B) at the binding site
of the Src SH3 domain. Positions P, to P, are defined in the text. Ligand residues are shown in yellow, and

SH3 domain residues in green and purple.

Fig. 4. Comparison of the dipeptidyl moieties XP (A) and PX (B) (X = L). Selected side chain carbons are
labeled with the corresponding Greek letters. The amide backbone directionality is indicated by N and C
in red. Carbon atoms are black, nitrogen atoms are blue, and oxygen atoms are red.
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to W118 and Y131 of Src SH3 (Fig. 2, Band
C)]. Such flanking residues can contribute to
SH3 binding (see below) (19, 23), although
the mode of interaction is not well under-
stood. In natural SH3-binding sequences,
these flanking residues do not reveal a clear
consensus, suggesting that they may be im-
portant in determining ligand specificity.
Naturally occurring peptide segments
that have been shown to associate with
SH3 domains possess either class I-like or
class II-like sequences (Table 3) (3-5, 23-
26). Proline, arginine, glutamine, serine,
and alanine are the most preferred residues
in PPII helices found in protein structures
(27). In addition, the extended side chain
methyl groups of leucine and valine can
intercalate into the ligand-binding site of
an SH3 domain efficiently. These same
amino acids are the predominant ones
found in natural SH3-binding sequences
(Table 3). An example from these se-
quences that is highly homologous to the
class I consensus is located COOH-termi-
nal to the SH3 domain of the PI3K p85
subunit; it has the sequence RPLPVAP
(residues 93 to 99). This region in p85
mediates the activation of the PI3K p110
subunit by binding to the Lyn or Fyn SH3
domains; it also mediates the dimerization
of a recombinant p85 fragment by binding
to the SH3 domain intermolecularly (26).
The physiological relevance of a class
II-like sequence is exemplified by the as-
sociation of the SH3 domains of Grb2 and
the COOH-terminal proline-rich region
of Sos, which results in Ras activation.
The proline-rich sequences in this region
of Sos that bind to Grb2 have significant
homology with the class II consensus se-
quence. In particular, these peptides have
a conserved COQOH-terminal arginine,

Table 4. Mutational analysis of Sos-derived pep-

tides.
Peptide* Ky (uM)t

Group 1

PVPPPVPPR 677

PVPAPVPPR >500

PVPPAVPPR 159 + 3

PVPPPVAPR >500

PVPPPVPAR 136 + 8
Group 2

VPPPVPPRRR 5.7 £0.2

VPAPVPPRRR 659

VPPAVPPRRR 7602

VPPPVAPRRR 59+5

VPPPVPARRR 9.1 £ 0.1

*Both groups of peptides had carboxamide COOH-ter-
mini. The NH,-termini of group 1 peptides were free,
whereas those of group 2 peptides were acetylated.
Boldface indicates mutated residues.  }K values for
both groups of Sos peptides are means * SD of two
independent determinations with the NH,-terminal SH3
domain of Grb2.
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Group 1

P-V-P-P-P-V.P-P-R

bl

Critical prolines

Group 2
V-P-P-P-V-P-P-R-R-R

Critical prolines

Grb2 N-SH3 ligand-binding site

Fig. 5. Schematic representation of the Sos peptide PVPPPVPPR adopting a PPII helix conformation at
the proposed Grb2 NH,-terminal SH3 (N-SH3) binding site.

which is essential for binding to Grb2
(24). Therefore, they should bind in the
PLR orientation (5, 28).

On the basis of our general model for
SH3-ligand interactions and the structure of
the PLR1-Src SH3 complex, residues P4
and P7 in one of these Sos peptides, PVPP-
PVPPR (residues 1151 to 1159 of mSosl),
are predicted to be the critical contact pro-
lines of the XPpXP motif that mediates li-
gand binding to the Grb2 SH3 domain, and
P5 and P8 of this peptide are predicted to be
the scaffolding prolines that stabilize the
PPII helix. The proposed PPII helix of this
peptide with the predicted residue positions
is shown in Fig. 5. To test this model, we
changed each of the four prolines individu-
ally to alanine (Table 4), and determined
the affinity of the resulting peptides. In ac-
cord with the model, the P4A and P7A
mutations abolished ligand binding to the
NH,-terminal SH3 domain of Grb2 (Grb2
N-SH3; residues 1 to 60 of Grb2) (29). The
approximately twofold increase in K} for the
P5A and P8A mutants was anticipated be-
cause a similar effect was also observed for
PLR1 and RLP1 when their scaffolding pro-
lines were replaced by alanines. The
COOH-terminal arginine R9, which is es-
sential for Grb2 binding (24), is expected to
form a salt bridge with E16 of Grb2 N-SH3,
which corresponds to D99 of Src SH3 on
the basis of sequence alignments.

A similar peptide with two extra
COOH-terminal arginines, VPPPVPPRRR
(residues 1152 to 1161 of mSos1), bound to
Grb2 N-SH3 with a K; of 5.7 pM (4).
Mutational studies of this peptide (Table 4)
revealed that its association with Grb2 N-
SH3 is mediated by the same XPpXP motif
as that of the peptide without the two extra
arginines. Thus, the two groups of peptides
are binding in the same frame. Sequential
removal of these two arginines resulted in
successive decreases in binding affinity, in-
dicating that the two arginines also interact
with the receptor. Therefore, additional res-
idues COOH-terminal to X;. of the class II
consensus, like residues NH,-terminal to X,
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of the class I consensus, increase the affinity
of binding interactions with SH3.

The structures of the two Src SH3-
ligand complexes reveal that the receptor
can bind peptide ligands in two opposite
orientations. More generally, they have
led to a simple procedure to analyze the
interactions that occur at the SH3-ligand
interface on the basis of only the primary
sequences of the receptor and ligand.
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A Central Role of Salicylic Acid
in Plant Disease Resistance

Terrence P. Delaney,” Scott Uknes,* Bernard Vernooij,
Leslie Friedrich, Kris Weymann, David Negrotto,
Thomas Gaffney, Manuela Gut-Rella, Helmut Kessmann,
Eric Ward, John Ryalst

Transgenic tobacco and Arabidopsis thaliana expressing the bacterial enzyme salicylate
hydroxylase cannot accumulate salicylic acid (SA). This defect not only makes the plants
unable to induce systemic acquired resistance, but also leads to increased susceptibility
to viral, fungal, and bacterial pathogens. The enhanced susceptibility extends even to
host-pathogen combinations that would normally result in genetic resistance. Therefore,
SA accumulation is essential for expression of multiple modes of plant disease resistance.

Plants have evolved complex, integrated
defense mechanisms against disease that in-
clude preformed physical and chemical bar-
riers, as well as inducible defenses such as
the production of antimicrobial com-
pounds, enhanced strengthening of cell
walls, and the production of various anti-
fungal proteins (1). Together, these systems
form an effective defense against infection,
with disease resulting as a rare outcome in
the spectrum of plant-microbe interactions.
Infectious disease can result when a patho-
gen is able to overcome the defense pro-
cesses of a host plant by either actively
suppressing or outcompeting them. The
ability of a plant to respond to an infec-
tion is determined by genetic traits in both
the host and pathogen. Many plant resis-
tance (R) genes recognize pathogen mol-
ecules resulting from the expression of
so-called avirulence (avr) genes (2). This
interaction often triggers a signal trans-
duction cascade leading to a rapid, host-
cell collapse at the site of infection called
the hypersensitive reaction (HR) (3).
Plants also possess an inducible resistance
mechanism called systemic acquired resis-
tance (SAR). In experiments with trans-
genic tobacco plants expressing the bacte-
rial salicylate hydroxylase (nahG) gene
(NahG plants), we showed that SAR re-
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quires the accumulation of SA for its ex-
pression (4, 5).

The inability to express SAR in NahG
tobacco was also accompanied by larger to-
bacco mosaic virus (TMV) lesions in these
plants than in wild-type (Xanthi) plants
(Fig. 1). Eventually, TMV lesions expanded
from the leaf to the stem on infected NahG
plants. Stem dissection showed that all tis-
sues, including the vascular tissue, had un-
dergone necrosis, which was associated with
the presence of viral RNA as determined by
RNA hybridization experiments (6). Stem
necrosis was observed consistently in NahG
plants, but not in Xanthi plants. Interest-
ingly, the virus moved virtually unchecked
in a cell-to-cell manner, but did not gain
access to the phloem and move systemically
as it would have in genetically susceptible
tobacco plants (7).

To determine if increased disease suscep-
tibility was a general feature of NahG plants,
we evaluated the development of disease
symptoms caused by bacterial and fungal
pathogens. NahG plants showed more se-
vere disease symptoms than wild-type plants
when inoculated with Pseudomonas syringae
pv. tabaci, Phytophthora parasitica, or Cercos-
pora nicotianae (Table 1). Arabidopsis thaliana
ecotype Columbia (Col-0) plants that ex-
press the nahG gene (8) also showed en-
hanced susceptibility to pathogens. The bac-
terial pathogen P. syringae pv. tomato
DC3000 (DC3000) is virulent on Col-0
plants and causes symptoms resembling the
bacterial speck disease of tomato (9). On
Col-0 plants, DC3000 caused the formation
of small, chlorotic spots on inoculated
leaves that were associated with an increase
of four to five orders of magnitude in bac-
terial titer over 5 days (Fig. 2A). However,
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