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(Background: Two SH3 domains investigated are cross-reactive in peptide binding, yet also display highly divergent
Results: These domains interact with peptides in a structurally similar manner, but differ in interaction strength formed with

Conclusion: Distinct specificities of these domains arise from differences in local binding energetics.
Significance: A new mechanism for generating binding specificity is demonstrated.

J

The yeast Nbp2p SH3 and Bem1p SH3b domains bind certain
target peptides with similar high affinities, yet display vastly dif-
ferent affinities for other targets. To investigate this unusual
behavior, we have solved the structure of the Nbp2p SH3-Ste20
peptide complex and compared it with the previously deter-
mined structure of the Bem1p SH3b bound to the same peptide.
Although the Ste20 peptide interacts with both domains in a
structurally similar manner, extensive in vitro studies with
domain and peptide mutants revealed large variations in inter-
action strength across the binding interface of the two com-
plexes. Whereas the Nbp2p SH3 made stronger contacts with
the peptide core RXXPXXP motif, the Bem1p SH3b domain
made stronger contacts with residues flanking the core motif.
Remarkably, this modulation of local binding energetics can
explain the distinct and highly nuanced binding specificities of
these two domains.

Protein-protein interactions are often mediated by con-
served modular domains that bind to short linear peptide
motifs. Although the members of a single domain family gen-
erally recognize the same consensus motif in their targets, indi-
vidual domains possess unique binding specificities and recog-
nize different variations of this motif. In many cases, this
intrinsic specificity of individual domains plays a crucial role in
directing them to their relevant biological targets and prevent-
ing aberrant cross-reactivity with nonphysiological targets (1,
2). Thus, to comprehend fully the contribution of protein inter-
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action domains to the functioning of cellular pathways, insight
into the principles that govern their intrinsic binding specificity
is required. This knowledge will ultimately allow the accurate
prediction of binding specificities, which will greatly increase
our ability to map and understand the signal transduction path-
ways within cells. In this study, we explore the factors control-
ling intrinsic binding specificity by investigating the specificity
determinants of two yeast SH3? domains that can bind to the
same target peptides.

SH3 domains are among the most common protein interac-
tion domains and are present in proteins with diverse cellular
roles including signal transduction, cytoskeleton regulation,
and membrane trafficking (3). These domains are ~60 residues
long and are composed of five B-strands, which are sequentially
joined by the RT, N-Src, and distal loops, and a short 3, ,-helix.
SH3 domains generally recognize peptide sequences contain-
ing either + XXPXXP (class I) or PXXPXX+ (class II) “core”
motifs (where X can be variety of residues and + represents
either a Lys or Arg residue). The prolines of the core motif are
accommodated in conserved hydrophobic grooves on one sur-
face of the SH3 domain, which has been referred to as Surface I
(1, 4). The positively charged residue is packed against a highly
conserved tryptophan and also interacts with negatively
charged residues in the RT loop. Although interactions with the
core motif serve as a common anchor for binding by most SH3
domains, the specificity of individual SH3 domains is strongly
influenced by interactions between target peptide residues
flanking the core motif and a variable surface in the SH3
domain located between RT and N-Src loops (1, 5-8), which
has been referred to as Surface II (1, 4). The interaction of this
“extended” region of target peptides with Surface II is compli-
cated because this surface is relatively flat and displays little
conservation across the SH3 domain family. In addition, the
conformation of peptides interacting with this surface is vari-
able (4), and different peptides binding the same domain may
adopt distinct conformations when binding this surface (9, 10).

2The abbreviations used are: SH3, Src homology 3; Cl, Cdc42-interacting;
PDB, Protein Data Base; r.m.s.d., root mean square deviation.
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Due to the complex nature of Surface II and the relative dearth
of studies on the interaction of SH3 domains with extended
peptide sequences, our understanding of these interactions is
limited. Thus, accurate prediction of the specificities of SH3
domains is also hampered.

We have investigated the specificity of the yeast Nbp2p SH3
(NbpSH3) and Bem1p SH3b (BemSH3b) domains. This pair of
SH3 domains is unusual because they recognize the same con-
sensus binding motif (see Fig. 3A4), even though they are present
in nonhomologous proteins and have a relatively low sequence
identity of 36% (the sequence identity of any two randomly
chosen SH3 domains is ~30%) (11). Nbp2p is an adaptor pro-
tein that recruits Ptclp phosphatase through interactions
mediated by its SH3 domain. Binding of the NbpSH3 domain to
PXXP-containing sites in the Pbs2p and Bcklp kinases is
required for down-regulation of the high osmolarity glycerol
and cell wall integrity MAP kinase pathways, respectively (12—
14). Bem1p acts as an adaptor for multiple proteins involved in
establishing cell polarity including Cdc42p GTPase and the
Cdc42p-activated kinases, Ste20p and Cladp (15-19). The
BemSH3b domain binds to the PXXP motifs within Ste20p
and Cla4p kinases and also binds Cdc42p itself in a PXXP-inde-
pendent manner (16, 17, 19, 20). The interaction between the
BemSH3b domain and Cdc42p involves a unique C-termi-
nal extension (Cdc42-interacting (CI) subdomain) in the
BemSH3b domain, which is also required for the folding of the
whole domain (19, 21). The structure of the BemSH3b domain
solved in complex with a peptide from Ste20p showed that the
CI subdomain is intimately packed against the SH3 domain and
is involved in the interaction with the peptide (21).

The similarity in binding specificities of the NbpSH3 and
BemSH3b domains was first detected when they were found to
both bind the same PXXP-containing motif in Ste20p (20). To
analyze this cross-reactivity further, we previously tested bind-
ing of the NbpSH3 and BemSH3b domains to peptides from six
different yeast proteins that are either proven or likely biologi-
cally relevant target proteins for these domains (Ste20p, Cla4p,
Pbs2p, Bcklp, Skmlp, and Boi2p). These peptides share a class
I consensus sequence, VXPXRXAPXXP (where W is a hydro-
phobic residue), which was derived for the NbpSH3 domain
using phage display (22). We found that although the NbpSH3
and BemSH3b domains bound to all of these sites, some sites
were bound with equally strong affinities, whereas other sites
were bound with remarkably different affinities by the two
domains (23). For example, both domains bound to the Ste20
peptide with submicromolar affinities (see Fig. 34), yet the
NbpSH3 domain bound the Bckl peptide with a K, of 0.8 um,
whereas the K, of the BemSH3b domain for this peptide was
only 26 uM (see Fig. 3B). These data demonstrated that even
though the NbpSH3 and BemSH3b domains share a consensus
binding sequence and interact with equally high affinity with
some peptides, each domain possesses its own unique binding
specificity. We also identified a residue within the BemSH3b
domain (Lys'?*), which serves to prevent high affinity binding to
certain sites (e.g. Bckl) and plays a general role in maintaining
the BemSH3b domain specificity required for its optimal func-
tion (23).
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Determinants of SH3 Domain Binding Specificity

The ability of the NbpSH3 and BemSH3b domains to bind
the same extended peptides with high affinity while strongly
discriminating between other peptides provides a unique
model system to examine the determinants of SH3 domain
specificity. In this study, we address two main questions regard-
ing the binding behavior of these domains. First, how do these
two domains with very different sequences still recognize the
same consensus motif and bind some peptides with almost
identical affinities? Second, how do these domains also exhibit
distinctive specificities toward other peptides? To answer these
questions, we have solved the structure of the NbpSH3 domain
in complex with the Ste20 peptide and compared it with the
previously determined structure of the BemSH3b-Ste20 com-
plex (21). Using a combination of structural analysis and in vitro
assays involving mutant domains and peptides, we have dis-
sected the binding mechanisms of these two SH3 domains.
Based on our results, we describe a new general mechanism that
explains the unique binding specificities of the NbpSH3 and
BemSH3b domains. Our analysis also allowed us to identify
previously unrecognized sites in yeast proteins that are highly
selective for the BemSH3b domain.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Yeast NbpSH3 (Nbp2p
residues 110-172) and BemSH3b (Bemlp residues 155-252)
domains were expressed from pET21d (Novagen) vector with
a C-terminal His, tag. Ste20(468-483), Bck1(800-815),
Cla4(15-25), Cla4(451-461), and Boil(391-401) peptides-
Sample B contained 0.5 used in the binding assays were
expressed as C-terminal fusions to bacteriophage A cI repressor
carrying a C-terminal His, tag, as described previously (24). All
proteins were purified using Ni-affinity chromatography and
dialyzed against 50 mm sodium phosphate, pH 6.8, 100 mm
NaCl buffer.

NMR Spectroscopy and Structure Calculation—A peptide
corresponding to Ste20p residues 468 —484 (GKFIPSRAPK-
PPSSA) was chemically synthesized (CanPeptide). For NMR
experiments, two samples were prepared. Sample A contained
0.7 mm **N*3*C-labeled NbpSH3 domain and 1.5 mm unlabeled
Ste20p peptide in 50 mm phosphate, pH 6.8, 100 mm NaCl,
0.05% NaN,. Sample B contained 0.5 mm '°N*'3C-labeled
NbpSH3 and 0.5 mM unlabeled Ste20p peptide in 50 mm phos-
phate buffer, pH 6.8, 100 mm NaCl, and 0.05% NaN,. Backbone
and side chain chemical shifts for the NbpSH3 domain were
assigned using standard triple-resonance experiments (25)
(HNCO, HN(CO)CA, CBCA(CO)NH, HNCACB, C(CO)NH,
HCCH-TOCSY, and HCCH-COSY) with sample A. Interpro-
ton distances for the NbpSH3 domain were obtained with *°N-
edited and '*C-edited NOESY spectra (sample A). Chemical
shift assignments and structural restraints for the Ste20p pep-
tide were derived from double-half-filtered two-dimensional
'H-'H TOCSY, COSY, and NOESY experiments (26, 27) (sam-
ple B). Intermolecular NOEs between the NbpSH3 domain and
Ste20p peptide were obtained from three-dimensional NOESY
experiments (sample A) and '*C-edited '*C-filtered three-di-
mensional NOESY (28) (sample B). All NMR experiments were
carried out at 25 °C on a Varian INOVA 500 or 800 MHz spec-
trometers equipped with pulsed field gradients at the Quebec/
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Structure

TABLE 1
Structural statistics for the NbpSH3-Ste20 peptide complex
Constraints
Input dihedral angles® (¢, ¥) 44,43
NOE upper distance
Intraresidual 345
Medium range (1=|i—j|<4) 643
Long range ([i—j|>4) 1,030
Intermolecular 184
Hydrogen bond®
Lower 32
Upper 32

r.m.s.d. from mean structure” (A)

Backbone atoms (SH3, peptide) 0.22,0.15

Heavy atoms (SH3, peptide) 0.67,0.84
r.m.s.d. from ideal geometry

Distance (A) 0.004

Angles (°) 0.8
Ramachandran plot

Favored regions

Additionally allowed regions

Generously allowed regions

Disallowed regions

82.3%
17.7%
0.1%
0.0%

“ Dihedral angles restraints were derived using TALOS (32).

? The r.m.s.d. is indicated for well defined regions. NbpSH3 domain, residues —1 to 61, numbering according to Larson and Davidson (11); Ste20p peptide, residues —7 to 3,

numbering according to Lim et al. (37).

¢ Based on the predicted hydrogen bonds that were derived from the examination of secondary structure NOEs.

Eastern Canada High Field NMR Facility. All data were pro-
cessed using NMRPipe (29) and subsequent analysis performed
using SPARKY (30). Structure calculations were performed
using CYANA 2.1 (31). The input constraints included dihedral
angle restraints derived using TALOS (32) and hydrogen bond
upper and lower distance limits derived from examination of
short range NOE data. Manually assigned NOE peaks were
fixed in the first cycle of structure calculation and peak assign-
ments. In the remaining cycles, all NOE peak assignments were
made by CYANA. The 20 lowest energy structures, of 100 cal-
culated in the final iteration, were used to derive the structure.
Structural coordinates and NMR restraints have been depos-
ited in the Protein Data Bank (PDB) with code 2LCS.

Fluorescence-based Binding Assays—SH3 domains at a con-
centration of 1 um were titrated with peptide fusion proteins.
Binding was monitored by measuring intrinsic tryptophan fluo-
rescence of the SH3 domain (A, jation = 295 IM, Amicsion =
326 nMm), which increased significantly upon binding of the pep-
tide. The experiments were carried out in 50 mm phosphate, pH
6.8, 100 mM NaCl at 25 °C. All titrations and fluorescence mea-
surements were carried out on an Aviv ATF105 spectrofluo-
rometer equipped with a Microlab 500 series automated titra-
tor. Dissociation constants were calculated as described
previously (24).

Yeast Strains and Growth Assays—The bemIA and beml
sh3b F54A strains constructed in the previous study (23) were
used in the growth assays. The bem1 sh3b E17Q stain was con-
structed as described previously (23) from the same genetic
background as the bemIA and bem1 sh3b F54A strains. Yeast
peptone dextrose medium was used for growth assays. The cells
were grown overnight, diluted to an A, of 1.0, and spotted in
5-fold serial dilutions on yeast peptone dextrose plates. The cell
growth was detected after 2 days at 30, 40.5, and 41.5 °C.

RESULTS

Structure of NbpSH3-Ste20 Complex—To gain insight into
the specificity determinants of the NbpSH3 domain and allow
comparison to the BemSH3b domain, we determined the NMR
solution structure of the NbpSH3 domain in complex with the
Ste20 peptide. We chose the Ste20 peptide because both
domains bind it with high affinity, and the structure of a com-
plex of the BemSH3b domain with this peptide was determined
previously (21). Standard NMR experiments were used to
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assign chemical shifts and NOEs to the SH3 domain and the
peptide (25). The structure was restrained using intrapeptide,
intra-SH3, and intermolecular NOEs, hydrogen bond re-
straints, and dihedral angle restraints derived from TALOS (32)
(Table 1). The 20 lowest energy structures overlay with a back-
bone r.m.s.d. of 0.22 and 0.15 A for well defined regions of the
SH3 domain and Ste20 peptide, respectively (Table 1 and Fig. 1,
A and B). The NbpSH3 domain displays a typical SH3 domain
fold and overlays closely (backbone r.m.s.d. of 0.93A over resi-
dues 1-59) with a previously determined crystal structure of
the free NbpSH3 domain (PDB code 1YNS, chain B, Fig. 1C).
The major differences map to the RT loop and N-Src-loop
regions, which are directly involved in peptide binding.

Comparison of Nbp2SH3-Ste20 and BemSH3b-Ste20 Com-
plexes—Comparison of the NbpSH3-Ste20 and BemSH3b-
Ste20 complexes shows that the Ste20 peptide adopts a similar
conformation in the two complexes and contacts the same sur-
faces in both domains (Fig. 24). The two complexes overlay
with a backbone r.m.s.d. of 1.6 A over the well defined regions in
both structures. These correspond to SH3 domain residues
2—40 and 48 —58, and the peptide residues Phe™” to Pro>. The
rest of the peptide backbone (total length of the peptide used in
this study was 16 amino acids) is poorly defined in both struc-
tures (Fig. 14) (21). In each complex, the core RXXPXXP motif
(positions —3 to +3) of the Ste20 peptide interacts with the
SH3 domains in a canonical manner (Fig. 2C). The two XP
dipeptides of the PPII helix fit into hydrophobic grooves com-
posed of the Tyr% Phe'®, Pro®!, Trp*®, and Phe®* residues,
which are identical in the NbpSH3 and BemSH3b domains and
highly conserved across the SH3 domain family. The peptide
Arg~? residue is packed against Trp®*® and positioned close
enough to make electrostatic interactions with the Glu residues
at positions 13 and 17, which are found in both domains. Con-
sistent with this structural picture, Ala substitutions of Tyrs,
Glu'?, Glu'’, and Phe®* in both domains significantly decreased
their binding affinity for the Ste20 peptide (Table 2).

Many similarities were also seen between the BemSH3b and
NbpSH3 domains in their interactions with the extended
region of the peptide (positions —7 to —4) (Fig. 2B). In both
complexes, conserved peptide residues Phe 7 and Pro~ > (Fig.
3) make extensive contacts with the domain surface. Phe ™’
packs against a hydrophobic surface on the NbpSH3 domain
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FIGURE 1. Structure of NbpSH3-Ste20 complex (PDB code 2LCS). A, overlay of the 20 lowest energy structures. The NbpSH3 domain is colored blue and the
Ste20 peptide magenta. Well ordered peptide positions are numbered according to Lim et al. (37). B, overlay of five low energy Ste20 peptide conformersin the
NbpSH3-Ste20 complex corresponding to peptide positions —7 to 3. C, overlay of the NbpSH3 domain crystal structure (green, PDB code 1YN8 chain B) with
the NMR structure of the NbpSH3 domain (blue) in complex with the Ste20 peptide (magenta).

composed of Tyr®®, Val®®, and Thr*”. The importance of this
surface is supported by the >10-fold reduction in binding affin-
ity to Ste20 peptide caused by Ala substitutions of Tyr** and
Val®® (Table 2). In the BemSH3b complex, Phe ™7 packs against
Ala®°, 11e®8, and Pro*” in a manner similar to that seen in the
NbpSH3 complex, and it also packs intimately with the CI sub-
domain. Interestingly, the Tyr*® residue of the NbpSH3 domain
spatially overlaps with Val®® in the CI subdomain and thus
appears to partially recapitulate the additional hydrophobic
surface provided by the CI subdomain. Finally, peptide residue
Pro °isaccommodated in both domains by a pocket composed
of His®?, Trp®®, and Leu®. An L49A substitution significantly
lowered the binding affinity of both domains to the Ste20 pep-
tide (Table 2).

In summary, comparison of the NbpSH3-Ste20 and
BemSH3b-Ste20 complexes demonstrates that the NbpSH3
and BemSH3b domains interact with the Ste20 peptide in a
similar manner. The same surfaces on the SH3 domains inter-
act with conserved residues of the core and the extended
regions of the peptide, and many of the residues on these sur-
faces are identical in the two domains (Fig. 2, B and C). This
explains how both the NbpSH3 and BemSH3b domains can
recognize the same WXPXRXAPXXP motif and bind some pep-
tides, including Ste20, with a similarly high affinity.

BemSH3b Domain Interacts More Strongly with Extended
Region of Ste20 Peptide—In light of the data presented above, it
is remarkable that the NbpSH3 and BemSH3b domains display
distinct specificities when tested against certain peptides (Fig.
3B and see Fig. 5B) (23). To investigate the origins of this spec-
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ificity difference, we tested the effects of amino acid substitu-
tions in the Ste20 peptide on its affinity for the BemSH3b and
NbpSH3 domains. Strikingly, all of the Ala substitutions of res-
idues in the extended peptide region caused reductions in affin-
ity for the BemSH3b domain that were considerably greater
than those observed for the NbpSH3 domain. In particular, the
F—7A substitution reduced BemSH3b domain binding affinity
700-fold, yet decreased NbpSH3 domain affinity by only 20-fold
(Fig. 3A). The stronger interactions of the BemSH3b domain
with the extended region of Ste20 peptide are likely due to
the influence of the CI subdomain, which forms an extra
hydrophobic surface contacting both Ile © and Phe” (Fig.
2B). Pro~ ®is also more tightly packed in the BemSH3b com-
plex primarily as a result of the position of His*?, which is
pointed toward this peptide residue in the BemSH3b com-
plex, but away from it in the NbpSH3 complex. Supporting a
role for this residue, an H32A substitution in the BemSH3b
domain reduced its binding affinity for Ste20 peptide by
7-fold, whereas the same substitution in the NbpSH3
increased its binding affinity for the Ste20 peptide (Table 2)
(23). The mutagenesis of the Ste20 peptide combined with
structural comparison clearly demonstrates that the
BemSH3b domain forms stronger interactions with the
extended region of the peptide relative to the NbpSH3
domain.

Extended Region of Bck1 Peptide Interacts Suboptimally with
BemSH3b Domain—The greater dependence of the BemSH3b
domain binding on interaction with the extended region of the
Ste20 peptide led us to predict that the weak binding of this
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FIGURE 2. Comparison of the NbpSH3-Ste20 and BemSH3b-Ste20 complexes. A, overlay of the NbpSH3-Ste20 (PDB code 2LCS) and BemSH3b-Ste20 (PDB
code 2RQW) complexes focusing on the conformation of the Ste20 peptide, which is numbered as in Fig. 1. The Nbp2SH3 domain is in blue with the bound Ste20
peptide in magenta. The BemSH3b SH3 subdomain is colored green, the Cl subdomain is yellow, and the bound Ste20 peptide is orange. B and C, detailed
comparison of the NbpSH3 domain (B) and the BemSH3b domain (C) interactions with the core and extended regions of Ste20 peptide. Coloring is the same as
in A. SH3 domain residue numbering is according to a standardized system (11).

domain to some sites that bind strongly to the NbpSH3 domain
may be due to suboptimal interactions in this region. We tested
this prediction for the Bckl peptide, which binds the NbpSH3
domain with 30-fold higher affinity than the BemSH3b domain,
by substituting the residues in the extended region of this site
with the corresponding residues in the Ste20 site (Fig. 3B). Each
of the substitutions tested increased the binding of BemSH3b
severalfold, and a quadruple mutant containing all of the sub-
stitutions bound to the BemSH3b domain with an 81-fold
increase in affinity. Conversely, the same substitutions caused
only a 3-fold increase in affinity for the NbpSH3. The affinity of
the BemSH3b domain for Bckl peptide was increased incre-
mentally by each substitution, suggesting that the low affinity of
the BemSH3b domain for the Bckl peptide is due to multiple
suboptimal interactions with the extended region.
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NpbSH3 Domain Interacts More Strongly with Core Motif of
Ste20 Peptide—Whereas amino acid substitutions of the Ste20
peptide extended region reduced the binding affinity of the
BemSH3b domain more than of the NbpSH3 domain, substitu-
tions in the core motif had a greater effect on the binding of the
NbpSH3 domain (Fig. 3A). For example, the R—3A substitution
reduced the BemSH3b binding affinity 160-fold but reduced
the NbpSH3 affinity by 510-fold. Larger effects on NbpSH3
domain affinity compared with the BemSH3b domain were also
caused by the A—1T, POA, K1A, and P3A substitutions. In total,
the combined affinity reduction caused by core region substi-
tutions was 60-fold greater for the NbpSH3 than for the
BemSH3b domain. An interaction between Trp*® He of the
NbpSH3 domain with the CO atom of Arg™? of the Ste20 pep-
tide may also play a role in mediating stronger interactions with
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TABLE 2
Binding affinities of the NbpSH3 and BemSH3b domain mutants to the Ste20 peptide
NbpSH3+Ste20 peptide BemSH3b+Ste20 peptide
SH3“ K}/ -Fold AT, ¢ SH3 K, -Fold AT,
M °C M °C
WwWT ) 0.2 = 0.01* 1 0 WwWT ) 0.05 £ 0.01* 1 0
Y8ACere 9.1*20 46 3.1 Y8ACere 0.3 0.1 6 3.1
E13AC°re 2.5+02 13 0.6 E13AC°re 0.56 = 0.1 11 1.5
NIALA‘?°re 0.13 £ 0.0 0.65 -7.9 I<14~AC<°re <0.01* <0.2 —2.2
E17Q¢°r >100 >500 4.8 E17QC°re >100 >2,000 0.3
F54AC°r 56 + 8.3 280 10.3 F54AC°r 44+ 5 880 6.5
Y30AEx 2.5+ 0.01 13 2.4
H32A5 0.03 £ 0.01* 0.15 4.0 H32A5 0.37 £ 0.05* 7 —2.2
V38AFX 3.7+ 0.4 19 -9.9
LA9AEX 7.0 £ 0.6 35 —-17.9 L49AEX 3.9*0.7 77 —2.7

“ The tested amino acid substitutions are indicated. The Core superscript indicates that the substituted residue interacts with the core region of Ste20 peptide, whereas the
Ext superscript indicates that the substituted residue interacts with the extended region of the peptide.
® The affinities are represented as mean value *S.E. Each measurement was repeated at least twice. The binding affinities which were taken from the previous study (23)

are marked by asterisks.

¢ The stabilities of the mutant domains are reported as change in the temperature-induced denaturation midpoint (7,,,) with respect to the wild-type SH3 domains. The T,
values for the wild-type NbpSH3 and BemSH3b domains measured in this study were 53.7 °C and 54.6 °C, respectively.

A Extended region Core motif NbpSH3 BemSH3b
+ x x P x x P Kd (uM)  Fold decrease Kd (uM)  Fold decrease
[7 6 5 43 2 1 0 1 2 3l
Ste20 F I PS RPAPKP P 02001 1 0.05 +0.01* 1
Ste20 F(-7)A A 41+0.5 21 35+4.0 700
Ste20 I(-6)A A . 0.72+0.19 4 0.57 £ 0.07 11
Ste20 P(-5)A .. A 0.85+0.14 4 23104 46
Ste20 S(-4)A L. A 0.18 £ 0.06 1 0.20 £ 0.04 4
Ste20 R(-3)A ... . A 102+8 510 79+14 158
Ste20 P(-2)A ... .. A 0.24 £ 0.11 1 0.04 £ 0.01 1
Ste20 A(-1)T O 48+0.9 29 0.44 £0.09 11
Ste20 P(0)A L. ... A 130+ 10 650 22 £3.0 440
Ste20 K (1)A ... A 0.59 + 0.10 3 0.07 £ 0.03 1
Ste20 P(2)A .. . . . . . . . A . 0241006 1 0.07 £ 0.03 1
Ste20 P(3)A A 2001 10 0.31+0.06 6
B Extended region Core motif NbpSH3 BemSH3b
+ x x P x x P Kd (uM)  Fold increase  Kd (uM)  Fold increase
[ -7 6 5 4[3 2 1 0 1 3]

Bck1 E LAPKREAPIKP P 08015 1 26 + 4* 1
Bck1 E(-8)K K . 0.98 +0.17 1 9.0+3.8 3
Bck1 L(-7)F . F . 0.71£0.10 1 12+2 2
Bck1 A(-6)! T 0.18 £ 0.00 4 43108 6
Bck1 K(-4)S .. . . 8 3.8+0.3 0.2 53+05 5
Bck1 ELKKFS K F . . 8 1.3+04 2 0.87£0.15 30
Bck1 ELAKKFIS K F | . S 0.28 £ 0.18 3 0.32+0.12 81

FIGURE 3. Mutational analysis of Ste20 and Bck1 peptides. A, binding of the NbpSH3 and BemSH3b domains to wild-type and mutant Ste20 peptides. Ste20
residues that are part of the WXPXRXAPXXP consensus recognized by NbpSH3 and BemSH3b domains are shown in bold. The K, values of interactions and the
-fold decrease in binding relative to the wild-type Ste20 peptide are indicated. The K, values are represented as means =+ S.E. All measurements were repeated
at least twice. The values marked by asterisks were taken from our previous study (23). B, binding of the NbpSH3 and BemSH3b domains to wild-type and

mutant Bck1 peptides represented in the same manner as in A.

the core motif. In all the calculated structures of the NbpSH3
complex, these atoms are within hydrogen bond distance of
each other, whereas the corresponding atoms in the BemSH3b-
Ste20 complex are too far apart to form a hydrogen bond (Fig.
4A). Further supporting the greater importance of core region
interactions for the NbpSH3 domain, Ala substitution of Tyr®,
which interacts exclusively with core peptide residues, caused
an 8-fold greater reduction in binding affinity of the NbpSH3
than the BemSH3b domain (Table 2).

Our previous work showed that Lys'* of the BemSH3b
domain plays an inhibitory role in peptide binding with a K14A
substitution causing a >5-fold increase in the affinity of the
domain for most peptides tested (23). The BemSH3b-Ste20
peptide structure shows that the Lys'* side chain crosses the
binding interface and appears to interfere with the interactions
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of Arg™? through both steric and electrostatic repulsion (Fig.
4A). To investigate further the role of the Lys'*-Arg ™ interac-
tion, here we showed that the K14A substitution caused no
change in affinity for the R—3A substituted Ste20 peptide (Fig.
4B). This result implies that the inhibitory effect of Lys'* on
peptide binding occurs primary through unfavorable interac-
tions with Arg™>. This interaction at least partially accounts for
the weakened binding of the BemSH3b domain to the core
motif.

Identification of New BemSH3b-specific Sites in Cladp and
Boilp—Because the BemSH3b domain interacts very strongly
with the extended regions of target peptides, we hypothesized
that it might be able to form biologically important interactions
with peptide sequences lacking a canonical RXXPXXP motif.
Consistent with this idea, previous studies showed that the
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BemSH3b domain could bind to Cladp residues 1-448 and
Boilp residues 371—444 (12, 33) even though each region lacks
canonical SH3 domain binding sites. These regions do contain
sites (Cla4(15-25) and Boil(391-401)) that closely resemble
characterized BemSH3b/Nbp2 SH3 targets except they lack
Arg at the —3 position (Fig. 5, A and B). The Cla4(15-25) motif
should not be confused with the Cla4(451-461) that we previ-
ously characterized, which possesses an Arg at the —3 position
and binds both BemSH3b and NbpSH3 domains with high
affinity (23) (Fig. 5, A and B).

To investigate these putative binding sites, we measured
their affinities for the BemSH3b and NbpSH3 domains. Strik-
ingly, the BemSH3b bound to the Cla4(15-25) and Boil sites
with high affinities of 0.67 and 0.94 um, respectively, despite

NbpSH3 BemSH3b
B ste20  BemsHa  kd@um)
WT WT  005% 0.01 (Figure 3A)
WT K14A <001 (Table2)
R-3)A WT 7.9+ 14  (Figure 3A)
RE3A KI4A  85+06

FIGURE 4. Interaction of Ste20 Arg™* with the NbpSH3 and BemSH3b
domains. A, close-up of interactions with Arg ™3 seen in the NbpSH3-Ste20
and BemSH3b-Ste20 complexes. In the 20 lowest energy structures of the
NbpSH3-5te20 complex the average distance between Arg ™3 CO and Trp3®
He is 1.8 A, with a donor-hydrogen-acceptor angle of 170°, which suggests
formation of a strong hydrogen bond (indicated by a dashed line). The aver-
age distance between the Arg— > CO and Trp®® He in the 20 lowest energy
structures of BemSH3b-Ste20 complex is 2.8, which is greater than the dis-
tance of 2.5 A required to satisfy hydrogen bonding potential (38). Residue
positions in the five lowest energy structures are shown. B, affinities of the
wild-type BemSH3b domain or K14A mutant interactions with the wild-type
Ste20 peptide or R—3A mutant.

their lack of the Arg —? residue. However, the NbpSH3 domain
interacted very weakly with these sites, binding the Cla4(15—
25) site with an affinity of 91 um and the Boil site with such low
affinity that it could not be measured accurately (Fig. 5B). Inter-
estingly, the E17Q BemSH3b domain mutant, which is unable
to bind the Arg™> containing Ste20 and Cla4(391-401) sites
(Table 2 and Fig. 5B), showed little or no reduction in binding
affinity to the noncanonical Cla4(15-25) and Boil sites (Fig.
5B). Similarly, the K14A substitution, which increased binding
affinity to sites containing Arg >, had little effect on binding to
the Boil and Cla4(15-25) sites (Fig. 5B). By contrast, substitu-
tion of Phe*, which interacts with the PXXP motif, caused large
reductions in binding affinity to all peptides tested (Table 2 and
Fig. 5B). These results are all consistent with data described
above indicating the energetic importance of the Glu'’-Arg >
interaction and a repulsive interaction between Arg * and
Lys'*. Because noncanonical peptides lack Arg ™ >, their binding
is not affected significantly by substitutions of either Lys'* or
Glu'” residues in the BemSH3b domain.

The contrasting effects of the E17Q and F54A substitutions
of the BemSH3b domain on binding to the noncanonical Boil
and Cla4(15-25) sites motivated us to assess the in vivo effects
of these substitutions. Strikingly, a strain expressing Bemlp
bearing the E17Q-substituted BemSH3b domain, although
impaired compared with wild-type, grew significantly better
under restrictive conditions than one expressing the F54A-sub-
stituted protein (Fig. 5C). These results demonstrate that the
E17Q BemSH3b mutant can confer growth under these condi-
tions despite its deficiency in binding canonical sites possessing
Arg>. Thus, we conclude that a previously unrecognized sub-
set of BemSH3b sites lacking Arg™>, which likely includes the
Boil and/or Cla4(15-25) sites, is functionally important, and
interaction with these sites is sufficient to partially fulfill the
function of the BemSH3b domain under these conditions.

DISCUSSION

In this study, we investigated the peptide binding mecha-
nisms of the NbpSH3 and BemSH3b domains, which recognize
the same consensus motif despite their limited sequence simi-
larity. Comparison of the structures of the NbpSH3-Ste20 and

A 15 25 451 461

Cladp [[ad | PH [[PBD| [RiZeG | Kinase |

391 401

Boitp [ [SHE| [ SAM] PR ]

B Rx x P x x P BemSH3b Kd (uM) NbpSH3 Kd (uM)
87 -6-5-4-32-10123 WT K14A E17Q F54A WT
Clads2s D F QN | GP AP RP P 067£01 10+0.03 3.9740.49 >100 91+ 19
Cladastest H F QP QR T AP K P P 16+03° 042+0.11* N.D.B. >100 0.65+ 0.09*
Boif | FESPGRAPKPP 094001 23+05 1.0£01 >100 >100
C AT @ © ©
bem1A €

bem1 shab F54A [l B
bem1 sh3b E17Q | Al

30°C

41.5°C

40.5°C

FIGURE 5. Interaction of the BemSH3b domain with the noncanonical Cla4(15-25) and Boi1 sites. A, schematic diagram of the Cla4p and Boi1 proteins
showing the location of the relevant PXXP motifs. B, interaction of the BemSH3b domain and the NbpSH3 domain with the sites derived from the Boilp and
Cladp. The data are represented in the same way as in Fig. 3. N.D.B. (no detectable binding) indicates the absence of fluorescence shift upon addition of the
peptide. C, effect of the BemSH3b E17Q substitution on cell viability relative to the BemSH3b F54A substitution. All mutations were introduced into the
chromosomal copy of BEM1. Strains were grown overnight, diluted to Agy m Of 1.0, and spotted in 5-fold serial dilutions on yeast peptone dextrose plates.
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FIGURE 6. Model of the BemSH3b and NbpSH3 domain peptide binding
mechanisms. SH3 domains are shown as pentagons with the top two sides
representing the distinct surfaces that interact with the core and extended
regions of target peptides (Surface | and Surface I, respectively). The con-
served Arg and Pro residues of the core motif are denoted with circles, and the
extended regions of peptides are colored red. The plus signs symbolize the
relative strengths of interactions between core and extended peptide
regions and the domain binding surfaces. Interactions with four plus signs
possess K, values of less than 1 um, three plus signs represent K, values in the
range of 20 um, and two plus signs represents interactions with K, values >90
uMm. Cross-reactive sites, including Ste20 and Cla4(451-461), bind the
NbpSH3 and BemSH3b domains with the same affinity despite different ener-
getic contributions of the extended and core peptide regions toward bind-
ing. Nbp2-specific sites, including Skm1 and Bck1, bind the BemSH3b domain
weakly due to suboptimal interactions with the extended region, but can still
bind the NbpSH3 domain tightly because it is less dependent on these inter-
actions. Bem1-specific sites, such as Boil and Cla4(15-25), interact weakly
with the NbpSH3 domain due to suboptimal core motif interactions resulting
from the lack of Arg 2. BemSH3b can still bind these sites with high affinity by
compensating for weak interactions with the core motif through strong inter-
actions with the extended region of these peptides.

Nbp2 specific

BemSH3b-Ste20 complexes demonstrated that each domain
interacts with the same conformation of the Ste20 peptide, and
utilizes similar surfaces to engage the peptide (Fig. 2). Many
residues at structurally equivalent positions on these surfaces
are identical or very similar in the two domains. These struc-
tural similarities explain how the NbpSH3 and BemSH3b
domains can recognize the same consensus motif. However,
mutagenesis of the Ste20 peptide revealed that the energetics of
the NbpSH3- and BemSH3b-mediated interactions are dis-
tinct. Relative to the NbpSH3 domain, the high affinity of the
BemSH3b domain is much more dependent on interaction with
the extended region of the Ste20 peptide, whereas the NbpSH3
domain forms stronger interactions with the core motif (Figs.
3A and 4A). The stronger interaction of the BemSH3b domain
with the extended region of the Ste20 peptide is likely due in
part to the contribution of its unique CI subdomain toward
peptide binding (Fig. 2B), whereas its weaker interaction with
the core peptide region results from the presence of Lys'* (Fig.
4A) and possibly other factors.

The divergent interaction strengths of the NbpSH3 and
BemSH3b domains with the core and extended regions of the
Ste20 peptide explain why these domains display very different
affinities for certain yeast peptides and similar affinities for oth-
ers (Fig. 6). For example, residues in the extended region of the
Bckl peptide are suboptimal for binding to the BemSH3b,
which more strongly depends on this region for high affinity
binding (Fig. 3). Because the NbpSH3 domain forms weaker
interactions with the extended region, it is more tolerant to
amino acid substitutions in this region (Fig. 3) and makes
equally favorable interactions with the extended regions of both
the Bckl and Ste20 peptides (Fig. 6). However, the greater
dependence of the NbpSH3 domain on interactions with the

MARCH 16, 2012 +VOLUME 287 +NUMBER 12

Determinants of SH3 Domain Binding Specificity

core region causes it to bind very poorly to peptides such as the
Boil peptide that lack Arg™?, a key residue of the core motif
(Fig. 5B). The BemSH3b domain can bind these peptides
strongly despite weakened interaction with the core motif
because of the very strong interactions that it can form with
extended region residues (Fig. 6). In the cases of sites that both
domains bind with high affinity, such as Ste20 and Cla4(451—
461) (Figs. 3A and 5B), the relative contributions of core and
extended motif interactions are different for the two domains,
yet the sum of these interactions results in a similar strength of
binding (Fig. 6).

It was previously proposed that SH3 domains may have
evolved noncanonical specificities through a process of weak-
ening interactions with the peptide core region, which is recog-
nized by many SH3 domains, and strengthening interactions
with the extended peptide region (4). The binding mechanism
employed by the BemSH3b domain compared with the
NbpSH3 domain illustrates such a situation. The interactions
of the BemSH3b domain with the core motif are weaker than
those of the NbpSH3 domain, whereas the interactions with the
extended region are stronger. Relevant to evolutionary mecha-
nisms, we observed that single amino acid substitutions in the
Bckl site with residues found in the Ste20 site resulted in an
incremental and additive increase in binding affinity for the
BemSH3b domain. These data imply that the lower affinity of
the BemSH3b domain toward the Bck1 site relative to the Ste20
site is due to multiple suboptimal interactions with the
extended region of the peptide, and no single peptide residue
acts as a “specificity switch.” This example demonstrates how
large changes in peptide binding specificity could evolve slowly
through multiple single substitutions, each of which has a rela-
tively small effect on binding. It is also notable that even though
Lys'* plays a key role in specificity determination, introduction
of this residue alone would not lead to the distinct binding
specificity of the BemSH3b domain without a concomitant
increase in binding strength toward the extended region of the
peptide. This point is vividly illustrated by our previous data
showing that introduction of Lys at position 14 in the NbpSH3
domain severely abrogates binding to all target peptides (23).
This domain does not interact strongly enough to the extended
region of peptides to overcome the detrimental effect of Lys'*
on peptide core interaction.

Our results demonstrating the crucial role of extended pep-
tide regions in regulating affinity and specificity of the NbpSH3
and BemSH3b interactions add to the growing number of
examples (1, 5- 8) showing the importance of peptide residues
flanking the core motif in SH3 domain-peptide interactions.
The contribution of flanking residues has also been observed
for other classes of protein interaction domains including PDZ
domains (34) and SH2 domains (35). A question arises as to
whether the contribution of extended peptide sequences is lim-
ited to specific cases or is a general property of domain-peptide
interactions. One study, which examined available peptide-do-
main complexes, estimated that interactions with the residues
outside the core motif contribute on average 20% of total bind-
ing energy and 30% in the case of SH3 domains (36). Our bind-
ing studies on the Ala substitutions of Ste20 peptide (Fig. 34)
indicate that, consistent with the above mentioned findings,
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~25% of the binding energy of the NbpSH3 interaction is con-
tributed by flanking residues, and the BemSH3b domain relies
even more strongly on interaction with flanking residues
(~50% of the total energy). The proven general importance of
flanking residues emphasizes that these positions must be care-
fully considered in any attempts to predict or characterize func-
tionally important protein interactions.

In summary, our work provides the first demonstration that
the specificity of SH3 domains can be modulated by varying
local interaction energetics across the domain-peptide inter-
face. This mechanism can allow two or more domains to bind
some targets with the same affinities, while maintaining distinct
affinities for other targets. The flexibility of this mechanism and
the potential it provides for the stepwise evolution of specificity
suggests that it may be relevant for many other protein-peptide
interaction modules. By illustrating the importance of knowing
both the structure of domain-peptide complexes and the ener-
getic contributions across the binding interface, our work
emphasizes that detailed mutagenesis and quantitative binding
studies are required for understanding protein binding speci-
ficity. It is clear that further investigation into both the struc-
tural and energetic factors affecting domain-peptide interac-
tions will be required to achieve the goals of predicting and
designing protein interaction specificity.
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