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ABSTRACT:. SH3 domains bind proline-rich peptides with affinities in the order of&@uM. In general,

these domains are quite promiscuous, and the same peptide can bind to several different SH3 domains
with similar affinities (i.e., 3BP1 peptide to Abl- and Fyn-SH3). This poor affinity and specificity make

it difficult to elucidate their rolein vivo as well as the use of peptides to specifically bind to a single
domain. Here, we report that by using existing biocomputing tools, as well as simple physicochemical
reasoning, it is possible to design mutations in the 3BP1 peptide (Met4-Tyr, Pro5-Ser, and Leu8-Pro), so
that the affinity for Abl-SH3 increases 20-fold (p40 peptide: APTYSPPRRR; 0.4 uM), while that

for the closely related domain, Fyn-SH3, decreases 10-fold. Both the RT and n-Src loops are responsible
for regulating the specificity for Pro-rich ligands and more specifically residues Serl5, Thrl9, and Glu38
in Abl-SH3. The first six positions in the 3BP1 peptide are important for determining the specificity for
SH3 domains, while the remaining four seem to be more important for the affinity. Moreover, by choosing
rationally the substituents, it is possible to replace some of the Pro residues postulated to be essential for
the interaction with SH3 domains and still have a significant affinity. This indicates that the sequence
repertoire that could interact with a specific SH3 domain could be larger than previously thought.

The SH3 domains were first identified as homologous domains with similar affinities in the 540 uM range
noncatalytic regions in cytoplasmic tyrosine kinases, phos- (Viguera et al., 1994). Two main approaches have been used
pholipase C, and the viral oncogene product Crk (Mayer et to find putative SH3 ligands: (i) Screening of libraries using
al., 1988). These domains have no fixed topological position for instance the two-hybrid system has allowed the identi-
within their host proteins, and they are found in a large fication of several proteins which interact with different SH3
variety of functionally different proteins (Musacchio et al., domains. Deletion experiments of these proteins have
1992a, 1994b; Pawson, 1992, 1993; Pawson & Gish, 1992;allowed identification of Pro-rich regions that bind with
Schlessinger, 1994). SH3 are discrete protein modules whichreasonable affinity to some SH3 domains (Pawson, 1995).
can be expressed, purified, and crystallized independently(ii) The other approach has been the use of random or Pro-
of the rest of the protein (Musacchio et al., 1992b). biased libraries of peptides (Chen, 1993; Yu et al., 1994;

The presence of SH3 domains in a wide variety of Cheadle etal., 1994; Rickles et al., 1994; Sparks et al., 1994,
unrelated proteins, many of which involved in signal 1996; Weng et al.,, 1995; Combs et al., 1996). The
transduction, led to the speculation that this motif could play dissociation constants found for tl zitro interaction of
an important role in protetAprotein interactions which are  different proline-based peptides with different SH3 domains
essential to cellular functions and/or subcellular localization, are in the 0.2100uM range (Viguera et al., 1994; Chen,
prompting many groups to search for tinevizo partners of 1993; Yu et al., 1994; Cheadle et al., 1994, Rickles et al.,
SH3 domains (Pawson, 1995). 1994; Cussac et al., 1994; Feng et al., 1994; Wittekind et

Initially, two proteins, called 3BP1 and 3BP2, were al.,, 1994; Lim et al.,, 1994a,b; Pisabarro et al., 1994c;
identified for their ability to interact with Abl-SH3. 3BP1  Alexandropoulos et al., 1995; Knudsen et al., 1995).
contains an homologous region to the GTPase-activating  although the biased combinatorial approach can be
proteins of the small G-protein Rho while the function of g ccessfully employed, the sequences which are identified
3BP2 remains unknown (Cicchetti et al.,, 1992). Mutagenic gre clearly influenced by the biases introduced. This can
analysis of these proteins has identified short proline-rich pe avoided by using a complete random library, but this is

sequences as binding sites for the Abl-SH3 domain. Theseproblematic for a 10-residue peptide due to the enormous
regions share the consensus sequence XPXMP#Rwhere mper of combinations (2. Therefore, rational modi-

Wis a hydrophobic residue and X is any amino acid; prolines gi-aiion of the interaction of SH3 domains with proline-based
at positions 2, 7, and 10 have been shown to be essential oo ytiqes, when the structure of the complex is known, could
the b|nd|ng_ to this domain (Ren et aI:, 1993). Peptides o an aiternative and complementary approach to the use of
corresponding to these sequences (defined from now on ag,n,qe_display libraries. The complex between SH3 domains
3BP1 and 3BP2 peptides) bind to Abl-SH3 and Fyn-SH3 54 hroline-rich peptides constitute a good model system to
do this, due to the fact that several different structures of
T|\T/|_T_Fr>]_ is a Boehringder IngelﬂedeIi)ondngoundé:ltion fellow. SH3 domains have been solved in the presence (Yu et al.,
*To whom corresponaence snhou e aqadressed. . . H H S

® Abstract published iAdvance ACS Abstractsuly 15, 1996. 1994, F?ng etal, :!'994’ Wittekind e_t al., 1994; Lim et al"_
1 Abbreviations: SH3, Src homology domain Rj, dissociation 1994a,b; Musacchio et al., 1994a; Kohda et al., 1994;

constant. Terasawa et al., 1994; Wu et al., 1995) or absence of a ligand
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(Musacchio et al., 1992b; Kohda et al., 1993, 1994; Yu et  Determination of the Kby Interpolation. A fast screening

al., 1992, 1993; Noble et al., 1993; Koyama et al., 1993; of the mutated peptides was done by determining the change
Booker et al., 1993; Eck et al., 1994; Yang et al., 1994; in fluorescence of Abl- and Fyn-SH3 domains resulting from
Borchert et al., 1994; Farrow et al., 1994; Maignan, 1995; the addition of two different peptide concentrations (22 and
Liang et al., 1996; Grosser et al., 1995). We have chosen111uM) to a final concentration of 1@M Abl- or Fyn-SH3

the complex between the Abl-SH3 domain and the 3BP1 domains. At the lowest concentration, the changes in

peptide for several reasons: fluorescence of the Abl- or Fyn-SH3 domains are linear with
(i) It is one of the structures solved to a higher resolution the concentration of 3BP2 and 3BP1 peptides. At the highest
(Musacchio et al., 1994a; manuscript in preparation). concentration the domain is almost saturated (Viguera et al.,

(ii) Although the homology between Abl-SH3 and Fyn- 1994). Interpolation of the fluorescence .change in the
SH3 is not high, both proteins bind the 3BP1 peptide with titration curves of the Abl- or Fyn-SH3 domains, with 3BP1

the same affinity (Viguera et al., 1994), and the structures &nd/or 3BP2 (Viguera et al., 1994), allows estimation of the
of both Abl- and Fyn-SH3 domains, in complex with the Kq val_ue for the pe_pUdes. _Th(_)se peptides conta|_n|ng aTyr
3BP1 and 3BP2 peptides, respectively, are known (Musac-We_re interpolated in the titration curves done W|t_h 3BP2,
chio et al., 1994a). This makes the design project more while the rest were interpolated on those done with 3BP1.

interesting because we can simultaneously attempt to increasdVhen the fluorescence change was close to that found for
the affinity for Abl-SH3 and decrease it for Fyn-SH3. the 3BP1 or 3BP2 peptides, we estimated Kaefrom the
effect produced by the lower concentration of the peptide.

If very little fluorescent change took place at the lowest
peptide concentration, then we estimated kaefrom the

effect produced by the higher peptide concentration. The
estimated average error committed with this procedure is

(iii) Using existing biocomputing tools, we modeled the
Abl-SH3 domain (Pisabarro et al., 1994b) and predicted the
region involved in the interaction with the proline-rich
peptide, prior to the crystal structure being known (Pisabarro
etal., 1994c). The modeling exercise gives good backgroundaround 50% of theKy value when it is between 2 and 10

knowledge fo_r further de§|gn. ) ) . uMand up to 100% of the value when it is higher than 100
On the basis of above information, we decided to design . |n those cases in which the extrapolatégwas close

specific mutations that should increase the specificity and iq that of the 3BP2 peptide with Abl-SH3-6 uM), we

affinity of proline-rich peptides for the Abl-SH3 domain. The ' measured it more accurately as described below (Viguera et

final goal has been to obtain a ligand that would have better 5| 1994).

affinity for AbI-SH3, discriminating between Abl- and Fyn- Determination of the Kby Titration Assuming a one

SH3 domains. one complex between the SH3 domains and the peptide, it

is possible to determine thi€y for the interaction of the
MATERIALS AND METHODS different peptides, by monitoring the changes in the fluo-

Cloning and Expression of the Abl-SH3 Domaifthe rescence emission, using the equation:
pPET3d plasmid coding for the Abl-SH3 domain was a .
generous gift of A. Musacchio. The Abl-SH3 domain was F=F+ (F, — F)lrenl/(K, + [pep]) (1)
cloned, expressed, and purified as previously indicated ) .
(Viguera et al., 1994: Musacchio et al., 1994a). whereFs is the fluorescence of the free domain (D{nfry

is the fluorescence of the complex (Comp), [pdp the
concentration of the free peptide in solution, dtgis the
dissociation constant in the equilibrium.

Peptide SynthesisPeptides were provided by the EMBL
peptide service. They were synthesized in the solid phase
in an MPS column. The molecular weight of the resulting
product was confirmed by mass spectrometry. Peptide purity _
was assessed by analytical HPLC. Kq = [Domy][pep/[Comp] 2)

Peptide Concentration DeterminatiorPeptide concentra- g concentration of the free peptide can be calculated by

tion was determined by amino acid analysis. The typical gpracting the fluorescence estimated concentration of the
error in this procedure is around 10%. complex from the concentration of added peptide.

Circular Dichroic Spectroscopy.CD spectra were re- Search for Substituents at Different Positions of the 3BP1
corded in a Jasco-710 instrument at’® Far-UV spectra  peptide. The rational modifications of the 3BP1 peptide to
were recorded in the range 18250 nm with a 0.01 cm  enhance its affinity for the Abl-SH3 domain were based on
path-length cuvette. The near-UV spectra were recorded inthe combined use of biochemical information, molecular
the range 256320 nm with a 1 cm path-length cuvette. graphics analysis (INSIGHTII, 1993), and the GRID (Good-
Peptide concentrations were 2081 in 5 mM phosphate  ford, 1985) and LUDI (Bohm, 1992a,b) programs. Param-
buffer at pH 7.0. eters and protocols similar to the ones used by Pisaledrro

Fluorescence Spectroscopy.he fluorescence emission al., for the successful modification of human synovial fluid
spectra of the tryptophan residues in the Abl-SH3 domain phospholipase Ainhibitors were used (Pisabarro et al.,
were used to monitor any changes in their environment upon 1994a).
peptide binding. Fluorescence was measured in an AMINCO Modeling of the Complex of the Abl-SH3 Domain and the
Bowman Series 2 luminescence spectrometer. Excitation High-Affinity Mutant Peptide.The coordinates of the X-ray
was at 298 nm with a 2 nm slit. Fluorescence was detectedstructure of the Abl-SH3 domain complexed with the 3BP1
through a 4 nm slit. In these experiments the final protein peptide (Musacchio et al., 1994a) were used to model the
concentration was kept at 1, except in the case of those complex of Abl-SH3 with the P40 mutant form of the 3BP1
peptides with very high affinity in which &M protein was peptide. First, Met4 was replaced by Tyr, Pro5 by Ser, and
used. All experiments were performed at 5. Leu8 by Pro in the 3BP1 peptide, and the complex was



10636 Biochemistry, Vol. 35, No. 33, 1996 Pisabarro and Serrano

energy minimized with the AMBER force field (Pearlman, Table 1: Determination of th&y Values for the Different Peptides
1991), as implemented in DISCOVER (INSIGHTII, 1993), for the Abl- and Fyn-SH3 Domains
by using steepest descent (500 steps) and conjugate gradient

L . . . . Fyn Fyn Abl Abl
energy minimization (500 steps) while keeping the protein intt  caF int®  caF
fixed. A 10 A cutoff for the nonbonded interactions and a name  sequenée  (uM) (uM) (uM) M)
dielectric constang = 4rij were used. Then, a 5 A shell of 3bp2 PPAYPPPPVP 3% 3 5+0.2
TIP3P water molecules was added to the complex, which 38";{1 E’Z@WEEE'[EE 343 34;3
was optimized with a 10 A cutoff for the nonbonded SO APTYPPPLPP 37 545 8 642
interactions and a distance-dependent dielectric constdnt (1
as follows: First, all the hydrogen atoms were reoriented position 10 p1 APYPPPLRM 114 27
by using steepest descent (200 steps) and conjugate gradient p2 APTYPPPLR. 156 30
(500 steps) energy minimization. Then, 500 more steps with Sosiion o p:4 AAF;)T;SESH’; 1171‘; ?52
each of these minimizers in turn were applied to hydrogen p5 APTYPPPINP 161 o5
atoms and water molecules and finally to the whole systems. p6 APTYPPPLLP 114 20
positon 8  p7 APYPPPPP 17 2M3 4 2402
RESULTS p8 APTYPPRAPP 24 653 6 5+06
N p9 APTYPPRSPP 60 7
Design of the Mutations. Interaction of proline-rich ~ Position 7 pplllo ﬁﬁgﬁgtgﬁ 1}& 3(1)
peptides with SH3 domains takes place through formation p12 APTYPPTLPP 149 41
of a polyproline helix 1l (PPII), for at least half of the peptide positon6é p13 APYPHPLPP 165 41
length and the stacking of the prolines with aromatic rings pilsl ﬁﬁgggtﬁﬁ 22 ﬂ
in the domain, quulated by specific interactions of non- 216 APTYPYPLPP 117 39
proline residues with the n-Src and RT loops of SH3 domains position5  p17 APYSPPLPP 136 5 203
(Yu et al., 1994; Feng et al., 1994; Wittekind et al., 1994; y pi8 APTYHPPLPP 134 130
Lim et al., 1994a,b; Knudsen et al., 1995; Musacchio et al., Position 4 pp2109 i o
1994a; Kohda et al., 1994). We are interested, first, in p30 APTKPPPLPP 106 17
increasing the affinity for Abl-SH3 and, second, in designing N p3l Ac-APTKPPPLPP 155 4 161
a ligand that will discriminate between Abl- and Fyn-SH3 position3 pP2221 Aﬁﬁggtgg gg g
domains. To do so we have used two different strategies: 023 ARGYPPPLPP 73 8
() Increasing the tendency of the free peptide to adopt a position2  p24 APYPPPLPP 122 45
; ; ; ) p25 AFTYPPPLPP 161 41
PPIll' confq:jmatlon_.hThILsPﬁan t:ce don_e by mutlgtlng nch]n positon 1 p26 GPTYPPPLPP 93 20
proline residues with a conformation to proline so that p27 SPTYPPPLPP 83 7

the entropic cost upon formation of the complex will be

R aThe affinities for the 3BP1 and 3BP2 peptides have been previously
smaller (Rabanal et al., 1993; Williamson, 1994) and/or yescrined (viguera et al., 1994). The sequences of the peptides in the

eliminating alternative conformations in the free peptide one letter code are shown. In bold we show the residues mutated with

incompatible with the structure in the complex (i/@turns

respect to the 3BP1 peptide. Ac- means that the N-terminus of the

etc.). This strategy could increase the affinity for Abl-SH3 peptide was acetylatetiK, values determined by interpolation of the
but not the specificity, since the 3BP1 and 3BP2 peptides fluorescent change produced when adding two different concentrations

bind with similar conformation to Abl- and Fyn-SH3
domains, respectively (Musacchio et al., 1994a).

of the peptides to the Abl or Fyn-SH3 domains (see Materials and
Methods).¢ K4 values obtained using the classical fluorescence titration
method (Viguera et al., 1994).

In the complex between 3BP1 and the Abl-SH3, there are

some peptide residues which are partly or completely buried (Bohm, 1992a,b), as well as performed a molecular graphics
(Pro2, Met4, Pro6, Pro7, and Pro9), while others are quite visual inspection of the 3BP4Abl-SH3 and 3BP+Fyn-
solvent exposed (Musacchio et al., 1994a) (Thr3, Pro5, Leu8,SH3 complexes (see Materials and Methods). GRID cal-
and Pro10). Residues Pro2 and Pro5 to Prol0 are adoptingulates interaction energies of different chemical probes with
a PPIl conformation, with Pro7 and Pro10 occupying external molecules of known structures. LUDI is a automatic method
positions PO and P3, respectively, in the consensus nomenfor de nao ligand design that searches in a fragment
clature (Lim et al., 1994b). Leu8 is the only non-proline database and can append a substituent, or modify a chemical
residue which adopts PPIl angles and consequently consti-group, onto an already existing ligand. The most favorable
tutes a prime target for the first strategy outlined above. sybstitutions that introduced new interactions (i.e., hydrogen
Mutation of this residue for a Pro should decrease the honding, aromatie aromatic interaction, histidirearomatic
entropic cost of forming the complex. Also, since the side interaction, etc.) or that replaced the Pro residues by another
chain of Leu8 is quite exposed to the solvent, we reasonedhydrophobic amino acid were selected (Table 1). Although
that in solution the peptide could adopt other conformations at some positions Leu, lle, or Val could have fitted, we
different from the one in the complex;, in which the side chain decided to choose Leu to prevent the known conformational
of Leu8 is partly buried. Mutation of this residue to a smaller preferences of Val and lle for thé-strand region of the

and less apolar residue (i.e., Ala) could eliminate some of Ramachandran plot (Miaz & Serrano, 1994; Swindells et
these alternative conformations and increase the affinity for a|., 1995). LUDI detected the possibility of an aromatic ring

the protein.
(ii) Creating new favorable interactions specific to Abl-

making a very favorable interaction with the same aromatic
residues of AbI-SH3 that interact with Pro2 of 3BP1

SH3. To identify reasonable substitutions at each one of (Swindells et al., 1995). However, due to the orientation of
the 10-positions of the 3BP1 peptide, we scanned the Abl- Pro2, mutation by Phe results in the aromatic ring pointing

SH3, with the programs GRID (Goodford, 1985) and LUDI

away from the Abl-SH3 aromatic residues (data not shown).
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o 407 Table 2: Determination oKy Values for Those Peptides Containing
2 204 Some of the Mutations That Increased the Affinity for the Abl-SH3
= . Domain
g X Fynint Fyncaf Ablint> Ablcal
NZ -20 1 name sequenée (uM) (uM) (uM) (uM)
5 -40 p28 FGTYPPPLPP 206 9% 10 7 8+ 04
ﬁ p32 SPSYSPRPPP 1.8+ 0.2
= 507 \ p33  ACSPSYSPRPPP 496+ 60 1.9+ 0.6
.80 - p40 APTYSPRPPP 472+ 55 0.4+ 0.1
p4l APSYSPFPPP 273 30 1.5+0.1
-100 T T T e e L T p50 APTMPPPPP 6.2+ 1.3
192 200 208 216 224 232 240 24 p51 APTMSPPLPP 22+ 2

wavelength (nm)

. . . . @ The sequences of the peptides in the one letter code are shown.
Ficure 1: Far-UV circular dichroism spectra of a 10-residue ac.means that the N-terminus of the peptide was acetyltégvalues
polyproline peptide (continuous line) and of peptides p0 (APTYP-  yatermined by interpolation of the fluorescent change produced when
PPLPP, filled triangles), p7 (APTYPPPPPP, open circles), and p8 5qging two different concentrations of the peptides to the Abl- or Fyn-
(APTYPPPAPP, filled circles). The conditions are those indicated g3 domains (see Materials and Method4 values obtained using

in Materials and Methods. the classical fluorescence titration method (Viguera et al., 1994).

To allow for the interaction of an aromatic ring with these . ]

residues, we mutated two residues, Alal and Pro2, to Phethe Fyn-SH3 domain, we measured tha with more
and Gly, respectively (peptide p28, Table 1). Modeling of Precision using the standard titration procedure (Viguera et
the p28 peptide indicates that Gly at position 2 could allow @l 1994) (Table 1). The only exceptions were the point
the aromatic ring at position 1 to pack favorably with the Mutations at positions 8 of the peptide (peptides p7 and p8).
Abl-SH3 aromatic residues (data not shown). As a control I this case we measured thg with more precision since
we designed a peptide in which Pro2 was mutated by a Pheln both Abl-and Fyn-SH3 domains there was a significant
(p25). increase in affinity.

Far-UV Circular Dichroism Analysis of the Peptides in ~ When we first analyzed the affinity of the 3BP1 and 3BP2
Solution. Substitution of Leu8 by a Pro should result in an Peptides for different SH3 domains, we placed an extra Arg
increase in the PPII conformation of the peptide. To see residue at the 3BP1 N-terminus (Viguera et al., 1994;
that this is the case, we have ana|yzed by far-UV circular Pisabarro et al., 1994C) In Table 1 we show that this extra
dichroism the modified version of the 3BP1 peptide that we Arg residue does not influence the affinity for the Abl-SH3
use here as a reference (p0; see Table 1), the two peptideglomain (see p0 and pOR). Therefore, the increase in affinity
in which Leu8 has been mutated by a Pro (p7) or Ala (p8), that we observe when mutating Met4 to Tyr in 3BP1
and that of a 10-residue polyproline that adopts a PPII (Pisabarro et al., 1994c) is solely due to the Tyr residue.
conformation (Viguera et al., 1994). As expected, the CD  As can be seen from Table 1, with the exception of two
spectrum of p7 is closer than that of pO to that of the 10- mutations, Asn instead of residue Prog [® Lim nomen-
residue polyproline peptide (Figure 1), thus indicating a clature (Lim et al., 1994b)] and His instead of residue Pro5
significant increase in the PPII conformation. Interestingly [P-2 in Lim nomenclature (Lim et al., 1994b)], in all cases
enough, the spectrum for the p8 peptide indicates a smallthe affinity of the mutated peptides for Abl-SH3 is lower or
increase in the PPII conformation (Figure 1), thus supporting similar, within the experimental error, to that for the wild-
our hypothesis that the long hydrophobic side chain of the type peptide 3BP1 peptide (Viguera et al., 1994).

Leu could favor alternative non-PPIl conformations in  Analysis of Peptides with Multiple karable Mutations.
agueous solution. When some of the peptides that in the first analysis exhibited
Determination of the Dissociation Constants of the Mutant similar or lowerKy values to that of the original peptide [pO
Peptides for Abl-SH3 and Fyn-SH3 Domain#\ fast (Pisabarro et al., 1994c)] were analyzed more precisely by
screening of the mutated peptides was done by interpolationthe classical titration procedure, it was found that, in some
of the fluorescence change produced by adding two differentcases (p7, p8, and pl7), the affinity for Abl-SH3 was

concentrations of the peptides (22 and 1) to Abl- or increased (Table 1).

Fyn-SH3 domains into the titration curves of these domains  Assuming that the effect of mutations at different positions
with 3BP1 and/or 3BP2 (Viguera et al., 1994); those peptides is additive, we should expect an increase in affinity and
with a Tyr were interpolated on the 3BP?2 titration curves, specificity for Abl-SH3 by combining the individual muta-
while the rest were interpolated on the 3BPL1 titration curves. tions. We analyzed different peptides bearing several
The average error in the estimation of tKg is high for mutations to find if this is the case and also to analyze the
those peptides having low affinity>(L00 «M) but smaller effect of other mutations that by the interpolation method
for those with high affinity (2 to 1&M; around 50% of the seemed to result iy values similar to that of the original
real value on average; see Materials and Methods). There-peptide p0 (Table 2). Acetylation does not change signifi-
fore, interpolation of the fluorescence change in the titration cantly the affinity of the peptides for the Abl-SH3 domain
curves of the Abl- or Fyn-SH3 domains, with 3BP1 and (see p32 and p33), thus indicating that the positive charge
3BP2 (Viguera et al., 1994), allows us to obtain a reasonableat the N-terminus does not play an important role. The best
estimation of theKq for the high-affinity mutant peptides. combination we found is the one containing the Met4 by
The results of this analysis are shown in Table 1. Whenever, Tyr, the Pro5 by Ser, and the Leu8 by Pro mutations (p40).
at a certain position, we found that the estimatgd/alues This peptide has Ky which is around 15 times lower{400

of the mutated peptides for Abl-SH3 were lower or similar nM) than that of peptide pO and 100 times lower than that
to that of the wild-type peptide, and significantly higher for of the wild-type 3BP1 peptide (Table 2). What is more
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FiIGure 2: The central part of the picture shows the modeled complex between the Abl-SH3 domain (shown as a magenta ribbon) and the
p40 peptide modeled on 3BP1. The mutated residues in the p40 peptide (M4Y, P5S, L8P) are shown in magenta, while the corresponding
residues in 3BP1 are shown in amino acid color code. Only the main and side chains of the residues in the Abl- and Fyn-SH3 domains
involved in specific interactions with the p40 peptide are shown (Abl-Ser-15, Abl-Thr-19, Abl-Glu-38; Fyn-Arg-196, Fyn-Asp-218). Regions
corresponding to boxes a and b in the central picture are shown in more detail at the right and left corners of the picture. Abl-SH3 is shown
in the upper boxes a and b, while Fyn-SH3 is shown in the lower ones.

important is that the affinity for Fyn-SH3 is now 10 times a Pro to a Ser. In Fyn-SH3 this residue is an Asp, whose
lower than that of the wild-type peptide, so we have increasedside chain is too short to make the same hydrogen bond.
the specificity by around 1000 times. This explains why mutation of Pro5 by Ser increases the
Modeling of the SH3-Abl Domain Complexed to the p40 affinity for Abl-SH3 but significantly decreases it for Fyn-
Peptide. On the basis of the three-dimensional structure of SH3. Finally, in the case of the Leu8 to Pro mutation, the
the complex between the SH3-Abl domain and the 3BP2 increase in affinity should be due to the smaller loss of
peptide, we have modeled the structure of the complex with conformational freedom in the peptide upon binding to the
the mutated p40 peptide. After substitution of the side chains protein (see above), since the position is solvent exposed
of the mutated residues (Met4 by Tyr, Pro5 by Ser, and Leu8 and has PPII dihedral angles. The fact that there is also an
by Pro) and minimization of the complex in the presence of increase in affinity for Fyn-SH3 supports this hypothesis
water (see methods), the reasons for the affinity and (from ~54 to~27 uM; Table 1).
specificity increase are evident (Figure 2). The side chain
of p40-Tyr4d occupies the hydrophobic cavity occupied by DISCUSSION
Met2 in 3BP1, but its OH group makes two short hydrogen  Many of the so far identified ligands for SH3 domains
bonds with the main chain carbonyl and the side chain using the two-hybrid system or phage-display random biased
hydroxyl of Abl-Serl5 and a long one with that of Abl- libraries are rich in Pro residues. This could be due to the
Thrl9. In Fyn-SH3 the equivalent residue to Serl5 is Fyn- fact that they fit better into the aromatic pockets of SH3
Arg196, whose side chain cannot make a hydrogen bond todomains and readily adopt a PPII conformation in solution
the hydroxyl group of p40-Tyr4. Also, instead of Thrl9, without a significant loss in conformational entropy. This
Fyn has an Asp218 residue which will be partially buried PPII conformation seems to fit best the steric and hydrogen-
by p40-Tyr4. The side chain OH group of p40-Ser5 makes bonding pattern of the SH3 ligand surface (Lim et al., 1994b).
a hydrogen bond to the side chain of Abl-Glu38 that However, the possibility that other sequences with fewer Pro
overcompensates the entropic cost paid by the mutation ofresidues could interact with SH3 domains is still open, being
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the entropic cost of fixing them in a PPIl conformation paid in the T19D mutation. In Fyn-SH3 there is an Asp residue
by the surrounding protein (Grzesiek et al., 1996). Mutation at position 19 and an Arg at position 15; therefore, a Tyr
of the solvent-exposed Leu8 by Pro supports the idea thatresidue should not be favorable, and this is what we have
the entropic cost is one of the reasons why Pro-rich ligands found. At position 5 of our peptides we have found that a
are selected. Also, as indicated by the higher affinity of the Ser residue is better than a Pro, although Pro5 adopts a PPII
Leu8 to Ala mutant, the existence of conformations in the conformation (Mussachio et al., 1992a). The reason for it
free peptide different from that of PPII, which could be seems to be because its side chain can make a hydrogen bond
stabilized by certain amino acids, favors Pro residues. to the side chain of Glu38 in Abl-SH3. In Fyn-SH3 there is
All the mutations we have done on the p0 peptide, with an Asp residue whose side chain is too short to make the
the exception of Pro5 to His and Pro9 to Asn, did not equivalent hydrogen bond. The effect of the individual
decrease the affinity fromu®1 to more than~30—40 uM. mutations at positions 4 and 5 seems to be approximately
This is opposite to what has been suggested about the cryticabdditive. This can be seen when mutating Leu8 by Pro or
role of some Pro residues in SH3 ligands (Ren et al., 1993; Pro5 by Ser in the 3BP1 peptide (p50 and p51, respectively)
Lim et al., 1994b). In principle, all the Pro residues in the or in the pO peptide (p7 and p17, respectively). Addition of
pO peptide can be substituted for different amino acids as an Arg at the N-terminus does not seem to modify the affinity
long as a good replacement and/or a compensating mutatiorfor Abl-SH3 of peptide pO (peptide pOR) nor does an
is introduced elsewhere, and consequently, there seems t@cetylated N-terminus (see Tables 1 and 2). However, we
be no essential Pro residues in the interaction of a peptidecannot discard the fact that other residues placed before
with a SH3 domain. A very good example of this is the position 1 of 3BP1 could still improve the affinity and
p28 peptide. In this peptide, mutation of Alal by Phe and specificity for Abl-SH3. At positions 610 we have not
Pro2, which has been suggested to be crucial for binding found any mutation which significantly improves the speci-
(Musacchio et al., 1994a), by Gly does not produce a ficity for Abl- over Fyn-SH3. However, although the data
significant change in affinity with respect to the p0 peptide. are not very reliable because it is obtained through interpola-
This indicates that the repertoire of SH3 binding peptides tion, we find that substitution of Pro6 by Leu or Thr in the
could be much larger than previously thought. However, p0 peptide results in a more specific binding for Fyn-SH3.
we cannot eliminate, in all cases, the unlikely possibility that In Src-SH3, which is closer in sequence to Fyn-SH3 than to
mutation of one of the so-called critical Pro residues in the Abl-SH3, it has been found also that an aliphatic residue is
3BP1 and 3BP2 peptides results in the mutant peptide generally preferred at the equivalent position to residue 6 of
adopting a different orientation (Yu et al., 1994; Feng et al., 3BP1 (Sparks et al., 1996).
1994; Wittekind et al., 1994; Lim et al., 1994a,b; Pisabarro  Interestingly enough, three different screening studies of
et al., 1994c; Musacchio et al., 1994a; Kohda et al., 1994). phage-displayed libraries (Rickles et al., 1994; Weng et al.,
If this occurs, then some of the other Pro residues could play 1995; Sparks et al., 1996) also found that an aromatic residue
the role of the mutated ones. Although it seems possible tois favored at the equivalent position to residue 4 of 3BP1.
substitute a Pro residue by another amino acid that interactsAt the equivelent position to residue 5 of 3BP1 phage-
favorably with the SH3 domains, this does not mean that displayed studies found mainly Pro, and only in one case
we can substitute several Pro residues at the same timewas a Ser detected (Weng et al., 1995). However, the same
Mutation of a Pro residue by other amino acids introduces a group also found a peptide with a His at this position, and
certain degree of freedom in the polypeptide chain, but this we have seen that this is quite unfavorable (p18, Table 1).
effect is not additive and grows exponentially. In conclusion, by using rational design we have found a
Following the reasoning for our design explained in results, peptide with the sequence APTYSPPPPP that binds to Abl-
we have found that by introducing favorable interactions it SH3 with an affinity 100 times higher than the original 3BP1
is possible to increase the specificity and affinity of Pro- peptide and has 1000 times more affinity for Abl-SH3 than
rich ligands for Abl-SH3. The positions we have found for Fyn-SH3 domains. The increase in affinity can be
which determine the specificity for Abl- and Fyn-SH3 explained by the introduction of more favorable specific
domains are the first five in the 3BP1 peptide. These interactions and also the reduction of the entropy cost in
positions mainly interact with the RT and n-Src loops, fixing the peptide in a PPII conformation. The increase in
confirming what has been previously indicated (Musacchio specificity is mainly due to interactions made by residues
et al., 1994a), that these are the main regions involved in Tyr4 and Ser5 with the RT and-Srcloops. We suggest
SH3 specificity. Especially important in our case seems to that residues Serl5, Thrl9, and Glu38 in the Abl-SH3
be residues 4 and 5. Introduction of a Tyr at position 4 of domain play an important role in determining ligand
the peptide increases significantly the affinity with respect specificity. Also, we have found that, in principle, it is
to Met (Pisabarro et al., 1994c) and also improves the possible to substitute every Pro residue in 3BP1 without
specificity with respect to Fyn-SH3. The reason for it seems producing a large decrease in affinity as long as a good
to be the presence of a Ser residue at position 15 and a Thisubstituent is chosen. This is, for example, the case of the
at position 19 of Abl-SH3 that can make a hydrogen bond sequence FGTYPPPLPP, which also has a very dg&od
to the Tyr4 side chain of the peptide. Mutation of Thrl9 of value (8+ 0.4 uM). Therefore, we propose in the line of
Abl-SH3 by Asp results in a 12-fold decrease in its affinity recent evidence that SH3 liganuisvizo do not necessarily
for a peptide containing a Tyr at the position equivalent to need to be very rich in Pro residues as long as the entropic
residue 4 of 3BP1 (Weng et al., 1995). The authors cost in the ligand binding region is paid by the rest of the
concluded that Thr19 was important for conferring selectivity protein. Our work confirms that, by using existing software
toward Tyr. In our modeling the OH group of Thrl9 is close tools and simple chemical reasoning, it is possible to
to the hydroxyl group of Tyr4 in the peptide and can make rationally modify the affinity and specificity of a peptide to
a long hydrogen bond, explaining the experimental results an SH3 domain when the structure of the complex is known.
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