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Small molecule ligands can be used to cause a conditional
loss or gain of function of their protein receptors and, therefore,
can be viewed as equivalents of conditional alleles.1-3 In order
to extend their use, methods to identify such ligands de novo
are required. We have previously reported the use of biased
combinatorial libraries to discover peptide ligands to proteins,4

and the coupled use of combinatorial chemistry and structural
biology to understand the nature of protein-ligand interactions.5-7

More recently, we have been exploring whether the knowledge
of protein structure can facilitate the design of monomers and
linking elements leading to vast numbers of potential ligands
targeted to a particular protein. We now report a first illustration
of this strategy resulting in the discovery of novel and specific
ligands containing non-peptide structural elements.
Structural investigations of SH3-peptide complexes have

revealed that SH3 domains bind peptide ligands in either of
two orientations (classes I and II; these differ in the directionality
of the backbone amides5,6) involving the three pockets depicted
in Figure 1.4-7 We designed a library of ligands predisposed
to adopt the class I orientation by attaching a common low-
affinity (Kd > 1 mM) biasing sequence PLPPLP (P) Pro, L)
Leu) to a solid support. This sequence was expected to fill the
two pockets (labeled 1 and 2) that bind Leu-Pro dipeptides.
Furthermore, structural analyses show that the N-terminal proline
should be positioned to orient elements attached to its pyrrolidine
nitrogen into the third pocket (labeled 3), which is lined by the
nSrc and RT loops common to all SH3 domains and is the
primary determinant of ligand specificity.8 We synthesized an
encoded9 combinatorial library derived from 32 monomers
incorporated during three consecutive cycles of split-and-pool
synthesis10,11 following the synthesis of the common PLPPLP
sequence (synthesized in the C to N direction) and terminating
with one of 32 capping reagents (Figure 2). We purposefully
incorporated an encoded blank (“skip-codon”)12 during mono-
mer and cap incorporation in order to increase library diversity
significantly by creating sublibraries with deletions at any one
or more of the three monomer and one cap sites.

A sensitive binding assay for the SH3 domain from the protein
tyrosine kinase Src was developed using N-terminally biotinyl-
ated Src SH3 (cf. ref 4) and streptavidin-alkaline phosphatase
as a colorimetric reporter.13 A three-stage screen allowed for
the removal of false positives and ensured the selection of the
darkest beads from the library.14 Screening a biased library
containing∼1.1 million discrete compounds identified 15 beads
containing ligands specific for the Src SH3 domain. Decoding
revealed two consensus sequences (Table 1). Position 3 (M3)
was decoded as monomer 1 (see Figure 2A) in 12 of 15 beads.
Position 2 (M2) was occupied by either monomer 29 or
monomer 18 in 13 of 15 beads. The monomers at the M1 site
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Figure 1. Schematic of the strategy used for the rational design of a
library of ligands that direct non-peptide binding elements into the
specificity pocket of SH3 proteins. W, D, and Y are one-letter amino
acid codes for tryptophan, aspartic acid, and tyrosine, respectively.

Figure 2. (A) Sample structures of 33 monomers (M1, M2, and M3)
used in library synthesis (standard FMOC chemistry). (B) Sample
structures of 33 caps (C) used in library synthesis as sequence-
terminating reagents. A complete listing of monomers and capping
agents can be obtained in the supporting information.
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of sequences containing M2) 29 are less conserved, although
they maintain a similar aromatic backbone; no preference was
observed at the C site. The sequences containing M2) 18 are
further differentiated from those of M2) 29 by monomer 18’s
inability to couple to the sterically encumbered monomer 10.
This was suggested by the absence of tags at the C sites and
was confirmed by resynthesis and isolation of the single
truncated sequence Ac-18-1-PLPPLP-NH2.
Ligands 1A (bead 1), 1B, and 5 (derived from beads 3-4

and 8-11, respectively) were resynthesized on solid phase,
cleaved, and individually analyzed for their ability to bind to
the Src SH3 domain by a fluorescence perturbation assay (Figure
3).4 1A, 1B, and 5 were shown to be within 1 order of
magnitude of the highest affinity SH3 ligands known (Kd ) 3.4
µM, Kd ) 6.6 µM, Kd ) 11 µM, respectively). Truncated
ligands (1C, 2, 3, 4) were synthesized, and their affinities for
Src SH3 domain were determined in order to evaluate the
contributions of individual monomer elements. TheKd’s of 1C
and 2 demonstrate that the primary amine functionality of
monomer 29 is not essential for binding, while the remaining
portion of the benzyl substituent is necessary. The importance
of monomer 29 was further verified upon analysis of truncation
ligands 3 and 4. Ligand 3 shows only a small decrease in
affinity, while truncation ligand 4 binds with>70-fold less
affinity than ligand 1A. To investigate the specificity of these
ligands for Src SH3 domain relative to a homologous SH3

domain, we measured the binding affinity of ligand 1A to the
SH3 domain in the p85 component of PI3K. These studies
revealed that 1A is the most selective ligand known (52-fold)
for Src SH3 domain over PI3K SH3 domain (Kd ) 170µM).
Preliminary structure determinations of the Src SH3-ligand

complexes involving ligands 1A, 1B, and 5 using uniformly
13C/15N labeled Src SH3 and multidimensional NMR confirm
that the structure-based library design strategy provided ligands
that bind with the anticipated orientation, and that place the
non-peptide elements within the specificity pocket (pocket 3,
Figure 1) of the SH3 domain. For example, when the chemical
shift perturbations of15N-H cross peaks in the Src SH3-1A
complex (relative to Src SH3 alone) were determined in an
HSQC experiment, only the NH cross peaks belonging to the
residues at the binding site showed large changes in chemical
shift and intensity (Figure 4). These perturbations include those
of the indolic NH’s of tryptophans 118 and 119, both of which
reside in the specificity pocket.
We have demonstrated that protein structure-based combi-

natorial chemistry is an effective method for the identification
of novel ligands containing non-peptide binding elements, in
this case directed to the specificity pocket of SH3 domains. The
creation of new libraries using structural variants of monomers
1, 29, and 7 should allow the discovery of ligands with increased
binding affinity and selectivity, and with the ability to penetrate
cells so that the intracellular function of their protein targets
can be ascertained. The strategy used in this study is expected
to be applicable to the discovery of ligands to proteins in general.
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Figure 3. Structures and dissociation constants (Kd’s) of ligands.

Table 1. Decoding Data Obtained from the 15 Darkest Beads

Figure 4. (A) Ribbon drawing of Src SH3 domain complexed to
peptide ligand (Ac-VSLARRPLPPLP-NH2) solved by NMR spectro-
scopy8 and illustrating the positioning of W118 and W119 in the
specificity pocket. (B) NMR titration of ligand 1A with15N-labeled
Src SH3 domain (1:1 complex) showing large chemical shift perturba-
tions (boxed) of the indolic NH’s of W118 and W119 in the specificity
pocket compared to SH3 domain alone. Note that the resonances for
residues not in the binding pocket are relatively unperturbed.
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