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Several strategies for ligand discovery involving large collections
(libraries) of ligands prepared by combinatorial syntheses have
recently beenreported.! These frequently involve the preparation
of short peptides that are selected on the basis of their ability to
bind to a target receptor. We now report a modification of this
strategy that uses the general ligand-binding characteristics of
a receptor (Figure 1). By incorporating a structural motif that
favors receptor-binding into a large collection of peptides, we
have generated a biased combinatorial library that is effective in
yielding specific ligands to the Src homology 3 (SH3) domain
from phosphatidylinositol 3-kinase (PI3K). SH3 domains are
small (55-70 amino acids) receptor domains that are found in
many intracellular signaling proteins.2? The specific role of the
PI3K SH3 domain in signal transduction pathways, however, is
not well understood; no natural ligands have yet been identified.
The discovery of peptide ligands for this domain is an important
step toward understanding its biological function and molecular
specificity.

Our initial investigations of the PI3K SH3 domain utilized a
combinatorial peptide library on beads inanalogy to that described
by Lam et al.'® Libraries synthesized by this technique are
comprised of millions of peptides, each covalently attached to a
unique bead. Beads containing high-affinity ligands are then
identified by their ability to interact with a fluorescently tagged
receptor. In our first experiments the SH3 domain of PI3K was
used to probe two different random libraries: one containing two
million hexapeptides and another containing two million cyclic
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Figure 1. A random library (A) (see text). A biased library (B) can be
created for receptors that have predetermined ligand-binding preferences.
The biasing element tends to increase the average affinity of the ligands
to the target receptor and to orient the ligands in a uniform way.

heptapeptides.* Both screenings failed to yield suitable ligands.
Although the amino acid sequences of positive beads followed
general trends, no clear consensus sequence was observed and the
binding affinities of these ligands for the SH3 domain were weak
(>100 uM).3

Disappointed by these results, we attempted to preparea library
of peptide ligands that are intrinsically biased to bind SH3
domains. Recent investigations have demonstrated that SH3
domains bind to proline-rich peptide motifs. The SH3 domain
of tyrosine kinase Abl binds specifically to the peptide APT-
MPPPLPP, a fragment of the SH3-binding protein 3BP1.6 The
two SH3 domains of the adaptor protein Grb2 bind to proline-
rich regions such as VPPPVPPRRR in the guanine nucleotide
exchange factor Sos1.” These and several other peptide ligands
of SH3 domains have in common a PPXP motif. On the basis
of this observation, we constructed a combinatorial peptide library
of the form XXXPPXPXX, where X represents any amino acid
other than cysteine.

Approximately two million peptides® with this structural bias
were synthesized on poly(dimethylacrylamide) beads using a “split
and pool” procedure.® A spacer (§-alanine e-aminocaproic acid
ethylenediamine) was alsoincluded to minimize steric interactions
of the SH3 domain with the solid support. Next, the PI3K SH3
domain was prepared with a fluorescein tag placed strategically
at its N-terminus, which is on the face of the domain opposite
that of its ligand-binding site (Figure 2).% This wasaccomplished
by treating the bacterially-expressed, recombinant SH3 domain
with sodium periodate, thereby converting its N-terminal serine
into an N-terminal glyoxalamide.'® Condensation with fluores-
cein-5-thiosemicarbazide provided the SH3 domain with a
fluorescein reporter linked to its N-terminus via a thiosemicar-
bazone moiety (RNHCSNHN=CHCONH-SH3, R = fluo-
rescein). The fluorescein-conjugated PI3K SH3 was mixed with
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Figure 2. Ribbon drawing of the N-terminally derivatized PI3K SH3
domain that was used to screen the biased combinatorial library. Residues
that form the putative binding site are shown in thick solid lines. (Figure
generated using the coordinates of the SH3 domain determined by 2D
and 3D NMR* and the MOLSCRIPT program.'?)

Table I. Amino Acid Sequences of Bead-Bound Peptides That Bind
to the SH3 Domain of PI3K

class I class I1
REKLPPRPSK RMLPPKPRV VWKPPLPKR
RKLPPRPAF RKLPPKPEKW LNKPPLPKR
RRLPPRPRR RPLPPHPRR NRKPPLPAR
RYLPPRPMY RALPPHPRF PWHFFPLFPLR

RLLPPRPTF RKLPPLPKA
RDLPPRPAA RPLPPAPWK
PALPPRPHS

the library, and the beads were washed repeatedly and then
analyzed by fluorescence microscopy. Seventy beads were
fluorescent, and 17 of the brightest beads were isolated and
sequenced by the automated Edman degradation technique.

In contrast to the standard combinatorial libraries that we had
first examined, the biased library yielded peptide sequences (Table
I) with several conserved elements. These sequences appear to
fall into two classes: one particularly striking group comprising
13 sequences and a second group comprising four sequences. With
only one exception, the sequences in the first group contain an
RXL motif immediately preceding the biasing element. Eleven
of these sequences contain a basic residue (R, K, or H) at the site
between the prolines (X of PPXP), with arginine being the
predominant amino acid at this position. The remaining sites are
not highly conserved, although there appears to be a general
tendency for basic residues. Thus, the overall consensus for this
first class of ligands is RXLPPRPXX, where X tends to be basic.
This high frequency of basic residues is consistent with earlier
predictions that were based on the structure of the PI3K SH3
domain.*

It is likely that these 13 peptides bind to the SH3 receptor site
with a common orientation. The positioning of the RXL motif
next to the biasing element is highly conserved, and the arginine
and leucine residues probably make specific contacts with
structural elements in the SH3 domain. Peptides from the second
class of sequences, however, deviate significantly from the pattern
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Table II.  Affinities of Synthetic Peptides to the SH3 Domain of

peptide Kg, uM
RKLPPRPSK 8.7
RKLPPRPAF 11
RYLPPRPMY 13
RKLPPLPKA 18
RALPPHPRF 30
LNKPPLPKR 13
composite:
RKLPPRPRR 76+0.2¢

@ K4 value is the mean and standard deviation of three separate
determinations, each derived from fluorescence measurements at nine
different ligand concentrations.
mentioned above; these four peptides contain neither the arginine
nor the leucine of the RXL motif. It is interesting that the two
classes of sequences share an LPXR motif. Thus, the second
class might be binding in a different frame from the first, although
it is possible that binding occurs in a unique manner, such as in
the reverse orientation.

In spite of these differences, both groups of peptides appear
to have comparable affinities for the SH3 domain of PI3K. Six
representative peptides were chemically synthesized, and their
affinities for the native SH3 domain were evaluated by fluores-
cence spectroscopy. The measured dissociation constants (Ky4's)
range from 8.7 to 30 uM (Table II), and a composite peptide
RKLPPRPRR binds to the PI3K SH3 domain with a K4 of 7.6
£ 0.2 uM. These affinities are among the highest reported for
SH3 ligands. The strongest SH3-ligand interaction measured
to date is the binding of VPPPVPPRRR to the N-terminal SH3
domain of Grb2. The dissociation constant of this complex
obtained by fluorescence spectroscopy is 5.6 uM.!! Other reported
SH3-ligand affinities are much weaker. For example,a fragment
of the motor protein dynamin was reported to bind to the PI3K
SH3 domain witha Kyof 300 uM,* and the 3BP1-derived peptide
APTMPPPLPP binds to the Abl SH3 domain with a K4 of 37
uM.'? These data demonstrate that the biased combinatorial
library yields peptides with affinities that are at least comparable
to those of peptides derived from natural ligands.

In summary, we report the conception and application of a
biased combinatorial library to molecular investigations of SH3
domains. These results illustrate the utility of biased combina-
torial libraries for ligand discovery in systems where there is
some general knowledge of the ligand-binding characteristics of
the receptor. Since this is a common circumstance, we anticipate
that the method should be widely applicable.
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