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Genetically encoded libraries of peptides and oligonucleotides are well suited for the
identification of ligands for many macromolecules. A major drawback of these techniques
is that the resultant ligands are subject to degradation by naturally occurring enzymes.
Here, a method is described that uses a biologically encoded library for the identification
of D-peptide ligands, which should be resistant to proteolytic degradation. In this ap-
proach, a protein is synthesized in the D-amino acid configuration and used to select
peptides from a phage display library expressing random L-amino acid peptides. For
reasons of symmetry, the mirror images of these phage-displayed peptides interact with
the target protein of the natural handedness. The value of this approach was demon-
strated by the identification of a cyclic D-peptide that interacts with the Src homology 3
domain of c-Src. Nuclear magnetic resonance studies indicate that the binding site for
this D-peptide partially overlaps the site for the physiological ligands of this domain.

For the purposes of drug discovery, there
are potential advantages in the use of ge-
netically encoded libraries, such as phage
display (I, 2), “peptide on plasmid” (3),
and in vitro translation-based systems (4),
compared to the use of synthetic small mol-
ecule libraries (5, 6). The genetic encoding
of libraries allows the resynthesis and re-
screening of molecules with a desired bind-
ing activity. The resulting amplification of
interacting molecules in subsequent rounds
of selection can lead to the isolation of
extremely rare, specific binders from a large
pool of molecules. However, a major draw-
back of biologically encoded libraries is that
the resultant ligands are subject to degrada-
tion by naturally occurring enzymes. Fur-
thermore, because of their sensitivity to
cellular proteases, peptides composed of
naturally occurring L-amino acids are effi-
ciently processed for major histocompatibil-
ity complex class II-restricted presentation
to T helper cells (T} cells). As a result,
L-peptides can induce a vigorous humoral
immune response that impairs the activity
of such drugs (7). We describe here a gen-
eral approach that uses a genetically encod-
ed library for the identification of D-peptide
ligands. This approach takes advantage of
the fact that the three-dimensional struc-
tures of proteins composed of D-amino acids
are the exact mirror images of the corre-
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sponding L-proteins. The D-peptide ligands
identified through this method may provide
useful starting points for the design or se-
lection of novel drugs.

Around 1850, Louis Pasteur demonstrat-
ed through his experiments with tartrate
that the forces that create or convert natu-
ral products (that is, enzymes) are stereospe-
cific in their actions (8). From the princi-
ples of van’t Hoff-Le Bel stereochemistry
(9), it follows that this chiral specificity is
inverted for “mirror-image proteins” (pro-
teins composed of D-amino acids). The re-
cent syntheses of two D-enantiomeric pro-
teins permitted direct demonstration that
these proteins do indeed have optical prop-
erties, substrate specificity (10), and a struc-

- ture (11) that mirrors those of the naturally

occurring L-proteins.

In our method (which we call mirror-
image phage display), the D-enantiomer of a
protein is prepared by chemical synthesis

\ 2,
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(p)-target (L)-target
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Fig. 1. Identification of D-peptide ligands through
mirror-image phage display. Because of the mir-
ror-image relation between ligands for L- and D-
enantiomeric proteins, the identification of phage-
displayed L-peptides that bind to the D-enanti-
omer of a target molecule also provides the se-
quence of D-peptides that bind to the L-protein.
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and used to isolate L-peptide ligands that
interact with it from a phage display library.
The selection process is performed in an
achiral solvent (water), and the interaction
between the L-peptide and the D-protein is
unlikely to require any chiral cofactors.
Consequently, the D-enantiomeric form of
the isolated L-peptide ligands should inter-
act with the protein of the natural, L-amino
acid configuration (Fig. 1).

To test the validity of our approach, we
sought to obtain D-peptide ligands for the
Src homology 3 domain (SH3 domain) of
c-Src. SH3 domains are 55- to 70-residue
protein domains that are found in a variety
of intracellular effector molecules (12). Be-

Table 1. Sequences of phage-displayed peptides
that interact with the D-SH3 domain (25). These
peptides were isolated through *‘biopanning” (22,
24). Semiconserved residues are underlined; all
other residues are conserved except for those at
positions 3 and 11. Note that for all of these se-
quences the positions of the conserved residues
relative to the Cys residues are preserved. Individ-
ual clones were analyzed after four and five
rounds of selection. In subsequent rounds, the
incubation time between washes was increased
(times of O, 3, 5, 10, and 10 min, respectively, for
rounds 1 through 5). After four rounds of selection,
29 clones were sequenced, of which only 7 are
within the sequence class described in the table.
To ensure that the selected phages were not
binding to streptavidin or to a composite surface
formed by the streptavidin-D-SH3 complex, a fifth
selection round was performed with neutravidin
(Pierce) as a matrix. Sequence analysis of clones
after this fifth round of selection revealed only se-
quences of the fdSrc-2 type. The corresponding
D-peptide (Pep-D2) has been characterized only
slightly, but preliminary experiments suggest that
the affinity of this peptide is similar to that of Pep-
D1. The other phage isolates obtained after four
rounds of selection expressed one of the following
two sequences: CKRFVWRGQALC (10 isolates)
and CWYLGYWPGQEC (12 isolates) (25). The first
of these sequences resembles the background
sequences that are isolated with a variety of bioti-
nylated ligates (22) and is also similar to a se-
quence (CRFVWC) that was isolated previously
with a monoclonal antibody against myohem-
erythrin, although it does not conform to the rec-
ognition motif for this antibody (7). This sequence
is therefore likely to bind to some component in
the system other than the SH3 domain. Indeed, a
D-amino acid version of this sequence fails to bind
to the L-SH3 domain, as judged by ELISA and
NMR studies (47). The other sequence that was
picked up after four rounds of selection shows
limited similarity to the first sequence and has not
been examined further.

Number of
isolates
Type Sequence _—
Round  Round
4 5
fdSrc-1 CLSGLRLGLVPC 2 —
fdSrc-2 CLMGLRLGLLPGC 4 12
fdSrc-3*  CAYGFKLGLIKC 1 —

*This phage clone has an Ala to Arg substitution directly
NH,-terminal to the insert region (26).



cause c-Src activity is essential for osteo-
clast-mediated bone resorption, interfer-
ence with Src function may be of value in
the treatment of osteoporosis (13). SH3
domains interact with sequence elements in
their cellular targets that form type II
polyproline helices of 8 to 10 residues (14—
17). Although ligands for a variety of SH3
domains have been isolated from phage dis-
play libraries (15), the identification of
such sequences from a synthetic L-amino
acid peptide library was possible only with
prior knowledge of the sequences of the
preferred ligands (14). Thus, the identifi-
cation of D-peptide ligands for SH3 do-
mains from synthetic peptide libraries is
unlikely to be successful in the absence of
prior sequence or structure information
about potential ligands.

The L- and D-enantiomers of the chicken
c-Src domain were prepared by bacterial ex-
pression and chemical synthesis, respective-
ly. The synthetic, 60-amino acid D-SH3
domain (18) was purified by affinity chroma-
tography with a D-amino acid version of a
known peptide ligand for the SH3 domain
(14). As expected, ‘bacterially expressed L-
SH3 (19) was retained on an affinity column
with the L-enantiomer of this peptide but
not with the D-enantiomer, which indicates
that the interaction of the SH3 domain with
its substrates is stereospecific (20).

which™ random, 10-residue peptide se-
quences were expressed at the NH,-termi-
nus of the plll protein of the bacterio-
phage fd (1). Because many natural bioac-
tive peptides, such as the immunosuppres-
sant cyclosporin and the tumor promotor
microcystin, are cyclic, the library was
designed to include a large number of
sequences that have a propensity for disul-
fide bond formation (21, 22). When the
L-SH3 domain was used to screen this phage
display library for interacting peptide se-
quences, we isolated the disulfide-free
polyproline-type sequences that have been
identified by others (14, 15, 23).

When the same phage display library
was screened with the D-SH3 domain
(24), we isolated a series of peptide se-
quences that showed no obvious sequence
similarity to the L-SH3-binding sequenc-
es (Table 1). These phage-displayed pep-
tides that bind to the D-SH3 domain are
characterized by a combination of con-
served Leu and Gly residues and a con-
served Arg or Lys residue. In contrast to
the L-peptide ligands for the L-SH3 do-
main (14, 15, 23), the positively charged
residues in the ligands for the D-SH3 do-
main are located in the middle of a stretch
of conserved residues, which suggests that

the mode of ligand binding is different. -

Furthermore, all ligands for the D-SH3

property that is not observed for the L-
peptides that interact with the L-SH3 do-
main (14, 15, 23). The disulfide bond may
increase the affinity of these peptides for
the D-SH3 domain by reducing the num-
ber of possible conformers.

A D-peptide denoted Pep-D1 [(D)-
RCLSGLRLGLVPCA] (25), which is the
mirror image of one of the phage-displayed
peptides that bind to the D-SH3 domain,
was synthesized and its interaction with the
bacterially expressed L-SH3 domain exam-
ined (26). Competition binding experi-
ments indicated that the disulfide-bonded
form of this peptide binds to the L-SH3
domain with a dissociation constant (K,) of
63 puM. This affinity is comparable to that
of most of the proposed physiological li-
gands for SH3 domains and about one-
tenth that of the optimal L-peptide ligands
that have been identified (14, 27, 28). The
reduced form of Pep-D1 shows no detect-
able binding activity in this assay (K, >>
800 wM), which indicates that the forma-
tion of the disulfide is required for efficient
binding (28).

Heteronuclear ~ magnetic  resonance
(NMR) experiments were performed on the
N-labeled SH3 domain in the absence
and presence of Pep-D1 to determine the
binding site of this D-peptide in the SH3
domain. Residues in the SH3 domain that

A phage library was constructed in  domain contain a pair of Cys residues, a  interact with Pep-D1 were identified
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Fig. 2. Heteronuclear NMR spectra of the liganded and unliganded L-SH3
domain (25). "H-"5N correlation spectra (40) are depicted (10 mM sodium
phosphate, pH 6.0 at 25°C). (A) The isolated L-SH3 domain. (B) The L-SH3
domain in the presence of the peptide (L)-YGGRELPPLPRF-amide (36) at a
peptide:protein ratio of 1.2:1. (C) The L-SH3 domain in the presence of the

D-peptide ligand, Pep-D1, at a peptide:protein ratio of 1.5:1. Residues that
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change in intensity or chemical shift in the presence of peptide are boxed or
numbered (29). Assignments for the unliganded SH3 domain agree with those
published previously (39), except that Asn''® could not be assigned unam-
biguously. No changes were observed in spectra obtained with a 1:1 ratio of
peptide to protein and the ratio depicted for either complex.
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Fig. 3. Binding site of a D-peptide
ligand for the L-SH3 domain.
Space-filling diagrams of the SH3
domain structure are depicted
(76, 30). The positions of the res-
idues that do not undergo chem-
ical shift perturbation are indicat-
ed in red. Residues that change
in intensity or chemical shift (29)
upon binding of the L-peptide li-
gand YGGRELPPLPRF-amide
are indicated in blue (left). Resi-
dues that change in intensity (29)
upon binding of the D-peptide li-

gand Pep-D1 are indicated in yellow (right). The structures were generated with the program Insight II
(Biosym). Coordinates for the SH3 domain were from (76).

through changes in amide 'H or !*N chem-
ical shifts upon the addition of the D-pep-
tide ligand (29). The ligand-binding site of
the SH3 domain for its natural, L-amino
acid ligands consists of three pockets that
together form a relatively shallow groove on
one side of the molecule (16, 30). Pocket
A, which is formed by the side chains of
Asp® and Trp'!8, accommodates the con-
served Arg residue, whereas pockets B and
C form a hydrophobic surface that accom-
modates the aliphatic and Pro residues in
SH3 ligands (16, 30).

The binding of Pep-D1 results in the
perturbation of the chemical shifts of the
residues that form pocket A, as well as a
patch of adjacent residues (Fig. 2C). Most
of these residues also undergo changes in
their chemical shifts upon binding of the
L-peptide (Fig. 2B). Pocket A is likely to
interact with the conserved Arg or Lys res-
idues in the D-peptides in a manner that is
analogous to the recognition of Arg residues
in L-amino acid ligands. The interaction of
this site with both the L- and D-amino acid
ligands explains the competition observed
for the binding of these two ligands.

Pep-D1 appears to occupy only part of
the binding site that is contacted by the
polyproline-type ligands for the SH3 do-
main (Fig. 3). Residues that form part of
pocket B and pocket C (Tyr* and Tyr®?),
or that are adjacent to this pocket (Val®’
and Leu®?), are not perturbed upon binding
of Pep-D1 (Figs. 2 and 3). Mutational anal-
ysis suggests that for L-amino acid ligands,
interactions at these sites are required for
high-affinity binding (16). D-Peptide inhib-
itors of higher affinity could therefore po-
tentially be obtained by the design or selec-
tion of analogs of Pep-D1 or Pep-D2 (Table
1) that extend further along the groove into
pocket C of the SH3 domain.

Although the syntheses of the D-enan-
tiomeric form of both rubredoxin (45 ami-
no acids) and human immunodeficiency
virus protease (99 amino acids) have been
described (10, 11), for most proteins the
synthesis of the full D-enantiomeric form
will not be feasible because of size limita-
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tions on the likelihood of successful chem-
ical synthesis. However, both intracellular
and extracellular proteins are often com-
posed of autonomously folding domains of
100 amino acids or less (31). This size
range is within reach of current solid-
phase peptide synthesis technology, and
recent advances in chemical ligation strat-
egies for unprotected protein fragments
hold promise for the synthesis of even
larger protein domains (32). Ligands for
multidomain proteins may thus be isolated
through the screening of one or more of
their constituent domains, as for the SH3
domain (33).

Finally, our approach is not restricted
to genetically encoded peptide libraries
(1-4). Because ribonucleotides and de-
oxyribonucleotides also contain chiral
centers (which are recognized by nucle-
ases), this approach applies equally to
RNA libraries (34) and DNA libraries
(35). Examination of the large amount of
structural space represented in these li-

-braries may yield new ligands of biological

and medical importance.
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sorption mass spectrometry (expected, 6686 dal-
tons; observed, 6683 daltons).
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DNA encoding a 10-residue random insert with
flanking Ser or Cys residues (S/C-X,,-S/C) was pre-
pared by polymerase chain reaction (PCR) amplifica-
tion of an 85-residue oligonucleotide 5'-C.TAT.TCT.
CAC.TCG.GCC.GAC.GGG.GCT.TSC.(NNS), ,.TSC.
GCC.GCT.GGG.GCC.GAAACT.GTT.GAA-3', where
S = C/Gand N = A/T/C/G, with biotinylated primers
as described (22). After purification of the PCR prod-
uct and digestion with Bgl I, the end pieces were
removed with streptavidin-coated agarose beads
(Pierce). The library was made by ligation of the ran-
dom PCR product into Sfi I-cut Fuse 5 vector. The
ligation product was transferred into electrocompe-
tent MC1061 cells with a Bio-Rad E. coli pulser, yield-
ing ar'initial fibrary of 3.6 X 108 transformants. The
transformation mixture was subsequently diluted to a
volume of 400 mi of LB and 20 pg mi~1 of tetracycline
and grown for an additional 14 hours. A phage stock
was prepared by two successive polyethylene glycol
precipitations of the culture supernatant. The ran-
domness of the inserts was confirmed by sequence
analysis of individual clones. We subsequently used 4
X 1079 transforming units to infect K91-kan cells to
generate an amplified library. The quality of the library
was confirmed by selection of phages that expressed
inserts that interact with the lectin concanavalin A [K.
R. Oldenburg, D. Loganathan, I. J. Goldstein, P. G.
Schultz, M. A. Gallop, Proc. Natl. Acad. Sci. U.S.A.
89, 5393 (1992); J. K. Scott, D. Loganathan, B. Eas-
ley, X. Gong, I. J. Goldstein, ibid., p. 5398].

G. P. Smith and J. K. Scott, Methods Enzymol. 217,
228 (1993).

Sequence analysis of a small number of isolates
after four rounds of selection with the L-SH3 do-
main revealed the following two peptide sequenc-
es: CLARSRLPAIPS (nine isolates) and SRMSPLV-
PLRNS (one isolate). The sequences of these pep-
tides have features consistent with those described
for class | and class Il ligands of the c-Src SH3
domain (74, 15).

Single wells of a flat-bottom 96-well high-binding
styrene plate (Costar) were coated overnight with 10
ug of streptavidin (Pierce) in 100 wl of 100 mM
NaHCOj, at 4°C. The wells were washed with water
and incubated with 100 w! (10.7 pg) of biotinylated
D-SH3 for 1 hour at 20°C, blocked for 2 hours with
dialyzed bovine serum albumin (BSA) (30 mg/ml) in
100 mM NaHCO,, and again incubated with 100 .l
(10.7 wg) of biotinylated D-SH3 for 1 hour. Unligand-
ed streptavidin was blocked by the addition of 8 ul of
5 mM biotin in tris-buffered saline (TBS) for 30 min.
The wells were subsequently washed five times with
PBS and 0.1% Tween-20 and incubated with 50 .l
of the phage stock (27) and 50 pl of TBS, 0.1%
Tween-20, BSA (1 mg/ml), and 0.05% NaN. Wells
were then washed by six additions of 200 wl of TBS,
0.1% Tween-20, and 1 mg mi~" of BSA, with in-
creasing incubation times in the later rounds of the
selection procedure (Table 1). Bound phage parti-
cles were eluted by the addition of 100 ! of D-SH3
peptide ligand [sequence (D)-YGGRELPPLPRF-
amide (36)] for 16 min at 4°C, at a final concentration
of 700 to 1000 uM peptide. The eluate was used to
infect K91-kan cells. Acid elution of phages in the
screen gives no detectable preferential binding to
D-SH3—coated wells after four rounds of selection.
Single-letter abbreviations for the amino acids are as
follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly;
H, His; 1, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q,
Gln; R, Arg; S, Ser; T, Thr; V, Val, W, Trp; and Y, Tyr.
Pep-D1 corresponds to the fdSrc-1 insert CLSGL-
RLGLVPC (Table 1) (26), with the COOH-terminal
Ala that is present in all flanking sequences. The
Arg immediately preceding the first Cys residue
was observed in the fdSrc-3 sequence (Table 1),
The presence of Arg and Lys residues close to the
NH,-terminus of secretory and transmembrane
proteins negatively affects protein translocation [D.
Boyd and J. Beckwith, Cell 62, 1031 (1990)]. In
addition, a selection against Arg residues in the
NH_-terminal part of phage plll fusions has been
observed [B. C. Cunningham, D. G. Lowe, B. Li, B.

27.

28.

29.
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D. Bennett, J. A. Wells, EMBO J. 13, 2508 (1994)].
The Ala to Arg mutation in this clone may thus
increase the affinity of the insert sequence for the
D-SH3 domain and could improve the solubility of
the peptide; it was therefore included in the syn-
thetic peptide. For affinity measurements, an NH,-
terminal D-Tyr was added to the peptide for con-
centration determination (38). The peptides with
and without the NH,-terminal Tyr were air-oxidized
in 100 mM tris, pH 8.5, for 48 hours at a concen-
tration of 1 mg/ml. Oxidized peptide was purified by
reverse-phase HPLC with a C, 5 column and a wa-
ter-acetonitrile gradient in 0.1% trifluoroacetic acid.
The identity of the products was confirmed by laser
desorption mass spectrometry.

F. A. Gomez, J. K. Chen, A. Tanaka, S. L. Schreiber,
G. M. Whitesides, J. Org. Chem. 59, 2885 (1994).
The affinity of Pep-D1 for the L-SH3 domain was
determined by a competitive enzyme-linked immu-
nosorbent assay (ELISA). Single wells of a 96-well
plate were coated with 5 ug of the L- SH3 domain (7,
22). Wells were blocked with BSA, and phages ex-
pressing the L-SH3-binding insert CLARSRLPAIPS
(23) were allowed to bind in 10 MM NaHPO,,, pH 7.2,
15 mM NaCl, 1 mg/ml of BSA, 0.05% NaN,, and
0.1% Tween-20, in the presence of increasing
amounts of competitor peptide. Phage binding was
quantified with a rabbit M13 antibody (Stratagene)
and alkaline phosphatase-labeled goat antibody to
rabbit immunoglobulins (Pierce), with a fresh solution
of p-nitrophenol phosphate as substrate. Absor-
bance at 410 nm was determined with a Dynatech
microtiter plate reader. Titration curves (means of trip-
licates) were obtained for the L-peptide ligand YG-
GRELPPLPRF-amide (36) and the D-peptide ligand
Pep-D1 [sequence (D)-YRCLSGLRLGLVPCA] in the
presence and absence of 25 mM dithiothreitol. Rela-
tive values for K, were obtained as described [D. L.
Minor Jr. and P. S. Kim, Nature 367, 660 (1994)]. The
K of the L-peptide YGGRELPPLPRF-amide was de-
termined to be 6.0 uM by direct tryptophan fluores-
cence spectroscopy. A solution of the peptide was
titrated into 1 wM SH3 solutionin 15 mM NaCland 10
mM NaHPO,,, pH 7.2. Tryptophan fluorescence was
induced by excitation at 295 nm (5 nm slit width), and
emission was measured at 339 nm (10 nm slit width),
with a Hitachi F-4500 fluorescence spectrometer.
The dissociation constant was determined by Scat-
chard analysis.

Uniformly (=95%) 'N-labeled SH3 domain was
obtained by growing E. coli harboring the plasmid
pPMMHb-Src-SH3 (79) in M9 medium supplement-
ed with (®NH,),S0,, (99.7% 75N; Isotec, Miamis-
burg, OH). Upon reaching an absorbance of 0.6 at
600 nm, cells were induced for 4 hours with 0.4
mM IPTG. The protéin was purified as described for
the unlabeled material (19). Spectra were collected
on a Bruker AMX 500 MHz NMR spectrometer.
Resonance assignments were made by standard
methods [K. Wthrich, NMR of Proteins and Nucle-
ic Acids (Wiley, New York, 1986); L. P. McIntosh, A.
J. Wand, D. F. Lowry, A. G. Redfield, F. W. Dahl-
quist, Biochemistry 29, 6341 (1990)] and were con-
sistent with the assignments for c-Src SH3 (39).
The peptide Pep-D1 was added to a solution con-
taining the '°N-labeled SH3 domain to a ratio of
1.5:1 (peptide:protein) in 10 mM phosphate, pH
6.0, at 298 K; heteronuclear single quantum coher-
ence (HSQC) spectra (40) of the uncomplexed and
complexed form were compared. There were no
resonances with chemical shift differences >0.04
ppm in the 'H dimension or >0.17 ppm in the '°N
dimension. However, a number of resonances
were reduced in intensity or completely absent in
HSQC spectra of the complex. Residues that had
the intensity of their HSQC resonances reduced
significantly upon Pep-D1 binding, as compared to
the ligand-free spectra, were identified as follows:
for individual peaks, the ratio of peak intensities in
the absence and presence of peptide was deter-
mined and converted to a log scale. The resulting
distribution around the median is markedly skewed
toward the left. A window that included >90% of
the residues with ratios that were higher than the
median was applied to residues with chemical
shifts below the median. Only residues with a ratio
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lower than the median and that were not contained
within this window were considered to have under-
gone significant perturbation (according to these
criteria, only residues with a ratio that was reduced
to less than 0.65 of that of the median were con-
sidered to have undergone significant perturba-
tion). These residues include residues 94, 97, 112,
115,117,119, 120, 131, 132, and 135, the indole
resonance of Trp'19, and the side chain amides of
Asn'13 and Asn'35. The resonances of residues
95, 96, 98, 99, 100, 118, and 134 and the indole
resonance of Trp'18 were absent in the presence of
ligand. Control experiments, using the L-peptide
YGGRELPPLPRF-amide (36) resulted in 17 reso-
nances that were shifted by =0.1 ppm in the 'H
dimension or =0.5 ppm in the °N dimension (res-
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U.S.A. 92, 12408 (1995)].

H. Yu et al., Science 258, 1665 (1992).

R. F. Doolittle and P. Bork, Sci. Am. 269, 50 (1993);
A. V. Efimov, FEBS Lett. 355, 213 (1994); G. B.
Cohen, R. Ren, D. Baltimore, Cell 80, 237 (1995).
T. W. Muir, Structure 3, 649 (1995). .
The sequences of the resulting peptide ligands may
also be used to guide the design of biased synthetic
D-peptide and peptide-based libraries. Because of
the structural relatedness of SH3 domains and of
their L-amino acid ligands, biased libraries based on
the sequence or structure of D-peptide ligands for
the SH3 domain may contain ligands for a variety of
SH3 domains. Thus, D-peptide ligands for other SH3
domains may be obtained through the direct screen-
ing of appropriately biased synthetic D-peptide li-
braries with other L-SH3 domains.

C. Tuerk and L. Gold, Science 249, 505 (1990); A. D.
Elington and J. W. Szostak, Nature 346, 818 (1990).
L. C. Bock, L.C. Griffin, J. A. Latham, E. H. Vermaas,
J. J. Toole, Nature 355, 564 (1992).

This sequence corresponds to that of an L-peptide
known to bind to the L-SH3 domain (74), with an
NH,-terminal YGG added to facilitate concentration
determination (38).

J. P. Staley and P. S. Kim, Protein Sci. 3, 1822
(1994).

H. Edelhoch, Biochemistry 6, 1948 (1967).

H. Yu, M. K. Rosen, S. L. Schreiber, FEBS Lett. 324,
87 (1993).

G. Bodéenhausen and D. J. Rubin, Chem. Phys. Lett.
69, 185 (1980).

T. N. M. Schumacher, D. L. Minor Jr., P. S. Kim,
unpublished results.

We thank J. Pang for synthesis of some of the pep-
tides, D. Kantesaria for help in the construction of the
phage library, and Z. Maliga for help with affinity
measurements. We thank G. P. Smith (University of
Missouri at Columbia) for his kind gift of the FUSE-5
vector and accompanying protocols and B. Mayer
(Children’s Hospital, Boston) for the chicken c-Src
complementary DNA. We are grateful to B. M. Hag-
meyer and members of the Kim lab for their support
and suggestions. T.N.M.S. is a Howard Hughes
Medical Institute Fellow of the Life Sciences Re-
search Foundation. This research was supported by
the Howard Hughes Medical Institute.

21 September 1995; accepted 7 February 1996

1857





