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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. 

F o r  the purposes of drug discovery, there 
are potential advantages in the use of ge- 
netically encoded libraries, such as phage 
display (1, 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 11-restricted presentation 
to T helper cells (TH 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   rote ins com~osed 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 Be1 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 ~ermitted direct demonstration that 
these proteins do indeed have optical prop- 
erties, substrate specificity (lo), and a struc- 
ture (1 1) 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 

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- 

verkusen, Germany. quence of D-peptides that bind to the L-protein. 

and used to isolate L-peptide ligands that 
interact with it from a phage display library. 
The selection Drocess is ~erformed 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 (1 2). 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 prese~ed. Individ- 
ual clones were analyzed after four and five 
rounds of selection. In subsequent rounds, the 
incubation time between washes was increased 
(times of 0, 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- 
Dl. The other phage isolates obtained after four 
rounds of selection expressed one of the following 
two sequences: CKRWRGQALC (1 0 isolates) 
and CWYLGYWPGQEC (1 2 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 (CRNWC) 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 ELSA 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 CLSGLRLGLVJC 2 - 
fdsrc-2 CLMGLRLGLRC 4 12 
fdSrc-3* CEGFJLGLHC 1 - 

'This phage clone has an Ala to Arg substitution directly 
NH,-terminal to the insert region (26). 
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cause c-Src activitv is essential for osteo- 
clast-mediated boie 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 I1 
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 l i g ~ d s  (14). Thus, the identifi- 
cation of D-peptide ligands for SH3 do- 
mains from svnthetic o e ~ t i d e  libraries is 

A .  

unlikely to be successful in the absence of 
orior seauence 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 (1 9) was retained on an affinity column 
with the L-enantiomer of this oe~t ide  but 

A 

not with the D-enantiomer, which indicates 
that the interaction of the SH3 domain with 
its substrates is stereospecific (20). 

A phage library was constructed in 

which' random, 10-residue peptide se- 
quences were expressed at the NH,-termi- 
nus of the pIII 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 ( 1  4 ,  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 
domain contain a pair of Cys residues, a 

property that is not observed for the L- 
peptides that interact with the L-SH3 do- 
main ( 1  4 ,  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-Dl [(D)- 
RCLSGLRLGLVPCA] (25), which is the 
mirror image of one of the ~hage-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 (Kd) of 
63 yM. 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-Dl shows no detect- 
able binding activity in this assay (Kc, >> 
800 !AM), 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-Dl to determine the 
binding site of this D-peptide in the SH3 
domain. Residues in the SH3 domain that 
interact with Pep-Dl were identified 
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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-Dl are indicated in yellow (right). The structures were generated with the program Insight I I  
(Biosym). Coordinates for the SH3 domain were from (76). 

through changes in amide 'H or 15N 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 
Asp99 and Trp1la, 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-Dl 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-Dl 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 (TyrgO and Tyrg2), 
or that are adjacent to this pocket (Vala7 
and Leua9), are not perturbed upon binding 
of Pep-Dl (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-Dl 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, 1 l ) ,  for most proteins the 
synthesis of the full D-enantiomeric form 
will not be feasible because of size limita- 

tions on the likelihood of successful chem- 
ical synthesis. However, both intracellular 
and extracellular e rote ins 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. 

REFERENCES AND NOTES 

1. J. K. Scott and G. P. Smith, Science 249, 386 
(1 990). 

2. J. J. Devlin, L. C. Panganiban, P. E. Devlin, ibid., p. 
404; S. E. Cwirla et a/. , Proc. Natl. Acad. Sci. U.S.A. 
87, 6378 (1 990). 

3. M. G. Cull, J. F. Miller. P. J. Schatz, Proc. Natl. Acad. 
Sci. U.S.A. 89. 1865 (1992). 

4. L. C. Mattheakis, R. R. Bhatt, W. J. Dower, ibid. 91, 
9022 (1 994). 

5. B. A. Bunin, M. J. Plunkett, J. A. Ellman, ibid., p. 
4708; E. M. Gordon, R. W. Barrett, W. J. Dower, S. 
P. Fodor, M. A. Gallop, J. Med. Chem. 37, 1385 
(1 994). 

6. C. T. Dwley et aL, Science 266, 2019 (1994). 
7. T. J. Gill, H. J. Gould, P. Doty, Nature 197, 746 

(1 963); P. H. Mauer, J. kp. Med. 121 ,339 (1 965); F. 
Borek, Y. Stupp, S. Fuchs, M. Sela, Biochem. J. 96, 
577 (1 965); C. A. Janeway and M. Sela, Immunology 
13, 29 (1967); H. M. Dintzis, D. E. Syrner, R. 2. 
Dintzis, L. E. Zawadzke, J. M. Berg, Proteins 16,306 
(1 993). 

8. M. L. Pasteur. "Recherches sur la dissymetrie mo- 
leculaire des produits organiques naturels," m o n s  
Professees a la Societe Chirnique de Paris (1 860). 

9. For a review of the historical background of chirality 
in chemistry, see V. Prelog, Science 193, 17 (1 976). 

10. R. C. deL. Milton, S. C. F. Milton, S. B. H. Kent, ibid. 
256, 1445 (1 992). 

1 1. L. E. Zawadzke and J. M. Berg, J. Am. Chem. Soc. 
114, 4002 (1992); Proteins 16, 301 (1993). 

12. J. Schlessinger, Cur. Opin. Genet. Dev. 4, 25 
(1 994). 

13. P. Soriano, C. Montgomery, R. Geske, A. Bradley. 
CeI 64,693 (1992): C. Lowe et a/. , Proc. Natl. Acad. 
Sci. U.S.A. 90, 4485 (1 993): J. F. Seymour, Sci. 
Med. 2, 48 (1 995). 

14. H. Yu et al. , Cell 76, 933 (1 994). 
15. R. J. Rickles et al. , EMBO J. 13, 5598 (1 994); A. B. 

Sparks. L. A. Quilliam, J. M. Thorn, J. Der Channing, 
B. K. Kay, J. Biol. Chem. 269, 23853 (1994); C. 
Cheadle et al. , ibid., p. 24034. 

16. S. Feng, J. K. Chen, H. Yu, J. A. Simon, S. L. Schrei- 
ber, Science 266, 1241 (1994). 

17. W. A. Lim, F. M. Richards, R. 0. Fox, Nature 372, 
375 11 994). 

18. The 6-amino acid SH3 domain (sequence GGVTTF- 
VALYDYESRTETDLSFKKGERLQIVNNTEGDWWL- 
AHSLTTGQTGYIPSNWAPS, COOH-terminus, resi- 
dues 81 to 140 of chicken c-Src) (25) was synthe- 
sized on HMP resin (ABI/Perkin-Elmer) with an ABI 
431A peptide synthesizer and ABI fastmoc cycles 
Protected D-amino acids were obtained from 
Bachern California, Bachern Bioscience, Advanced 
Chemtech, and Novabiochern. For D-lle and D-Thr, 
the side chain enantiomers were used in which the 
chirality of the side chain is also inverted relative to 
naturally occurring L-Thr and L-lle. After completion of 
the synthesis, the NH2-terminus of the protein was 
rnodified with NHS-LC-biotin II (Pierce). After cleav- 
age, the protein was lyophilized, dissolved in 6 M 
guanidine-HCI, pH 6.0, and dialyzed against 100 mM 
NaHPO, and 100 mM NaCI, pH 6.0, with the use of 
dialysis tubing with a molecular size cutoff of 3500 
daitons (SpectraIPor). After dialysis, the material was 
spun briefly to remove insoluble debris, and the su- 
pernatant was subsequently dialyzed against 5% 
acetic acid and lyophilized. The protein was dissolved 
at a concentration of 3.3 mg rnl-' in tris-buffered 
saline (50 rnM tris, pH 7.5, and 150 mM NaCI) con- 
taining 1 rnM biotin. The protein was purified by affin- 
ity chromatography with a D-amino acid peptide li- 
gand (36) that was biotinylated and immobilized on a 
streptavidin-agarose column (Pierce). Chromatogra- 
phy fractions were analyzed by laser desorption mass 
spectrometry on a Voyager mass spectrometer (Per- 
septive Biosystems). Fractions containing material of 
the expected mass (expected. 7027 daltons; ob- 
sewed, 7027 to 7035 daltons) were pooled and dia- 
lyzed against water for 72 hours, lyophilized, and tak- 
en up in water at a concentration of 107 pglml. 

19. The residue numbering system is that of the full- 
length chicken c-Src protein. Residues 81 to 140 of 
chicken c-Src were cloned into the Hind Ill-Bam HI 
sites of the plasrnid pMMHb. In this plasrnid, proteins 
are expressed as afusion with a rnodified form of the 
TrpLE leader sequence in which the Met residues 
have been replaced with Leu and the Cys residues 
have been replaced with Ala (37), and a stretch of 
nine His residues has been inserted into the COOH- 
terminal region of the leader sequence. Expression of 
the fusion protein encoded by the plasrnid pMMHb- 
Src-SH3 was induced at an absorbance of 0.6 at 
600 nm by the addition of 0.4 rnM isopropyl-p-D- 
thiogalactopyranoside (IPTG) (Research Organics) to 
Escherichia coliBl21 (DE3) pLys S cells. After induc- 
tion for 2 hours, cells were centrifuged and inclusion 
bodies were isolated. Recombinant protein was pu- 
rified by resuspension of inclusion bodies in 6 M 
guanidine-HCI and 0.2 M tris, pH 8.7 (buffer A), and 
chromatography on a Ni2+ column (Ni2+-NTA-aga- 
rose; Qiagen). After elution, dialysis against water, 
and lyophilization, the fusion protein was dissolved in 
70% formic acid and cleaved with CNBr (37). Dia- 
lyzed and lyophilized material was subsequently tak- 
en up in buffer A and purified by chromatography on 
a Ni2+ column (after cleavage, the isolated SH3 do- 
main flows through the column, whereas uncleaved 
fusion protein and the cleaved TrpLE leader se- 
quence are. retained). After dialysis [against phos- 
phate-buffered saline (PBS) buffers of decreasing 
ionic strength and finally against water] and lyophili- 
zation, the punty and identity of the SH3 domain were 
confirmed by high-performance liquid chromatogra- 
phy (HPLC) analysis at neutral pH and by laser de- 

SCIENCE VOL. 271 29 MARCH 1996 



sorptlon mass spectrometry (expected. 6686 dal- 
tons; obsenfed, 6683 daltons). 

20. T. N. M Schumacher and P. S. Kim, unpubl~shed 
results. 

21. DNA encod~ng a 10-res~due random Insert w~th 
fiank~na Ser or Cvs res~dues (S/C-X.--S!CI was nre- 
pared i y  polyme;ase cha~n r ~ a c t o n ' ~ ~ ~ ) ' a m ~ l l i c a -  
ton of an 80-resdue ol~gonucleot~de 5'-C.TAT.TCT. 
CAC.TCG.GCC.GAC.GGG,GCTTTSCC(NNS),CCTSCC 
GCC.GCT.GGG.GCC.GAA.ACT.GTT.GAA-3' 'where 
S = C/G and N = A:TlC/G, w~th botinyated primers 
as described (22). After p~rrif~cation of the PCR prod- 
i ~ c t  and digest~on with Bgl I the end pieces were 
removed viith sireptav~din-coated agarose beads 
(P~erce), The library was made by lhgation o i  the ran- 
dom PCR product Into Sfi i-cut Fuse 5 vector. The 
llgat~on product was transferred into electrocompe- 
tent MC1061 cells w~th a Bo-Rad E coil puser, y~eld- 
ng  an'n~t~al lbrary of 3.6 X 10, transformants. The 
transformat~on mxture was sirbsequently d~luted to a 
volume of 400 mi of LB and 20 yg m - '  of tetracyclne 
and grown for an add~tonal 14 hours. A phage stock 
was prepared by two successive polyethylene glycol 
prec~pitat~ons of the culture supernatant. The ran- 
domness of the inserts was confirmed by sequence 
analysis of Individual clones. We subsequently used 4 
x 1 0'"tansforming units to infect Kg1 -kan cells to 
generate an ampfled library. The quality of the library 
was confrmed by select~on of phages that expressed 
inserts that interact w~th the lectn concanavan A [K. 
R. Oldenburg D. Loganathan, I. J. Goldste~n, P. G. 
Schultz M. A. Gallop, Proc. Natl Acad. So. U.S.A. 
89, 5393 (1992). J. K. Scott, D. Loganathan, B. Eas- 
ley, X. Gong. I .  J. Godstein, ~ b ~ d . ,  p. 53981. 

22 G. P. Smth and J. K. Scott, Methods Enzymol. 217, 
228 (1 993). 

23. Sequence analysis of a small number of ~solates 
after four rounds of selection with the L-SH3 do- 
main revealed the following two peptide sequenc- 
es: CLARSRLPAIPS (n~ne ~soates) and SRMSPLV- 
PLRNS (one  sola ate). The sequences of these pep- 
tides have features consistent wth those described 
for class I and class 1 hgands of the c-Src SH3 
domain (14, 15). 

24. S~ngle wells of a fiat-bottom 96-well h~gh-bnd~ng 
styrene plate (Costar) were coated overnght w~th 10 
yg of streptav~d~n (P~erce) In 100 yl of 100 mM 
NaHCO, at 4'C. The wells were washed w~th water 
and Incubated w~th I 0 0  yl (10.7 kg) of botnylated 
D-SH3 for 1 hour at 20cC, blocked for 2 hours wlth 
d~ayzed b o ~ ~ n e  serum abumn (BSA) (30 mglm) n 
100 mM NaHCO,, and agaln Incubated wlth 100 yl 
(1 0.7 ~ g )  of botnylated D-SHY for 1 hour. Ungand- 
ed streptavldn was blocked by the addition of 8 G I  of 
5 mM b ~ o t n  n trs-buffered salne (TBS) for 30 mn.  
The wells were subseo,trentIy washed f~ve tmes w~th 
PBS and 0.1 % Tween-20 and Incubated w~th 00 yl 
of the phage stock (211 and 50 yl of TBS. 0.1% 
Tween-20, BSA (I mg/ml). and 0.05% NaN,. Wells 
were then washed by SIX add~t~ons of 200 y of TBS, 
0.1% Tween-20, and 1 mg mi-' of BSA, w~th In- 
creasing ~ncubaton tmes n the later rounds of the 
selecton procedure (Table 1) Bound phage part- 
cles were eluted by the addt~on of 100 y of D-SH3 
pept~de gand [sequence (D)-YGGRELPPLPRF- 
amide (36) for 15 min at 4"C, at af~nal concentration 
of 700 to 1000 yM pept~de. The eluate was used to 
Infect K91-kan cells. Ac~d elut~on of phages n the 
screen gves no detectable preferenta bndng to 
D-SH3-coated wells after four rounds of select~on. 

25. S~ngle-letter abbrev~at~ons for the amino ac~ds are as 
follows: A, Ala; C, Cys; D, Asp, E, Glu F. Phe: G, Gly: 
H, HIS; I, e ;  K, Lys; L, Leu, M. Met; N,Asn, P, Pro: Q, 
Gn, R. Arg; S, Ser; T, Thr; V. Val; W, Trp, and Y, Tyr. 

26. Pep-Dl corresponds to the fdSrc-1 Insert CLSGL- 
RLGLVPC (Table 1) (25), w~ th  the COOH-termnal 
Ala that is present 11- all flank~ng sequences. The 
Aig mmed~ately pieceding the f~rst Cys res~due 
was obseived n the fdSrc-3 sequence (Table 1). 
The presence of Arg and Lys resdues close to the 
NH2-term~nus of secretoiy and transmembrane 
protens negatvey affects prote~n translocaton [D. 
Boyd and J Beckw~th, Cell 62, 1031 (1990)l. In 
addition, a selection aga~nst Arg res~dues n the 
NH,-terminal pari of phage p l l  fusions has been 
observed [B. C. Cunn~ngham, D. G. Lowe. €3. Li, B. 

D. Bennett, J. A. Wells, EMBO J. 13, 2508 (1 99411. 
The Ala to Arg mutation In ths clone may thus 
Increase the aff~n~ty of the inseri sequence for the 
D-SH3 doma~n and could Improve the sol~rb~l~ty of 
the pept~de: t was therefore included n the syn- 
thetc peptde For aff~nty measurements, an NH,- 
termnal D-Tyr was added to the pept~de for con- 
centrat~on determinaton (38). The pept~des w~th  
and without the NH,-terminal Tyr were a~r-oxidzed 
n 100 mM tris. pH 8.0. for 48 hours at a concen- 
traton of 1 mglml. Oxidzed peptde was pi~r~fied by 
reverse-phase HPLC w ~ t h  a C,, column and a wa- 
ter-acetonitr~le gradient in 0.1 56 trfuoroacetic acid. 
The identity of the products was conf~rmed by laser 
desorption mass spectrometry. 

27. F. A. Gomez, J. K. Chen, A. Tanaka, S. L. Schreber. 
G. M. Wh~tes~des, J. Org. Chem. 59 2885 (1994). 

28. The aff~nity of Pep-Dl for the L-SH3 doma~n was 
determ~ned by a compettve enzyme-l~nked Immu- 
nosorbent assay (ELSA). S~ngle wells of a 96-well 
plate were coated w~th 5 ~g of the L- SH3 doma~n (I,  
22). Wells were blocked w~th BSA and phages ex- 
pressng the L-SH3-bindng Insert CLARSRLPAIPS 
(23) were allowed to b~nd  ~n 10 mM NaHPO,, pH 7.2 
I 5  mM NaCl 1 mglm of BSA 0.00% NaN,, and 
0.1% Tween-20 n the presence of increasing 
amounts of competitor peptide Phage b~nding was 
quant~fied with a rabbit M I3  antibody (Stratagene) 
and alkaline phosphatase-abeed goat ant~body to 
rabbit immunoglobulins (Pierce), with a fresh solution 
of p-n~tropheno phosphate as substrate. Absor- 
bance at 41 0 nm was determ~ned w~th a Dynatech 
m~crotter plate reader. T~trat~on cuwes (means of trp- 
icates) were obtained for the I--pept~de gand YG- 
GRELPPLPRF-am~de (36) and the D-peptde ligand 
Pep-Dl [sequence ID)-YRCLSGLRLGLVPCA] In the 
presence and absence of 25 mM dithiothre~tol. Rea- 
tlve values foi KO were obtained as described [D. L. 
Minor Ji. and P. S. Kim, Nature 367.660 (1994)l. The 
K, of the L-peptide YGGRELPPLPRF-amide )was de- 
term~ned to be 6.0 yM by drect tryptophan fluores- 
cence spectroscopy. A souton of the pept~de was 
ttrated Into 1 GM SH3 soluton In 15 mM NaCl and 10 
mM NaHPO,, pH 7.2. Tryptophan fltrorescence was 
Induced by exc~taton at 295 nm (5 nm sl~t w~dth), and 
emsslon was measured at 339 nm (1 0 nm sit w~dth), 
w~th a H~tach F-4500 fluorescence spectrometer. 
The d~ssocaton constant was determned by Scat- 
chard analys~s. 

29. Unformy (295%) '"N-labeled SH3 doman was 
obta~ned by growng E coil harborng the pasmd 
pMMHb-Src-SH3 (79) In M9 medum supplement- 
ed w~ th  ('SNH,),SO, (99.7% '"; Isotec. M~arn~s- 
burg, OH). Upon reachng an absorbance of 0 6 at 
600 nm, cells were Induced for 4 hours with 0 4 
mM IPTG. The proten was p ~ r r ~ f e d  as descrbed for 
the unlabeled materal (19). Spectra were collected 
on a Bruker AMX 500 MHz NMR spectrometer. 
Resonance ass~gnments were made by standard 
methods [K. Wuthrch. NMR of Protefns and Nucle- 
1cAc1ds (Wey .  NewYork, 1986); L. P. Mclntosh, A. 
J. Wand D. F. Lowry, A. G. Redf~eld. F. W. Dah- 
qust, Biochem1stry29, 6341 (1990)l and were con- 
sstent w~ th  the assgnments foi c-Src SH3 (39). 
The pept~de Pep-Dl was added to a solut~on con- 
taning the '5Nlabeled SH3 domain to a ratio of 
1 . 5 : l  (peptide:proten) In 10 mM phosphate, pH 
6 0, at 298 K, heteronuclear sngle quantum coher- 
ence (HSQC) spectra (40) of the ~rncomplexed and 
compexed form were compared. There were no 
resonances w~th  chem~cal shifi d~fferences >0.04 
ppm in the 'H d~menson or >0.17 ppm In the '"N 
d~mension. However a number of resonances 
were reduced In ~ntens~ty or completely absent n 
HSQC spectra of the complex. Res~dues that had 
the Intensity of their HSQC resonances reduced 
s~gnf~cantly upon Pep-Dl b~nd~ng,  as compared to 
the I~gand-free spectra, were dent~fled as follows 
for ~nd~vdual  peaks, the ratlo of peak ntenstes 
the absence and presence of pept~de was deter- 
mned and converied to a log scale. The result~ng 
distrbution around the median IS markedly skewed 
toward the left A w~ndow that Included >90% of 
the res~dues w~th rat~os that were h~gher than the 
med~an was applied to residues w~th  chem~cal 
sh~fts below the med~an. Only residues with a ratlo 

lower than the medan and that were not conta~ned 
w t h ~ n  th~s w~ndow were cons~dered to have under- 
gone s~gn~f~cant peri~rrbation (according to these 
crlterla, only res~dues w~th  a ratlo that was reduced 
to less than 0.65 of that of the med~an were con- 
s~deied to have undergone s~gnif~cant perturba- 
tion). These residues Include resdues 94, 97, 112, 
11 5, 11 7, 11 9, 120, 131, 132, and 135, the Indole 
resonance of Trp"" and the s~de chain amides of 
Asn113 and Asni3". The resonances of res~dues 
95, 96, 98. 99, 100, 118, and 134 and the indoe 
resonance of Trpii5 were absent n the presence of 
ligand. Control experiments, using the L-pept~de 
YGGRELPPLPRF-amde (36) resulted n 17 reso- 
nances that were shifted bv 20.1 m r n  n the 'H 
dimension or 20 .5  ppm in the 15N dimension jres- 
idues 87, 89, 90, 92, 96, 98 99, 100 109, 11 I, 
114.116,119 121 131,132,and130 the~ndole 
resonance of TrpilY and the s~de cha~n am~des of 
Asn'I3 and  AS^'^"). Five resonances (95 97. 11 7. 
11 8, and 134) were absent In HSQC spectra of the 
complex. To vadate the approach chosen to Iden- 
t fy res~dues that Interact w~ th  Pep-Dl , we appl~ed ~t 
to the spectra obtaned w~th  the peptide L-YG- 
GRELPPLPRF-am~de (36). With this approach no 
new residues were identified that Interacted w~th  
this peptde. The effect of pept~de bind~ng on the 
chemical sh~ft of ProqSS which forms part of pocket 
B, cannot be observed In this type of experiment. 
Attenuation of chemical shfts was interpreted to 
~nd~cate sltes of peptde-protein nteractons. It IS 
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