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ABSTRACT Using a “one-bead one-peptide” rombinatorial peptide library method, we have 
been able to identify peptide ligands that interact specifically with various macromolecular targets 
such as monoclonal antibodies, streptavidin, avidin, MHC-Class I molecules, proteases, growth 
factor receptors, and gpllbillla integrin. In this paper, we test the hypothesis that small peptides 
that interact specifically with a small organic molecule can also be identified using this combina- 
torial peptide method. Using a small organic dye molecule, indigo carmine, as a color probe to 
screen a random L-heptapeptide and two D-hexa and octapeptide libraries, we were able to identify 
a specific peptide binding motif. Potential applications of this technology are described. 
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INTRODUCTION 

Enormous progress has lieen inade on com1)ina- 
torial library methods in the past five years. It is a 
powerful tool for facilitating the drug discovery pro- 
cess as ~ l l  as providing important infoi-ination for the 
fundainental understanding of molecular recognition 
[Jiing and Reck-Sickingel-, 1992; Pavia et al., 19931. In 
general, three main combinatorial peptide library 
methods for generating huge peptide-libraries ai-e 
availablc: (1) biological peptide libraries with filaincn- 
tous phage [Scott and Smith, 1990; Cwirla et al . ,  
1990; Devlin et al., 1990; Felici et a]. ,  19911 or plas- 
mid [Cull et al., 19921; (2) the com1)inatorial pcptidc 
library method, with an iterative process [ Geysen et 
al., 1986, 1987; Houghten et a ] . ,  1991; Owens et al., 
1991; Blake and Litzi-Davis, 19921 or positional scan- 
ning [Dooley and Hoiighten, 19931; and (3)  peptide 
library methods based on a “one-bead one-peptide” 
concept, or the “Selectide process’’ [Lam et al., 1991; 
I,am and T,ebl, 1992; Salmon et a]., 1993; Lam ct al. 
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1993a,b]. These various methods have both advaii- 
tages a i d  disndvaiitages. Over the last few years, we 
have successfully applied the “Selectide process” in 
the identification of peptide ligands (L- or D-amino 
acid oligoiners? that interact specifically with various 
targets S I I ~ I  a s  inoiioc:loiial antibodies [Lain e t  al. 
1991; Lain et al. 1993a; Lam et al. 1993b1, streptavi- 
din [Lain et al., 1991; Lain and Lebl, 19921, avidin 
[Lain and Lebl, 19921, gpIIb/IIIa intcgrin [Salmon et 
a]. 19931, MHC-class I inolecules, proteases, a11d 
growth fictor receptors (Lam et al, unpuljlished re- 
sults). Howcvcr, all of these targets are protein inac- 
i-omolecules. Kecently, using related methods, pep- 
tide ligands specific fin- an “artificial receptor” 
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[Borchardt and Still, 19941 or metal ion [Kramer et 
al., 19931 were reported. In this paper we report the 
identification of both L- arid D-amino acid containing 
peptide ligaiids that interact specifically with a small 
organic dye, indigo carmine. Since the prohe itself is 
an intense indigo color, 110 further reporting group is 
needed, and the screening proccss is extremely sim- 
ple and rapid. 

PEPTIDE LIBRARY SYNTHESIS 

Peptide lil>rary synthesis was accoinplished by 
the “split synthesis” inethcid [Lam et al., 1991; Furka 
et al., 19911 as descrilied. TentaGel S (Kapp, Cer- 
inany) and Fmoc chemistry [Atherton and Sheppard, 
19881 were used in tlie synthesis of the raiidoni pep- 
tide libraries. TerrtaCel S already has a polyoxyethyl- 
ene linker and tliercfore no further linker is needed in 
the synthesis of the library, although oiie glyciiie was 
coupled to the resin prior to synthesis of tlie D-hex- 
ainer- or octamer-libraries. The resins were first di- 
vided into 19 equal aliquots and four-fold excess of 
each Finoc-protected amino acid was added to each 
aliquot (all 19 amino erikaryotic amino acids except for 
cysteine; in sonie experiments, D-amino acids were 
used). Tlie coupling reaction was initiated by  tlic ad- 
dition of berizotriazolyl-oxy-trisdiinethylaiiiiiio-plios- 
phoniuin hexafluorophosphate (BOP) and N-hydroxy- 
henzotriazole (HOBt). Coupling was allowed to 
proceed for an hour. A ninhydrin test [Kaiser et al.; 
19691 was used to evaluate the completion of the cou- 
pling reaction. On rare occasion, double coupling may 
be needed to ensure completion of thc reaction. TIE 
resins were then mixed, washed, and the Fmoc group 
removed with 20% piperidine (v/v), washed, and di- 
vided into 19 aliquots again. The coupling process was 
repeated until a library of desired peptide length was 
completed. The side cliaiii protecting groups were 
then removed with a mixture of trifluoroacetic acid- 
phenol-ailisole-ethanedithiol (94:2:2:2; vlwlvlv) as de- 
scribed [Lain et al., 1991; Lain and Lehl, 19921. 

PEPTIDE LIBRARY SCREENING 

After deprotection, the peptide library was 
washed extensively with doubly-distillcd water to re- 
move the DMF prior to screening. The beads were 
washed rising PBS with 0.1 % Tween 20. Ail alicliiot of 
the library (approximately 300,000 lieads) was then 
inised with indigo carmine (5 pg’inl) in 2 x PBS with 
0.1% Tween 20. Within 2 h,  some deep iiidigo/l)lue 
color heads were readily identified. It was riot neces- 
sary to remove the free dye in the incubating mixture 
as the background color was extremely faint. Tlie ma- 
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Figure 1. Chemical structure of indigo carmine.  

jority of the k a d s  in the lihrary were colorless. The 
darkly colored beads were thcn physically isolated 
with a micropipette, washed with doubly distilled wa- 
ter, arid subjected to microscquencing as describccl 
[Lam et al., 1991; Laiii and Lebl, 19921. 

RESULTS A N D  D I S C U S S I O N  

Indigo carinine was chosen as the niodel small 
molecule target bccause it is (1) a relatively siiiall or- 
ganic niolecule (MW = 466.56), (2) water soluble, 
and (3) intrinsically colored. Therefore 110 further re- 
porter group is needed for detection. l‘hc molecular 
structure is shown in Figure 1. It consists of a rela- 
tively hydrophobic planar sti-iictiire with two nega- 
tively charged sulfonic acid groups, thus  providing 
multiple potential interaction sites for a sinall pep- 
tide. Tahle 1 showed the ligands idcntificd from ail all 
L-amino acid hepta- and two all D-aniino acid Ii taxi i -  

and octa-peptide libraries. It is immediately apparent 
that a specific motif ‘‘ + 000 + ” is readily identifiable 
(where + = lysinc or arginine, arid 0 = 1 7 ,  I, L, Y, F, 
or hl). The two positively chargcd amino acids (with 
boldface in Table 1) were iisiially separated by three 
intervening residues, at least tw7o of which were liy- 
tlropholiic. These two positively charged residues 
probably interact with the tw7o siilfonic acid groups, 
whereas the hydrophobic residues in between tlie 
lysine or arginine probably interact with the ring 
structure of the indigo niolecule. Not  surprisingly, 
similar inotif was identified for both L- arid D-amino 
acid peptide libraries since the indigo inolecule i s  pla- 
nar and symmetrical. 

111 order to uiderstaiid this iiiteractioii further 
a i d  in an atteiiipt to isolate peptide ligaiids with 
higher afhiities, a secciiidary 1il)rtiry with the motif 
“X+ 000 + X” ( ~ l ~ e r e  X = 1.5% none, and 8,595 all 19 
I,-amino acids except cysteine; + = SO% K and 50% 
R; 0 = 15% each of V, I, L, M ,  F, Y, and 10% G) was 
synthesized and screened. Interestingly, less than 
10% of the library was stained, despite the fact that 
every single bead has two positively chargcd ainino 
acids. This iiidicates that a positively charged peptide 
alone is insufficient for interaction with the indigo dye 
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TABLE 1. Peptide Ligands 
Identified From the Primary 
Screen With Indigo Carmine 

L-l i brary D-libraries 

7-mer 8-mrr 
YKVVYKL ikivyrfr 
VTKllFK akwkwvyr 
LTKLVLK ykvvyr i s 

vkkmb i ki 
6-rner 

klilkf 
wlikrnk 

TABLE 2. Peptide Ligands Identified From a Secondary Screen 
With Indigo Carmine 

Seconddry peptide x + 000 + x 
where X = 15% none, 85% all 19 

amino acids except cysteine 
+ = 50% K, and 50% R 
0 = 15% each of V, I, L, M, F, Y, 
and 10% C 

library 

Ligands isolated KKVVIKV 
IKYllKW 
IKVVYKF 
WKLVVKR 

molecule, especially uiidcr thc current condition of 
screening where high salt (0.26 h.1 NaCl) was used to 
minimize non-specific ionic interactions. Non-specific 
hydrophobic interactions, on the other hand, wrtre 
suppressed b y  incorporating 0.1% Triton X-100 (a 
lion-ionic detergent) in the screening medium. Table 
2 shows the results of the secondary screening. Only 
four stroiigly positive heads were sequenced. All of 
them haw a preference for lysine over argiiiinc. 

Besides this hepta-peptide Iilniry: we have also 
screened a random all L-amino acid tetra- arid p i t a -  
peptide library. However, only extremely f:iiint color- 
beads were identified, suggesting that a tctrd- or 
penta-peptide may be too short to allow any signifi- 
cant and specific interaction with the indigo inolecule. 
We have also done similar studies on several other 
organic dye molecules. Many of them either did not 
stain any head to a significant extent or the staining 
was so rion-specific that approximately 10 to 40% of all 
beads in a random heptapeptide library were stained. 
In fact, indigo carmine is rather u~iusual in that only 
a very siiiall portion of the randoin lib-ary was 
strongly stained with this organic dye. We have also 
resynthesized the positive ligands for indigo carmine 
on beads arid stained the peptide-beads under various 
conditions. Interestingly, strong staining was de- 
tected under neutral, or acidic aqiicwiis conditions 
(0.1 hl HCI), a i d  even in organic solvents such as 
dimethylsiilfoxide 01- dimethylformainide (clatw not 
shown). Work is currently underway to dcterminc the 
affinities of these peptide ligaiids to this organic dye 
molecule. 

CONCLUSIONS 

This paper illustrates that specific peptide 
ligands which interact with a sinall organic inoleciile 
can be readily identified with the “Selectide process. ” 
Potentially, this method can be used to develop bind- 
ers for sinall molecules such as drugs. These hinders, 

if specific and ~ i t h  high affinity, could potentially be 
useful as diagnostic reagents, biosensors, antidotes for 
drug overdose, or perhaps as binders for detoxifying 
environmental contaminants in  water. Ftirtherinore, 
inforiiiation gained from such studies will undoubt- 
edly help us in the fundamental iinderstanding of ino- 
lecular recognition. 

ACKNOWLEDGMENTS 

K.S.1, .  is a Scholar of the Leukemia Society of 
?4merica. This work is supported by the Selectide 
Corporation. We thank Ms. Cindy Ryan for secre- 
tarial assistance. 

REFERENCES 

Athcxrton E,  Sliepp;ir~l PC (1988) Solid Phase Peptide Synthcsis, ,\ 
Practical A p ~ ~ r o x l i .  Oxford: IKL Press. 

Blake J ,  Litzi-Davis L (1992): Evaluation of peptide 1il)raries: A n  
iterative strategy to analyzc~ the reactivity of peptidc mixtiu-cs 
with ;nit i ldic~s.  Rioconj C h i n  :3:510-513. 

Borchxtlt ’4, Still WC: (1994;: SyntIic.tic rweptic binrling eluci- 
tlatcd with N and cotled with com1,inatorial 1iI)rai-y. J AIII  (:liein 
Soc 116:373-374. 

Cull MG: Miller JF,  Schatz PJ (1992): Screening for rewptor 
l i p i d s  usiiig large lilxiries of peptides linked to tht: C teriiiiiiiis 
of the I x  rc l~rcssw.  Proc Yatl A(.utl Sci USA 89:1865- 1869. 

CwirIa SE. Pcters EA. Barrett KW,  Dower \VJ il9YO): Peptides on 
phage: A vast library of peptides fbr identifying ligands. Proc 
N d  Acad Sci l J S A  87:6378-6382. 

llrvlin JJ,  Pangaiiilxm I K ,  Devliii PE (1990): liandom pcptide 
liliraries. i\ source of specific proteiii hindiiig nrolecules p e p  
tides froin a hexapeptide epitope library. Science 249:404-406. 

lloolel; CT, Houglitt.ii KA (1YY3): The use of positional scanning 
synthetic peptide co~iitiinatorial liliraries fou the rapid dctcrmi- 
nation of opioid receptor Iigands. Lik Sci 52:  1509-1317. 

Felici F. Castagnoli L, Miisacchio A, Jappelli R, Cesareni G 
(1991): Selection of iintihody ligimds from a large lihrary of oli- 
gopeptitles expressed on a multivalent exposition vector. J Mol 
I3io l  222:301-310. 

Fiirka A, Selx1styc.n F, Asgrdoin hr, Dibo C, (1991): Gcnc:ral 



160 LAM ET AL. 

method for rapid synthesis of miilticoiiiporietit peptitlc- mix- 
tures. Int J Pept Protein Res 37:487-493. 

Geyseii HM, Rodda S, Mason TJ (1986) A priori delineatioii of a 
peptide which mimics a disc.ontinuoLIaiiioLi~ antigenic dcterminant 
Mol Immunol 23:709-7 13. 

Geyseii HLI, Rodtla S, Mason T, Tribbick G, SchoofS P (1987): 
Strategies f& cpitopc an‘ilysis using peptick syiitlicsis. J Iminu-  

Houghtr:n HA, Piriilla C, Blondelle SE, Appel JR,  lloolcp CT, 
Cuctrvo J H  (1991): Generation and use of synthetic peptide con-  
biriatorial liliraries for basic rcscarch and drug discovery. Nature 
3.54:84-\%5. 

-Sickinger A (1992): .IIiiltiple pcptide s!.iithcsis 
niethods aiid their applicntions. Angew Chem Int Ed Engl 31: 
367-383. 

Kaiser E, Colt.scott RL, Bossitiger CD, Cook PI (1969): Chlor test 
for detection of free terirriiial ainino groitps in thc solitl-phusr 
syiitliesis of peptides. h a l  Biochein :34:595-5!)8. 

Kramer A, Volkmer-Engert K ,  Malin K,  Keineke I!, Schneitler- 
Mergciier J (1993): Simriltarreoris synthesis of peptide liln-uties 
on single resin and continitoils cellulose mcwil)r;ine siipports: 
Euatnplcs for tlir itlmtification of p-otc~in, iiwtwl ant1 IINA liind- 
itig pcptidc i1iixturc.s. Pep Kcss 6:311-319. 

Lain KS, Lelil 51 (1992): Streptavidin ant1 avitliii  rccognizci peptide 
ligaiids with different inotif.. ~iiimunometliods 1: 11-15, 

1101 hlt~thotls 102:259-274. 

Lain KS, Salmon SE, IIersh EM, Hriihy VJ, KaziiiiersLi W5,l. 
Knapp RJ (1991): A II(W typc: of synthetic peptide librai-) for 
iclentifying ligaiid-l)iiidiug acti\ it). Nature 354:82- 81. 

1,:iiii KS, Lehl kl. Krchfiiik V, Wade S, Abdul-Latif F, Ferguson R, 

coiitaiiiitig ligands with SPlectide technology. Gcne 107:13-16. 

Lain KS, Hritliy I’J, Leld M, Ktiapp RJ, Kamiierski Wh.1, Hers11 
12): The. chemical synthesis 0 1  largc ran- 

tloiii peptide libraries and their use for the discovery of ligitntls 
fiir i i ia~roinolecii lar acceptors. Bioorg )led Chem Lett 3:419- 
424. 

Owens H A ,  Cesellclieii 1’D. EIouchins BJ, IIiMarclii KU (1 991): 
The rapid idcntificatioii of lII\T protease inhilitors through the 
syiitliesis and sci-eetiiiig of defined pcpticle mixtur-es. Biochern 
Hiophys Rrs C ~ o m m u n  181:102-408. 

Pu\.ia klR, Sawyer TK, \loo.; W11 (1993): Thc gc’iicration of mo- 
I(.cul:ir diversity. Bioorg S 1 d  <%em Lett 3:387-396. 

Sahioti SE, Latii KS, Lebl 11, Kandola A, Khattri PS, W’atfc S, 
l’atek \I. Kocis P. Krclifidk Y, Thorpc D; Fcldcr S (1993). Dis- 
covery of I~iologically active peptidvs i t i  randoin 1iI)rarics: Solrl- 
tion pliase testing after staged orthogonal rc:lcwe fi-onl resin 
lieads. Proc Natl Acad Sci USA 9O:117O8-11712. 

Scott J K ,  Smith CP (199O): Svarcliiiig for pcptitlc ligantls with an 
epitope library. Science 249:386-390. 

.~iuocrea _ .  C, Wertman K (1993~): Ijiscovery of 11-amino-acid- 




