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Investigation of antigen-antibody interactions using a soluble, non-support-
bound synthetic decapeptide library composed of four trillion (4 x 1012)
sequences
Clemencia PINILLA, Jon R. APPEL and Richard A. HOUGHTEN*
Torrey Pines Institute for Molecular Studies, 3550 General Atomics Court, San Diego, CA 92121, U.S.A.

A decapeptide positional-scanning synthetic-peptide combina-
torial library (PS-SPCL) made up of four trillion (4 x 1012)
decapeptides was synthesized; its use is illustrated here for the
study of a peptide-antibody interaction. This library was pre-
pared by a chemical-mixture -approach using a specific ratio of
amino acids empirically determined to give approximately equi-
molar incorporation of each amino acid during each coupling
step. Despite the immense number of decapeptides making up
each peptide mixture [approx. 200 billion (2 x 1011)], specific
sequences having nanomolar affinities for a peptide-antibody
interaction could be readily identified. Upon screening this
decapeptide PS-SPCL in this well characterized system, the
known six-residue antigenic-determinant sequence was found,

INTRODUCTION

Current methods that use millions of peptides in various formats
to identify individual peptides of diagnostic and therapeutic
interest (Geysen et al., 1986; Cwirla et al., 1990; Devlin et al.,
1990; Houghten et al., 1991; Lam et al., 1991; Cull et al., 1992;
Lowman et al., 1992; Pinilla et al., 1992; Dooley and Houghten,
1993) rely upon the inherent selectivity of biological receptor
systems. Unlike the majority of these approaches, synthetic
peptide combinatorial libraries (SPCLs) (Houghten et al., 1991,
1992), which use an iterative selection and enhancement process

to define the most active sequence, are composed of soluble, non-

support-bound hexapeptides that can be used in virtually any

existing bioassay. SPCLs have been successfully used for the
identification of antigenic determinants (Appel et al., 1992;
Houghten et al., 1991, 1992; Pinilla et al., 1993a), novel peptide
ligands for the opioid receptor (Dooley et al., 1993; Houghten
and Dooley, 1993), enzyme inhibitors (Eichler and Houghten,
1993), and highly potent antibacterial peptides (Houghten et al.,
1991, 1992; Blondelle and Houghten, 1994).
A conceptually different approach, which we have termed a

positional-scanning SPCL (PS-SPCL), substantially shortens the
timeframe required for the identification of high-affinity peptide
sequences. In earlier work, the use of hexapeptide PS-SPCLs
has enabled the identification of highly specific and active
sequences in a single assay involving antigen-antibody (Pinilla et
al., 1992) and receptor-ligand (Dooley and Houghten, 1993)
interactions. In order to test the limits of the PS-SPCL approach,
we have synthesized an L-amino acid decapeptide library and use

it in the study of a peptide-antibody interaction. The monoclonal
antibody (mAb 17/9) used in the current study was raised

with the most specific residues appearing to 'walk through' the
-ten positions of the peptide library. More importantly, it appears
that antibody recognition in this system is stronger when the
antigenic determinant is located at the C-terminus of the deca-
peptide library. Individual decapeptides corresponding to
sequences derived from the most active peptide mixtures at each
position were synthesized to confirm the results of the screening;
15 peptides were found to have IC50 values between 0.6 and
9.5 nM, four of which were found to be 5-10 times more active
than the known six- and 13-residue control peptides. These
results further illustrate the power of the positional-scanning
peptide library concept, and extend its practical range to a
decamer library-composed of four trillion.(4 x 1012) decapeptides.

against a 36-residue peptide from the haemagglutinin of
influenza virus (HAl 75-110), and was found to recognize a 13-
residue region using overlapping peptides (Wilson et al., 1984).
The specificity and relative positional importance at the amino
acid level of the antigenic determinant -DVPDYA- of this
peptide-antibody interaction have been well characterized using
a complete set of substitution analogues (Pinilla et al., 1993b). It
was found that the two aspartic acid residues and the tyrosine
residues at positions 1, 4 and 5 respectively were virtually
irreplaceable if antibody binding was to be maintained. Con-
versely, the valine, proline and alanine residues at positions 2, 3
and 6 respectively were found to be replaceable to various extents
by other amino acids. This prior knowledge of the specificity of
this peptide-antibody interaction at the amino acid level
facilitates the analysis of the results obtained upon screening the
enormously diverse peptide library described in the present
study. The screening of this decapeptide PS-SPCL against a
known interaction also serves as a foundation for its use in other
systems.

EXPERIMENTAL

Peptides synthesis
The ten positional peptide libraries of the decapeptide PS-SPCL,
as well as subsequent peptide mixtures and individual peptides,
were synthesized using simultaneous multiple peptide synthesis
methodology (Houghten, 1985; Houghten et al., 1986), methyl-
benzhydrylamine polystyrene resin, and t-Boc protected L-amino
acids. Peptide mixture resins were prepared using a predetermined
ratio of 18 of the 20 natural amino acids coupled as a mixture
(Dooley and Houghten, 1993). Mixtures used as reference

Abbreviations used: mAb, monoclonal antibody; PS-SPCL, positional-scanning synthetic-peptide combinatorial library; the terms 'billion' and
'trillion' retain their 'U.S.' meanings of 109 and 1012 respectively.

* To whom correspondence should be sent.
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Figure 1 Screening of the decapeptide PS-SPCL for the ability to Inhibit the binding of mAb 17/9 to the antigenic peptide Ac-YPYDVPDYASLRS-NH2

Each panel represents one of the ten positional SPCLs (i.e. position-i SPCL is Ac-O1XXXXXXXXX-NH2). Amino acids in the defined positions are represented on the x-axis of each panel by their
single-letter code. The IC50 of the most effective peptide mixture at each position of the decapeptide library was normalized to 1.0 (y-axis), and the remaining peptide mixtures adjusted using the
same factor.

standards were prepared by the divide, couple and recombine
method (Houghten et al., 1991, 1992) and used as equimolar
standards. Amino acid analysis showed the presence of each
amino acid in approximately equimolar concentration (± 25 %).
The cleavage and extraction of individual peptides and peptide
mixtures from the resin was carried out as described (Houghten,
1985; Houghten et al., 1986, 1992). Purity and identity of
individual peptides were characterized by reverse-phase h.p.l.c.
and laser-desorption mass spectrometry, respectively. Assuming
an average M, of 1200 and a peptide mixture concentration of
10 mg/ml (8 mM), the concentration of each individual peptide
within each peptide mixture is 40 fM.

E.i.i.s.a.
The competitive e.l.i.s.a. was carried out as described previously
(Pinilla et al., 1993b). Briefly, 50 41(2 ,uM) ofthe antigenic peptide
Ac-YPYDVPDYASLRS-NH2 was adsorbed to microtitre plates
at 100 pmol/well. After blocking the plates with 1% BSA/PBS,
25,l (8 mM) of each peptide mixture of the decapeptide
PS-SPCL was added and serially diluted before adding 25,ul of
mAb 17/9 to each well at a previously determined dilution. The
concentration of peptide mixture necessary to inhibit 500%
antibody binding (IC50) was then determined. IC50 values were

calculated using Graphpad (ISI Software, San Diego, CA,
U.S.A.) and represent the average of at least three different
determinations. Intra- and inter-assay variations were 10 and
250% respectively. Subsequent peptide mixtures and individual
peptides were assayed in a similar manner.

RESULTS
Each of the ten positional peptide libraries making up this deca-
peptide PS-SPCL is composed of 20 peptide mixtures, in which
a single position is defined with one of the 20 natural amino

acids (represented as 0), and the remaining nine positions of the
10-residue sequence are composed of mixtures (represented as X)
of 18 amino acids (cysteine and tryptophan omitted). The ten
positional peptide libraries have N-terminal acetyl and C-
terminal amide groups and differ only in the location of their
defined position. Each peptide mixture is made up of approx. 200
billion (2 x 1011) individual sequences. Thus each positional set
of 20 peptide mixtures, as well as the entire peptide library, is
composed of approx. 4 trillion (4 x 1012) decapeptides. This PS-
SPCL can be represented as:

Position 1: Ac-O1XXXXXXXXX-NH2
Position 2: Ac-XO2XXXXXXXX-NH2

Position 3: Ac-XXO3XXXXXXX-NH2

Position 4: Ac-XXYXO4XXXXXX-NH2

Position 5: Ac-XXXXO5XXXXX-NH2

Position 6: Ac-XXXXXO6XXXX-NH2

Position 7: Ac-XXXXXXO7XXX-NH2

Position 8: Ac-XXXXXXXO8XX-NH2

Position 9: Ac-XXXXXXXXO9X-NH2

Position 10: Ac-XXXXXXXXXO10-NH2

Each of the 200 peptide mixtures making up the decapeptide
PS-SPCL was assayed by competitive e.l.i.s.a. for inhibition of
the binding of mAb 17/9 to the antigenic peptide Ac-
YPYDVPDYASLRS-NH2. A graphical representation of the
screening results is profiled in Figure 1. In order to compare the
results of one position to another, the IC50 of the most effective
peptide mixture for each position of the decapeptide library was
normalized to 1.0, and the remaining peptide mixtures within
that position were adjusted using the same factor. The IC50
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Table 1 IC5. values (mM) for peptide mixtures of each position of
decapeptide PS-SPCL

Position 1

D 0.10
E 0.35
T 0.81
S 0.98
Y 1.00
G 1.04
L 1.04
V 1.07
H 1.15

1.17
0 1.48
N 1.71
K 1.74
A 1.81
P 1.88
W 1.88
M 1.98
F 4.00
C 4.00
R 4.00

Position 2

D 0.05
E 0.13
L 0.72
V 0.75
A 1.25
T 1.41
P 1.51
S 1.55
Q 1.57
y 1.58
W 1.66
1 1.70
C 1.94
N 2.80
M 2.92
R 3.10
K 4.00
H 4.00
G 4.00
F 4.00

Position 3

D 0.03
E 0.22
V 0.33
Y 0.51
Q 1.06
P 1.23
1 1.37
L 1.45
T 1.57
R 1.63
W 1.67
K 1.71
A 2.56
C 2.84
M 3.10
H 4.00
S 4.00
N 4.00
F 4.00
G 4.00

Position 4

D 0.07
E 0.19
V 0.22
P 0.34

0.56
0 0.72
K 0.84
T 1.32
L 1.34
Y 1.40
R 1.43
H 1.48
A 1.62
W 2.50
C 2.68
F 2.68
M 2.72
N 2.91
S 2.93
G 4.00

Position 5

D 0.02
Y 0.37
P 0.53
V 0.55
E 0.56
Q 0.96
1 1.20
K 1.29
R 1.67
A 3.03
T 4.00
G 4.00
W 4.00
F 4.00
M 4.00
S 4.00
N 4.00
H 4.00
C 4.00
L 4.00

Position ... 1 2 3 4 5 6 7 8 9 10
Ac- D V P D Y A -NH2

Ac- D V P D Y A I -NH2
Ac-lD V P D Y _A -NH2

Ac-l D V P D Y A -NH2

Ac-(D V P D Y A -NH2

IVI P D Y A
UDJ V P D Y A

UD V P D Y

Amino awidUD UVaP U
anticipated at
chpoiton...1 2 3 4 5 6 7 8 9 10

Figure 2 Expected overlapping series for six-residue antigenic determinant
In decapepfide PS-SPCL and amino acids anUcipated at each position

Table 2 Activitfes of -DVPDYA- 'walked through' ten positions of a
mixture sequence

Peptide mixture IC50 (nM)

Ac-XXXXDVPDYA-NH2
Ac-XXXDVPDYAX-NH2
Ac-XXDVPDYAXX-NH2
Ac-XDVPDYAXXX-NH2
Ac-DVPDYAXXXX-NH2

XXXXDVPDYA-NH2
XXXDVPDYAX-NH2
XXDVPDYAXX-NH2
XDVPDYAXXX-NH2
DVPDYAXXXX-NH2

values for each peptide mixture are shown in Table 1. For those
peptide mixtures which did not inhibit more than 50% of the
antibody binding to the 13-residue antigenic peptide, the highest
concentration tested (4 mM) is shown. In the first and second
position SPCL, only aspartic acid, and to a lesser extent glutamic
acid, were found to effectively inhibit antibody binding, whereas
the majority of the remaining peptide mixtures were found to
have IC50 values of > 1 mM. For the third position SPCL, the
aspartic acid peptide mixture was nearly seven times more
effective at inhibiting antibody binding than the glutamic acid
peptide mixture and ten times more effective than the next best
peptide mixture (valine). The profile for the fourth position
SPCL was less specific than the third position profile, with
aspartic acid again the most effective peptide mixture, followed
by glutamic acid, valine and proline. The fifth position SPCL was

highly specific in that the aspartic acid peptide mixture was 18
times more effective than the tyrosine peptide mixture and nearly
25 times more effective than proline or valine; half of the peptide
mixtures with the fifth position defined did not inhibit 500%
antibody binding at the highest concentration tested (4 mM).
Aspartic acid at the sixth position SPCL was the most effective
peptide mixture: at least three times better than valine, isoleucine,
alanine and tyrosine. In the seventh position, alanine, aspartic
acid, glutamic acid, proline and tyrosine were found to have
similar inhibitory activity. In the eighth position, only aspartic
acid and, to a lesser extent, alanine, serine and tyrosine, was

found to inhibit the binding of mAb 17/9. In the ninth position,

tyrosine was eight and 12 times more effective than alanine and
aspartic acid for antibody inhibition respectively. For the eighth
and ninth position, there were 13 and 11 peptide mixtures
respectively that did not inhibit 50% antibody binding at the
highest concentration tested, which illustrates the high degree of
antibody specificity for these two positions. Alanine and serine
were approx. 10 times more effective than the other amino acids
defined at the tenth position.
The results for the last six positions of the scanning profile of

the decapeptide PS-SPCL when screened against mAb 17/9 are
similar to the scanning profile obtained in an earlier study on

screening a hexapeptide PS-SPCL composed of more than 34
million peptides. In the earlier study, the antigenic determinant
-DVPDYA- recognized by mAb 17/9 was correctly identified
directly from the data obtained in the initial library screening
(Pinilla et al., 1992). Figure 2 illustrates the amino acids that
would be anticipated at each position upon walking the same six-
residue sequence (-DVPDYA-) through the 10 positions of the
decapeptide PS-SPCL. The most effective peptide mixtures at
each position in Table 1 are in agreement with the anticipated
amino acids from Figure 2, with the most specific profile seen in
positions 5-10. For example, the most effective amino acids at
position 5 in Table 1 are the same as the amino acids that are

anticipated in Figure 2, namely, aspartic acid, tyrosine, proline
and valine. However, if there were no preference in the location
of this antigenic determinant in a decapeptide for antibody
recognition, then the activities of the peptide mixtures defined at
positions 5-9 with tyrosine, which is known to be the most
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Position 6

D 0.06
V 0.20

0.23
Y 0.31
A 0.36
L 0.78
E 1.18
S 1.25
T 1.28
K 1.43
o 2.44
P 2.54
M 2.57
C 2.65
R 2.71
H 2.73
W 2.78
F 2.86
N 4.00
G 4.00

Position 7

E 0.08
Y 0.09
P 0.10
A 0.10
D 0.18
o 0.73
K 0.96
S 0.98
R 1.57
V 2.60
G 2.73
M 2.78
C 2.90
N 4.00
W 4.00
F 4.00
T 4.00
1 4.00
H 4.00
L 4.00

Position 8

D 0.02
A 0.08
S 0.26
Y 0.31
C 2.99
G 3.09
H 3.14
R 4.00
N 4.00
W 4.00
V 4.00
T 4.00
E 4.00
F 4.00
Q 4.00
P 4.00
M 4.00
K 4.00
1 4.00
L 4.00

Position 9

Y 0.02
A 0.17
D 0.24
S 0.65
H 1.31
G 1.92
E 2.35
W 2.74
C 2.86
V 4.00
T 4.00
R 4.00
M 4.00
o 4.00
P 4.00
N 4.00
K 4.00

4.00
F 4.00
L 4.00

Position 10

A 0.02
S 0.06
R 0.53
o 0.54
H 0.56
D 0.66
G 0.76
T 0.76
N 0.77
E 0.83
K 0.97
Y 1.35
P 1.39
W 1.47
L 1.49

1.52
V 1.57
M 2.09
F 2.09
C 4.00

1.6
6.3
5.2
5.5
8.2
1.6
7.5
6.8

12.1
78
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specific residue of this antigenic determinant, should be the same.
This was not the case, however, in that the peptide mixture
having a defined tyrosine at position 9 was clearly more effective
than any other position defined with tyrosine. Since this appeared
to indicate that mAb 17/9 was preferentially recognizing
-DVPDYA- at the C-terminal region ofthe decapeptide sequence,
two new decapeptide mixture sets (N-acetylated and non-
acetylated) were synthesized. In each set the sequence -DVPDYA-
was 'walked through' the ten positions of a mixture sequence.
Each of these peptide mixtures contains approx. 104976 peptides
and was assayed by competitive e.l.i.s.a. The most effective
peptide mixture was found to be Ac-XXXXDVPDYA-NH2
(Table 2). This peptide mixture inhibited the binding of mAb
17/9 5 times more effectively than Ac-DVPDYAXXXX-NH2.
Similarly, the non-acetylated peptide mixture XXXXDVPDYA-
NH2 was found to have inhibiting activity equal to its acetylated
form, but nearly 50 times more activity than the peptide mixture
DVPDYAXXXX-NH2. These results agree with the results found
for the decapeptide PS-SPCL (Table 1 and Figure 1).

Individual peptides were synthesized in order to prove that the
decapeptide PS-SPCL screening results permit the identification
of highly active individual decapeptides. In the ideal case, the set
of peptides synthesized would represent all of the possible
sequence combinations from the most effective amino acid
residues for each of the ten positions. However, the number of
peptides that result from choosing more than two amino acids at
each position rises very rapidly. For example, two amino acids
for each position of the library would require the synthesis of
210 = 1024 individual peptides. To hold the number of peptide
combinations to a minimum, two selection criteria were
employed. Amino acids corresponding to the most effective
peptide mixtures for each position were chosen on the basis of
having chemically differing side chains, or IC50 values threefold
or greater than the next best peptide mixture. Following these
criteria, alanine was chosen over serine at the eighth, ninth and
tenth positions, and aspartic acid was chosen over glutamic acid
in positions 1-4. Valine was chosen for positions 4 and 6, since
it is chemically different from aspartic acid. Since alanine, aspartic
acid, glutamic acid, proline and tyrosine in the seventh position
resulted in peptide mixtures with nearly equal activities, all five
were included. Aspartic acid and alanine were chosen for position
eight, since they are chemically distinct. Although the tyrosine
peptide mixture at position eight was found to be nearly 15-fold
less effective than the aspartic acid peptide mixture, tyrosine was
also included for this position, since its activity was 10-fold
greater than the remaining residues defined at this position. For
the same reason, aspartic acid was included with tyrosine and
alanine at position 9. In summary, the amino acid residues
chosen were the following: aspartic acid for positions 1-3;
aspartic acid and valine for position 4; aspartic acid for position
5; aspartic acid and valine for position 6; alanine, aspartic acid,
glutamic acid, proline and tyrosine for position 7; alanine,
aspartic acid and tyrosine for positions 8 and 9; and alanine for
position 10. All of the possible combinations of these amino
acids (1xlxlx2xlx2x5x3x3xl) yield a total of 180
individual N-acetylated decapeptides.

This set of individual peptides was synthesized and assayed
against mAb 17/9 by competitive e.l.i.s.a. (results are shown in
Table 3). To facilitate interpretation of the data, this Table is
arranged in four columns of sequences, namely nos. 1-45, 46-90,
91-135 and 136-180. When the peptides are compared hori-
zontally, the only difference between these groups occurs at
positions 4 and 6. Peptides 1-45 have aspartic acid at these two
positions. Peptides 46-90 differ from this first group by a single

1 and 46 have the same sequence, except for position four, in
which the aspartic acid is substituted by valine. Peptides 91-135
differ from the first group by a single valine substitution at
position 6 (shaded). Finally, peptides 136-180 differ from the
first group by valine substitutions at positions 4 and 6 (shaded).
In this manner, the activities of single or double substitution
analogues of the peptides 1-45 can be readily seen; 15 peptides
were found to have IC50 values comparable with the antigenic
peptide Ac-YPYDVPDYASLRS-NH2 (IC50 = 6 nM) and are
outlined in Table 3. All but one of these highly active peptides
(namely 82) have -DYA- at positions 8-10, which correspond to
the C-terminus of the known six-residue antigenic determinant.
Four of these peptides (96, 114, 123 and 168), all of which
contain multiple aspartic acids in the N-terminal region, were
found to be nearly five times more effective than the 13-residue
control peptide. Also, it is seen that the most effective peptides
having valine at position 6 have nearly a 10-fold better activity
than those with aspartic acid. Of the 180 decapeptides assayed,
150 were found to have IC50 values greater than 1,uM. These
peptides were therefore at least 200 times less effective than the
antigenic peptide Ac-YPYDVPDYASLRS-NH2 (IC50 = 6 nM).
Of these 150 relatively poorly active peptides, only three, namely
peptide 38 (IC50 = 1890 nM), 61 (IC50 = 2774 nM) and 39
(IC50 = 3281 nM) were found to contain the three-residue motif
-DYA-. This motif is known to play a key role in this antigen-
antibody interaction (Rini et al., 1992). Conversely, 21 deca-
peptides having IC50 values lower than 100 nM contain this
motif. More importantly, 17 peptides have the -DYA- motif in
positions 8-10. Finally, it should be noted that if only the best
peptide mixture from each position in Table I were selected, the
corresponding decapeptide would result in a highly active se-
quence, namely peptide 24 in Table 3. Ac-DDDDDDEDYA-
NH2 was found to have an IC50 of 8.7 nM; the aspartic acid and
glutamic acid residues in the sixth and seventh positions re-
spectively represent acceptable substitutions for the redundant
valine and proline residues of the antigenic determinant
-DVPDYA-.

DISCUSSION
The decapeptide PS-SPCL described here was designed as a tool
to study molecular interactions having recognition sites made up
of more than six residues. In order to evaluate the validity and
practical utility of a peptide library made up of approx. 4 trillion
(4 x 1012) peptides, this decapeptide PS-SPCL was screened by
competitive e.l.i.s.a. against a well-characterized peptide-
antibody interaction. The fine specificity of this peptide-mAb
interaction has been examined using a complete series of single
substitution analogues (19 peptide analogues for each position)
of the antigenic determinant of the antigenic peptide Ac-
YPYDVPDYASLRS-NH2 (Pinilla et al., 1993b). This interaction
has also been determined by X-ray crystallography (Rini et al.,
1992), and the results are in good agreement with the e.l.i.s.a.
substitution profile found for the antigenic determinant. The
screening of the decapeptide PS-SPCL against this peptide-
antibody interaction was also of value in determining the
influence of the flanking regions of the antigenic determinant on
antibody recognition. The results indicate that the six-residue
antigenic determinant is preferentially recognized by mAb 17/9
at the C-terminal region of the decapeptide.
The utility of the PS-SPCL approach is that each position of

the peptide library can be screened simultaneously and, if the
results can be clearly differentiated from one another and the
position to position connectivity established, then the iterative
synthesis and selection steps that are necessary for the dual-fixedvaline substitution at position 4 (shaded). For example, peptides
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position SPCLs (Houghten et al., 1991, 1992) are not required
for the identification of highly active peptides. Individual peptides
derived from the combinations of the amino acids of the best
peptide mixtures from each position can then be synthesized to
confirm the library screening results. In the current study, the
results of the library screening prompted the synthesis of a set of
180 individual decapeptides. The most effective peptides were
found to contain the six-residue antigenic determinant (or
conservative analogue of the same) preceded by four aspartic
acid residues; four decapeptides were found to have higher
affinities relative to the known antigenic determinant. These
results show that one can identify peptides with high affinity
from a peptide library of nearly 4 trillion (4 x 1012) sequences. It
should be noted that no information about the sequence of the
antigen or antibody is required to carry out determinations of
this kind.
As an alternative to the immediate synthesis of individual

peptides following the screening of a PS-SPCL, as was carried
out here, one can prepare a sub-library in the same scanning
format composed of only those amino acids found to be effective
or which fall below a suitable IC50 cut-off. This may be a preferred
approach for those interactions screened in which no sequence
information is available, or for those cases in which the screening
profile is not clear. In this manner, the number of individual
peptides in each peptide mixture is substantially reduced. For
example, if only five amino acids are used at each position for a
decapeptide, then the number of peptides in each peptide mixture
will decrease from 200 billion (2 x 1011) to approx. 2 million. This
would in turn increase the effective concentration of each
individual peptide within each peptide mixture, and may lead to
more specific results. Upon screening of this sub-library, it may
then be easier to select the most effective amino acid at each
position, which minimizes the number of individual peptides
needed to identify the most effective decapeptide. This approach
would require more time due to the additional synthesis, but can
be expected to reduce the number of individual peptides ulti-
mately synthesized.
The results from screening the decapeptide library clearly

show that antibody binding is more favourable with the antigenic
determinant located at the C-terminal than at the N-terminal.
From the structural information of this peptide-antibody in-
teraction, it is known that four residues of the antigenic
determinant (-DYAS-) adopts a f-turn when bound to the
antibody (Rini et al., 1992). Thus extension of the C-terminal
region of the antigenic determinant with 1-4 mixture positions
may result in disruption of the fl-turn conformation, resulting in
a decrease in the overall binding energy of this peptide-antibody
interaction. As anticipated from the screening results, the most
effective peptides corresponded to the antigenic determinant at
the C-terminal region with multiple aspartic acid residues in the
N-terminal region. These aspartic acid residues, and possibly to
a lesser extent the glutamic acid residues, in positions 1-4 can
contribute to the binding of the antigenic determinant sequence
to the antibody through weak ionic interactions with one or
more antibody residues outside the antibody-binding pocket.

It should be noted that the number of individual peptides
making up each peptide mixture in the decapeptide PS-SPCL is
much greater than the number of peptides in each peptide
mixture of either the hexapeptide PS-SPCL or the dual fixed-
position SPCL (approx. 200 million versus 1.8 million and
130321 respectively). Thus, assuming an average Mr of 785 for
each of the 400 peptide mixtures of Ac-O1O2XXXX-NH2, at a
concentration of 10 mg/ml, each individual peptide is present at
100 nM. Assuming the same Mr and concentration for each

present at a concentration of 7 nM. Assuming an average Mr of
1200 for the decapeptide PS-SPCL, and a peptide mixture
concentration of 10 mg/ml, the concentration of each individual
peptide is 40 fM. However, if the recognition site ofan interaction
is made up of only six residues, as is the interaction studied here,
then the binding threshold or 'effective' concentration of the
hexamer sequence within a decapeptide, is approx. 100000 times
higher. The binding threshold of -DVPDYA- when present
within a decapeptide is therefore approx. 4 nM, which is well
within the detection range for this peptide-antibody interaction.
To simplify this concept, if one envisions that the interaction of
the antigenic determinant side chains of only the aspartic acids at
positions 1 and 4, the tyrosine at position 5, and the alanine at
position 6 with the residues of the antibody-binding site are

responsible for the binding energy of this interaction, then six out
of the ten positions in a decapeptide are non-specific. This
equates to an effective concentration of the four-residue
-D--DYA- motif within a decapeptide of not 40 fM, but 186
higher, or approx. 1.4 ,M. It should also be noted that, at some
point in an ever-increasing diversity pool, one will not have even

a single molecule of each peptide at a workable concentration of
mixtures. Thus, although 200 billion (2 x 1011) peptides per

mixture may seem too large a number for reasonable evaluation,
a sufficient number of copies of each peptide are present. For
example, at 10 mg/ml, a 50 ,sl sample contains approx. 1 million
copies of each peptide making up each peptide mixture.
The general utility of this and other SPCLs is based on the fact

that: (1) the peptides making up each mixture are present in
approximately equimolar amounts; (2) the peptides are soluble
(i.e., not support-bound), which allows each peptide to interact
freely in solution with relevant receptors; and (3) peptide motifs
are present at an effective concentration expected to yield a

detectable signal in the majority of in vitro bioassays. It should
be noted that, since the PS-SPCL described here is composed of
ten separate positional SPCLs, each one can be considered
independent of the others. Therefore, if desired, each positional
SPCL can be independently screened and pursued using the
iterative synthesis and selection process described earlier
(Houghten et al., 1991, 1992). We have found that, when used in
concert, the PS-SPCLs and dual fixed position SPCLs (i.e. Ac-
0102XXXX-NH2) have broad utility and application for the
efficient identification of high-affinity bioactive peptides in basic
research and drug discovery.
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