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ABSTRACT A recursive strategy that solves for the active
members of a chemical library is presented. A pentapeptide
library with an alphabet of Gly, Leu, Phe, and Tyr (1024
members) was constructed on a solid support by the method of
split synthesis. One member of this library (NH2-Tyr-Gly-Gly-
Phe-Leu) is a native binder to a -endorphin antibody. A
variation of the split synthesis approach is used to build the
combinatorial library. In four vials, a member of the library's
alphabet is coupled to a solid support. After each coupling, a
portion of the resin from each of the four reaction vials was set
aside and catalogued. The solid support from each vial is then
combined, mixed, and redivided. The steps of (i) coupling, (i)
saving and cataloging, and (iii) randomizing were repeated
until a pentapeptide library was obtained. The four pentapep-
tide libraries where the N-terminal amino add is defined were
screened against the P-endorphin antibody and quantitated via
an ELISA. The amino add of the four pools that demonstrated
the most binding was then coupled to the four tetrapeptide
partial libraries that had been set aside and catalogued during
the split synthesis. This recursive deconvolution was repeated
until the best binders were deduced. Besides the anticipated
native binder, two other members of the library dlspayed
signiicant biding. This recursive method of deconvolution
does not use a molecular tag, requires only one split synthesis,
and can be applied to the deconvolution of nonlinear small-
molecule combinatorial libraries and linear oligomeric combi-
natorial libraries, since It is based only on the procedure of the
synthesis.

There is increasing interest in synthesizing large numbers of
molecules in parallel and in analyzing these pools for mem-
bers with biological activity. So called "irrational" drug
design, involving selection from combinatorial libraries, is
becoming accepted as a useful method of finding pharmaco-
logically active compounds.
The main difficulty with this approach is a way of finding

the compounds with defined activity, especially when the
libraries used are large. Peptides and oligonucleotides bound
to an immobilized receptor can be eluted and directly se-
quenced (1-3). Although oligonucleotides can be amplified by
PCR, peptides may require several runs to obtain sufficient
material for analysis. Alternatively, peptides, synthesized on
beads, have been identified by isolating beads that have
bound a receptor and then sequencing the released peptide.
Peptides have also been identified by synthesizing them in
arrays or on small surfaces (4, 5).
These methods are restricted by the chemistries involved

in the synthesis or the analysis. An extension that allows
wider chemical diversity of the libraries is to "encode" the
library in some way. Brenner and Lerner (6) proposed
encoding each molecule of the library with an oligodeoxy-
nucleotide, which could be used both for identification and
for the enrichment of active members, and the chemistry for
this has been implemented by Janda and coworkers (7).

Others have encoded (8-11) beads, each carrying a single
component of the chemical library, with peptides, oligonu-
cleotides, and organohalide tags. The bead with the active
component must be isolated and then the tag must be
analyzed by mass spectrometry (8) or Edman degradation (9)
for peptide analysis, by electron-capture gas chromatography
for organohalide tags (10), or by PCR for deoxynucleotide
tags (11).
Another method uses an iterated search process that con-

sists of making the library in a number of pools, finding the
active pool that defines the entity for that position in the
molecule, and then repeating this until the active component
has been identified. In the method proposed by Houghten et
al. (12), hexapeptide libraries of 18 amino acids were synthe-
sized as follows. By using split synthesis, four cycles of
solid-phase peptide synthesis provided equimolar mixtures of
184 (104,976) tetrapeptides. The tetrapeptide-linked resin was
then divided into 324 pools so that the synthesis ofthe next two
positions could be defined to give the general formula
X[l]X[2]N[3]N[4]N[]N1, whereXis a position to be defined,N
is a randomized position, and the subscript indicates the
position in the molecule. These were assayed and positive
results for the first two residues (A[,lB[2], say) were noted.
Next, 18 new libraries were synthesized with the formula
A[l]B[2]X[3]N[4]N[S]N[6], one for each amino acid at position 3,
and tested to define X[3j. The process is repeated until all
positions are defined. A similar iterative process called SURF
(synthetic unrandomization of randomized fragments) was
used by ISIS Pharmaceuticals (Carlsbad, CA) for an oligonu-
cleotide library (13).
A virtue of the iterative method is that the multiplicity of

components decreases with each step so that there is an
enrichment process, and since molecules can be assayed in
solution, it permits functional and binding assays. It would, of
course, be possible to synthesize six libraries of general
formula X[1]N[2]N[3]N[4]N[5]N[6], N[l]X[2]N3]N[4]JN[SJN[6,
... ., N[1]N[2JN[3]N[4]N[SJX[6J with 18 members each, assay all
108 libraries, and define the residue in each position in the
active molecule as suggested by Dooley and Houghten (14).
However, this would not allow enrichment with progressive
improvement of the signal-to-noise ratio.
Another iterative method that depends on mixed synthe-

ses, that is, each NyjJ step is achieved by adding a mixture of
amino acids has also been proposed (15). Apart from the fact
that it is difficult to know whether each amino acid is
appended in the same yield in each stage, it is impossible to
make libraries where the linking bond is itself a variable
contributing to the chemical diversity. This must be carried
out by the "split synthesis" method (16-18).
To implement a dictionary or bucket search method using

split syntheses requires a different procedure in which the
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libraries need to be made in a different way and that decon-
volutes the structure of an active molecule by starting with
the last component first and proceeding backwards. Here we
present an implementation for this recursive method for
analyzing combinatorial chemical libraries.

PRINCIPLE OF THE METHOD
Strategy for the Construction of the Combinatorial I~brary.

The essence of our method is to build and hold a set of
partially synthesized combinatorial libraries. The following
example considers a library with a degree ofthree, made from
an alphabet of four components, A, B, C, and D (Fig. 1). As
in all split syntheses, we define four channels of synthesis,
each channel involves only the addition ofone member ofthe
alphabet and each can be independently optimized. Step 1
consists of making four pools, in which A, B, C, and D may
be added to a solid surface carrying a linker, for example. A
portion ofthis library is set aside and labeled as partial library
p{1}. Then the remaining material is combined and separated
into four portions, each channel is loaded, and A, B, C, and
D are added as before. Again, an aliquot of this library is set
aside as partial library p{2}, which has four pools N[L]A[21,
N[l]B[21, N[l1 C[2J, and N[lJD[2]. The remainder is pooled and
split, and the third step of addition is carried out to give the
final library N[L1]NL2A[31, N[lJN[2JB[3J, N[1]N[2]C[3J, and
N[1]N[2]D[3]. More generally, we synthesize the partial com-
binatorial libraries, Xlj], N[1X121, N[lJN[21X3], . . .,N, N2
e. , Nln-1]X[nl
Recursive Deconvolution of the Library. Each of the four

pools, NL1]N[2]X[31 (X is A, B, C, or D), which contain a total
of 64 different molecules, are now tested by an appropriate
assay and the active pool (if any) is determined (Fig. 2).
Suppose N[l]N[2]A[31 from the final library is positive. Then,
we proceed to partial library p{2} and add A to an aliquot of
each of the four pools, to give four new libraries of general
formula N[1]X[2]A[31. This library now contains a total of only
16 components, so 4-fold enrichment has been achieved.
Again, after testing, suppose N[l]B[2JA[3J is active. We pro-
ceed to partial library p{1} and to each add B. followed by A,
to give four pools with structure X[l]B[2]A[3p, which can be
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FIG. 2. Recursive deconvulatory pathway for solving the active
member of a combinatorial library.

tested to find X[1J]. Again, a 4-fold enrichment has been
achieved. If there is more than one active component, this
method will find both as the recursion can be pursued to
completion down all tracks independently.

MATERIALS AND METHODS
Solvents. NN-Dimethylformamide (DMF) (HPLC grade)

was purchased from Baxter Scientific Products (McGaw
Park, IL) and was used without further purification. CH2C2
was purchased from Fisher and was distilled over CaH2
before use.

Intrumentation. UV absorbances were measured on a
Hewlett-Packard 8452A diode array spectrophotometer. All
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FIG. 1. Depiction of the split synthe-
sis of a combinatorial library with an
alphabet of four and a degree of three.
After each step ofthe synthesis, a portion
of each partial library is saved and cata-
logued before the randomization step.
The fraction of each partial library to be
saved and catalogued is the inverse ofthe
degree of the library in the first step and
the inverse of degree -1 for the subse-
quent steps.
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centrifugations were carried out on an Eppendorf 5415 C
centrifuge for 1 min at 10,000 rpm.
Formation of the Pentapeptide Library. The peptide librar-

ies were synthesized manually by a solid-phase method using
90-iAm TentaGel (TG) resin as the solid support. The amino
acids used for the formation of the libraries were Gly-Fmoc,
Leu-Fmoc, Phe-Fmoc, and Tyr(tBu)-Fmoc, where Fmoc is
9-fluorenylmethoxycarbonyl and tBu is tert-butyl. All amino
acids were coupled with the aid of 2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetrauronium hexafluorophosphate (HBTU) and di-
isopropylethylamine (DIPEA). The TG, HBTU, DIPEA, and
amino acids used were purchased from Nova Biochem. TG
was added to four glass-fritted filter vials, shaken with DMF,
and filtered. To each vial was added one of the Fmoc-
protected amino acid components of the library, HBTU,
DMF, and 20 p. of DIPEA. All four vials were shaken for 1
h, filtered, and washed with DMF. A 5% (vol/vol) solution of
acetic anhydride in DMF was added to each vial and shaken
for 20 min to cap any uncoupled free amino acid groups. The
beads were then filtered, washed with DMF twice and
CH2C2 twice, and dried for 2 h in a vacuum oven (55TC at 20
mmHg; 1 mmHg = 133 Pa). About 75 mg of the amino
acid-coupled TG beads was removed from each vial and
labeled in a manner describing the length of the peptide and
the identity of the last amino acid coupled. At the same time,
an Fmoc deprotection test was carried on 5 mg of the resin
to measure the yield ofthe previous amino acid coupling step.
The remaining resin was combined and shaken in DMF/
CH2Cl2, 3:1 (vol/vol), for 30 min to mix the beads. The beads
were divided into four equal portions by weight (each,
therefore, containing an equivalent number of moles) and
placed into four glass-fritted filter vials. Each was shaken
twice for 10 min with 20% (vol/vol) piperidine in DMF to
cleave the N-terminal Fmoc protecting group. The beads
were filtered, washed with DMF three times, and coupled
with one of the four amino acid components of the library to
give the four dipeptide pools, Fmoc-Gly-Naa-TG, Fmoc-
Leu-Naa-TG, Fmoc-Phe-Naa-TG, and Fmoc-Tyr(tBu)-Naa-
TG. The steps of (i) capping the peptide with acetic anhy-
dride; (ii) saving and labeling a 75-mg portion ofthe resin; (iii)
combining, randomizing, and evenly dividing the beads; and
(iv) coupling each division with an Fmoc-protected amino
acid were repeated until the fifth coupling. At this point there
are four pentapeptide libraries. The t-butyl protecting group
on the Tyr residues was removed by mixing the resin with
trifluoroacetic acid (Pierce) for 2 h, followed by filtering and
washing with ethanol three times and DMF three times. The
beads were then shaken with 20% piperidine in DMF for two
10-min periods to cleave the N-terminal Fmoc group. The
deprotected beads were then washed with DMF three times
and CH2Cl2 twice, and the residual solvent was removed in
a vacuum oven overnight (55TC at 20 mmHg).
The efficiency of each coupling was measured by adding a

TG resin sample of known mass from each library pool to
1000 A. of 20% piperidine in DMF, shaking the solution for 15
min, and measuring the UV absorbance of the resulting
piperidine-benzofulvene complex at 302 nm. This absor-
bance was compared to that of a standard solution of Gly-
Fmoc in 201% piperidine/DMF, which gives the loading
capacity of the TG resin after each coupling. Each coupling
of the Fmoc-protected amino acids to the TG with HBTU
proceeded smoothly and quantitatively. The quantitativeness
of the coupling is advantageous since we can assume that the
loading capacity (and, therefore, the number of mol per g of
resin) ofthe TG is approximately constant, no matter at what
stage we are in the synthesis or deconvolution of the library.
ELISA Procedure. The library containing TG resin (=3 mg)

was added to a polypropylene tube previously coated with a
1:1 (vol/vol) blocking solution [3% (wt/vol) bovine serum
albumin (BSA) in PBS and 0.05% Tween 20 (Sigma) in PBS].

The tube was incubated with 500 A4 of a solution consisting
of equal volumes of mouse anti-P-endorphin monoclonal
antibody (BoehringerMannheim) at 1 jig/ml in PBS, 3% BSA
in PBS, and 0.05% Tween 20 in PBS at 3rC for 1 h. The tube
was centrifuged and the supernatant was decanted. The tube
was washed three times by adding 0.05% Tween 20 in PBS,
centrifuging the tube, and decanting the supernatant. The
tube was then incubated with 500 p1 of goat anti-mouse
antibody conjugated to glucose oxidase (from Cappel Labo-
ratories diluted by a factor of 1000 with a 1:1 solution of 3%
BSA in PBS and 0.05% Tween 20 in PBS). The contents of
the tube were washed three times with 0.05% Tween 20 in
PBS and two times with PBS: after each wash the tube was
centrifugated, and the supernatant was decanted.
A 500-pl aliquot of a developing solution [25 ml of 0.1 M

Na3PO4 (pH 6.0), 3 ml of 20% (wt/vol) glucose in H20, 200
A.1 of a 0.1% horseradish peroxidase in 0.1 M Na3PO4 (pH
6.0), and 200 p1 of 2,2'-azinobis(3-ethylbenzothiazoline6
sulfonic acid) dye (45 mg/ml) in 0.1 M Na3PO4 (pH 6.0)] was
added to the tube to assay the H202 released by glucose
oxidase. After 1-h incubation, 100 1d of the developed
solution was added to 900 p1 of 0.1 M Na3PO4 (pH 6.0). The
UV absorbance at 416 nm was measured.
Data Analysis. Each ELISA assay also included simulta-

neously assayed positive and negative controls. The positive
control was the independently synthesized pentapeptide,
NHrTyr-Gly-Gly-Phe-Leu-TG. The negative control was
acetylated TG. The results of the assays were first normal-
ized, taking into account the weight of the TG resin in each
assay tube, and then the normalized value for the negative
control was subtracted from that of each pool.

In the early steps of the deconvolution, the negative
control often gave higher absorbance readings than some of
the pools, which is reflected in negative values seen in Fig.
3 and is an indicator ofthe noise in the system. As the library
became more defined, fewer negative values were obtained,
showing that the signal-to-noise ratio progressively im-
proves.

RESULTS AND DISCUSSION
As a simple test ofour method ofdeconvolution, we screened
libraries containing the well-studied pentapeptide sequence
NH2-Tyr-Gly-Gly-Phe-Leu, which displays nanomolar bind-
ing to commercially available anti-3-endorphin monoclonal
antibody. A synthetic combinatorial peptide library with a
degree of five and an alphabet consisting of Leu, Gly, Phe,
and Tyr was synthesized on TG solid support. The total
number of molecules in this library is 45 (1024 members).
Assays for binding to the P-endorphin antibody were most

conveniently performed with the peptide libraries attached to
the TG resin. In principle, a library could have been con-
structed with a cleavable linker in which the peptides could be
detached from the beads and assayed in solution by a com-
petitive ELISA. The deconvolution sequence can be followed
pictorially in Fig. 4 and the corrected absorbances for each
round are depicted in Fig. 3. In the four pools of the penta-
peptide libraries, where only the N-terminal amino acid was
defined, Tyr-Naa-Naa-Naa-Naa-TG clearly gave the strongest
absorbance. From this point, the four tetrapeptide partial
libraries, Fmoc-Gly-Naa-Naa-Naa-TG, Fmoc-Leu-Naa-Naa-
Naa-TG, Fmoc-Phe-Naa-Naa-Naa-TG, and Fmoc-Tyr-Naa-
Naa-Naa-TG, saved and catalogued during the formation of
the pentapeptide combinatorial library, were all coupled with
Tyr-Fmoc. Ofthe pools Tyr-Gly-Naa-Naa-Naa-TG, Tyr-Leu-
Naa-Naa-Naa-TG, Tyr-Phe-Naa-Naa-Naa-TG, and Tyr-Tyr-
Naa-Naa-Naa-TG, Tyr-Gly-Naa-Naa-Naa-TG clearly gives
the strongest binding of the antibody. In the next deconvolu-
tion step, the highest values were found for Tyr-Gly-Gly-Naa-
Naa-TG. Solving for the fourth amino acid did not give a
unique result but Tyr-Gly-Gly-Phe-Naa-TG, the sequence
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niflgant binding to the antibody. This was significant enough,
in fict, to wanrant the coupling of Tyr-Gly-Gly-Leu and
Tyr-Gly-Gly-Phe to the monocoupled TG libraries saved from
the first step of the combinatorial synthesis.

In the final analysis, Tyr-Gly-Gly-Phe-Leu-TG, the native
epitope, was the most extensive binder. Other weaker bind-
ers were also deduced; Tyr-Gly-Gly-Phe-Phe-TG and Tyr-
Gly-Gly-Leu-Leu-TG showed significant bindingto the a-en-
dorphin antibody. In fact, in experiments assaying support-

bound pentapeptide libraries against a ,-endorphin antibody,
Lam et al. (17) using a more extensive amino acid alphabet,
reported finding a ppptide sequence with stronger binding
than the native epitope.
Both the recursive and the iterative methods of deconvo-

lution have the advantage of being easily applicable to all
chemistry, but because the recursive method allows for the
use of split synthesis it not only ensures that the yields of all
components are the same but allows greater chemical ver-
satility as well. Although many compounds are assayed
together, especially in the first rounds of deconvolution, as
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FIG. 4. Route of recursive deconvolution of the TG-bound combinatorial pentapeptide library. Each peptide pool of a round was tested
against the anti-3-endorphin antibody. The defined positions of the pool with the strongest and significant binding were noted and coupled to
the appropriate partial library for the next round.

the deconvolution proceeds, there is an enrichment of active
components by the size of the alphabet in each step. The
consequent improvement of the signal-to-noise ratio ensures
that false positives are not followed up.
Making combinatorial libraries by split synthesis is a

cumbersome process. By holding the partially synthesized
libraries at each step, the process need only be carried out
once. Thereafter, the entire ensemble may be used repeatedly
to find active molecules for any assay. The deconvolution
process recursively defines the synthesis of the active com-
pound, so that in the last cycle, the active component is
synthesized. If the mixture contains several compounds,
each deconvolution pathway can be followed either in par-
allel or successively, to find all the active members of the
library.
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