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For more than a decade, researchers have studied the binding
of synthetic receptors and substrates to learn about molecular
complexation. But because binding studies are labor intensive,
a small number of binding measurements are usually carried out
and often uncover only those binding phenomena explicitly sought.
In this communication, we describe an alternative method for
evaluating binding using libraries of substrates.! We show that
the method not only allows the screening of >50 000-member
substrate libraries for binding but also can uncover selectivities
that would be very difficult to find using traditional means.

Our assay involves linking a receptor (e.g.,1) toa dyeand then
adding a library of substrates attached to Merrifield beads. Beads
bearing substrates which tightly bind the receptor will become
colored. The only difficulty is in determining the structure of the
10-100 pmol of substrate on each colored bead.2 To solve this
problem, we use a binary-encoded combinatorial substrate
synthesis which tags each bead with a unique molecular record
of its synthesis.3#
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Beginning with 1,5 we removed the allyl protecting groups
((Ph;P),Pd/dimedone) and alkylated (BusNF, THF) the re-
maining part with the mesylate of the azo dye, disperse red, to
yield the red-colored 2. Next we prepared an encoded substrate
library of N-acylated tripeptides. The split synthesis method$
was used and resulted in a set of Merrifield beads having only
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one type of tripeptide per bead and having ~ 50 000 different
kinds of beads incorporating all possible combinations of the 15
acylating agents (R’COX) and 15 amino acids (AA 1-AA3) shown
in Table 1.

Library synthesis was preceded by preparation of 16 different
tag molecules having the structure shown below and functionalized
with electrophoric polyhalobenzenes (Ar) as described previously.?
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We designate these compounds as T1-T16, where their desig-
nation number corresponds to the gas chromatography (GC)
retention order of the tags that are released by photolysis.

Next wedivided ~ 3 g of 50-80-um (aminomethyl)polystyrene
beads into 15 equal portions and placed each into a different
synthesis vessel. We then coupled different combinations of tags
T1-T4such that the beads in each vessel were labeled by a unique
combination of tags as indicated in Table 1. We used diisopro-
pylcarbodiimide to attach each different tag to the aminomethyl
resin at a level corresponding to ~0.5% of the free amino groups.
Next we coupled’ the Fmoc amino acids (AA1) given in Table
1 in the vessels indicated. We then combined and mixed the 15
portions of beads.

Next the library was deprotected (piperidine) and once more
portioned into 15 vessels. The beads in each vessel were again
tagged (using T5-T8), and the corresponding amino acid (AA2)
was coupled as in Table 1. The procedure was repeated once
more using tags T9-T12 for the AA3 coupling and then using
T13-T16 toencodethe final acylationstep. Because 15 different
reactants were used in each of the four stages of the synthesis,
the final substrate library had as many as 154 (50 625) different
members.

We then screened the library for binding by mixing a 0.1-g
sample (~ 106 beads) with 50 uM 2 in CHCI;. After 24 h, we
found that ~ 10% of the beads had developed pink-red colorations
and that ~0.5% of the beads were stained deep red. We picked
50 of these deep red beads and photolyzed (350 nm) each
separately in 1-2 pL of DMF to release the tag alcohols. After
silylation (CH;C(OTMS)NTMS), electron-capture GC was used
to analyze the tag complement of each bead and thus define the
structures of each tight-binding substrate.! The residues found
at each position of these 50 substrates are summarized in Table
2 along with the number of instances each residue was found (see
also supplementary material).

These data indicate that 2 discriminates between substrates
most effectively when structural differences occur near the free
end of the substrate chain. Thus the number of accepted residues
is minimal in the case of the terminal acylating group (R’) and
increases with distance from the terminus. Such high selectivity
for the N-terminal group is consistent with our previous studies
of 1.5&¢ Qur current results, however, indicate that the binding
properties of 2 (and 1) are more remarkable than we previously
realized. For example,in 49 of the 50 deepred beads we decoded,
the terminal R’ was composed of exactly three non-hydrogen
atoms. We also observed extraordinary selectivity among the
three-atom R’ groups in the library in the form of complete
selection of R’ = cyclopropyl over R’ = isopropyl. Other notable
trends include exclusive binding of L-aminoacids at the N-terminal
AA3 site. Remarkably, AA3 is most commonly Gln, but the

(7) Steward, J. M.; Young, J. D. Sotid Phase Peptide Synthesis, 2nd ed.;
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(8) More precisely, the tags record of the sequence of steps to which a given
bead has been subjected.
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Table 1. Components of Encoded Combinatorial Library of Substrates
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R/(C=0)-AA3-AA2-AA1-NH(CH,),CONH-Support

vessel N-terminal R’ T13-T16° AA3® T9-T12¢ AA2b T5-T8e AAl® T1-T4
1 methyl 1000 Gly 1000 Gly 1000 Gly 1000
2 ethyl 0100 D-Ala 0100 D-Ala 0100 D-Ala 0100
3 isopropyl 0010 L-Ala 0010 L-Ala 0010 L-Ala 0010
4 tert-butyl 0001 D-Ser 0001 D-Ser 0001 D-Ser 0001
5 tert-amyl 1100 L-Ser 1100 L-Ser 1100 L-Ser 1100
6 trifluoromethyl 0110 D-Val 0110 D-Val 0110 D-Val 0110
7 isobutyl 0011 L-Val 0011 L-Val 0011 L-Val 0011
8 MeOCH; 1001 D-Pro 1001 D-Pro 1001 D-Pro 1001
9 cyclopropyl 1010 L-Pro 1010 L-Pro 1010 L-Pro 1010
10 cyclobutyl 0101 D-Asn 0101 D-Asn 0101 D-Asn 0101
11 cyclopentyl 1110 L-Asn 1110 L-Asn 1110 L-Asn 1110
12 AcOCH; 0111 D-Gln 0111 p-Gln 0111 D-Gin 0111
13 phenyl 1011 L-Gln 1011 L-Gln 1011 L-Gln 1011
14 Me:N 1101 D-Lys 1101 D-Lys 1101 D-Lys 1101
15 morpholino 1111 L-Lys 1111 L-Lys 1111 L-Lys 1111

2 Tagging molecules used for encoding (0 and 1 denote absence and presence of tag, respectively). ® Main-chain protection, Fmoc; side-chain
protection, Ser (tBu), Asn (8-trityl), GIn (y-trityl), Lys (e-Boc) (see supplementary material).

Table 2. Residues Found in Substrates Bound by Receptor 2 and
Frequencies of Occurrence of Each Residue (in brackets)

Table 3. Binding of 1 and Peptides in Free CDCl; Solution

—AGmocinﬁon
R’ AA3 AA2 AAl peptide substrate (kcal/mol)
cyclopropyl [23] L-Gln [21] L-Pro [21] L-Ala [8] cyclopropylCO-L-Gln(y-trityl)-L-Pro-Gly-NHC¢H; 3 3.8
Me;N [15] L-Ala [15] L-Ala [13] L-Ser [8] isopropylCO-L-Gln(y-trityl)-L-Pro-Gly-NHC¢H;;3 ~1.5
MeQCH, [11] Gly [6] Gly [6] p-Ala 8] MeaNCO-L-Gln(y-trityl)-L-Pro-Gly-NHC¢H;3 3.8
ethyl [1] L-Lys [4] L-Val [5] Gly [6] cyclopropylCO-L-Asn(-trityl)-L-Pro-Gly-NHC¢H); 2.9
L-Ser [4] L-Asn [1] L-Gln [4] cyclopropylCO-D-GlIn(y-trityl)-L-Pro-Gly-NHC¢H;3 ~1
p-Gln [1] D-Pro [3] cyclopropylCO-L-Ala-L-Pro-L-Ala-NHC;,H s 5.7
L-Lys [1] D-Ser [2] cyclopropylCO-p-Ala-L-Pro-L-Ala-NHC;,Hjs no binding
p-Lys [1] D-Asn [2] observed
D-Ala [1] L-Lys [2] cyclopropylCO-L-Ala-OtBu 6.6
L-Val [2] cyclopropylCO-p-Ala-OtBu 3.2
p-Val [2]
L-Pro [1] . . . .
p-Gln [1] 1in CHCI; by NMR titration. AsshowninTable 3, this substrate
p-Lys [1] is very tightly bound by 1 in comparison with the other peptides

closely related Asn is not found at all. We also found high
selectivity for L-Proand L-Alaat the AA2site, a substrate position
where previous studies of 1 had detected no selectivity.

To verify that our assay reflected simple receptor—substrate
complexation, we resynthesized several library peptides‘as their
n-hexylamides and measured their association with 1 in CDClI;
by NMR titration. The results in Table 3 confirm that the color
assay mimics solution-phase binding. These studies also suggest
that binding energy differences as small as 1 kcal/mol can be
distinguished by our solid-phase assay. Interestingly, the pref-
erence of 1 for R’ = cyclopropyl extends to cyclopropanoyl
derivatives of L-Ala itself which are bound more enantioselectively
(AAG = 3.4kcal/mol) thanany other Ala derivative yet studied.5<

By conducting the assay at a lower receptor concentration,
beads bearing only the most tightly binding substrates could be
found. Thuswith2at 10 uM in CHCl;, ~0.02% of the substrate
library was deeply stained. Upon decoding these beads, we found
a subset of the binding sequences detected by the previous assay
including cyclopropanoyl-L-Ala-L-Pro-L-Ala. We synthesized
this sequence as the dodecylamide and measured its binding to

listed and with its diastereomer, cyclopropanoyl-D-Ala-L-Pro-
L-Ala-NHC,,H;s, which showed no evidence of binding under
the same conditions. This stereoselectivity, which measures >5
kcal/mol, stands among the highest yet observed with a synthetic
receptor.

These results demonstrate that combinatorial library methods
can dramatically enhance our knowledge of receptor binding.
With 1, they have led to a considerably altered view of its binding
despite extensive previous study. The method’s main limitation
is that not all substrates are easy to prepare by combinatorial
methods. Nevertheless, as a method for establishing the scope
and general trends of binding with substrates such as ours, the
combinatorial library approach is hard to beat.
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