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One of the greatest challenges in the area of molecular
recognition is the creation of synthetic receptor molecules
that bind biopolymers sequence-selectively. While se-
quence-selective binding of oligonucleotides by synthetic
receptors is well established,1 much less progress has
been made with the other major classes of biopolymers.
Recently, however, the situation has begun to change for
oligopeptides. In particular, several relatively simple
hostlike molecules have been described that bind di- and
tripeptides with significant sequence-selectivity.2 As part
of a program directed toward large combinatorial librar-
ies of such receptors,3 we studied several designs for
receptors that could be readily prepared on a solid
support and also could be shown to bind diverse peptidic
substrates sequence-selectively. One of the most promis-
ing of those designs is receptor 1.4 This molecule has a
two-armed structural motif that we often find associated
with significant binding properties.3ac,5 In 1, a confor-
mationally restricted linker (B′) joins the two arms that
each consist of A2B2 cyclooligomers of 1,2-diamines (B)
and isophthalic acids (A, A′). Preliminary work further
indicated that by altering the structures of the B′ linker
and A2B2 arms, it was possible to modify the preferred
binding sequences (which often contained L-Val or L-Leu).
We therefore envisioned making a combinatorial library
of such receptors from an array of different linkers and
arms as source of selective receptors for diverse peptidic
sequences.
The main problem with a receptor library based on 1,

however, is that its members would be prepared by a
combinatorial synthesis having only three combinatorial
steps.6 Thus, when 10 different linkers (B′) and 10
different arms (A2B2, used twice) are used, a library of 1
would contain only 103 members. While more than 10
linkers and arms could be used, it is easy to see that the
effort necessary to produce a much larger library (e.g.,
having 106 members) in this way would be prohibitive.
Here we address this problem with an expanded two-

armed receptor (2) whose synthesis involves not three
but five combinatorial steps. Thus, starting with 10
linkers, 10 arms, and 20 different amino acids (AA),
receptor libraries 2 having as many as 4 × 105 members

should be readily preparable. For such a library to be
useful, however, the various library members must have
differing binding selectivities. By screening selected
examples of 2 with a combinatorial tripeptide library, we
show that binding selectivities do indeed vary sensitively
with the identity of the AA residue used.
Syntheses of receptors 2 are straightforward and

employ the same enantiomerically pure, dye-labeled
pyrrolidine that was used to prepare 1:4,7

Using Fmoc-protected amino acids and standard pep-
tide coupling chemistry, selected amino acids (AA) were
first coupled to the above pyrrolidine core. After Fmoc
deprotection, the A2B2 macrocycles were then added as
pentafluorophenyl esters to give 2. In these syntheses,
we used AA ) D- and L-phenylalanine (f and F), aspar-
agine (n and N), N-tritylasparagine (n(trityl) and N-
(trityl)), proline (p and P), and trans-hydroxyproline (hp
andHP) to prepare receptors 2f, 2F, 2n, 2N, 2n(tr), 2N-
(tr), 2p, 2P, 2hp, and 2HP, respectively.8
Each of these receptors was screened as described

previously2 for binding members of an encoded, acetyl-
ated tripeptide library having the following form:9

The binding assays were carried out by equilibrating
a receptor variant (2X) with 10 copies of the tripeptide
library in chloroform for 48 h on a wrist action shaker.
The concentration of 2X was made as low as possible so
that only the strongest receptor-peptide complexes would
be detected. Under these conditions, a relatively small
number of library beads acquired the red color of 2X.
These red beads were picked under a low power micro-
scope and decoded by electron capture gas chromatogra-
phy to determine the sequences of the peptides bound
by 2X. The results are summarized in Table 1 for all
receptors except the proline-linked receptors 2p and 2P,
which turned out to have relatively poor affinity and
selectivity.
The data in Table 1 indicate that receptors 2 are

generally quite selective in binding certain di- and
tripeptide sequences. In particular, every receptor stud-
ied was able to selectively bind a preferred subset of <1%
of the 3375 peptide sequences in the library. In fact, most
variants of 2 were able to distinguish subsets consisting
of <0.5% of the peptides in the library. With receptors
2f, 2N(tr), 2HP, and 2hp, the most tightly bound
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members of the library consisted of only one or two
tripeptide sequences (0.03 and 0.06% of the library).
Interestingly, these exceptionally selective receptors

did not always have the tightest binding as measured
by the minimum concentration of 2 giving significant
bead staining.
The binding selectivities of AA-linked receptors 2 can

be seen to be very different from those of 1 and its
derivatives, which showed a strong preference for L-Val-
containing peptides. While each variant of 2 had its own
unique peptide-binding selectivity, many of these recep-
tors (e.g., 2F, 2N(tr), 2n(tr), and 2HP) displayed a
significant, consensus-like preference for dipeptide se-
quences having AA2 ) Gly and AA1 ) D-Pro. Receptors
2N(tr) and 2HP had the most similar binding properties
in that both selectively bound the tripeptide sequence Ac-
D-Pro-Gly-D-Pro. However, 2N(tr) also bound Ac-L-Pro-
Gly-D-Pro, while 2HP also bound Ac-D-Ala-Gly-D-Pro.
Other receptors had more distinct binding properties.
Among the most highly selective receptors, 2f preferen-
tially bound Ac-L-Gln-Gly-D-Val and Ac-D-Asn-L-Pro-D-
Val, while 2hp selected the single sequence Ac-L-Lys-D-
Asn-L-Ala.
While the ability of receptors 2 to distinguish peptides

based on their sequence is significant, additional se-
quences can become tightly bound at higher concentra-
tions of receptor. Evidence of such lower affinity (and
less selective) binding could be seen in many of our
binding assays. In such cases, two populations of recep-
tor-binding beads could be visibly distinguishedsone
population consisting of dark red beads that was satu-
rated with receptor and another, typically larger, consist-
ing of light red beads that was significantly less satu-
rated. Previous studies in this laboratory have shown
that binding energies of peptides on such dark and light
red beads can differ by as little as 1 kcal/mol as measured
by solution phase binding experiments. In many cases,
the sequences of the more weakly bound peptides (light
red beads) were related to the sequences of the most
strongly bound peptides (dark red beads). For example,
receptor 2N(tr) that most selectively bound Ac-D/L-Pro-
Gly-D-Pro (dark red beads) was found to bind 10 ad-
ditional related sequences (mostly Ac-L-X/Gly-Gly-D-Pro/
Gln) on light red beads. In the case of 2hp (most

selective for Ac-L-Lys-D-Asn-L-Ala), light red beads car-
ried 20 additional sequences that were structurally
distinct (mostly Ac-D-X/Gly-Gly-D-X/Gly. In general,
many of the more weakly binding sequences are related
to the Gly-D-Pro consensus sequence mentioned above.
Indeed, every receptor we studied except 2N showed at
least weak binding to peptides having Gly-D-X subse-
quences.
This work provides additional support for our general

observation that molecules containing a cyclic linker and
two (or more) functionalized, oligomeric arms make good
receptors for peptides in organic solvents. Compared
with more traditional, cagelike host molecules, two-
armed receptors are relatively simple to prepare because
the connections between linkers and arms are acyclic. In
the work described here, we found that introduction of
additional diversity elements (AA) between the linker
and the arms of 1 gave new receptors 2 whose peptide-
binding selectivities were quite different from those of 1
and varied significantly AA’s structure. Interestingly,
most of the new receptors had binding similarities toosin
particular, in 8 out of the 10 receptors studied bound
tripeptides had AA2 ) Gly and in most of these the AA2
Gly was followed by a D-amino acid (AA1) that was
frequently D-Pro. These results indicate that 2 and 1
(with various linkers and macrocyclic arm substitutions)
form distinct families not only structurally but also based
on their binding properties: while 2 prefers Gly-D-X
sequences, 1-like receptors generally select L-Val/Leu-
containing peptides. To make such receptors select for
other types of peptides, it will be necessary make more
substantial changes in the linkers, arms, or AA-like
components. Just how large these changes must be in
order to break away from the consensus binding behavior
observed here is the subject of ongoing investigations.
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Table 1. Peptide-Binding Selectivities of Receptor 2 in Chloroform

preferred sequences bound

receptor (concn, µM)a total sequences boundb AA3 AA2 AA1 frequencyc (%)

2F (5) 23 ( 6 (0.7%) X Gly D-Pro 67
D-Pro L-Ala D-X 15

2f (66) 2 ( 0 (0.06%)d L-Gln Gly D-Val 56
D-Asn L-Pro D-Val 44

2N (6) 7 ( 1 (0.2%) D-Pro L-X D-Gln 42
D-Pro D-Ala, Lys D-Pro 37

2n (3) 22 ( 6 (0.7%) L-X L-Asn D-Pro 28
Gly, D-X Gly Gly 24

2N(tr) (60) 2 ( 0 (0.06%)d L-Pro Gly D-Pro 57
D-Pro Gly D-Pro 43

2n(tr) (5) 13 ( 2 (0.4%) L-Ala L-Pro X 64
Gly, D-X Gly D-Pro 20

2HP (3) 2 ( 0 (0.06%)d D-Pro Gly D-Pro 55
D-Ala Gly D-Pro 45

2hp (25) 1 ( 0 (0.03%)d L-Lys D-Asn L-Ala 100
a Equilibrium [2] during assay. b Total number of different tripeptide sequences tightly bound by 2 at the concentration indicated

(percentage of library bound). c Percentage of all beads picked having the indicated sequence; sequences indicated were found at least
four times. d Assays in which both dark red beads (strong binding) and light red beads (weaker binding) were found; results given here
are for the dark red beads only, and peptide sequences from both dark and light red beads are given in the supporting information.
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