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Identification of Sequence-Selective Receptors
for Peptides with a Carboxylic A cid Terminus**

Thilo Fessmann and Jeremy D. Kilburn*

The ability to prepare synthetic receptors for specific
ligands is a highly desirable goal. In particular selective
receptors for specific peptide sequences would have potential
applications for separation of peptide mixtures, biosensors,
and new therapeutics, as well as providing model systems for
biological protein—peptide complexes. Much recent work in
the area of peptide receptors has focused on “tweezer”
receptors,l> 2 which, despite their inherent flexibility, have
proved to be highly selective for certain peptide sequences in
both nonpolarP®! and aqueous solvent systems.[¥ Many of these
tweezer receptors have been screened against combinatorial
libraries of resin-bound peptides and have allowed a rapid
evaluation of the binding properties of the receptor.? ! The
reverse process, that is, screening of a library of receptors with
a chosen peptide substrate, has been less well developed,
apart from the pioneering work of Still etal. They have
screened libraries of receptors with a steroid core for selective
peptide recognition,’) and more recently have screened
libraries of receptors for the kinetic resolution of cyclic amino
acid derivatives.[’]

The basic design of tweezer receptors incorporates a “head
group” or “hinge” bearing two side arms that incorporate
appropriate functionality for binding with the backbone of
suitable substrates (Figure 1). In contrast to many of the
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Figure 1. a) Schematic representation of a tweezer receptor with a hinge or
head group and side arms that provide binding interactions with a suitable
guest substrate. b) Schematic representation of a tweezer receptor with a
carboxylic acid binding site (CBS) as the head group.

tweezer receptors reported to date, we are interested in
incorporating a head group with a specific recognition site for
the terminal functional group of the peptide guests.[3
Incorporation of such a binding site or “anchor point”, in
addition to binding interactions from the tweezer side arms,
should greatly increase the binding affinity of such tweezer
receptors with suitable substrates, and should ultimately lead
to receptors for the C-terminal sequence of larger peptides.
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Here we describe a novel tweezer structure that incorporates
a diamidopyridine unit/” as the head group to provide a
binding site for the carboxylic acid terminus of peptide guests.
The arms of the tweezer are themselves simple peptides which
can potentially provide selective interactions with the back-
bone of the peptide guests. A small (2197 membered) resin-
bound library of such tweezer receptors has been prepared
using the “split and mix” strategy,®! and has been used to
demonstrate the potential of such libraries to identify
selective receptors for selected tripeptide guests with a
carboxylic acid terminus.

In order to prepare libraries of tweezer structures we
synthesised a diamidopyridine derivative suitably functional-
ized with a carboxylic acid moiety to allow attachment to resin
beads. Such a diamidopyridine derivative 5 was prepared by
first converting chelidamic acid 1 into the tribenzyl derivative
2, followed by aminolysis of the resulting benzyl esters and a
Hofmann degradation to give diaminopyridine 3 in 53 %
overall yield (Scheme 1).l Treatment of 5§ with N,O-bis(tri-
methylsilyl)acetamide,l'”] followed by Boc-protected phenyl-
alanine acid fluoride!'!l gave 4 in 75% yield. Hydrogenolysis
of the benzyl ether, alkylation with benzyl bromoacetate,
exchange of the Boc protecting group for an Fmoc group, and
finally further hydrogenolysis of the benzyl ester gave 5 in
75 % overall yield from 4.
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Scheme 1. a) K,CO;, BnBr, acetone, reflux; b) NH;, MeOH; c¢) KOH,
Br,, 90°C; d) N,O-bis(trimethylsilyl)acetamide; ) BocPheF; f) 10 % Pd/C,
NH,CO,H, MeOH; g)BrCH,CO,CH,Ph, K,CO,, DMF; h)20%
CF;CO,H, CH,Cl,; i) FmocONSu, Na,CO;, H,O, dioxan. Boc = fert-
butyloxycarbonyl; Fmoc = (9H-fluoren-9-ylmethoxy)carbonyl.
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In initial studies the Boc-protected diamidopyridine deriv-
ative analogous to § was successfully coupled directly to
TentaGel resin (without a linker). After removal of the Boc
protecting groups a standard solid-phase split and mix syn-
thesis with Fmoc-protected amino acids gave a library of
tweezer receptors with tetrapetide side arms. Attempted
sequencing of individual beads by Edman degradation was,
however, only partially successful (typically only the first two
amino acids could be unambiguously identified) and we
concluded that under the conditions of the Edman degrada-
tion the amide bonds to the diamidopyridine were being
cleaved, leading to the loss of the peptide side arm.!"? Thus we
adopted a strategy using a peptide-coding strand and with the
tweezer attached through the Rink-amide linker,!') which
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would be cleaved and washed away under the conditions for
the Edman sequencing of the coding strand. The peptide
coding strand was conveniently incorporated by first coupling
Aloc-protected phenylalanine (Aloc = allyloxycarbonyl) onto
10 % of the amine sites on TentaGel-NH, resin beads (130 um
beads, 0.29 mmolg™') followed by coupling the Fmoc-Rink
amide linker™ to the remaining 90% of amine sites
(Scheme 2). Removal of the Fmoc group from the Rink
linker was followed by the coupling of diamidopyridine 5 and
further deprotection of both the Fmoc and Aloc protecting
groups to yield resin 6 ready for library generation. A 2197
member library of Fmoc-protected tweezers 7 was prepared
by a threefold coupling of thirteen Fmoc-protected amino
acids (Gly, L-Ala, L-Val, L-Phe, L-Leu, L-Lys(Boc), L-Pro, L-
Glu(OfBu), L-Ser(OrBu), L-Met, L-Trp, L-Asn, L-Gln) to the
free amine groups by using the split and mix strategy. A
second library of tweezers 8, with free terminal amino groups,
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Scheme 2. a) AlocPhe, HOBT, DIC, DMAP, CH,Cl, (10% of amine
sites); b) Fmoc-Rink amide linker, HOBT, DIC, DMAP, CH,Cl,; ¢) 20%
piperidine, DMF; d)5, HOBT, DIC, DMAP, CH,Cl,; e) [Pd(PPh;),],
dimedone, CH,Cl,, THF; f) 3-fold split and mix Fmoc-peptide synthesis
using Gly, L-Ala, L-Val, L-Phe, L-Leu, L-Lys(Boc), L-Pro, L-Glu(O7Bu), L-
Ser(OtBu), L-Met, L-Trp, L-Asn, L-Gln; g) Edman sequencing. HOBT =1-
hydroxy 1H-benzotriazole; DIC =1,3-diisopropylcarbodiimide; DMAP =
4-dimethylaminopyridine; DMF = N,N-dimethylformamide.
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was prepared by treatment of a portion of library 7 with
piperidine.

The dansyl-labeled tripeptide with a free carboxylic acid
terminus, DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH (DNS=
dansyl = 5-(dimethylamino)-1-naphthalenesulfonyl), was used
as the guest in screening experiments.'l A sample of typically
4 -5 mg (4000-5000 beads) of the library was equilibrated in
a chosen solvent system (160 pL) for 24 h, followed by the
addition of the dansylated tripeptide as a solution in the same
solvent system (160 pL), and incubation for a further 24 h.
The beads were analyzed in flat-bottomed glass pots under a
Leica inverted DML microscope (magnification x 40) with a
filter cube that contained a suppression filter at 425 nm and an
excitation filter at 340380 nm.

Control tests were carried out for each screening experi-
ment. Thus the dansylated tripeptide guest was incubated with
TentaGel resin alone, and samples of the tweezer libraries 7
and 8 were equilibrated in the solvent system in the absence of
guest. In these experiments no selective fluorescence was
observed, which confirms that all observed fluorescence in the
actual screening experiments was derived from the interaction
of the guest with selected library members. In addition, in
order to show that the observed selectivity was not a
consequence of an interaction of the tripeptide guest simply
with the peptide side arm of the tweezer receptor, or with the
coding strand on the library beads, a simple 2197 membered
peptide library directly attached to TentaGel resin (analogous
to the coding strand) was prepared. Incubation of this library
with the dansylated peptide guests again showed no selective
fluorescence.

The screening experiments are simple and allow the rapid
evaluation of the binding potential and selectivity of the
libraries with the guest in a range of solvent systems. In
practice we observed no selective binding with any of the
guest-library combinations in a range of buffered aqueous
solvents. With chloroform as the solvent, however, high
selectivity was observed for DNS-L-Glu(OrBu)-L-Ser(OrBu)-
L-Val-OH with both the protected and deprotected libraries
(approximately 1% of the beads were highly fluorescent
in both cases against a background of low fluorescence
beads).

Highly fluorescent beads were selected from each of the
successful screening experiments and sequenced by Edman
degradation.'” (Edman sequencing was carried out in all
cases for a fourth cycle and always showed the presence of
phenylalanine for all beads, which was expected as it was
introduced by the synthesis, and provided a useful check that
the coding strand was operating correctly). The results of the
sequencing experiments had the highest level of consensus for
screening of DNS-L-Glu(OrBu)-L-Ser(OfBu)-L-Val-OH against
the protected library 7 (Table 1) with the sequence Val-xxx-
Trp found for six of the beads analyzed, and more specifically
Val-Leu-Trp was found for three of the beads. A strong
consensus for valine or leucine at the second and third
positions was also found with the deprotected library 8
(Table 2), but the terminal amino acid residue was less well
defined, with phenylalanine detected for four of the beads.
Significantly tryptophan was not detected at the terminal
position for any of the beads from the deprotected library 8.
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Table 1. Sequencing data for ten fluorescent beads selected from the
screening experiment of DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH with
the protected library 7 in CHCl;.

Bead AA! AA? AA3
1 Val Leu Trp
2 Val Leu Trp
3 Val Leu Trp
4 Val Ala Trp
5 Val Val Trp
6 Val Met Trp
7 Val Gly Phe
8 Val Ala Val
9 Val Gly Val

10 Gln Val Gln

Table 2. Sequencing data for ten fluorescent beads selected from the
screening experiment of DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH with
the deprotected library 8 in CHCI;.

Bead AA! AA? AA?
1 Val Leu Met
2 Val Leu Met
3 Val Leu Leu
4 Val Leu Leu
5 Val Gly Ala
6 Val Met Met
7 Leu Val Phe
8 Leu Val Phe
9 Phe Val Phe

10 Ala Ala Phe

The effect of solvent polarity on the binding selectivity of
these libraries could be readily established by the simple
addition of more-polar solvents to the screening experiments
set up in CHCI; solution. Thus addition of DMSO led to a
rapid loss of selective fluorescence, with both protected and
deprotected libraries 7 and 8, when the solvent composition
reached 10:90 DMSO:CHCI;. Likewise, addition of 10%
MeOH effectively destroyed the selectivity. Addition of
CH;CN, however, did not have any noticeable effect on the
selectivity observed for the screening of DNS-L-Glu(OfBu)-L-
Ser(OrBu)-L-Val-OH with the Fmoc-protected library 7,
although addition of 50 % CH;CN did destroy the selectivity
for the screening with the deprotected library 8. Indeed,
screening DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH against
the Fmoc-protected library 7 in neat CH;CN showed high
selectivity (again, approximately 1% of beads were highly
fluorescent). The sequencing of five highly fluorescent beads
selected from this screening experiment by Edman degrada-
tion gave the identical consensus sequence Val-Leu-Trp for
two of the five beads, as found for the same screen in CHCl;,
and Val-Met-Trp for a third bead (Table 3). The strong

Table 3. Sequencing data for five fluorescent beads selected from the
screening experiment of DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH with
the protected library 7 in CH;CN.

Bead AA! AA? AA3

1 Val Leu Trp

2 Val Leu Trp

3 Val Met Trp

4 Phe Val Ala

5 Phe Met/Val Met/Trp
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consensus for tryptophan at the terminal position when
screening with the Fmoc protected library 7 in both CHCl,
and CH;CN, the absence of tryptophan at the terminal
position when screening with the deprotected library 8 in
CHCIl;, and absence of any selectivity for the latter screen in
CH;CN suggests that the combination of the Fmoc protecting
group and the tryptophan residue play an important role in
the binding of the peptide guest.

To establish that the observed binding with resin-bound
tweezers was also operating in free solution, tweezer 9 was
prepared by solid-phase synthesis as a single compound with
tetrapeptide side arms Phe-Val-Leu-Trp, which corresponds
to the most commonly found sequence in the screening
experiments. The synthesis of 9 was most easily achieved with
the Sieber amide resin,!'®! which ultimately allowed cleavage
of the tweezer from the resin with 1% CF;CO,H in CH,Cl,
(Scheme 3). Unfortunately tweezer 9 was essentially insoluble
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Scheme 3. a) 20% piperidine, DMF; b) 5, HOBT, DIC, DMAP, CH,Cl,;
¢) Fmoc-L-Val-OH, HOBT, DIC, DMAP, CH,Cl,; d) Fmoc-L-Leu-OH,
HOBT, DIC, DMAP, CH,Cl,; e¢) Fmoc-L-Trp-OH, HOBT, DIC, DMAP,
CH,Cl,; f) 1% CF;CO,H, CH,Cl,.

in neat CDCl; or neat CD;CN and therefore did not allow
NMR studies on the formation of a complex with DNS-L-
Glu(OfBu)-L-Ser(OrBu)-L-Val-OH. A 500 uM solution of 9 in
DMSO:CHCl; (2:98) could, however, be prepared and
allowed us to study the complexation of 9 with DNS-L-
Glu(OrBu)-L-Ser(OtBu)-L-Val-OH by fluorescence spectro-
scopy. The intensity of the fluorescence emission maximum
(at 494 nm) for the dansyl group of the peptide guest
decreased as aliquots of the tweezer receptor 9 were added,
with the drop in intensity exhibiting typical saturation. The
data from this experiment showed a good fit for the presumed
1:1 binding and allowed an estimation of the binding constant
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as 2.6 x 10°m~! (— AG,=30.4 kImol!).l'"! Thus, as anticipat-
ed the incorporation of a specific binding site for the
carboxylic acid terminus of peptide guests into a tweezer
structure provides binders with considerably higher affinity
than tweezers with a nonspecific head group.

The selectivity of the library was further probed by carrying
out identical screening experiments to those described above,
but with Ac-L-Lys(DNS)-p-Ala-pD-Ala-OH as the guest tri-
peptide.l'® No selectivity was observed for this guest when it
was screened with the Fmoc-protected library 7, but high
selectivity was again observed when screened against the
deprotected library 8 (approximately 1-2% of beads were
highly fluorescent, although there were also a number of
beads with intermediate levels of fluorescence, which sug-
gested that the library was less selective for this peptide guest
than for DNS-L-Glu(O¢Bu)-L-Ser(OfBu)-L-Val-OH). Indeed
Edman sequencing of nine selected beads from this latter
screen showed a lower overall consensus compared to screen-
ing with DNS-L-Glu(OrBu)-L-Ser(OrBu)-L-Val-OH, but there
was considerable consensus for the second position, with
seven of the nine sequences having Asn or Gln (Table 4).
Significantly, the observed sequences were essentially com-

Table 4. Sequencing data for nine fluorescent beads selected from the
screening experiment of Ac-L-Lys(DNS)-pD-Ala-pD-Ala-OH with the de-
protected library 8 in CHCl;.

Bead AA! AA? AA3
1 Trp Asn Gly
2 Trp Asn Gly
3 Trp Val Phe
4 Leu Val Phe
5 Leu Gln Leu
6 Val Gln Leu
7 Phe Gln Val
8 Gln Gln Gln
9 Met Gln Lys

pletely different to those found for the screening with DNS-L-
Glu(OtBu)-L-Ser(O¢Bu)-L-Val-OH, which confirms that the
tweezer receptors are selective for different peptide sub-
strates.
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