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ABSTRACT

The synthesis of macrocyclic two-armed diketopiperazine receptors and their binding properties toward peptides is described. Macrocyclization
with short linkers led to receptors with significantly modified binding properties compared to their flexible open chain parent receptors,
whereas with long linkers the original binding selectivities were largely retained.

Over the past decade, several molecular receptors consistingway from the templat&:® The peptidic “receptor arms” are

of a template and two peptidic side chains as recognition responsible for the binding selectivity, and even small
modules have been developedespite their structural  changes in their structure can lead to significantly modified
flexibility, many of these “two-armed” or “tweezer-like”  binding properties. Several studies investigated and demon-
receptors bind peptidic guests with good to excellent strated the importance of the rigid template for the selective
selectivities. Within the receptor structure, the template is recognition of substrates by two-armed receptdnscontrast,
crucial either as a recognition site for a certain functional little is known about the importance of the conformational
group? or as a rigid conformationally well-defined scaffold flexibility within the peptidic receptor arms for selective
that directs the peptidic side chains in a defined orientation substrate binding.
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We have addressed this question by connecting the terminiand chemical functionality. The termini of the receptor arms
of the receptor arms with different linkers and examining were linked by (a) an olefin, (b) amide bonds, and (c) a
the binding properties of the resulting rigidified, macrocyclic disulfide bond (Figure 2). The first two linkers were designed
receptors. Herein we present the effect of macrocyclization
on the binding properties of diketopiperazine receptors as_
examples of two-armed receptors. We demonstrate (a) that
macrocyclization can alter the binding properties of two-
armed receptors significantly and (b) that the extent of altered
binding selectivities depends on the length of the linker used
to connect the receptor arms.

Diketopiperazine receptors are based on a structure-
directing diketopiperazine derived from hydroxyproline,
which serves as a structure-directing template and anchor
for the two peptidic side chains (Figure X¥&}.Combinatorial

Figure 2. Macrocyclic diketopiperazine recepta2s-4.

to have the same number of atoms (ten), thus allowing testing
to determine whether functional groups within the linker

Figure 1. (a) General structure of diketopiperazine receptors and would have an influence on the binding properties of

(b) receptorl (the dye is attached via an ether linkage to the Tyr Macrocyclic diketopiperazine receptors. The disulfide linker
residue). contains 12 additional atoms, thus forming a larger macro-

cycle and allowing for a comparison of the effect of different
ring sizes on the binding properties (Figure 2).
binding studies revealed that these two-armed receptors bind The open chain compounds—c served as precursors for
peptidic substrates with high selectivities and binding af- the macrocyclic receptos-4 (Scheme 1). For the synthesis
finities of up toAG = —6 kcal mol* both in organic solvents ~ of 2, 5-hexenoic acid was coupled onib to yield la.
and in aqueous environmefft. Conformational analysis Macrocyclization by a metathesis reacfiovas effected by
demonstrated that the diketopiperazine adopts a well-definedusing 0.8 equiv of Grubb’s catalyst at a concentration of 1
turn-conformation that proved crucial for selective peptide mM in a mixture of CHCl, and CHOH in 71% yield!®
binding%2 As for other two-armed receptors, analysis of the Receptoi3 was obtained by macrocyclization i with the
conformation adopted by the receptor arms has not beenbis-pentafluorophenyl (Pfp) ester of sebacic acid. Slow
straightforward due to their structural flexibility. addition of the bis-Pfp ester and the bisamiio a solution
Receptorl was chosen as a receptor prototype to analyze Of Hiinig’s base in THF¢ = 1 mM) allowed for isolation
the effect of macrocyclization on the binding properties of 0f receptor3in a yield of 32%. For the synthesis of receptor
diketopiperazine receptors (Figure 1bhad previously been 4, 6-aminohexanoic acid and Acm-protected cysteine were

found to bind tripeptides like Ac-Hph-b-Hph-p-His, Ac- coupled ontalb to yield 1c. Exposure ofic to iodine in a
L-Hph+-GIn-p-Hph, and Ace-GIn-b-Hph-b-Hph (Hph = solution of CHCI,, methanol, and waterc(= 1 mM)!*
hydrophobic amino acid, either Ala, Val, Leu, or Phe) with provided recepto# in 40% yield.

binding affinities ofAG < —4.7 kcal mot? in chloroform?a7 The binding properties of the macrocyclic recept®rsA

These binding selectivities are neither very pronounced norwere evaluated by combinatorial binding assays with a resin-

very low compared to other diketopiperazine receptors. Thus,
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selectivities. Thus, all further studies were performed with the mixture of
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Scheme 1. Macrocyclizations to Yield Recepto&s—4

These qualitative results of the binding assay revealed that
all macrocyclic diketopiperazine receptors are able to bind
to peptides selectively. In comparison to the binding assay
with receptord, the darkest beads in the assay2-6fl were
not nearly as intensely colored as those observed in the assay
of 1 (Figure 3). Isolation of several of the colored beads
(~30 per assay) and analysis of their respective encoding
electrophoric tags by gas chromatography, using electron
capture detection, revealed the peptide binding selectivities
(Table 1).

bound tripeptide library of the general structure Ac-AA3-
AA2-AA1-NH(CH)sCONH-resin. The library was prepared
on polystyrene resin by encodédplit and mix synthestd

and had already been used for the analysis of the binding
properties of the open chain receptbr* Twenty nine
different amino acids were used in each of the three positions,
resulting in maximally 29 = 24389 different acylated
tripeptides as members of the librdfyTo ensure a repre-

Table 1. Peptide Binding Selectivities of Receptdrs-4 for
Tripeptides within the Library
Ac-AA3-AA2-AA1-NH(CH,)sCO-PS Resin

freq freq

AA3 AA2 AA1 found® expected®

1> Dp-Ala/D-Val D-Hphe D-His 34 0.04
L-Ala/L-Leu L-Gln D-Hph 37 0.04
D-GIn D-Hph D-Val/D-Leu 20 0.04

2 Xd L-Pro/Lys 1/D-Pro 30 0.71
D-Pro/L-Lys  L/D-Pro X 20 0.48
D-Phe/pD-Ser 1/D-Lys X 20 0.48
L/D-Pro L/D-Pro 35 0.23

D-Lys D-Pro L-Pro 23 0.004

4 1/p-Ala L-Gln L-Ala 17 0.008
L-Hph L-Gln p-Hph 13 0.01
D-Gln D-Hph p-Hph 37 0.07

aThe column frequency found lists the percentage of beads selected in

sentative screening result, an amount corresponding to at leasthe combinatorial assay for the indicated peptide sequence. The column

five theoretical copies of the library was used per adgay.
Upon mixing of the library with dilute solutions of the
receptors (~50—210@M) in chloroform and equilibrating

the mixtures for at least 24 h, several beads picked up the

red color of the receptor in all three assays (Figure 3). In

Figure 3. Combinatorial binding assays of diketopiperazine
receptor1 (left) and macrocyclic recepto? (right) with the
tripeptide library Ac-AA3-AA2-AA1-NH(CH)sCONH-resin.

the assay of receptd, approximately 1 out of 200 beads
turned bright orange. The assays of receptdrand 4
indicated higher levels of binding selectivity since only 1
bead out of~400 and~1000, respectively, had turned
orange.

(12) (a) Ohimeyer, M. H. J.; Swanson, R. N.; Dillard, L. W.; Reader, J.
C.; Asouline, G.; Kobayashi, R.; Wigler, M. H.; Still, W. ®roc. Natl.
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Org. Lett, Vol. 9, No. 21, 2007

frequency expected lists the expected frequency for the particular tripeptide
sequence upon random bead picking. The comparison between “freq found”
and “freq expected” is therefore a measure for the selectivity level of the
receptor.? Data taken from ref 4& Hph = hydrophobic amino acid, either
Ala, Leu, Val or Phed X = random amino acid

Receptor and3 with the olefin and alkane linkers bind
predominantly to Lys and Pro rich peptides. Their binding
selectivities are clearly different from those observed for the
parent open chain receptar Interestingly, receptor® and
3 have slightly different binding selectivities suggesting that
not only the macrocycle but also the type of linker can affect
the binding selectivities.

Macrocyclic receptod with the longer linker has binding
selectivities that are similar to those of the open chain
receptorl. 4 binds to two out of the three peptide motives
that were also selected Hy (Ac-L-Hph--GIn-b-Hph and
Ac-p-GIn-D-Hph-D-Hph) (Table 1).

The third motif selected byl (Ac-b-Hph-b-Hph-D-His)
is, however, not selected by the macrocyclic receptor. These
results suggest that the ring size of macrocytlis large
enough to accommodate a similar conformation as in the

(13) (a) Furka, A Sebestyén, F.; Asgedom, M.; DipG. Int. J. Pept.
Protein Res1991,37, 487—493. (b) Lam, K. S.; Salmon, S. E.; Hersh, E.
M.; Hruby, V. J.; Kazmierski, W. M.; Knapp, R. Nature1991,354, 82-

84.

(14) AA1-AA3 = Gly, p-Ala, L-Ala, p-Val, L-Val, b-Leu, L-Leu,b-Phe,
L-Phe,p-Pro,L-Pro,p-Ser,L-Ser,p-Thr, L-Thr, p-Asp, L-Asp, b-Glu, L-Glu,
D-Asn, L-Asn, b-GlIn, L-GIn, p-His, L-His, p-Lys, L-Lys, p-Arg, L-Arg.

(15) Burgess, K.; Liaw, A. I.; Wang, N. YJ. Med. Chem1994, 37,
2985-2987.
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open chain receptat that allows for binding to the GIn-

are supported by the qualitative comparison of the color of

containing peptides. It also suggests that the conformationthe darkest beads in the assays of the macrocyclic receptors

of receptorl upon binding to peptides of the type Ae-
Hph-p-Hph-p-His does not resemble any conformation that
can be adopted by a macrocyclic recegfor.

and the parent open-chain receptomMone of the beads in
the assays of the macrocyct®s4 were as intensely colored
as the darkest beads in the assays of the open chain receptor

To obtain a measure of the strength of the observed 1 (Figure 3), implying a weaker binding of the macrocyclic

intermolecular interactions of macrocyclic recept®rgt and

their preferred peptides, we determined relative binding

affinities using a solid-phase binding assay (Tablé 2).

Table 2. Relative Binding Affinities of Diketopiperazine
Receptorl and Macrocyclic Receptord—4 to Solid Supported
Peptides (Ac-peptide-NH(CHCO-PS Resirf)P

receptor peptide K. (M)  AG (kcal mol™1)
1¢ D-Val-p-Val-p-His 2500 —4.6
1 D-GIn-D-Ala-D-Leu 805 —4.0
2 D-Lys-D-Pro-L-Lys 59 —2.4
2 L-Pro-L-Pro-D-Lys 90 —-2.7
2 L-Ser-D-Pro-D-Pro 63 —24
2 D-Phe-L-Lys-D-Pro 34 2.1
2 D-Ser-D-Lys-L-Lys 38 —2.2
3 D-Lys-D-Pro-L-Pro 33 —-2.1
4 L-Ala-L-Gln-L-Ala 51 —2.3
4 D-GIn-p-Ala-D-Leu 19 -1.7

aThe peptides were immobilized on polystyrene resin with a loading of
~0.33 mmol gl PAll measurements were repeated at least twice to
ascertain the accuracy of the binding affinities withi@.1 kcalmot . ¢ Data
taken from ref 7.

receptors to their selected peptides.

In conclusion, we demonstrated that the binding properties
of two-armed receptors can be modified significantly by
macrocyclization via the termini of their peptidic side chains.
Macrocyclic receptors bind their peptidic substrates with
lower binding affinities compared to flexible two-armed
receptors. This shows that preorganization of two-armed
receptors into their binding conformation is not trivial and
reveals the importance of the conformationally flexible
peptidic side chains for the highly selective binding properties
of two-armed receptors. Binding selectivities change drasti-
cally when short linkers are employed whereas with longer
linkers certain selectivities are retained. Macrocyclization can
thus serve as a valuable tool to modify the binding properties
of two-armed receptors.
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These studies demonstrated that none of the macrocyclicOL701892X

receptors bind their preferred peptides with binding affinities
that are comparable to those measured for the flexible parent;,,

diketopiperazine receptdr These relative binding affinities
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(16) Noteworthily, the additional potential hydrogen bonding sites in the
ker of receptor4 do not modify the binding selectivities significantly
compared to those of the open-chain recefitor
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