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The binding of small oligopeptides by artificial receptors
under physiological conditions (in water) still remains a
challenging task. Although early work in this area was limited
to peptide recognition in organic solvents,!"! some progress
has been made in the last few years for peptide binding in
more polar solvents. Some examples of oligopeptide binding
in aqueous solvents based on metal-ligand® or hydrophobic
interactions,’! and, most recently, purely electrostatic inter-
actions (H-bonds and ion pairs)* have been reported. For the
identification of artificial peptide receptors, combinatorial
libraries have been successfully employed by us and other
groups.”! In some cases, receptors found in this way even
demonstrate pronounced selectivity for closely related sub-
strates at least in qualitative on-bead binding assays. How-
ever, a quantitative confirmation of the reported on-bead
substrate selectivities in free solution is lacking. For example,
Chamorro and Liskamp™® reported the screening of a large
combinatorial receptor library derived from a cyclotrivera-
trylene with three attached peptide arms for the binding of D-
Ala-p-Ala. By using a color-coded substrate, efficient recep-
tors could be identified from a qualitative screening in which
the dipeptide binds more efficiently than the related depsi-
peptide D-Ala-p-Lac. No quantitative information on binding
affinities or substrate selectivity was provided. In another
example, Kilburn et al. recently reported on the screening of a
large combinatorial library of “tweezer receptors” (> 15000
members) for the binding of the tripeptide N-Ac-L-Lys-
D-Ala-p-Ala. Again, by using a qualitative binding assay,
receptors were identified and the most promising one was
then resynthesized and studied in more detail.l”! Weak binding
with low-mm affinities was found for two diastereomeric
tripeptides with the resin-bound receptor, but no binding data
in free solution could be obtained. Therefore, the demon-
stration of efficient stereoselectivity in the binding of
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oligopeptides in water still remains an unsolved problem.
Herein, we report that the fully flexible peptide receptor 1
shows not only significant substrate selectivity but also a
remarkable sequence dependent stereoselectivity in the
binding of polar tetrapeptides in water.

Recently, we demonstrated that the tris-cationic receptor
1 (Gua-Lys-Lys-Phe; Gua = guanidiniocarbonyl pyrrole) effi-
ciently binds the tetrapeptide D-Glu-L-Lys-D-Ala-D-Ala-OH
with K, >10*m~" in buffered water.!*! This polar tetrapeptide
is interesting owing to its resemblance to a bacterial
peptidoglycan which plays a crucial role in cell wall synthesis
and antibiotic activity.®! Receptor 1 was identified from a
combinatorial screening of a small but focused receptor
library with 512 members by using a fluorescence-labeled
derivative of this tetrapeptide. From a screening of the whole
library a detailed quantitative structure-binding relationship
could be established. This relationship showed that complex
formation is dominated by electrostatic interactions. Follow-
ing this approach to use rather small but custom designed
combinatorial libraries that can be fully analyzed quantita-
tively in detail, we have now screened receptor 1 for its
binding selectivity against a combinatorial library of 320
different but closely related substrates.

The substrate library was prepared by inverse solid-phase
peptide synthesis on TentaGel as shown in Scheme 1. To
introduce structural diversity, a combinatorial split-and-mix
synthesis was performed based on the IRORI radiofrequency
tagging technology.””! In each coupling step, the following four
amino acids were used as their fert-butyl esters: D-Glu(OBzl),
L-Lys(Cbz), D-Ala, and L-Ala (Bzl=benzyl, Cbz=
carbobenzoxy). D-Lac was also incorporated at the fourth
position of the C terminus of the substrate!'” giving rise to a
total library size of 4x4x4x5=320substrates. It was
necessary during the course of the library synthesis to develop
a modified protocol for the cleavage of the benzyl-protected
glutamate side chains as the standard protocol normally used
in the literature (25% HBr in HOAc, 16 h)" also led to a
complete cleavage of the tetrapeptides from the solid support.
This cleavage was owing to the TentaGel being more acid
sensitive than the standard Merrifield resin.”! Time-depen-
dent cleavage studies with a model peptide (resin-Ala-Glu-
(OBz)-Lys(Z)-Phe-NH,) synthesized on TentaGel showed
that after more than 2 h of treatment with 33 % HBrin HOAc
the glutamate side chains were cleaved (as determined by a
malachite-green test!’®!), whereas the resin started to decom-
pose only after 10 h. Therefore, after the library synthesis, we
used a 5 h treatment with 33 % HBr in HOAc to remove all
benzylic protecting groups.

The 320 solid-phase-bound deprotected substrates were
then screened for their binding affinity towards receptor 1 by
first using a qualitative on-bead screening assay through
incubation of the library members with the Dansyl-labeled
receptor 1 in aqueous buffer solution. This assay showed that
even at concentrations as low as 5 um, receptor 1 efficiently
and with high selectivity binds to some of the substrates
within the library (Figure 1). We then performed a quantita-
tive screening assay of the whole substrate library. From the
change in UV absorption of the solution before and after
incubation with the labeled receptor and the known loading

www.angewandte.de

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

() PEG OH
0
1. H-AA-OtBu, PyBOP, DMF, 3% NMM

2. TFA (50%), CH,Cl,
3. repeating step 1 and 2 (3x)

H (0]
Q-CFEe M - e L o
0\ J

with side chain protecting groups

HBr in HOAc
5h

H (0]
N ~Laal H a2 - aas - AAT Y ToH
o o/

~

deprotected side chains

AA' AAZ AA® = D-Glu, L-Lys, p-Ala, L-Ala

AA* = p-Glu, L-Lys, p-Ala, L-Ala, p-Lac
label [ spacer ] J'K/N\H/L /u\/N _0.
3 H it N H
R Q s R Q '." N N
o H @] H
J\W \)’l\ /k[rN\/ke‘_,.uH‘N‘
1

Scheme 1. Synthesis of a combinatorial library containing 320 tetrapep-
tides and depsipeptides by inverse solid-phase peptide synthesis on
tentagel and schematic representation of the complex formed with the
triscationic guanidiniocarbonyl pyrrole peptide receptor 1 (spacer=
e-aminocaproic acid, R =R?=Lys, R*=Phe). AA=amino acid, Ac=
acetyl, PyBOP = (benzotriazol-1-yloxy)tripyrrolidinophosphonium hexa-
fluorophoslate, DCM =dichloromethane, DMF = N,N-dimethylform-
amide, NMM = N-methylmorpholine, PEG = polyethylene glycol,

Py = pyridine, TFA=trifluoroacetic acid.

of the resin, the binding constants can be calculated by using a
procedure described earlier.*) Some selected binding con-
stants are given in Table 1. The best binding substrate in this
library is D-Glu-D-Glu-D-Glu-D-Glu-OH (substrate 2, K,=
26500m "), which is not surprising for a tris-cationic receptor
molecule. The binding affinity is remarkably high, keeping in
mind that both receptor and substrate are fully flexible
molecules. This emphasizes that multiple charge interactions
can be very efficient even in water. As the binding is
dominated by electrostatic interactions, the weakest binding
affinities with K, <100m~! are observed for those substrates
that contain only nonpolar (Ala/Lac) or positively charged
(Lys) side chains (e.g. substrates 10 or 11). Only overall
negatively charged substrates are bound efficiently. Binding
of L-Lys-L-Lys-L-Lys-L-Lys-OH could not even be detected in
this assay. Overall, the binding constants vary by more than a
factor of 300, which is a remarkable substrate selectivity for
such a small and flexible receptor, especially as the 320
substrates within the library are structurally very similar. The
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Figure 1. Incubation of the solid-phase bound substrate library with
the fluorescence-labeled receptor 1 reveals a selective interaction with
only some substrates within the library despite their structural close
resemblance (aqueous buffer, pH 6.10, [1]=5 um).

Table 1: Selected association constants obtained from a quantitative on-
bead assay for the binding of different substrates by receptor 1.

Substrate AA! AN AN AA* K, m
2 D-Glu D-Glu D-Glu D-Glu 26500
3 L-Ala p-Glu D-Glu p-Glu 8500
4 D-Glu D-Glu D-Ala p-Glu 5000
5 D-Glu D-Ala L-Ala D-Glu 4800
6 p-Ala L-Ala p-Glu p-Glu 2600
7 p-Ala p-Ala L-Ala D-Glu 1200
8 p-Ala D-Glu L-Ala p-Ala 700
9 p-Ala L-Ala p-Glu p-Ala 600

10 L-Lys D-Ala L-Ala L-Lys <100

11 L-Ala L-Ala L-Ala D-Ala <100

[a] Estimated error limit of the assay in K,4+30%.

substrates have three different side chains (Ala, Lys, and Glu)
and differ only in the absolute configuration of either one
building block (b/L-Ala) or the nature of one chemical linkage
(Ala compared with Lac).

Even more surprising than the pronounced substrate
selectivity is that receptor 1 also shows a distinct sequence-
dependent stereoselectivity (Table 2): The receptor prefers b-
Ala over its enantiomer L-Ala (K, up to a factor of 10 greater)
but only within certain sequences. Stereoselectivity is only
observed for tetrapeptides that contain not more than one b/
L-Ala located next to three D-Glu. This stereoselectivity is
only found when the p/L-Ala is located in positions 2—4 of the
tetrapeptide substrate, but not when it is in the N-terminal
position 1. For example, although substrates 12 and 3 show
nearly identical binding affinities (K, ~8000M™"), the associ-
ation constants drops from K, =5000m""' to < 1000M " if the
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Table 2: Changes in the binding constant upon the exchange of b-Ala for
L-Ala or p-Lac in various positions of the substrate as obtained from a
quantitative on-bead screening.

Substrate AA AA? AN AA* K, [m
12 p-Ala p-Glu p-Glu p-Glu 7900
3 L-Ala p-Glu p-Glu p-Glu 8500
13 p-Glu p-Ala D-Glu D-Glu 5200
14 D-Glu L-Ala p-Glu p-Glu 600
4 p-Glu p-Glu p-Ala p-Glu 5000
15 p-Glu p-Glu L-Ala p-Glu 900
16 D-Glu D-Glu p-Glu p-Ala 2100
17 p-Glu D-Glu p-Glu L-Ala 200
18 p-Glu p-Glu p-Glu p-Lac 300

[a] Estimated error limit of the assay in K, £30%.

L-Ala is introduced in position 2 or 3 (compare substrates 13
and 14, and 4 and 15, respectively). The drop in affinity is even
more pronounced if the L-Ala is positioned directly opposite
the guanidiniocarbonyl pyrrole anion binding site (substrates
16 and 17; K, =2100Mm ' and K, <200Mm !, respectively).

This remarkable and unexpected sequence dependent
stereoselectivity was independently confirmed by UV-titra-
tion studies in free solution. First we determined the binding
of Ac-p-Glu-p-Glu-D-Glu-D-Glu-OH 2 to the unlabelled
receptor 1 in free solution. Aliquots of the tetrapeptide
substrates were added to a solution of receptor 1 in buffered
water ([1],=50 um, pH 6.10, 1.5 mm bis(2-hydroxyethyl)-
imino-tris(hydroxymethyl)methane (Bis-Tris) buffer solu-
tion). From the decrease in the UV absorption of the pyrrole
band at A=300nm upon substrate addition, the binding
constant was calculated by using a nonlinear least-square
fitting procedure for a 1:1 complex formation (Figure 2). The
complex stoichiometry was confirmed by a Job-plot extracted
from the titration data."¥ The calculated association constant,
K,=23700M"", for complex formation in free solution is in
good agreement with the result from the on-bead screening
(K,=26500M7").

We then tested the binding of two pairs of diastereomeric
tetrapeptides, D-Glu-b-Glu-p/L-Ala-D-Glu-OH and p/L-Ala-
D-Glu-D-Glu-b-Glu-OH, for their affinity to the unlabelled
receptor 1 in free solution. Again UV titrations were
performed by using the same conditions as described above.
Stereoselectivity is only observed when the Dp-Alafi-Ala
exchange takes place at position 3 of the tetrapeptide but
not at the N terminus (position 1). The two substrates D/L-
Ala-p-Glu-pD-Glu-p-Glu-OH (12 and 3) are bound with
similar affinities by receptor 1 (K,=5100m~" and 4800m ",
respectively). However, from the two diastereomers D-Glu-D-
Glu-p/L-Ala-D-Glu-OH (4 and 15) the one with D-Ala is
preferred (K, =4500m" versus 1400Mm~!, respectively) as was
also found in the on-bead screening. Hence, even though the
absolute binding constants determined on bead and in free
solution differ (for example, owing to the different concen-
trations of buffer salts used in the experiments and also the
influence of the solid support itself), the relative trends are
the same.

Such a pronounced stereoselectivity owing to the change
in the absolute stereochemistry of a single amino acid within a
tetrapeptide is remarkable, even more so as the pD-Alafi-Ala
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Figure 2. a) Binding isotherm at 1 =300 nm for the complexation of N-
Ac-D-Glu-p-Glu-p-Glu-b-Glu-OH 2 by receptor 1 as obtained from a UV
titration ([1J,=50 pm, 1.5 mm Bis-Tris buffer solution, pH 6.1; data
corrected for absorption changes owing to dilution). The dotted line
represents the curve-fitting for a 1:1 complexation. b) Job plot obtained
from the titration confirming the 1:1 binding stoichiometry.

Xoubstrate = Molar fraction of the substrate.

pair is the smallest stereochemical change possible within a
peptide. Most likely, stereoselectivity requires a rather well
defined complex structure and is only possible when the
position of the p-Alai-Ala exchange is fixated at both sides
by strong charge interactions between receptor and substrate.
The alanine itself can only form H-bonds to the receptor that
are, in water, too weak to play a significant role for complex
formation. Hence, either a glutamate or the C-terminal
carboxylate is needed next to this position. Both groups are
negatively charged and allow for strong electrostatic inter-
actions with the tris-cationic receptor, either with the lysines
or the guanidiniocarbonyl pyrrole moiety, that stabilizes the
complex around the Ala. This would explain why stereose-
lectivity is not found for other peptide sequences within the
library besides those cited in Table 2. For example, if there is
another alanine next to the exchange position, the complex
around the D/L-Ala exchange is perhaps too flexible to allow
for a discrimination. Hence, only sequences with just one D/L-
Ala pair with three glutamates show stereoselectivity. Also,
no stereoselectivity is observed when the alanine is in the N-
4386
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terminal position next to three glutamates (substrates 12 and
3in Table 2). In this case only the first three amino acids of the
tetrapeptide substrate are efficiently bound by the receptor,
whereas the N-terminal alanine does not contribute signifi-
cantly to the stability of the complex. Most likely, this
terminal alanine is simply a dangling end as depicted in
Figure 3. Hence, it does not matter if a pD-Ala or a L-Ala is
present at this position.

no stereoselectlwty

(e

stereoselectl
recogntlon

. Glu
mu\ p/L-Ala G a

Figure 3. The stereoselectivity of receptor 1 depends on the sequence
of the bound substrate. Stereoselectivity is only observed when the
position where the p-Ala/L-Ala exchange takes place is fixated at both
sides by strong electrostatic interactions between receptor (top) and
substrate (bottom).

In good agreement with this multipoint-binding model is
also the observation that the exchange of p-Ala for p-Lac at
the C-terminal position of the substrate also significantly
reduces the binding affinity. Although the peptide is bound
with K, =2100m"", the affinity for the depsipeptide drops to
K,~300M"" (substrates 16 and 18 in Table 2). This modifica-
tion exchanges an attractive H-bond from a carbonyl CO of
the receptor to an amide NH of the peptide substrate for a
dipol-dipol repulsion with the ester oxygen of the depsipep-
tide. For such a small exchange to show up in the binding
affinities, a well-defined complex structure around this
position is needed. The same exchange is the origin of an
upcoming bacterial resistance against the antibiotic vanco-
mycin.['¥ In this case the complex formed between vancomy-
cin and the dipeptide fragment D-Ala-pD-Ala is also well
defined owing to the rigid structure of the antibiotic. Because
of the extensive hydrophobic shielding of the substrate within
the complex, the drop in affinity for the depsipeptide is even
more pronounced. However, for an artificial receptor this is,
to the best of our knowledge, the highest selectivity between
this biological model dipeptide and the depsipeptide reported
so far.

In conclusion, we have shown that first, the one-armed
flexible peptide receptor 1 efficiently binds anionic tetrapep-
tides such as 2, even in water, with association constants up to
K,~27000M". Second, even very closely related substrates
are efficiently discriminated against as could be shown by
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screening a combinatorial library of 320 substrates. Third, a
remarkable stereoselectivity between D-Ala and L-Ala is
found both on the solid support as well as in free solution, but
only in certain sequences that allow formation of overall well-
defined complexes. Forth, the receptor is also capable of
distinguishing a peptide from a depsipeptide. We are currently
exploring how to further improve the selectivity of such
receptors in free solution by introducing additional hydro-
phobic shielding elements.
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