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A new class of one-armed tripeptide based cationic guanidiniocarbonyl pyrrole receptors is shown to strongly bind
the tetrapeptide -Val--Val--Ile--Ala, representing the C-terminus of the amyloid β-peptide even under polar
conditions. A medium sized combinatorial library of 125 receptors was synthesized on a solid support and their
binding properties determined on bead using a quantitative fluorescence assay. The binding constants are in the
order of 103–104 M�1 (in the presence of a formate counter ion in methanol) for the most efficient ones but differ by
more than a factor of 100 among the 125 library members. Based on the binding data of 12 receptors a structure–
stability relationship was established for peptide binding by this new receptor class. Complex formation is controlled
by a fine balanced interplay of hydrophobic and electrostatic interactions with none of these two interactions alone
being strong enough to ensure complexation under these polar conditions.

Introduction
A detailed quantitative understanding of peptide–peptide
interactions not only increases our general knowledge of pro-
tein structure and stability but also may help better understand
the origin of some of today’s most devastating diseases. The
self-aggregation of small peptides is responsible both in animals
and humans for a variety of neuro degenerative diseases such as
Scrapie, BSE, Creutzfeldt-Jakob or Alzheimer’s disease (AD).1

For example, the senile plaques found within the brain of AD
patients consist of an insoluble aggregate of a 39–42 residue
peptide, called amyloid β-peptide (Aβ).2 Though the exact
correlation between plaque formation and the onset of the dis-
ease is not quite clear yet, prevention of Aβ self-aggregation
might be a strategy to delay the onset of neuronal degener-
ation.3 In the last few years, various small molecules such as
rifampicin, Congo red, benzofurans or oligopetides, represent-
ing fragments of Aβ itself, have been shown to inhibit Aβ
aggregation both in vitro and in cell assays.4 Unfortunately, very
little to nothing is known about their mechanism of action,
their binding specificities or the molecular basis of their inter-
action with Aβ.5 It is not even certain in some cases that a
specific complexation between Aβ and the inhibitor actually
occurs.4c This lack of understanding and of quantitative
experimental binding data is a major obstacle in the design of
more specific amyloid inhibitors for a potential future thera-
peutic use. Therefore, a supramolecular structure–stability rel-
ationship for molecular interactions with the amyloid peptide is
highly needed to identify the structural and thermodynamic
parameters that control its self-association and hence also pos-
sible interactions with aggregation inhibitors. To arrive at such
a quantitative understanding of peptide binding, relative bind-
ing constants of a whole series of structurally closely related
receptors are needed to correlate binding affinity with structure.
In this context, we wish to report here how a medium sized
combinatorial library 6 of a new class of one-armed cationic
peptide receptors was effectively used to study their binding to a
model tetrapeptide representing the C-terminus of Aβ.

† Electronic supplementary information (ESI) available: quantitative
on bead binding assay. See http://www.rsc.org/suppdata/ob/b2/
b211425a/

Results and discussion
The general design of our receptor library was based on the
observation that the C-terminal sequence of Aβ (-Val39-Val40-
Ile41-Ala42) is one of two domains being mainly responsible for
its self-aggregation.7 It is thought to promote the formation
of aggregated β-sheets stabilized through a combination of
H-bonds and hydrophobic interactions.8 In our receptors
(Fig. 1) a tripeptide unit was chosen to provide the necessary

binding sites for the formation of a hydrogen bonded anti-
parallel β-sheet with the backbone of this tetrapeptide sub-
strate. To ensure strong complexation in polar solvents even for
such a short β-sheet, a carboxylate binding site in the form of a
cationic guanidiniocarbonyl pyrrole group was introduced. As
we could show, these are among the most efficient binding
motifs for carboxylates even in aqueous solutions known so
far.9 A combinatorial variation 10 of the three amino acids in the
receptor side chain can then be used to identify receptors in
which additional hydrophobic and steric interactions between
these side chains and the substrate further enhance the bind-
ing within the β-sheet and also render the recognition event
selective for this specific tetrapeptide.

The peptidic nature of the receptor also allowed the use of
well elaborated solid phase peptide chemistry for the synthesis.
In a first step, 125 different linear tripeptides were synthesized
on Amino-TentaGel as the solid support 11 according to a

Fig. 1 A tripeptide-based library of cationic guanidiniocarbonyl
pyrrole receptors 1 of the general structure Amino-TentaGel-AA1-
AA2-AA3-Gua (AA = amino acid, Gua = guanidiniocarbonyl pyrrole
cation) designed for the binding of L-Val-L-Val-L-Ile-L-Ala, a
tetrapeptide representing the C-terminus of Aβ.
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standard Fmoc-protocol using the split-mix-approach 12 in
combination with the IRORI-radio frequency tagging tech-
nology.13 In each of the three coupling steps five different amino
acids were used, with ten amino acids in total, selectively chosen
to provide a range of structurally varying hydrophobic or steric
interactions. In the second step each of the various 125 different
tripeptides was coupled with the zwitterion 2 using PyBOP in
DMF to yield the desired guanidiniocarbonyl pyrrole receptors
1 (Scheme 1).14

The binding properties of these 125 different receptors were
then studied in an on bead fluorescence binding assay.15 For this
purpose a fluorescence label in the form of a dansyl group was
attached via a C11 alkyl spacer to the N-terminus of the
tetrapeptide Val-Val-Ile-Ala.16

After mixing aliquots of the solid phase bound receptors
(formate salts), the entire library was incubated for 18 hours
with a 13 µmolar solution of the labeled substrate 3 (NMe4

�

salt) in methanol (Scheme 2). Methanol was chosen as the

solvent to provide a polar environment in which both electro-
static and hydrophobic interactions can contribute to the bind-
ing and in which both, the receptors and the labeled substrate,
are reasonable soluble. After the supernatant solution was
washed off the library was screened under UV light. Those
receptors that are capable of binding the substrate under these
experimental conditions show the characteristic fluorescence
activity of the dansyl label whereas those which do not bind the
tetrapeptide remain dark. Indeed, the binding assay showed
significant and highly selective complexation of the labeled
tetrapeptide 3 by approximately 7% of the 125 different recep-
tors (Fig. 2).

In order to assure that the observed fluorescence activity of
these beads is really due to a selective complexation of 3 by the
receptor a series of control experiments was performed (Fig. 3):
A) The labeled tetrapeptide does not bind to the unmodified
Amino-TentaGel. Hence, the observed fluorescence activity is
not due to an unspecific interaction with the solid support itself.
B) The dansylated spacer alone does not bind to the receptor
library, showing that the binding takes place indeed between the
peptide part of the substrate and the receptor. C) The per-
centage of receptors that bind the substrate is concentration
dependant: at high concentrations (> 260 µM) nearly all of the
library members bind the substrate, which shows that the

Scheme 1

Scheme 2

observed binding specificity is not due to a selective quenching
of the dansyl fluorescence rather than a selective binding.

Interestingly, the non-charged methyl ester of the substrate 4
requires much higher concentrations (> 26 µmol) to show only
a weak and rather unselective binding to the receptor library
(Fig. 2), suggesting that side chain interactions alone are not
strong enough in methanol to form a stable complex. However,
at low substrate concentrations the negatively charged carb-
oxylate substrate 3 is selectively bound only by some and not all
of the receptors, although the ion pairing with the guanidinio-
carbonyl pyrrole unit is the same for all the 125 receptors.
Therefore, the ionic interaction alone is not sufficient either to
provide strong complexation. Hence, the binding of the
tetrapeptide 3 by this new receptor class 1 requires both electro-
static as well as hydrophobic interactions at least under the
conditions of our assay (µmolar concentrations in methanol).
The binding is driven by a combination of various weak non-
covalent interactions in a similar way that peptide binding is
considered to take place in natural systems.

We then selected 12 library members, that showed both
strong (6 receptors) and weak binding (6 receptors). The strong
binding ones were selected from an assay performed under
dilute conditions, under which only the best receptors are cap-
able of binding, whereas the weak binding ones are those that
even at high substrate concentrations do not bind the sub-
strate.17 Their structures were decoded by a read out of the
IRORI-radio tags (Table 1). As the use of the IRORI-
microreactor technique provides enough material (ca. 30 mg
resin ≈ 6 µmol of each receptor), a direct quantitative determin-
ation of their binding constants on the solid support in a
second experiment could be performed (for further information
see the ESI †).18

As these data show (Table 1), the binding is very efficient with
relative association constants of 104 M�1 compared to formate
for the best receptors, -Val--Val--Val-Gua and -Phe--Val-
-Val-Gua, respectively (entry 1 � 2). In this assay the binding
is measured in the presence of a formate counter ion, which
also binds to the guanidiniocarbonyl pyrrole cation though to a
lower extent than other carboxylates.10 Therefore, the absolute

Fig. 2 On bead binding assay in methanol. The strong fluorescence
activity indicates selective binding of the charged substrate 3 to some of
the cationic receptors within the library (top). The neutral methyl ester
4 is only weakly bound under similar conditions (bottom).
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binding constants between the tetrapeptide 3 and the receptors
1 are actually even stronger than suggested by these relative
numbers. Furthermore, small changes in the receptor structure
have pronounced effects on the binding properties: Even among
these 12 receptors, the association constants differ by a factor
of more than 100! Hence, this newly developed class of one-

Fig. 3 Control experiments. Binding of the labeled substrate to
Amino-TentaGel (top); of the dansyl label to the receptor library
(middle) and of the labeled substrate to the receptor library at high
concentrations (below).

Table 1 Relative association constants (in M�1) determined in an on
bead binding assay for the complexation of 3 by receptors 1 (amino-
TentaGel-AA1-AA2-AA3-Gua, formate salt) in methanol [error limits
were estimated to be ± 25%]

Entry AA1 AA2 AA3 Kass

1 Phe Val Val 9800
2 Val Val Val 9300
3 Phe Val Lys(Boc) 4600
4 Val Val Lys(Boc) 4500
5 Val Val Phe 3700
6 Lys(Boc) Leu Val 1800
7 Lys(Boc) Val Phe 370
8 Val Glu(OBzl) Lys(Boc) 340
9 Phe Glu(OBzl) Val 250

10 Lys(Boc) Glu(OBzl) Lys(Boc) 130
11 Phe Glu(OBzl) Phe 120
12 Val Glu(OBzl) Phe 80

armed cationic peptide receptors not only efficiently binds pep-
tides under highly competitive conditions (polar solvent, form-
ate counter ion) but also allows tuning of the binding affinity
over two orders of magnitude by changing its structure; a
necessary prerequisite to achieve selective binding of different
substrates by this receptor class in the future.

By comparing the relative binding data for these 12 receptors
it is now possible to identify structural features within this
receptor class that are important for the binding of this peptide.
For example, exchanging valine for phenylalanine does not alter
the binding affinity significantly: neither at the first position
(AA1) where the binding constants stays the same (compare
entry 1 � 2; 3 � 4 or 11 � 12), nor at position three (AA3)
where the complex stability is only reduced by a factor of two
(compare entry 2 � 5 or 9 � 11). In contrast to this, exchanging
valine in the first position for N-Boc protected lysine reduces
the binding affinity dramatically up to a factor of 10 (compare
entry 5 � 7). This is in good agreement with model studies
which suggested that hydrophobic interactions with Val(39),
which is opposite to this position of the receptor in the pro-
posed β-sheet, are especially important for the Aβ self-
aggregation.4a,19 The side chain of lysine is probably too small
and flexible to provide enough hydrophobic shielding of the
isopropyl group of Val(39) in the complex. However, upon the
same exchange next to the guanidinium cation (position three:
AA3), the binding constant just drops by a factor of two (com-
pare entry 1 � 3 or 2 � 4). Probably because of the nearby ion
pair, hydrophobic interactions to Val(41) are not equally
important for complex stability here. Interestingly, a glutamate
benzyl ester at position two (AA2) seems to be incompatible
with complex formation at least with this specific substrate. The
binding constants are only in the order of 102 M�1, a value
similar to the one expected for simple ion pairing between the
carboxylate and the guanidinium cation. A reason for the pro-
nounced effect of the glutamate at this position is not quite
clear yet.

As molecular modelling studies suggest (Macromodel 8.0,20

Amber*, GB/SA water solvation), the complex formed between
the substrate and e.g. the receptor -Val--Val--Val-Gua
indeed adopts a hydrogen bonded beta-sheet with additional
hydrophobic and ionic interactions as depicted in Fig. 4.

In conclusion, we have shown here that even within a
moderate sized combinatorial library of 125 different members
receptors can be identified, that bind with high affinity to a
tetrapeptide representing the C-terminal end of the Alzheimer
amyloid peptide Aβ. A quantitative structure–stability rel-
ationship using the relative binding constants of 12 structurally
related receptors revealed a strong effect of side chain inter-
actions at position AA1 opposite to the first valine within the
β-sheet complex on its stability. Hence, the recognition of
the C-terminal Aβ fragment seems to be controlled by a fine
balanced interplay between electrostatic and hydrophobic
interactions. Such information helps to increase our general

Fig. 4 Proposed structure for the complex formed between the
receptor (top) and the tetrapeptide substrate (below). A hydrogen
bonded β-sheet is held together by additional hydrophobic interactions
between the side chains and the ion pair between the carboxylate and
the guanidinium cation (on the right side).
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knowledge of the molecular basis of peptide–molecule inter-
actions and can be useful for the design of specific amyloid
inhibitors in the future.
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