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The selective recognition of short peptide sequences is a
key concept in many natural regulatory processes. Thus, the
natural antibiotic vancomycin binds tightly to the C-terminal
�-Ala-�-Ala fragment in peptides, which is used for the
construction for bacterial cell walls.[1] Numerous cell ± cell
recognition events rely on the recognition of the specific Arg-
Gly-Asp sequence.[2]

The first attempts to mimic Nature×s potent peptide hosts
with artificial structures, confined the conformational free-
dom of a host molecule by creating a cleft (Rebek and co-
workers), a macrocycle (Still and co-workers), or even a cavity
(Still and co-workers); the specific binding sites were often
taken from (non)natural amino acids.[3] Several groups have
created receptor molecules for important secondary struc-
tures found in peptides and proteins. Thus, �-helical[4] and �-
sheet[5] portions of polypeptides can be recognized by
synthetic ligands with a complementary hydrogen-bond-
donor and acceptor pattern. In recent years, considerable
progress has been achieved with a combinatorial approach.[6]

Various site-specific proteases, such as thrombin, trypsin,
and many others provide a shallow groove for the efficient
recognition of the backbone of the peptide to be cleaved, in its
extended conformation. This array is combined with a specific
binding pocket for the side chains of the target amino acid,
and thus defines the cleavage site. We asked ourselves if such
a rational design could also be used for artificial peptide

recognition. Is it possible to create a set of modules, each of
which recognizes a certain amino acid in a peptidic environ-
ment or, even better, a short peptide sequence?

We recently reported the stabilization of small peptides in
their �-sheet conformation by external ligands.[7] N-acylated
3-aminopyrazoles were shown to interact with every hydro-
gen-bond-donor (D) and acceptor (A) available at the top
face of a dipeptide. Two consecutive amino acids can be
clamped together with one of these heterocycles, which causes
the formation of three almost-linear hydrogen bonds in a
DAD sequence (Figure 1). This recognition process simulta-
neously fixes the peptide in the thermodynamically favorable
�-sheet conformation. Thus, small soluble models of this
important secondary structure have been prepared.

Figure 1. �-Sheet stabilization with aminopyrazoles–three-point binding
of the top face of a dipeptide by the DAD binding sites of the amino-
pyrazole; left: Lewis structure; right: results of molecular-mechanics
calculation (Cerius2, Molecular Simulations, Dreiding 2.21).

In a � sheet, the N�H and C�O bonds of the backbone
point up and down, whereas the amino acid residues (R) are
extended horizontally away from the peptide in a well-defined
geometry. This preorganized arrangement was our starting
point for a new modular concept of peptide receptors: If it
were possible to attach to the aminopyrazole a rigid U-shaped
substituent with a properly placed binding site at its tip, this
could reach down to the side chain of the respective amino
acid and lead to an additional, specific noncovalent inter-
action. With an interchangeable tip, various binding sites
could be introduced into the basic peptide receptor, which
would lead to a modular set of building blocks, selective for
the typical classes of amino acids. To our knowledge, no
example of such a rationally designed set of peptide receptors
exists to date.

For the U-shaped spacer, we chose the framework of
Kemp×s triacid, because it is exceptionally rigid and its
chemistry is well developed.[8] Two acid groups were desig-
nated to carry the monoacylated 3,5-diaminopyrazole unit by
way of an imide functionality, while the third could be coupled
to an aniline derivative with the correct binding site in the m-
position. Scheme 1 shows the general structure of the building
blocks: both the imide and the neighboring aminopyrazole
unit are in the same plane, locked together by an intra-
molecular hydrogen bond.

During the synthesis, care must be taken to chemoselec-
tively address the three amino functionalities of 3,5-diamino-
pyrazole, without an extensive use of protecting groups. We
begin with imide formation between mono(trifluoroacetylat-
ed) diaminopyrazole 1 and Kemp×s acid anhydride
(Scheme 2). The imide intermediate 2 must be N-Boc pro-
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Scheme 1. Representation of the modular building blocks for peptide
recognition; right: the U-turn formed by Kemp×s triacid brings the receptor
tip X close to the characteristic group Y of the amino acid in the peptide.

Scheme 2. Synthesis of hosts 3 ± 6 ; a) toluene, 110 �C (�H2O); b) Boc2O,
90 �C; c) m-aminobenzene derivative, PyCloP, 50 �C, CHCl3; d) silica gel,
(�Boc); a) ± d) 17 ± 22% overall yield, Boc� tert-butoxycarbonyl,
PyCloP� chlorotris(pyrrolidin-1-yl)phosphonium hexafluorophosphate.

tected for the subsequent attachment of the aniline derivative.
The most critical step involves introduction of the aniline
derivative carrying the binding site. Although this only
requires formation of an amide bond, the product of this
coupling reaction contains two aromatic rings at a distance of
2.6 ä and less. We were successful with PyCloP, but only at
50 �C in chloroform. The Boc group was removed during the
subsequent chromatographic purification, which leads direct-
ly to the desired products 3 ± 6.

Following this synthetic method, m-ethylaniline, m-amino-
acetophenone, m-aminobenzoic acid benzyl ester, and even
m-aminonitrobenzene could be coupled to the imide inter-
mediate 2. The benzyl ester was finally removed by hydro-
genolysis, and the resulting free acid converted into the
tetrabutylammonium benzoate 6–the binding site for basic,
cationic amino acid residues. The m-aminoacetophenone
derivative 4 is a host molecule for OH- and SH-containing
amino acids, m-aminonitrobenzene 5 should recognize elec-
tron-rich aromatic amino acids, andm-ethylaniline 3 serves as
a reference compound with a comparable steric demand, but
which is suitable only for recognition of the peptide backbone.

Compounds 3 ± 6 are some of the first Kemp×s triacid
derivatives with a double aromatic substitution.[9] As both
aromatic moieties are unsymmetrical, two conformers may
exist, which should, in principle, differ in their spectroscopic

properties. However, in the 1H and the 13C NMR spectra of
3 ± 6, only one set of resonance signals is seen. NOESY
spectra of 4 reveal numerous contacts between the alkyl
substituents of the cyclohexyl skeleton, but only one between
the two aromatic planes, which should be in close contact with
each other. Correspondingly, in the productive conformation
only one H±H separation is calculated to be less than 4.5 ä,
which is exactly the one observed in the NOESY experiment
(3.2 ä, Figure 2).

Figure 2. NOE contacts in host 4 and possible rotation around the
trans amide bond. The productive conformation is on the right; double
arrows indicate reciprocal NOE cross peaks. The two conformers shown
are by far the lowest-energy structures of all the geometries found during
the conformational search.[15]

A self-association experiment with 4 was conducted in
chloroform in the concentration range between 10�2� and
10�3�. In this range, which was later used for the NMR
spectroscopic titrations, no complexation-induced shifts could
be observed for any of the signals arising from the host
protons. Clearly the sterically demanding U-turn effectively
prevents dimerization of the receptor molecules.

From the simple acylated aminopyrazoles, we knew that
preformed dipeptides in an extended conformation gave the
highest association constants. However, contrary to all
previous experiments, our new reference compound 3 pro-
duced no complexation-induced shift after it had been added
to N/C-protected divaline (Ac-Val-Val-OMe). It seems that
two of the valine isopropyl groups are sterically too demand-
ing to allow complexation with the aminopyrazole-modified
Kemp×s acid. This view is also supported by force-field
calculations.

Pleasingly, exchange of valine for alanine restored the
expected downfield shift of the signal arising from the top-
face NH proton of the peptide. A Job plot[10] (Figure 3)
confirmed the desired 1:1 stoichiometry, and NMR spectro-
scopic titrations in CDCl3 furnished association constants
below 100��1 (Ac-Ala-Ala-OMe/Ac-Phe-Ala-OMe).[11]

These numbers are relatively small, but they must be lower
than those for valine-containing dipeptides, as alanine has a
much higher tendency to adopt an �-helix conformation than
to form a � sheet. For comparison, we titrated the two alanine-
containing dipeptides mentioned above with the best �-sheet
ligands developed previously by us, and obtained identical
values (Table 1).

In molecular-mechanics calculations (MacroModel 7.0,
OPLS-AA force-field), the backbone of a serine-containing
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Figure 3. a) Job plot for complex formation between 6 and Ac-Orn-Ala-
OMe. b) NMR spectroscopy titration curve for complex formation
between 6 and Ac-Orn-Ala-OMe.

dipeptide forms a complex with the trifluoroacetylated
aminopyrazole by three-point binding (Figure 4). The serine
hydroxy group comes close to the acetophenone C�O group,
and a relatively strong, new hydrogen bond is formed.

First we tested our receptor module for serine: NMR
spectroscopic titration with dialanine gave a Ka value of
80��1, in good agreement with the reference compound.
When Ac-Ser-Ala-OMe was bound by 4, however, a 11-fold
increase in Ka to 900��1 was observed. A Job plot confirmed
that a 1:1 complex was indeed formed.[12] In conclusion, the
introduction of an additional hydrogen-bond acceptor in the
rigid framework of the receptor module resulted in a
substantial increase in free binding enthalpy for a serine-
containing dipeptide, but not for dialanine.

As a representative example of electron-rich, aromatic
amino acids, we tested phenylalanine in a peptidic environ-
ment. With reference compound 3 and Ac-Phe-Ala-OMe a
Ka value of �40��1 was measured, which again indicates

Figure 4. Result of the Monte Carlo simulation of the productive complex
geometry in sequence-selective binding of serinyl ± alanine-containing
dipeptides by 4.

steric repulsion of the benzyl group by the Kemp×s acid
derivative. When our m-nitroaniline-based receptor module
for aromatic amino acids 5 was titrated with Ac-Phe-Ala-
OMe, the nonlinear regression of binding curves for several
proton signals unanimously converged at a Ka value of
350��1. Again, the complex stoichiometry was calculated to
be 1:1, by means of a Job plot. This time, the ninefold increase
in Ka value was accompanied by marked upfield shifts for the
signals arising from the aromatic protons of host and guest,
which indicates �-stacking interactions. We could thus show
that a nitroarene in the correct place in the rigid receptor
considerably strengthened the complex of 5 with a dipeptide
containing phenylalanine.

In protein recognition, basic amino acids often form ion
pairs with carboxylate groups, for example, with aspartates or
glutamates. These interactions are generally much stronger in
apolar media than simple hydrogen bonds. To avoid the
possibility that such an ion pair could override the backbone
recognition by the aminopyrazole, we chose a counterion for
the basic amino acid which itself forms a strong ion-pair-
reinforced hydrogen bond with the alkylammonium ion.
Therefore, the short, basic amino acid, ornithine, was
incorporated as the acetate salt into the alanine-containing
dipeptide Ac-Orn-Ala-OMe.[13] The benzoate group in 6 thus
had to compete with the acetate (Ac) counterion of ornithine
in the dipeptide. During the NMR spectroscopic titration, an
unusually high number of proton signals shifted by ��sat

values of up to 1 ppm (Figure 5). The broad ammonium
group signal and the signal arising from its neighboring
methylene group, as well as those from both ortho protons
next to the host benzoate anion, showed pronounced com-
plexation-induced shifts, which indicates the formation of the
new ion pair. Interesting enough, the signal for the top-face
NH proton of the peptide also shifted drastically, by about
1 ppm. The nonlinear regression of various binding curves of
host and guest signals gave association constants around
2400��1; 1:1 stoichiometry was again proven by a Job plot
(Figure 3). As a control experiment, we titrated 6 with n-
propylammonium acetate and found a Ka value of 490��1 for
the formation of the salt bridge. The difference between these
two numbers must come from the backbone recognition of the
peptide by 6, and provides experimental evidence that both

Table 1. Association constants Ka [��1] for complex formation between
hosts 3 ± 6 and various dipeptides.[a]

Host Standard Selective binding Special cases

triflAMP[b] Ala ±Ala: 50[c] ± Phe ±Ala: 40
reference 3 Orn ±Ala: 280 Ala ±Ala: 70 Phe ±Ala: � 40
XH-binder 4 Ala ±Ala: 80 Ser ±Ala: 900 Ser ±Val: no shifts
arene-binder 5 ± Phe ±Ala: 350 Ala ± Phe: no shifts
cation-binder 6 Propylamine: 490 Orn ±Ala: 2360 ±

[a] The association constants were determined by NMR spectroscopic titrations
in CDCl3. All dipeptides were protected as N-acetyl methyl esters. Stoichio-
metries were always 1:1, unless otherwise stated. [b] TriflAMP� 3-trifluoro-
acetylamino-5-methylpyrazole. [c] Errors were determined as standard devia-
tions from the nonlinear regressions; they usually varied between 10% and
40% (exceptions: very weak binding).
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Figure 5. Left: Monte Carlo optimized structure of 6@Ac-Orn-Ala-OMe
in chloroform (1000 steps). Right: arrows indicate the atoms in host and
guest for which complexation-induced shifts of proton signals are observed
during the titration.

recognition processes operate simultaneously in the aggregate
formation between 6 and Ac-Orn-Ala-OMe. This peptide was
also titrated with reference compound 3, which furnished a
relatively low binding constant of about 280��1. In this case,
however, it is not clear if the aminopyrazole reacts with the
backbone of the peptide or with the alkylammonium acetate
ion pair. In any case, a preference of �9:1 was established for
the selective recognition of ornithine by the anionic receptor
module 6. Thus, introduction of a properly placed benzoate
anion into the rigid receptor module led to an additional ion-
pair-reinforced hydrogen bond with a representative basic
amino acid.

Direct information about the peptide conformation can be
drawn from Karplus analyses of the H(N),H(�-C) coupling
constants, which correlate with the characteristic torsion
angle �.[14] We examined complexes of the three hosts with
additional binding sites, with their best peptide-binding
partners. Addition of hosts 3 ± 6 to the peptide solution
invariably leads to sharper resonance signals and, in most
cases, increased 3J values by comparison to the free peptides,
which approach the calculated values for the pure complexes.

To conclude, we have shown that peptide receptors can be
developed by rational design; these receptors are selective for
some of the main classes of amino acids in a peptidic
environment. We are currently working on the selective
recognition of acidic and apolar amino acids in peptides. In
some cases, complex formation is so sensitive towards steric
factors that the same receptor module completely rejects the
same dipeptide with an inverted sequence. Thus, Ac-Ala-Phe-
OMe is not complexed at all. Modeling studies indicate that
only one mutual orientation of the binding partners is
productive, the other one seems to be sterically hindered.
The sequence selectivity of the new receptor modules is
currently under investigation. For a better comparison, we
kept the other amino acid as an alanine in most cases. It will be
interesting to find out if larger groups than the small methyl
group are tolerated at all. The titration of Ac-Ser-Val-OMe
with our serine binder 4 gives an initial indication of this. No
complexation-induced shifts are produced, although the same

dipeptide with a C-terminal alanine was bound with a high
association constant of 900��1.

In the future, we will combine two or more of these
fragments by specific covalent linkers, to achieve sequence-
selective binding of tetra- and pentapeptides in polar solution.
With these receptor modules, it should be possible to dock
onto specific essential-recognition motifs in peptides and
proteins. This approach could ultimatively be used for protein
tagging, protection, or allosteric inhibition of enzymes.
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