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Characterization of Peptide-Pyrazole Interactions in Solution by
Low-Temperature NMR Studies
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Abstract: Complexation of the amino-
and carboxyl-protected tripeptide Piv-
L-Val-L-Val-L-Val-tBu with 3-methyl-
pyrazole and 3-amino-5-methylpyrazole
was studied by low-temperature NMR
experiments in a freonic solvent. The

two-dimensional NMR experiments
under slow exchange conditions was
made possible by employing very low
temperatures. The tripeptide associates
to stable antiparallel dimers that are
symmetrically capped on both sides by

complexes. Amide groups of two neigh-
boring residues in an extended confor-
mation are involved in cyclic hydrogen
bonds to the pyrazole. Based on amide
chemical shift changes, the relative
strength of intermolecular hydrogen

peptide forms an extended f-type
structure at all temperatures and asso-
ciates through hydrogen bonding with
the two pyrazole-based [-sheet ligands.
A detailed structural characterization
of the formed complexes by one- and

Introduction

Proteins can adopt a wide variety of different structures that
enable them to perform their numerous functions in a living
cell and determine their intermolecular interactions. Corre-
spondingly, misfolding not only prevents proteins from their
correct functioning but may also cause severe pathological
conditions in living organisms. These include various neuro-
degenerative diseases in both animals and humans as a
result of uncontrolled protein aggregation.!! Thus, enzymatic
cleavage of amyloid precursor protein can produce amyloid
B-peptides that self-aggregate into insoluble fibrils associat-
ed with Alzheimer’s disease.’) A structural model of amy-
loid fibrils indicate B-strand interactions as a major driving
force for fibrillogenesis.”) Though the exact correlation be-
tween plaque formation and the onset of the disease is not
quite clear yet, the formation of f-amyloid peptide fibrils
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bonds can be assessed and correlated
with the electronic effects of the sub-
stituents on the pyrazole.

became a key target in drug development for Alzheimer’s
disease.”

The importance of understanding and controlling peptide
interactions has initiated efforts directed towards the devel-
opment of artificial templates that selectively stabilize and
bind to a defined peptide structure.”! Some time ago, ration-
ally designed nonpeptidic aminopyrazole derivatives have
been demonstrated to recognize and bind to dipeptides in a
[-sheet conformation by the formation of intermolecular hy-
drogen bonds to the peptide backbone.”! This concept has
recently been extended to the design of pyrazole receptors
bearing additional substituents for the interaction with spe-
cific amino acid residues,”’ of dimeric and oligomeric amino-
pyrazoles for enhanced binding affinity®™ and of chimeric
compounds composed of aminopyrazolecarboxylic acids and
naturally occurring a-amino acids for sequence-selective
protein recognition.”!

Unfortunately, the characterization of small (-sheet pep-
tide models and their complexation with pyrazole ligands by
NMR spectroscopic techniques in solution is limited by the
fast dynamics of the systems under investigation. Thus, basic
and important parameters such as individual peptide con-
formers, ligand tautomers, complex geometries and the
strength of formed hydrogen bonds are only accessible as
averages due to their fast exchange on the NMR time scale.
To overcome these shortcomings and to investigate the asso-
ciation and complexation of model peptides in more detail,

Chem. Eur. J. 2007, 13, 854—-861



NMR experiments have to be performed at temperatures
low enough to be in the slow motional regime where ex-
change between species is slow and individual complexes
can be studied independently. In the past we have per-
formed such low-temperature NMR experiments on the as-
sociation of nucleosides by employing a deuterated freonic
solvent that allows measurements at temperatures as low as
100 K.'"' In the following we present NMR experiments on
the protected tripeptide Piv-L-Val-L-Val-L-Val-rBu and its
complexation with pyrazole and aminopyrazole ligands in
Freon allowing for the first time a detailed characterization
of the formed complexes in solution.

Results and Discussion

Conformational and binding studies at ambient tempera-
tures: For our studies on peptide recognition we employed a
Val-Val-Val tripeptide as shown in Figure 1 (top). Because
of its bulky side chains, this peptide is expected to adopt a
structure close to an extended f-sheet conformation. In
order to eliminate interactions due to the terminal function-
alities, amino- and carboxyl termini were initially protected
by acylation with pivaloyl chloride and by esterification with
isobutene.''? These protecting groups also ensured suffi-
cient solubility of the peptide in a freonic solvent mixture.
Direct information on the peptide conformation can be
obtained from NH-CH, vicinal coupling constants which
depend on the backbone tor-
sion angle 6. In general, cou-
pling constants °J > 8 Hz indi-
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Figure 1. Structure with atom designations of the protected tripeptide
Piv-Val-Val-Val-tBu (top), two tautomers of 3-methylpyrazole (center)
and 3-amino-5-methylpyrazole (bottom); hydrogen-bond donor (D) and
acceptor sites (A) are indicated by arrows.

Table 1. Association constants K, and *Jyycu, coupling constants for Piv-Val-Val-Val-rBu with and without

cate a [-sheet conformation,
whereas coupling constants >/
< 6 Hz are typical for an o-hel-
ical conformation.™ As sum-
marized in Table 1, coupling
constants of all three amino

pyrazole ligands (1:1 molar ratio) in chloroform at 293 K.

Val-Val-Val Val-Val-Val + 1 Val-Val-Val + 2
'NH NH NH 'NH NH NH 'NH NH NH
3 [Hz]® 8.8 9.1 9.1 8.5 9.4 9.4 9.2 8.8 8.8
K, [M71]™ 2.1 0.5 2.4 7.1 5.1 6.4 7.1 10.7 9.2

a] Uncertainty + 0.1 Hz. [b] Uncertainty =10 %. [c] Uncertainty =20 %.
y y y

acid residues in the tripeptide

exhibit values */ ~9 Hz and are

thus compatible with an extended p-type conformation in
solution at 293 K. Upon adding 3-methylpyrazole (1;
Figure 1) in a 1:1 molar ratio, *J decreases by 0.3 Hz for Val-
1 whereas *J of the central and C-terminal valine slightly in-
crease by 0.3 Hz. In contrast, the presence of equimolar
amounts of 3-amino-5-methylpyrazole (2) increases *Jyy cpa
of Val-1 by 0.4 Hz but results in a decrease of the NH-CH,
vicinal coupling for valine residues 2 and 3 by 0.3 Hz. Obvi-
ously, there are some conformational adjustments in the
presence of the two ligands, however, changes are rather
small indicating either a preorganized peptide conformation
favorable for binding or simply weak binding affinities
under the conditions employed (see below).

We have also measured the chemical shifts of the three
amide protons in the peptide as a function of concentration
without and with pyrazole ligands in a 1:1 molar ratio at
293 K. From these data, association constants were deter-
mined by a nonlinear least-squares-fit using a simple 1:1 as-
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sociation model. These are also summarized in Table 1. Ob-
viously, there is only a weak binding of both pyrazoles to
the tripeptide at ambient temperatures with K, < 11m~!
for all amide protons. As expected, 3-amino-5-methylpyra-
zole (2) with its three potential hydrogen bond binding sites
exhibits a somewhat higher binding affinity compared to 3-
methylpyrazole (1). The tripeptide itself tends to weakly
self-associate as evidenced by the, albeit small, concentra-
tion dependent '"NH and *NH amide proton chemical shifts
in the absence of the ligand. On the other hand, >NH does
not seem to be significantly engaged in a hydrogen bond
with an association constant K,, < 1m~'. Clearly, due to
this self-aggregation, association constants as determined for
1:1 mixtures with the pyrazole receptors do not simply re-
flect ligand—peptide complexation but rather result from a
combination of both homo- and heteroassociation equilibria.
Note, however, that without significant hydrogen bonding of
the *NH signal in a pure peptide solution, it is this central
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amide proton that experiences the most noticeable increase
in K, when adding 1 and in particular 2.

To further check binding of 1 to the tripeptide, we titrated
a peptide solution with 1 and followed signals of the amide
protons. As shown in Figure 2 (left), titration is accompa-
nied by downfield shifts of all three peptide NH resonances.
In particular, the central >NH exhibits a significant down-
field shift on adding the ligand. In contrast, adding 4-
methyl-1,2,4-triazoline-3,5-dione as a control did not notice-
ably affect peptide NH chemical shifts (Figure 2 right). This
pyrazole derivative is not expected to bind B-sheet peptides
but may rather bind an a-helical conformation based on its
hydrogen bond donor and acceptor pattern. Note, that all
amide protons have been unambiguously assigned based on
2D NOE experiments and chemical shift differences ob-
served between the ligand-free samples are due to differen-
ces in peptide concentration, again reflecting some hydrogen
bond mediated peptide self-association.

Low-temperature NMR measurements on Piv-L-Val-L-Val-
L-Val-rBu: To overcome the limitations associated with a
fast exchange of various conformers and/or hydrogen-
bonded species in solution at ambient temperatures, we
tried to reach the slow exchange regime by lowering the
temperature in a low-melting freonic solvent mixture.
"H NMR spectra showing the NH proton spectral region of
the tripeptide dissolved in Freon are plotted as a function of
temperature in Figure 3. Upon cooling, all amide protons
show a downfield shift due to increased hydrogen-bond in-
teractions. Also, significant linebroadening effects are ob-
served at 213 K, however, NH resonances sharpen again at
lower temperatures indicating slow exchange conditions.
With respect to their chemical shift of d 6.1, 6.4, and
6.2 ppm in a non-hydrogen bonded monomer (determined
for ¢c—0 in concentration-dependent measurements), 'NH,
’NH and *NH signals experience significant downfield shifts
upon cooling to 128 K by A¢ of 1.5, 1.7 and 3.2 ppm, respec-
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Figure 3. Temperature-dependent 'H NMR spectra of Piv-Val-Val-Val-

tBu in Freon showing the amide proton spectral region; solvent signals
are marked by asterisks at 128 K.

tively. Obviously, the much larger downfield shift by *NH
compared with 'NH and >NH results from its preferred par-
ticipation in hydrogen-bond formation.

In order to characterize the conformation of Val-Val-Val
in more detail, '"H,'H NOE experiments were performed
under slow exchange conditions at 128 K (Figure 4). All
NOE cross-peaks have the same sign as diagonal peaks indi-
cating these arise from negative NOE values as anticipated
for this temperature. NOE connectivities between protons
of the tripeptide allowed the unambiguous assignment of all
resonances and are summarized in Table 2. Note, that stron-
ger interresidual ‘CH,~""'"NH contacts compared with intra-
residual NOE values between NH and H,-protons indicate
an extended f-type conformation. A B-conformation is fur-

ther corroborated by the ab-
sence of any detectable

= 0},N 'NH-*'NH cross-peak.
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Figure 2. Amide proton spectral region of Piv-Val-Val-Val-rBu at 293 K in CDCI; with different peptide/ligand
molar ratios; ligand = 3-methylpyrazole (1; left) and 4-methyl-1,2,4-triazoline-3,5-dione (right).

856 —— www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

proton of the N- and C-termi-
nal valine connect the two anti-
parallel tripeptides. However,
the rather upfield shifted 'NH
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Table 2. NOE interactions between protons in Piv-Val-Val-Val-tBu ob-
served in Freon at 128 K; s =strong, m =medium, w =weak.

INH-"*CH, s *NH-2CH,/*CH,, s
INH-'CH, w ’NH-"CH, w
'NH-'CHj w *NH-"CHj w
2NH-'CH, s

>NH-2CH, w INH-®"CH, m
>NH-'CHj m INH-*NH w
>NH-"CHj m NH-*CH, m
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Figure 4. 2D NOE spectrum of Piv-Val-Val-Val-fBu in Freon at 128 K ac-
quired with an 80 ms mixing time; interpeptide cross-peaks are marked
by arrows.
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Figure 5. Piv-Val-Val-Val-tBu dimer; intermolecular NOE contacts ob-
served at low temperatures in the slow exchange regime are indicated by
arrows.

proton points to a rather weak hydrogen bond due to fray-
ing at the termini and probably some distortions caused by
steric hindrance of the bulky protecting groups. Based on
the absence of corresponding cross-peaks, no long-lived
more extended aggregates via additional binding between
individual dimers through their central amide groups are ob-
served even at low temperatures. However, the significant
downfield shift experienced by NH upon lowering the tem-
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perature (Figure 3) suggests such weak interactions to never-
theless occur to some extent.

Low-temperature NMR studies on the complexation of Piv-
Val-Val-Val-rBu with pyrazole receptors: For the characteri-
zation of specific tripeptide—pyrazole interactions, 1D and
2D NMR experiments have initially been performed in
Freon on a 1:1 mixture of Piv-Val-Val-Val-tBu and 1. In
Figure 6 the corresponding NH proton spectral region is
plotted as a function of temperature.
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Figure 6. Temperature-dependent "H NMR spectra for a mixture of Piv-
Val-Val-Val-rBu and 3-methylpyrazole (1:1 molar ratio) in Freon showing
the amide proton spectral region.

As for the ligand-free peptide, amide protons are down-
field shifted with decreasing temperature as expected for
their increased participation in the hydrogen bonding. Also,
significant linebroadening effects are observed at intermedi-
ate temperatures (not shown) and persist for the central
2NH proton down to 173 K before signals sharpen again at
lower temperatures. Whereas 'NH and *NH chemical shifts
are not significantly affected by the presence of the pyrazole
ligand, the °NH signal exhibits a considerable downfield
shift compared with the pure tripeptide with a limiting
chemical shift of 0(*NH)=10.5 ppm under slow exchange
conditions at 133 K. Clearly, such a behavior strongly sug-
gests its participation in a hydrogen bond to the added pyra-
zole receptor. The ™NH signal is only observed below
193K resonating at rather low field with S(*"NH)=
13.1 ppm at 133 K.

Detailed structural information on the complex between
the tripeptide and pyrazole 1 was obtained through a 2D
NOE measurement on a 1:1 mixture of Val-Val-Val with the
ligand under slow exchange conditions at 133 K (Figure 7).
Observable 'H-'"H NOE connectivities allow the assignment
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Figure 7. 2D NOE spectrum for a mixture of Piv-Val-Val-Val-r/Bu and 3-
methylpyrazole (1:1 molar ratio) in Freon acquired at 133 K with an
80 ms mixing time; NOE connectivities between peptide and ligand are
indicated by arrows.

of all resonances, again indicating the formation of an ex-
tended (-conformation of the peptide in the presence of the
ligand.

Although less pronounced compared with the correspond-
ing pyrazole-free peptide, a typical intermolecular contact
observed between 'NH and the fert-butyl group at the C-ter-
minus is only compatible with a (3-sheet dimer undisrupted
by the presence of the ligand. An intermolecular NOE con-
tact between NH of pyrazole and NH of the tripeptide
points to a binding mode involving the central NH amide
proton as donor in a hydrogen bond to the ligand (Table 3).
On the other hand, participation of the carbonyl oxygen of
the pivaloyl group as acceptor in a hydrogen bond to the
pyrazole NH is confirmed by cross-peaks of weak to
medium intensity between ™NH and a- and B-protons of
the N-terminal valine as well as to the N-terminal pivaloyl
protecting group. It has to be noted, that two resolved pyra-
zole H4 and CHj; resonances are observed at low tempera-
tures demonstrating the coexistence of the two tautomers I
and II (see Figure 1). Signal intensities show a 5:1 molar
ratio in favor of tautomer I with the methyl substituent meta

Table 3. Intermolecular NOE interactions between protons of Piv-Val-
Val-Val-tBu and pyrazoles 1 and 2 observed in Freon at 133 K; s =strong,
m=medium, w=weak.

Peptide—1 Peptide—2
P"NH-*NH w P"NH-NH m
P"NH-'CH, m P"NH-'CH, m
PTNH-'CHy w P"NH-'CHy w
P"NH-""CH, w P"NH-""CH, w
PCH,(I)-"NH w P"CH,-'CH,, w
PTCH,(I)-*CH, m PCH,-""CH, w
PYCH,(ID)-""CH; w
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to the protonated imino nitrogen. Binding to the peptide
does not influence this tautomeric equilibrium as evidenced
by the same ratio in the absence of peptide. Whereas
PYCH,4(I) exhibits NOE contacts to the centrally located
°NH and °CHg, an albeit weak contact observed between
PYCH,4(IT) and the pivaloyl group places the latter methyl
substituent towards the N-terminus of the peptide as expect-
ed for the proposed binding geometry. The structure of the
2:2 complex based on the NOE data is shown in Figure 8.
Note the unperturbed antiparallel dimer and the symmetric
binding through two hydrogen bonds of the pyrazole ligand
to the free central amide and the pivaloyl carbonyl oxygen.

=0
\

o

g b Y ﬁ

Figure 8. 2:2 complex between Piv-Val-Val-Val-rBu and tautomer I of 3-
methylpyrazole; intermolecular NOE contacts observed at low tempera-
tures in the slow exchange regime are indicated by arrows.

The relative strengths of formed hydrogen bonds in the
tetrameric associate can be derived from the downfield
shifts experienced by the free amide protons upon complex-
ation. Apparently, the largest downfield shift observed for
the >NH proton engaged in hydrogen bonding to the pyra-
zole nitrogen acceptor must be attributed to a stronger
NH-N hydrogen bond between peptide and ligand com-
pared to the NH--O=C interpeptide hydrogen bonds. How-
ever, with only two binding sites the pyrazole derivative is
unable to effectively break the dimeric tripeptide associate
that is stabilized by a total of four hydrogen-bond contacts.

With its additional amino substituent, 3-amino-5-methyl-
pyrazole (2) in its tautomeric form I may form three hydro-
gen bonds to either side of a monomeric tripeptide (tauto-
mer II can only form two hydrogen-bond contacts to the
peptide, see Figure 1). Decreasing the temperature of a pep-
tide—aminopyrazole mixture in a Freon solution results in
downfield shifts of all three amide protons as expected for
their engagement in hydrogen bonding. As shown in
Figure 9, the NH signal of Val-2 is again most downfield
shifted at low temperatures whereas the NH resonance of

Chem. Eur. J. 2007, 13, 854 -861
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the N-terminal Val-1 only exhibits a modest shift to lower
field. As before, this rather upfield shifted 'NH signal can
be attributed to a weakening of the interpeptide hydrogen
bond due to some terminal fraying and steric hindrance of
the protecting groups. Whereas the ™' NH signal of the 3-
amino-5-methylpyrazole ligand is not observed at tempera-
tures above 200 K but sharpens upon further cooling (6=
11.81 ppm at 128 K), resonances for the pyrazole amino pro-
tons in the range 4-5 ppm are broadened even at low tem-
peratures (not shown). At 128 K the spectrum exhibits two
additional low-intensity resonances with chemical shifts of
0=11.6 ppm and 10.9 ppm (marked by asterisks in Figure 9,
see below). Notably, starting with a 1:2 peptide/ligand stoi-
chiometric ratio, corresponding spectra upon cooling equal
spectra acquired for the equimolar mixture. In fact, ligand
and peptide NH signal intensities always indicate a 1:1
molar ratio at low temperatures with the precipitation of
excess ligand.

2NH 3NH "NH
273 K q i }
/ ) ¥
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213 K ﬂ ﬂ
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Figure 9. Temperature-dependent '"H NMR spectra for a mixture of Piv-
Val-Val-Val-rBu and 3-amino-5-methylpyrazole (1:1 molar ratio) in Freon
showing the amide proton spectral region; for the asterisks see text.

A detailed characterization of the favored complex geom-
etry between Val-Val-Val and pyrazole 2 under slow ex-
change conditions is possible through 2D NOE experiments
at 128 K (Figure 10). As for the free tripeptide, observed
cross-peaks between 'NH and *NH, 'NH and ®“CHj, as well
as "NH and "CH; in the complex with the aminopyrazole
again point to the formation of an undisrupted peptide
dimer. Thus, binding of the ligand to this dimer is restricted
to the available top and bottom faces with the exposed car-
bonyl oxygen of the pivaloyl group and the amide and car-
bonyl functionality of the central Val-2 as hydrogen-bond
donor and acceptor sites. Note, that a strong cross-peak be-
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tween ®'NH and the pyrazole methyl substituent identifies
the predominant aminopyrazole ligand as being tautomer I
(see Figure 1). The two additional weak resonances at 0=
11.6 and 10.9 ppm exhibit contacts to ™NH and the peptide
*NH, respectively. These cross-peaks being noticeably stron-
ger than the corresponding diagonal signals are typical of
chemical exchange and indicate the presence of a minor spe-
cies possibly involving the pyrazole tautomer II (a minor
population of tautomer II is also observed in a pure amino-
pyrazole solution at low temperatures). However, available
NOE contacts do not allow a more detailed structural char-
acterization.
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Figure 10. 2D NOE spectrum for a mixture of Piv-Val-Val-Val-fBu and 3-
amino-5-methylpyrazole (1:1 molar ratio) in Freon acquired at 128 K
with an 80 ms mixing time; NOE connectivities between peptide and
ligand are indicated by arrows.

Several characteristic NOE connectivities observed be-
tween peptide and ligand (see Table 3) places the aminopyr-
azole in an orientation that enables the formation of three
hydrogen bonds to the available donor and acceptor sites of
the peptide dimer. In particular, conspicuous intermolecular
NOE contacts between ""NH and °NH, 'CH,, 'CH; as well
as the pivaloyl protecting group again point to a hydrogen
bond between CO of the pivaloyl protecting group and
PNH as well as between °NH and the pyrazole endocyclic
nitrogen. The 2:2 complex structure in line with the NOE
contacts is shown in Figure 11. Note, that the additional hy-
drogen bond between the amino substituent of 2 and the
carbonyl group of Val-2 is not directly supported by experi-
mental evidence but only suggested by the molecular model.
In fact, broadened and rather upfield shifted NH, proton
resonances of the pyrazole at low temperatures indicate dy-
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Figure 11. Structure of the 2:2 complex between Piv-Val-Val-Val-tBu and
3-amino-5-methylpyrazole; intermolecular NOE contacts observed at low
temperatures in the slow exchange regime are indicated by arrows.

namic exchange processes and suggest only weak hydrogen-
bond interactions of the amino group.

Chemical shifts of '"NH and *°NH amide protons that are
engaged in interpeptide hydrogen bonds are not affected by
the type of complexing ligand in the slow exchange regime.
Obviously, the geometry of the undisrupted peptide dimer is
rather insensitive to the bound pyrazole. On the other hand,
’NH in the complex with 2 is further downfield shifted by
almost 1 ppm (0=11.43 ppm) when compared to the meth-
ylpyrazole associate, pointing to a significantly stronger
NH---N hydrogen bond to the aminopyrazole ligand. It may
be speculated, that the somewhat higher binding affinity of
the aminopyrazole 2 to the tripeptide (Table 1) results from
the strengthening of this critical hydrogen bond rather than
from the formation of a third hydrogen-bond contact to the
pyrazole amino substituent. Excluding major geometric rear-
rangements, the stronger hydrogen bond is directly associat-
ed with the pyrazole endocyclic nitrogen acting as hydro-
gen-bond acceptor. Its acceptor capability is enhanced by
the amino function and more electron-releasing substituents
are expected to further strengthen the NH--N hydrogen
bond between peptide and pyrazole receptors. In contrast,
the donor capability of the pyrazole imino group is expected
to decrease by the electronic effects of an amino group and
this is indeed reflected by the obvious weakening (upfield
shift) of the hydrogen bond between ™" NH of 2 and CO of
the pivaloyl protecting group. Interestingly, Hartree-Fock
and DFT calculations combined with infrared/Resonant 2-
Photon Ionization spectroscopy in the gas phase have re-
cently yielded results on hydrogen bonds in clusters of a
protected amino acid and pyrazole derivatives that are in
line with our results on protected tripeptides in the con-
densed phase.'"¥
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Structural models for amyloid fibrils reported so far have
shown a clear preference of forming parallel -strands, yet
smaller subsets of the same sequences may also form fibrils
with antiparallel B-strand interactions. Factors, that govern
specific interactions in the stabilization of structures (anti-
parallel vs parallel (3-strands) and in promoting fibril forma-
tion most likely involve the specific peptide sequence but
also the particular environment. Given an aprotic solvent
system and low temperatures, our model system seems to be
far from physiological conditions. Recent studies, however,
have demonstrated the importance of backbone hydrogen
bonding for the assembly of amyloid fibrils in aqueous solu-
tion. Replacing amide bonds with ester bonds has been re-
ported to completely eliminate the aggregation of an amy-
loidgenic peptide."”” The formation and strength of hydro-
gen bonds critically depends on the dielectric constant of
the local environment and fibrillogenesis with the formation
of extensive interstrand hydrogen bonds is expected to rely
on hydrophobic clusters that provide for a relatively apolar
microenvironment. In fact, the dielectric constant of the
freonic solvent used here amounts to about 40 at 123 K, that
is, higher than methanol and about half the value of
water.'® Thus, the formation of hydrogen bonded aggre-
gates of small peptides under the low-temperature condi-
tions in a Freon solvent is likely to follow similar rules as
the formation of larger peptide aggregates in an aqueous so-
lution.

Conclusion

The formation of stable antiparallel dimers observed for the
protected tripeptide Piv-Val-Val-Val-rBu through hydrogen
bonding at low temperatures is promoted by the extended
B-type conformation of the small peptides. Adding a pyra-
zole ligand will not disrupt the peptide dimer but rather re-
sults in the formation of symmetric 2:2 peptide/ligand com-
plexes at low temperatures. Concentration- and tempera-
ture-dependent chemical shift changes of the peptide amide
protons as well as NOE contacts in the presence of the pyra-
zoles clearly establish a bidentate hydrogen bonding to the
ligand that includes CO of residue n and NH of residue n+1
Although binding of the simple pyrazoles through only two
hydrogen bonds is unable to compete with peptide dimeriza-
tion, capping of residual hydrogen bond donor and acceptor
sites at the surface of the peptide dimer will effectively
block any further aggregation. It is also important to note,
that the strength of the peptide—pyrazole NH--N hydrogen
bond excels the strength of corresponding peptide—peptide
interactions and may be further strengthened by appropriate
substituents. The studies presented are the first that provide
for a detailed account of the hydrogen bond mediated affini-
ty and geometry for pyrazoles binding to peptides in a well-
defined conformation in solution. The characterization of
such interactions will clearly be important for the rational
design of more potent pyrazole-based ligands aimed at rec-
ognizing particular peptide conformations and thus efficient-
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ly preventing pathological conditions caused by peptide ag-
gregation.

Experimental Section

NMR measurements: NMR experiments were performed on a Bruker
AMXS00 spectrometer. Temperatures were adjusted by a Eurotherm
Variable Temperature Unit to an accuracy of +1.0°C. 'H chemical shifts
in chloroform at 293 K were referenced relative to CHCl; (0y=
7.24 ppm) and in a Freon mixture relative to CHCIF, (d;;=7.13 ppm).
Concentration-dependent chemical shifts were fitted with an appropriate
equation by employing the Marquardt-Levenberg algorithm. Phase-sensi-
tive NOESY experiments were acquired using the time proportional
phase incrementation (TPPI) mode with 2 K complex data points in ¢,
and 1 K real data points in t;. The NOESY data sets were apodized with
a squared sine-bell function in both dimensions and Fourier-transformed
to give a final matrix size of 2 Kx1 K.

Materials: 3-Methylpyrazole and 3-amino-5-methylpyrazole were pur-
chased from Sigma-Aldrich, Munich, Germany. All reactions were con-
trolled by TLC on silica gel plates (Merck silica gel 60 F,s,). If necessary,
solvents were dried by standard procedures prior to use. The deuterated
Freon mixture CDCIF,/CDF; was prepared as described!"” and handled
on a vacuum line which was also used for the sample preparation.

Piv-Val-Val-Val-OH: Pivaloyl chloride (0.24 mL) and 1M NaOH (2 mL)
were dropwise added simultaneously to a solution of H-Val-Val-Val-OH
(200 mg) in 1M NaOH (1 mL) at 0°C. The reaction mixture was stirred
for 1h at 0°C and 1.5h at room temperature, then acidified with 1m
HCI. The crude product was extracted with ethyl acetate (30 mL). After
drying over anhydrous Na,SO, the solvent was evaporated and further
drying under vacuum yielded Piv-Val-Val-Val-OH as a white solid
(150 mg, 59.2%). '"H NMR (250 MHz, CD;0D, 293 K, TMS): § = 4.18
(m, 3H; 'CH,, °CH,, °*CH,), 2.08 (m, 3H; 'CH,, *CHy, *CHj), 1.20 (s, 9H;
OC(CHs);), 0.9 ppm (m, 18 H; 3(CH(CH,),)).

Piv-Val-Val-Val-rBu: Piv-Val-Val-Val-OH (150 mg) was dissolved in a
mixture of dioxane (4 mL) and concentrated sulfuric acid (0.15 mL) in an
80 mL pressure bottle. Liquid isobutene (1 mL) was added and the reac-
tion mixture was stirred for 4 h at room temperature. After the addition
of a mixture of cold Et,O (24 mL) and 1M NaOH (15 mL), the water
phase was extracted with Et,O. The organic solution was dried over an-
hydrous Na,SO, and evaporated under vacuum. The crude product was
purified by HPLC (silica gel, CH,Cl,/MeOH 90:10) to yield the title com-
pound (51 mg, 29.8%). '"H NMR (250 MHz, CDCl;, 293 K, TMS): 6 =
7.00 (d, 1H; °NH), 6.80 (d, 1H; *NH), 6.50 (d, 1H; 'NH), 4.40 (m, 3H;
'CH,, *CH,, *CH,), 2.05 (m, 3H; 'CH;, *CHy, *CHy), 1.48 (s, 9H; OCO-
(CHa);), 1.20 (s, 9H; OC(CHs);), 0.85 ppm (m, 18 H; 3(CH(CHs;),)); HR
MS (80eV, 180°C): m/z: caled for C,;H;N;Os: 455.3359; found:
455.33472 [M]*, 382.2721 [M—OC,H,]*.
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