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Based on b-turn-like BDNF loops 2 and 4, involved in receptor interaction, cyclic peptide replicas were
designed, synthesized and tested. In addition to the native turn residues, the cyclic peptides include a lin-
ker unit between the N- and C-termini, selected by molecular modeling among various non-proteinogenic
cyclic amino acids. NMR conformational studies showed that most of the cyclic peptides were able to
adopt turn-like structures. Several of the analogues displayed significant inhibition of the BDNF-induced
TrkB receptor phosphorylation, and hence could be useful templates for developing improved antagonists
for this receptor.

� 2011 Elsevier Ltd. All rights reserved.
Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin (NT) family, which includes dimeric factors essential
in the development and maintenance of both central and periphe-
ral nervous systems, and is also involved in other disorders such as
obesity and cancer.1–4 The biological functions of BDNF are medi-
ated through its interaction with two transmembrane receptors,
the tyrosine kinase receptor TrkB, to which it binds selectively,
and a non-tyrosine kinase, p75.5,6 The therapeutic potential of
NTs is limited by short in vivo lifetimes, unsatisfactory pharmaco-
kinetics and unfavorable side effects.3,7,8 One approach to over-
come these drawbacks would be the development of small NT
mimetics with better properties.

X-ray and mutagenesis studies have allowed the identification
of several NT loops essential for the interaction with their
receptors. In particular, BDNF binding to TrkB involves loops 2
(Val44-Ser-Lys-Gly47) and 4 (Asp93-Ser-Lys-Lys-Arg97), with
b-turn-like structures centered at Ser45-Leu46 and Ser94-Lys95,
respectively.6,9–14 b-Turns are non-repetitive secondary structure
elements formed by four residues, in which the distance between
the first and fourth a-carbon is less than 7 Å, often stabilized by
All rights reserved.

Martínez).
a hydrogen bond between the CO group of the first residue and
the NH of the fourth.15,16

An approach to the search for b-turn mimetics is the prepara-
tion of cyclic peptides containing the amino acid sequence of the
turn. Thus, several cyclic analogues of key BDNF loops, quite
frequently cyclized by disulfide-bridges, were able to promote or
inhibit BDNF-mediated neuronal survival.11–14

To develop new constrained cyclic analogues of BDNF loops 2
and 4, we focused on small, rigid, non-proteinogenic amino acid
linkers connecting the N- and C-termini of these loops. These link-
ers should favor the adoption of a native-like b-turn conformation,
while their cyclic nature could enhance peptide stability by
decreasing proteolytic degradation. To the first end, we explored
bifunctional compounds such as 2-, 3- and 4-aminobenzoic- or
2-, 3- and 4-aminohexanoic acids, as well as 2-alkyl-2-carboxy-
azetidine derivatives previously reported by our group.17,18 A
molecular dynamics (MD) conformational search of cyclic peptides
incorporating these linkers in all possible stereochemistries
suggested (1S,2S)-2-aminocyclohexanoic acid (BAc6c), (S)-2-car-
boxylate-azetidine (Azg),19 (S)- and (R)-2-carboxylate-2-methylaz-
etidine [(S) and (R)-Aza] as the most appropriate for loop 2, and
BAc6c and Azg for loop 4.

A detailed comparison between the minimum energy conform-
ers of loop 2 mimetics cyclo(Val-Ser-Lys-Gly-Xaa) and the BDNF
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Figure 2. Cyclic peptides 1–6, designed as mimetics of BDNF loop 2.
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native loop showed that the larger deviations are around Val44 res-
idue (Fig. 1A). A better fit at position 44 was obtained by replacing
Gly47 by b-Ala, but this in turn caused a divergence at the i + 3 po-
sition of the b-turn (b-Ala) (Fig. 1B). With the aim of finding the
appropriate spatial disposition of key groups, peptides incorporat-
ing each of the above mentioned linkers, with either Gly or b-Ala at
the i + 3 position, were selected for study (derivatives 1–6, Fig. 2).

For cyclic loop 4 mimetics, both BAc6c or Azg linkers led to min-
imum energy conformers with 3D structures very similar to the na-
tive loop at the turn region (Fig. 1C). Accordingly, compounds 7,
cyclo[Asp-Ser-Lys-Lys-Arg-BAc6c], and 8, cyclo[Asp-Ser-Lys-Lys-
Arg-Azg], were selected for study.

The BDNF mimetics were prepared by solid-phase methods on a
Wang resin, using Fmoc/tBu chemistry for chain elongation, fol-
lowed by intramolecular on-resin cyclization. Fmoc-Lys-OAl20

was coupled through its side chain to the resin yielding 9, to which
the corresponding Fmoc-protected amino acids were sequentially
incorporated into the desired 10–15 sequences (Scheme 1). Intra-
molecular cyclization of the resin-bound linear peptides required
prior removal of the allyl group, followed by deprotection of the
N-terminal Fmoc and amide bond formation (Scheme 1, route A).
Subsequent cleavage and deprotection of the resin-bound cyclic
peptides led to end-products 1–6.21 HPLC analysis of the crude
products showed the presence of a minor peak assigned to the cyc-
lic decapeptides 16–21 (dimers),22 and of even smaller amounts of
the 15-residue trimer. Dimer formation was interpreted as the re-
sult of concomitant inter-chain acylation between the N-terminal
amino group of one linear sequence and the Lys backbone carboxyl
of the neighboring sequence (Scheme 1, route B).

Preparative HPLC purification of the 1–6 synthetic crudes al-
lowed isolation of the [(R,S)-6] but not the [(R,S)-5] pair of diaste-
reoisomers. On the other hand, while 3 and 4 were obtained in high
purity, they were unstable upon storage, yielding linear Azg-Val-
Ser-Lys-Xaa [Xaa = Gly (22) or bAla (23)], as a result of Yaa-Azg
amide bond cleavage.

The synthesis of loop 4 mimetics 7 and 8 (Scheme 2) followed a
similar strategy to that of loop 2 analogues. Cyclic hexapeptide 7
was obtained in 11% yield, together with a 7% of cyclic dimer 24,
while the Azg-containing analogue 8 could only be obtained in a
1% yield.23

Compounds 1–8 and dimers 17, 20a and 24 were examined by
NMR. Spectral analysis of 3–6 was complex due to the cis/trans
equilibrium presented by Aza and Azg. Derivative (R)-6 was only
partially assigned because of its incomplete separation from one
of the dimers.
Figure 1. (A) Backbone atoms of the global energy minimum conformers of cyclo(Val-
1bnd). (B) Same as A for cyclo(Val-Ser-Lys-bAla-Xaa). (C) Backbone atoms of the globa
BDNF loop 4 (C atoms in pink, pdb code 1bnd). Xaa = BAc6c (A, B and C: orange), Azg (A
Trans and cis rotamers were differentiated on the basis of char-
acteristic NOEs of the Yaa residue Ha proton (Gly or b-Ala) either
with azetidine H-4 proton for the trans-isomers or with H-2 or
methyl protons for the cis. The assignment was confirmed by the
anisotropy criterion.24 For cyclo(Val-Ser-Lys-Yaa-Azg) (3 and 4),
the cis-isomers were the major species, whereas for Aza-bearing
(R)-5/(S)-5 and (S)-6 analogues the trans-isomers predominated
(Table ST1). As expected, the trans percentage increased if the C-
2 of the azetidine ring was disubstituted.17,18

The absolute stereochemistry of the Aza carbon C-2 in each dia-
stereoisomer of the (R,S)-5 mixture, and in the non-contaminated
diastereoisomer of compound 6, was assigned on the basis of NOEs
and detailed chemical shift comparison with (S)-Azg derivatives 3
and 4.

Chemical shift analysis indicated that the cyclic derivatives
have non-random conformations, as expected from MD simula-
tions. In particular, the Ha, Ca and Cb chemical shifts of proteino-
genic amino acids in the cyclic analogues deviated strongly from
random coil values in most of the species (>0.1 and >1 ppm, for
1H and 13C d-values, respectively; Figures 3 and SF1), indicating
that compounds 1–7 adopt some ordered conformations.

Loop 2 cyclic peptides, in general, showed similar patterns of
Dd-values, that is negative values for the Ha proton and Cb carbon,
and positive for the Ca carbon (Figures 3 and SF1), which indicate
that Val, Ser and Lys residues adopt w angles in the right-handed a
region of the Ramachandran map (aR),25–27 as observed for Ser45
Ser-Lys-Gly-Xaa) superimposed on native BDNF loop 2 (C atoms in pink, pdb code
l minimum conformers of cyclo(Asp-Ser-Lys-Lys-Arg-Xaa) superimposed on native

and B: grey, C: cyan), (S)-Aza (A and B: green), (R)-Aza (A and B: cyan).
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and Lys46 in the native IV b-turn (BDNF/NT3 complex, pdb code
1bnd),9 but not for Val44 that is in the b region.

The Dd values of loop 4 analogue 7 are suggestive of Ser94, Lys95,
and Arg97 being in the aR region of the Ramachandran map. This is
compatible with the i + 1 and i + 2 positions occupied by Ser94 and
Lys95 in the native loop 4 conformation. Thus, the BAc6c linker is
also able to stabilize the central residues of loop 4 in a turn-like
conformation.

Next, we analyzed the temperature dependence of the amide
protons (Dd/DT). By commonly accepted criteria,24,28,29 at least
one NH amide proton is solvent-protected in the 5-residue cyclic
loop 2 derivatives (Dd/DT <4 ppb K�1, Table 1), except for
compound 1 and the trans rotamers of 4 and (S)-6, for which the
smaller temperature coefficients are in the uncertainty range
(4–5 ppb K�1). Interestingly, at least in one of the rotamers, the
solvent-shielded NH amide protons include either Val44 or Xaa47,
whose amide protons are hydrogen-bonded in the native BDNF
loop 2. It is worth noting that, in the MD studies, the NH amide
of Val44 is hydrogen-bonded to the CO of Xaa47, a characteristic
of the azetidine-induced c-turn.17,18 Replacement of Gly for
b-Ala increased the number of conformers with a hydrogen
bond-stabilized b-turn (NH proton of the Xaa residue involved).
On the whole, the BAc6c linker stabilizes better Ser (i + 1 b-turn-
residue), while Azg and Aza are suitable for Lys (i + 2 b-turn
residue).

The conformational behavior of cyclic decapeptides 17 and 20a
differed from their 5-residue counterparts. Both peptides showed
Dd profiles for Val44, Ser45 and Lys46 characteristic of b-strands,
with positive DdHa and DdCb and negative DdCa values (Figures 3
and SF1). Only the Val44 NH proton of peptide 20a was solvent-
shielded (Table 1), and a non-sequential NOE cross-peak between
the methyl groups of Val44 and the Ha proton of Lys46 was ob-
served. These data indicate that peptides 17 and 20a might adopt
antiparallel b-sheets. The different ability to fit a turn conformation
of sequences containing bAla-BAc6c (17) and Gly-Aza (20a) corre-
lates with the well-known tendency of azetidine to induce
turns,17,18 and might account for the higher flexibility of the anti-
parallel b-sheet formed by peptide 17.

In the loop 4 analogue 7, the amide temperature coefficients
suggested that the NH amide protons of Ser94 (�3.0 ppb K�1) and
Arg97 (�3.5 ppb K�1) were involved in intramolecular hydrogen
bonds. Both amide protons were found to participate in hydrogen
bonds in the molecular modeling studies, NH-Ser94� � �CO-Arg97/
BAc6c and the NH-Arg97� � �CO-Ser94. In contrast, the amide proton
of Lys96 (�2.5 ppb K�1) is the only one involved in an intramolecu-
lar hydrogen bond in cyclic dodecapeptide 24. This indicates a dif-
ferent overall structure for compounds 24 and 7, though Ser94 and
Lys95 maintain a kind of native-like turn in both.

Finally, the capacity of BDNF loop 2 and 4 mimetics, 1–7 and
their dimeric counterparts 16–20 and 24, to either induce or inhi-
bit TrkB phosphorylation was evaluated in hippocampal neuron



Figure 3. Histograms showing the DdHa and DdCa profiles (Dd = dobserved � drandom coil, ppm) for natural amino acids in loop 2 and loop 4 derivatives. Trans and cis rotamers are
indicated by t and c. The random coil range is indicated by two horizontal lines.
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cultures. Assays in the absence of BDNF indicated that these pep-
tides were not able to induce TrkB autophosphorylation, hence
they do not behave as agonists. Experiments aimed to evaluate
their inhibitory capacity showed that, in general, the smaller cyclic
peptides are inactive, with the exception of loop 4 mimetic 7 [cy-
clo(Asp-Ser-Lys-Lys-Arg-BAc6c)], which was able to significantly
inhibit BDNF-induced phosphorylation, as shown by the decreased
intensity of the phosphorylated TrkB band in Figure 4. Additionally,
several of the dimers, in particular 20b and 24, also inhibited the
BDNF-induced phosphorylation. The fact that loop 2 dimer 20b
proved to be active, whereas the corresponding pentapeptide
(R,S)-5 was not, might be due to the different structure adopted
by the former. Alternatively, the higher conformational flexibility
of 20b might allow it to adopt a 3D arrangement suitable for bind-
ing to the receptor by an induced-fit mechanism.

On the whole, NMR conformational analyses suggested that
BAc6c, Aza and Azg are suitable linkers for stabilizing the central
residues of BDNF loops into a b-turn-like conformation. The azeti-
dine-based linkers are best suited to reproduce the native confor-
mation at the i + 1 residue, while BAc6c is preferred for the i + 2.
NMR data for loop 2 and 4 dimers show them adopting b-sheet-like
structures with the non-proteogenic linkers located, as expected, at
the turn, in particular the azetidines. Biological data are promising
for 7, 20b and 24. For 7 in particular, the ability to inhibit TrkB
phosphorylation, as well as the substantial size reduction com-
pared to BDNF, can be considered a good starting point for the



Table 1
Temperature coefficients of the NH protons (Dd/DT, ppb K�1) for BDNF loop 2
mimeticsa

Compound Iso.b NH Dd/DT (ppb K�1)

Val44 Ser45 Lys46 Xaa47

c(VSKG BAc6c) 1 �7.5 �5.5 �6.5 �5.0
c(VSK-bA-BAc6c) 2 �6.5 �8.5 �7.5 �2.5
c[VSKG-(S)-Azg] 3 c �7.0 �5.5 �3.0 �8.0

t �4.0 �5.5 �2.0 �8.5
c[VSK-bA-(S)-Azg] 4 c �10.0 �6.5 �0.5 �1.0

t �7.5 �4.5 �5.0 �5.0
c[VSKG-(S)-Aza] (S)-5 c �7.0 �3.5 �2.0 �10.0

t �4.5 �5.0 �2.0 �8.5
c[VSKG-(R)-Aza] (R)-5 c �5.5 �7.0 �8.0 �2.0

t �1.0 �8.5 �4.0 �5.0
c[VSK-bA-(S)-Aza] (S)-6 c �8.0 �7.0 �2.5 �2.0

t �7.5 �4.5 �7.0 �5.0
c(VSK-bA-BAc6c)2 17 �9.0 �5.5 �8.0 �7.5
c(VSKG-Aza)2 20a t–t 0.0 �9.0 �6.5 �10.0

a Absolute values equal to or less than 4.0 ppb K�1 in bold. One letter code for
proteinogenic amino acids: V: Val, S: Ser, K: Lys. Xaa: Gly or b-Ala. Dd/DT of BAc6c
NH is always below �6 ppb K�1.

b c: cis, t: trans.

Figure 4. Western Blot analysis of the inhibition of the TrkB phosphorylation induced by BDNF. For the assays after a pre-incubation with 100 lM of each compound, BDNF
(10 ng/ml) was added. The band corresponding to phosphorylated TrkB at Tyr490 is shown.
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future development of TrkB receptor antagonists with improved
activity profiles.
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