
Design of a Conformationally Defined and Proteolytically
Stable Circular Mimetic of Brain-derived Neurotrophic Factor*□S

Received for publication, April 11, 2008, and in revised form, September 5, 2008 Published, JBC Papers in Press, September 22, 2008, DOI 10.1074/jbc.M802789200

Jordan M. Fletcher‡1, Craig J. Morton§2, Richard A. Zwar‡2, Simon S. Murray¶, Paul D. O’Leary‡1,3,
and Richard A. Hughes‡3,4

From the ‡Department of Pharmacology, §School of Chemistry, and ¶Centre for Neuroscience, University of Melbourne,
Victoria 3010, Australia

Brain-derived neurotrophic factor (BDNF) is amember of the
neurotrophin family of neurotrophic factors. BDNF has long
been recognized to have potential for the treatment of a variety
of human neurodegenerative diseases. However, clinical trials
with recombinant BDNFhave yet to yield success, leading to the
suggestion that alternative means of harnessing BDNF actions
for therapeutic use may be required. Here we describe an
approach to create low molecular weight peptides that, like
BDNF, promote neuronal survival. The peptides were designed
to mimic a cationic tripeptide sequence in loop 4 of BDNF
shown in previous studies to contribute to the binding of BDNF
to the commonneurotrophin receptor p75NTR. The best of these
peptides, the cyclic pentapeptide 2 (cyclo(-D-Pro-Ala-Lys-Arg-)),
despite being of lowmolecular weight (Mr 580), was found to be
an effective promoter of the survival of embryonic chick dorsal
root ganglion sensory neurons in vitro (maximal survival, 68 �

3% of neurons supported by BDNF). Pentapeptide 2 did not
affect the phosphorylation of either TrkB (the receptor tyrosine
kinase for BDNF) or the downstream signalingmoleculeMAPK,
indicating that its mechanism of neuronal survival action is
independent of TrkB. NMR studies reveal that pentapeptide 2
adopts a well defined backbone conformation in solution. Fur-
thermore, pentapeptide 2was found to be effectively resistant to
proteolysis when incubated in a solution of rat plasma in vitro.
These properties of pentapeptide 2 (low molecular weight,
appropriate pharmacological actions, a well defined solution
conformation, and proteolytic stability) render it worthy of fur-
ther investigation, either as a template for the further design of
neuronal survival promoting agents or as a lead compound with
therapeutic potential in its own right.

BDNF5 is a member of the neurotrophin family of neurotro-
phic factors, along with nerve growth factor (NGF), neurotro-
phin (NT)-3 and NT-4/5 (1). These proteins play a key role in
shaping the vertebrate nervous systemduring embryonic devel-
opment by regulating naturally occurring neuronal death (2).
They have also long been touted as having potential for the
treatment for human neurodegenerative diseases, due to their
neurotrophic effects on specific neuronal populations that are
lost in these diseases. BDNF is particularly attractive in this
respect, since it has been shown to promote the survival and/or
prevent the degeneration of motor neurons (involved in amyo-
trophic lateral sclerosis) (3), populations of sensory neurons
(sensory neuropathies) (4), basal forebrain cholinergic neurons
(Alzheimer disease) (5), and dopaminergic neurons of the sub-
stantia nigra (Parkinson disease) (6). More recently, it has been
demonstrated that BDNF probably plays a specific role in the
etiology of Huntington disease, indicating an exciting potential
for therapies aimed at replacing BDNF or otherwise mimicking
its actions in this condition (7).
The effects of BDNF and the other neurotrophins are pro-

duced via two transmembrane receptors: members of the Trk
family of receptor tyrosine kinases, and the glycoprotein
p75NTR. The binding of a neurotrophin to the appropriate Trk
member (NGF to TrkA, BDNF and NT-4 to TrkB, and NT-3
primarily to TrkC) causes stepwise homodimerization and sub-
sequent autophosphorylation of the receptor, leading to initia-
tion of multiple signaling cascades, including those for survival
(8). p75NTR, on the other hand, binds all of the neurotrophins
with a common low affinity (KD � 10�9 M) but with differing
kinetics (9). The precise biological function of p75NTR has yet to
be fully elucidated, but there is strong evidence that it is
involved in the signaling of apoptosis, as well as participating in
interactions with other regulators of neuronal function, such as
the Nogo receptor (10). It is also likely that p75NTR combines
with Trkmembers to form the high affinity binding sites (KD �
10�11 M) for neurotrophins found on responsive neurons (11).
Thus, there is the opportunity for modulation and cross-talk
between the signaling pathways of the Trk family members and
p75NTR (12), with the ultimate response to a particular neuro-
trophin depending on the balance of signaling arising from the
two receptors.
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Neurotrophins exist as homodimers of �2 � 120 residues.
Numerous x-ray crystal structures (e.g. see Refs. 13–15) dem-
onstrate that the neurotrophins adopt a common three-dimen-
sional fold, with each monomer consisting of seven longtitudi-
nal�-strands connected by three solvent-exposedhairpin loops
(loops 1, 2, and 4) and a longer loop (loop 3). Themonomers are
further characterized by three fully conserved disulfide bridges
arranged in a cystine knot motif, characteristic of this super-
family of growth factors. Unlike most of the other members of
the superfamily, however, the neurotrophin monomers in the
homodimer are held together by noncovalent interactions only
and are arranged in a parallel fashion. The latter feature places
the six hairpin loops together at one end of the molecule.
A variety of studies of the interactions of the neurotrophins

with their receptors have revealed that residues in the solvent-
exposed loops play an important role in mediating contacts
with Trk members and p75NTR. For example, replacement of
the residues of loop 2 from NGF with the corresponding resi-
dues from loop 2 of BDNF gives a molecule able to bind to and
activate TrkB (16). In support of this, we have shown that
monomeric monocyclic peptides designed to mimic a single
loop 2 of BDNF act as antagonists of BDNF-mediated neuronal
survival in culture (17). The x-ray crystal structure of the com-
plex of NGF with one of the Ig domains of TrkA shows that
residues from loop 1 of NGF make direct contact with the
receptor (18). In other site-directed mutagenesis studies, key
interactions between neurotrophins and p75NTR have been
demonstrated to be localized to three basic residues, distrib-
uted between loops 1 and 4 in NGF, NT-3, and NT-4/5, and as
a contiguous cationic tripeptide (Lys-Lys-Arg) in loop 4 of
BDNF (19, 20).
Despite promising preclinical data in a range of relevant ani-

mal models, neurotrophic factors generally have not lived up to
their promise in the clinic. For example, recombinant BDNF
failed to show demonstrable benefit to patients with amyotro-
phic lateral sclerosis in a large scale phase III trial (21). It is
generally accepted that this failure is likely to have been caused,
at least in part, by the poor pharmacokinetic behavior exhibited
by recombinant BDNF, in particular a short plasma half-life (t1⁄2
of BDNF in rats is less than 1 min) (22). This outcome, along
with similar results from trials with other neurotrophic factors,
has led to the recognition that alternative means of harnessing
the actions of BDNF and other neurotrophic factors for thera-
peutic use (i.e. other than using recombinant protein) will need
to be found.
One way to achieve this would be to develop small molecule

mimetics of BDNF. We have previously described a structure-
based design approach that has successfully yielded potent
mimics of BDNF (23). Bicyclic dimeric peptides, consisting of a
pair of disulfide-constrained mimics of loop 2 of BDNF teth-
ered by either a disulfide or amide link, act as BDNF-like partial
agonists in vitro, promoting the survival of chick sensory neu-
rons in culture. Incorporation of an additional dimerizing link-
age afforded a highly conformationally constrained tricyclic
dimer with potent neuronal survival actions in vitro (EC50 � 11
pM). Further examinations with disulfide-constrained cyclic
peptides based on loops 1 and 4 of BDNF revealed that gener-
ally, monomeric, monocyclic peptides as well as heterodimeric

bicyclic peptides are BDNF inhibitors, whereas homodimeric,
bicyclic peptides are BDNF-like agonists (24). However,
although they are significantly reduced in size compared with
BDNF itself, the molecular weight and complex nature of these
dimeric peptides would pose considerable challenges for their
development as clinically useful agents.
In an effort to obtain compounds with increased potential as

drug leads, as well as to further probe the role of the solvent
exposed loops of BDNF in mediating its neurotrophic actions,
we describe here a series of small, monomeric circular peptides
aimed at mimicking the putative p75NTR-binding cationic trip-
eptide sequence within loop 4 of BDNF. Cyclic peptides incor-
porating a variety of conformational constraints were designed,
and selected compounds were synthesized and examined for (i)
their ability to promote the survival of cultures of embryonic
chick sensory neurons, (ii) their ability to affect signaling
through the receptors for BDNF, and (iii) their susceptibility to
proteolytic degradation in rat plasma in vitro. Two-dimen-
sional NMR spectroscopy methods were used to determine the
three-dimensional structure of one of these circular peptides in
solution.

EXPERIMENTAL PROCEDURES

Molecular Modeling

Peptides were designed with the aid of the molecular model-
ing software packages Sybyl version 6.4 andHyperchemversion
4.0. The three sequential p75NTR-binding residues in loop 4 of
BDNF (Lys94-Lys95-Arg96) were isolated from a model of the
three-dimensional structure of BDNF derived via homology
modeling techniques (17, 23). Using visual examination, a wide
range of means of constraining this tripeptide were explored,
from which a selection were built by adding appropriate amino
acid(s) to the tripeptide and forming a single bond between the
N and C termini. These residues/constraints explored included
pairings of Gly, Ala, and Pro (including D-forms), �-amino
acids, and other �-alkyl amino acids of varying lengths. Each
molecule thus obtainedwas then optimized to a localminimum
energy conformation using the AMBER molecular mechanics
force field implemented in HyperChem. Cyclic peptides that
yielded low energy conformations following optimization were
then subjected to a more rigorous conformational search using
the Conformational Search command inHyperChem, in which
backbone torsion angles were varied randomly and the result-
ant structure was minimized as described above. Unique low
energy conformations were stored, whereas high energy or
duplicate structures (i.e. root mean square (r.m.s.) deviation of
nonhydrogen atoms�0.25Åor backbone torsion angleswithin
5° of previously obtained conformations) were discarded. The
similarity of the generated conformations to the native tripep-
tide in BDNFwas determined bymeasuring the r.m.s. deviation
of the �- and �-carbon atoms of the Lys-Lys-Arg sequence
between the native and cyclic peptides.

Peptide Synthesis

Linear peptides were assembled on chlorotrityl resin from
fluorenylmethoxycarbonyl-protected amino acids, using
standard solid phase synthesis methods (25) on a PS3 peptide
synthesizer (Peptide Technologies, Tucson Arizona). The side
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chain-protected linear peptides were liberated by treating the
resin-bound peptide with acetic acid/trifluoroethanol/dichlo-
romethane (1:1:8). The crude side chain-protected peptides
were cyclized by dissolving them in dichloromethane (0.5
mg/ml) and adding O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (2 eq) and diisopropyl-
ethylamine (3 eq). The progress of the cyclization reaction was
monitored by reverse phase HPLC. The final fully deprotected
cyclic peptides (and linear peptides as appropriate) were
obtained by treating the corresponding protected peptides in a
mixture of trifluoroacetic acid/ethanedithiol/H2O (18:1:1) for
90min), followed by precipitation in cold ether and purification
by HPLC.

Peptide Purification and Characterization

Peptides were purified (and cyclization reactions were mon-
itored) by reverse phase HPLC on analytical (53 � 7 mm C18
Rocket column; Alltech) and semipreparative (250 � 10 mm
C18 (Alltech); 250 � 7 mm diphenyl (Vydac)) columns as
appropriate. All final peptides eluted as single peaks after puri-
fication. The identity of all linear and protected intermediates
and final peptides was confirmed by electrospray ionization
mass spectrometry (performed either by Dr. Stuart Thomson
(Victorian College of Pharmacy, Monash University) or Dr.
Nicholas Williamson (ImmunoID Pty. Ltd.)). All peptides
(intermediates and final products) gave molecular ions with a
mass/charge ratio within 0.1% of calculated values.

Sensory Neuron Cultures

Peptides were examined for effects on neuronal survival in
primary cultures of sensory neurons prepared from 8-day-old
embryonic chicks as described previously (23). Peptides (1 �
10�8 to 1 � 10�5 M) were added to wells in triplicate 30 min
after plating of neurons either alone (for concentration-re-
sponse studies) or in combination with mouse recombinant
BDNF (4 � 10�10 M). BDNF alone was used a positive control.
Negative control wells contained neither peptide nor BDNF.
After a 48-h incubation (37 °C, 5% CO2), the number of surviv-
ing neurons in each well was determined by counting phase
bright cells at�200magnification in 80 randomly chosen fields
(0.25� 0.25mm).Data are expressed as percentage of surviving
neurons compared with BDNF-only positive controls (typically
30–45% of plated sensory neurons).

TrkB Autophosphorylation Studies

Cell Culture—293 cells were maintained in Dulbecco’s mod-
ified Eagle’s medium with 10% fetal bovine serum, 2 mM L-glu-
tamine, 50 IU/ml penicillin, and 50 mg/ml streptomycin
(MultiCel). In preparation for signaling studies, medium was
aspirated, and cells were washed in one volume of sterile phos-
phate-buffered saline and then serum-starved for 4 h inDulbec-
co’s modified Eagle’s medium, L-glutamine, penicillin, and
streptomycin.
Generation of TrkB Stable Cell Lines—The trkB gene (a gift

from Barbara Hempstead, Cornell University, Ithaca, NY) was
subcloned in the pcDNA3 plasmid (Invitrogen) using standard
molecular biology. 293 cells were transfected using the Gene-
juice transfection reagent (Merck) and selectedwith 500mg/ml

G418 (A1720; Sigma). Surviving clones were expanded, and
whole cell lysates were screened by Western blot for TrkB
expression. Low expressing TrkB clones were identified and
analyzed for BDNF responsiveness to identify cell lines that
expressed nonconstitutively active TrkB receptors and
responded to BDNF.
To analyze the effect of BDNF and cyclic pentapeptide 2 on

TrkB phosphorylation and signaling, two distinct stable trans-
fectantswere analyzed. Briefly,�4� 105 cells were subcultured
onto 6-well plates and maintained in full serum overnight. The
next day, cells were starved as indicated above and then treated
with serum free medium alone or serum-free medium contain-
ing BDNF (100 ng/ml) (PeproTech) or pentapeptide 2 (10�5 M).
Assays were performed over (i) differing time periods (1, 5, 15,
60, and 180 min), and (ii) differing concentrations of BDNF (1
pg/ml, 10 pg/ml, 100 pg/ml, 1 ng/ml, 10 ng/ml, and 100 ng/ml).
Plates were then placed on ice, washed in cold phosphate-buff-
ered saline, and lysed in TNE (Tris, NaCl, EDTA) buffer.
Western Blot Analysis—Cell lysates were incubated on ice for

15 min, centrifuged for 15 min at 4 °C, and cleared. Total pro-
tein content was determined using the Bradford method
(Sigma). Equal amounts of total protein were reduced in stand-
ard Laemmli buffer and boiled, and proteins were separated by
SDS-PAGE and transferred to polyvinylidene difluoride
(Chemicon). Membranes were blotted for the presence of
native proteins with anti-pan-Trk (C-14 sc-11; Santa Cruz Bio-
technology), anti-phospho-TrkB (a gift fromMoses Chao, New
YorkUniversity) (26), anti-MAPK(Erk1,2) (9102; Cell Signaling
Technology), or anti-phospho-MAPK(Erk1,2) (9101; Cell Sig-
naling Technology). Immunocomplexes were detected by the
enhanced chemiluminescence technique (Amersham Bio-
sciences) and imaged digitally (LAS-3000; Fujifilm).

NF-�B Luciferase Assay

The p75NTR-dependent NF-�B luciferase assay was recapit-
ulated in 293 cells, following a previously published protocol
(29). Briefly, 293 cellswere cultured as above, plated at 2.5� 106
cells/plate in a 100-mm plate, and transfected with an NF-�B
reporter construct (catalog number 219078; Stratagene), con-
stitutively active Renilla reporter (pRL-TK, E2241; Promega),
Myc-RIP2 (a gift fromMoses Chao; New York University), and
p75NTR or an empty vector using the calcium phosphate
method. After transfection, cells were incubated overnight and
then collected and evenly distributed into a 12-well plate for
24 h. Cells were then serum-starved for 4 h and then treated
with serum-free medium, serum-free medium containing 100
ng/ml NGF, and serum-free medium containing 100 ng/ml
BDNF for 4 h. Cells were lysed and analyzed for luciferase and
Renilla activity following the manufacturer’s protocols (Dual
Luciferase Reporter Assay, catalog number E1960; Promega),
using a single tube dual injector luminometer (Lumat LB 9507;
Berthold). Conditions were repeated in triplicate, and relative
luciferase unit values were normalized to the constitutively
active Renilla luminescence for the same sample. Data were
normalized such that luciferase activity in the control condi-
tion � 1.

Pentapeptide BDNF Mimetics

NOVEMBER 28, 2008 • VOLUME 283 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 33377



NMR Analysis and Structure Determination

NMR spectra of cyclic pentapeptide 2 were acquired on a
Varian Inova 400-MHzNMR spectrometer. A lyophilized sam-
ple of peptide was dissolved in 550 �l of 10% D2O, and the pH
was adjusted to 5.2. One-dimensional 1H spectra were obtained
with a sweep width of 4000 Hz over 8192 points. Solvent sup-
pression was achieved with selective low power saturation.
Sample one-dimensional spectra were measured at a series of
temperatures (30, 15, and 5 °C), and no significant temperature
dependence was seen (data not shown). All subsequent spectra
were recorded at 15 °C. Two-dimensional spectra were then
acquired with a sweep width of 4000 Hz over 1024 points, with
800 t1 increments. TOCSY (28) and DQF-COSY (29) spectra
were acquired for use in spin system assignments, whereas
ROESY (30) spectra were acquired to generate distance con-
straints. Spectra were initially transformed using the Varian
NMR software package to check for quality of the data. Subse-
quently, spectra were transformed using NMRpipe (B. A. John-
son; Merck) and analyzed using NMRview. Complete assign-
ment of all nonexchangeable proton resonances relative to an
internal TMS standard was made (see supplemental material).
Dihedral constraints for the backbone � angles were derived
from 3JNH-C� H coupling constants measured from one-dimen-
sional spectra. A total of 61 structurally important distance
constraints and four backbone � angles were determined.

Structure calculation was carried out using the software
package DYANA (31). Cyclization of the peptide was achieved
by introducing a set of special distance constraints to bring the
N and C termini together and restrain the peptide bond angles
to 180°. A modified version of the residue library DYANA con-
taining a set of parameters defining a D-Pro residue was pro-
duced to allow calculations to include the D-Pro residue of pep-
tide 2. A total of 100 structures were calculated on the basis of
theNMR-derived constraint list using 10,000 steps of simulated
annealing followed by 2000 steps of minimization of the
DYANA target function. The 20 structures with the lowest tar-
get function were then selected as the final family representing
the structure of pentapeptide 2.

Plasma Stability Studies

Peptides (circular pentapeptide 2, linear pentapeptide 1, and
substance P (as a positive control); 1 mg/ml) were incubated
(37 °C) in a solution of freshly prepared rat plasma (50% in
phosphate-buffered saline; 200 �l) containing 4-isopropylben-
zylacohol (0.05% v/v) as an internal standard ((32)). At various
times, samples (10 �l) were removed, and L-lysine monohydro-
chloride (1000 equivalents in 10 �l) was added to displace pep-
tide from plasma protein binding sites. Plasma proteins were
then precipitated by the addition of acetonitrile (60 �l) and
removed by centrifugation (4 °C, 10 min, 10,000 � g), and the
supernatant (60 �l) was collected and diluted with water (100
�l). The remaining peptide was determined in aliquots (50 �l)
using HPLC, by comparing the area of peptide peak and inter-
nal standard peaks. Where degradation was seen, one-phase
exponential decay curves were fitted (GraphPad Prism soft-
ware), and the half-life of the peptide was determined. Half-
lives were determined in this manner from three independent

experiments, which were then averaged and expressed as
mean � S.E. In instances where no degradation was observed,
at the final time point, the peptide peak was collected and ana-
lyzed by mass spectrometry (i.e. to rule out the possibility of
degradation having occurred without a noticeable shift in
retention time).

RESULTS

Design and Synthesis of Circular Peptide Mimetics of the
p75NTR-binding Motif of BDNF—A computer-aided molecular
design approach was used to determine possible means of con-
straining and presenting the p75NTR-binding tripeptide motif
Lys94-Lys95-Arg96 in loop 4 of BDNF as a circular peptide (see
Fig. 1). A wide range of constraints was considered, comprising
both natural and unnatural amino acids. Using a visually
directed approach, 57 peptides were selected and built in silico,
and their energy was minimized. From this, we obtained nine
compounds with little steric strain, which we thus considered
likely to be readily synthetically accessible. Interestingly, seven
of these compounds contained a D-Pro residue attached C-ter-
minally to the Arg residue, whereas five contained flexible alkyl
�-amino acids. When subjected to a conformational search,
two of these peptides (the D-Pro-containing pentapeptide 2 and
the 6-aminohexanoyl-containing tetrapeptide 4) showed con-
siderable similarity to the native tripeptide, in that 70% of their
low energy conformations identified were deemed to be similar
to the conformation of the native tripeptide (r.m.s. deviation of
� and � carbon atoms of tripeptide sequence �0.4 Å).

FIGURE 1. Schematic summary of molecular modeling approach used to
design mimetics of Lys94-Lys95-Arg96 sequence in loop 4 of BDNF.
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The circular peptides 2 and 4 were synthesized by standard
solid phase peptide synthesis protocols, in which their linear
side chain-protected precursors were liberated from acid-labile
chlorotrityl resin, cyclized in solution, and deprotected. Ana-
logues of circular pentapeptide 2 (peptides 5 and 6, to allow the
importance of the nature of the cyclizing constraint to be exam-
ined, and peptides 7 and 8, to allow the role of the Lys residues
in the tripeptide motif to be probed) were prepared using a
similar strategy. The linear analogues of 2 and 4 (i.e. peptides 1
and 3) were obtained by omitting the cyclization step. All pep-
tides synthesized were purified to homogeneity by HPLC and
characterized by mass spectrometry (Table 1). It is interesting
to note, however, that the synthesis of several other peptides
was attempted (e.g. the Pro-Ala analogue of peptide 2), but
these could not be induced to cyclize, despite attempts with a
variety of cyclization reagents and conditions. This is probably
due to the high degree of conformational rigidity exhibited by
these peptides, exemplified by pentapeptide 2 (see below).
Effects of p75NTR-binding Motif Mimetics on Sensory Neuron

Survival in Vitro—Peptides were examined for their ability to
promote the survival of cultures of sensory neurons prepared
from day 8 chick embryos. These well characterized cultures
are known to contain a subpopulation of neurons that require
exogenously added BDNF for their survival (17, 33). Of the
compounds examined, the circular pentapeptide 2 produced a
robust concentration-dependent survival effect in these cul-
tures (Fig. 2A and Table 1). In multiple experiments with pen-
tapeptide 2, we observed a biphasic response on neuronal sur-
vival, with amaximum of 38� 3% of the survival observed with
BDNF at 10�6 M pentapeptide 2. Increasing the concentration
to 10�4 M increased the maximum survival to 68 � 3%. When
added to cultures in combination with a fixed concentration (1
ng ml�1) of BDNF, pentapeptide 2 (at 10�7 and 10�6 M) was
found to give a small increase in BDNF-mediated survival (Fig.
2B); however, pentapeptide 2 had no apparent effect on NGF-
mediated neuronal survival (Fig. 2B).
All other peptides examined gave markedly reduced neuro-

nal survival (Table 1). Substituting the rigid D-Pro-Ala cycliza-
tion constraint in pentapeptide 2 with a more flexible 6-amino-
hexanoyl constraint yielded the circular pentapeptide 4 with a
markedly reducedmaximal survival response. Peptides 1 and 3,
the linear analogues of peptides 2 and 4, were devoid of a sig-
nificant neuronal survival response, as were the circular pep-
tides 5 and 6, containing other modifications to the cyclization
constraint. Replacement of either Lys residue with Ala also
yielded circular pentapeptides (7 and 8) with a reduced neuro-
nal survival effect.

FIGURE 2. Effect of pentapeptide 2 (A) alone and (B) in combination with
the neurotrophins BDNF (closed circles) or NGF (open circles) on survival
of embryonic chick dorsal root ganglion sensory neurons in culture.
BDNF and NGF were used at a concentration of 4 � 10�11

M. Surviving neu-
rons were counted after 48 h in culture. Neuronal survival is expressed as
mean � S.E. from triplicate wells in 3– 4 different preparations, after being
normalized to survival in neurotrophin-only positive controls (100%) and
negative controls (neither peptide nor neurotrophin; 0%).

TABLE 1
Sequence, observed and predicted mass spectral data, and maximal neuronal survival effects of peptides synthesized in this study

Number Structure m/z ([M�H]� predicted) Maximum survival percentage (at concentration M)
1 H-D-Pro-Ala-Lys-Lys-Arg-OH 598.0 (598.4) NSa
2 Cyclo(D-Pro-Ala-Lys-Lys-Arg-) 580.6 (580.4) 38 � 3 (10�6), 68 � 3 (10�4)
3 H-Ahxb-Lys-Lys-Arg-OH 544.0 (543.7) NS
4 Cyclo(-Ahx-Lys-Lys-Arg-) 526.2 (525.7) 16 � 3 (10�5)
5 Cyclo(-Ala-Pro-Lys-Lys-Arg-) 581.7 (580.4) NS
6 Cyclo(-Ala-D-Pro-Lys-Lys-Arg-) 580.0 (580.4) NS
7 Cyclo(-D-Pro-Ala-Ala-Lys-Arg-) 523.6 (523.3) 22 � 0 (10�7)
8 Cyclo(-D-Pro-Ala-Lys-Ala-Arg-) 524.4 (523.3) 16 � 3 (10�8)

a NS, no significant survival effect observed.
b Ahx, 6-aminohexanoyl.
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Effects of Circular Pentapeptide 2 on BDNF Receptor
Signaling—To try to elucidate the mechanism of the sensory
neuron survival of circular pentapeptide 2, we sought to exam-
ine its effects on signaling through the BDNF receptors. As
expected, treatment of A293 cells stably transfected to express
full-length TrkB with BDNF led to a robust increase in expres-
sion of the phosphorylated forms of both the BDNF receptor
tyrosine kinase TrkB and the downstream signaling effector
MAPK (Fig. 3). In contrast, pentapeptide 2 had no effect on the
levels of either phosphorylated species. Levels of the unphos-
phorylated species were unchanged by either BDNF or peptide
treatment (Fig. 3).
Previously published data have indicated that NGF signaling

through p75NTR can activate NF-�B (27, 34–36). To identify
whether pentapeptide 2 might be producing its neuronal sur-
vival effect by signaling through p75NTR, we attempted to
repeat the NF-�B luciferase assay in 293 cells in vitro, as
described by Khursigara et al. (27), which indicated that NGF
stimulation of p75NTR results in NF-�B activation. However,
despite numerous attempts, we were unable to replicate these
positive control data. Indeed, our data indicate that neither
NGFnor BDNFwas able to activateNF-�B above control (vehi-
cle)-treated cells (Fig. 4).
Structure of Circular Pentapeptide 2 in Solution—Complete

resonance assignments of all the protons in the molecule were
made on the basis of two-dimensional DQF-COSY, TOCSY,
and ROESY spectra (see supplemental data). The presence of
strong cross-peaks in the ROESY corresponding to interactions
between Arg(C�H) and Pro(C�H2) indicates that the proline is

in the trans conformation (37). Coupling constants (3JNH-�H)
were obtained for all four amide resonances from one-dimen-
sional spectra of the peptide. The measured values were as fol-
lows: Ala, 5.5 Hz; Lys-3, 9.8 Hz; Lys-4, �4 Hz; Arg, 9.8 Hz,
corresponding to � angles of approximately�110° for Lys3 and
Arg and �60° for Ala and Lys4 (37) (see supplemental materi-
als). The presence of well defined backbone angles indicates
that there is very little, if any, conformational exchange on the
NMR time scale for the backbone of the peptide.
An ensemble of structures was calculated on the basis of dis-

tant constraints derived from the ROESY spectra and backbone
dihedral constraints obtained from the 3JNH-CaH coupling con-
stants. The resulting structures show a very well defined back-
bone core (backbone r.m.s. deviation of 0.32 Å) with structural
variation restricted to atoms in the side chains of the peptide
(Fig. 5). Overall, the physical constraints imposed on motion
of the peptide by cyclization appear to have given rise to a
peptide with limited conformational flexibility of its cyclic
backbone. Even the side chains of the Arg5 and Lys3 residues
exhibit restricted mobility out to the �-carbon and beyond,
perhaps as a result of charge-charge-repulsion between the
side chain termini.
Plasma Proteolytic Stability of p75NTR-binding Motif

Mimetics—The proteolytic stability of peptides was assessed by
incubating them at 37 °C in a 50% solution of freshly prepared
rat plasma in phosphate-buffered saline and assessing the

FIGURE 4. Effect of NGF and BDNF on NF-�B activation in vitro. A293 cells
(transiently transfected with an NF-�B luciferase reporter construct, constitu-
tively active Renilla reporter construct, Myc-RIP-2 vector, and p75NTR vector)
were treated with either NGF or BDNF (4 � 10�9

M) for 4 h, as previously
described (27). The response is expressed as relative luciferase units, in which
the luciferase readings have been standardized to the constitutively active
Renilla luminescence for each sample and then normalized such that the
standardized luciferase activity for the control (neither NGF nor BDNF treat-
ment) is set to 1.

FIGURE 5. Stereo image of the ensemble of 20 NMR-derived solution
structures of pentapeptide 2.

FIGURE 3. Representative Western blot examining the effect of vehicle
(0), pentapeptide 2 (P) and BDNF (B) on phosphorylation of TrkB and
MAPK. Stably transfected 293-TrkB cells were treated with vehicle, pentapep-
tide 2 (10�5

M), or BDNF (4 � 10�9
M) for 5 min. Equal amounts of cell lysate

were then analyzed by Western blot for TrkB (first panel), phosphorylated TrkB
(p.TrkB; second panel), MAPK (third panel), and phosphorylated MAPK
(p.MAPK; fourth panel).
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amount of peptide remaining using HPLC (Fig. 6). Under these
conditions, circular pentapeptide 2 appeared to be completely
resistant to proteolytic degradation over the time period exam-
ined (72 h); indeed, it was not possible to determine the half-life
of this process. Linear pentapeptide 1 (the acyclic analogue of
peptide 2) gave a half-life of 5.4 � 0.3 h, suggesting that the
circular nature of pentapeptide 2 was responsible to a large
degree for conferring proteolytic stability on pentapeptide 2. In
contrast, the neuropeptide substance P, used as a positive con-
trol for plasma proteolytic activity, was rapidly degraded in the
rat plasma solution, with a half-life of 22 � 9 min. This result is
consistent with literature data for substance P (t1⁄2 � 24 min
(38)).

DISCUSSION

In this paper, we have used a structure-based design
approach to develop small monomeric circular peptides aimed
at mimicking the putative p75NTR-binding cationic tripeptide
sequence within loop 4 of BDNF. Unlike their monomeric
monocyclic loop 2 counterparts that are BDNF antagonists, we
found that several of these circular pentapeptides act as BDNF-
like agonists, promoting the survival of embryonic chick sen-
sory neurons in vitro. Themost potent of these compounds, the
pentapeptide 2, was found by NMR spectroscopy to adopt a
single, well defined backbone conformation in solution and to
be proteolytically stable in a solution of rat plasma in vitro.
Taken together, these data suggest that pentapeptide 2 offers a
novel opportunity for further development either as a neuro-
trophic drug itself or as a template for the design of nonpeptidic
BDNF mimetics.
The recognition that cyclic pentapeptides in general offer

potential as privileged drug templates has led to experimental
and theoretical studies of the structures of these compounds,
including the cyclic pentapeptide cyclo(D-Pro-Ala-Ala-Ala-

Ala) (39, 40) an analogue of pentapeptide 2. Our experimental
determination of a highly constrained backbone conformation
for pentapeptide 2 is in agreement with theoretical studies in
DMSO of cyclo(-D-Pro-Ala4-) (35). Molecular dynamics simu-
lations of this peptide sequence in explicit solvent showed that
it switched between a major and a minor conformation, occu-
pying the major conformation for up to 99% of the simulation
period. In concurrence with this, the NMR spectra we obtained
of pentapeptide 2 were consistent with a single, rigidly defined
backbone conformation for the peptide. It is interesting to note
that preliminary NMR analysis of several of the other peptides
in this study yielded spectra indicative of poorly defined struc-
tures (data not shown). Comparison of the backbone angles for
the ensemble of structures for pentapeptide 2 (see supplemen-
talmaterials) with those derived frommolecular dynamics sim-
ulation of DMSO-solvated cyclo(-D-Pro-Ala4-) (Table 1) (40)
indicate that, although similar, the structures determined
experimentally here in water are not identical to thosemodeled
in DMSO. The differences are perhaps unsurprising, consider-
ing the impact of the different solvents and the steric and char-
ge-related effects of the side chains present in pentapeptide 2
compared with the model peptide. Thus, although the back-
bones of cyclic pentapeptides are likely to be highly rigid (as
exemplified by 2), it is likely that the actual conformation is
determined at least to some extent by the nature of the side
chains in the macrocycle.
Although there are no high resolution structural data for the

BDNF homodimer itself, the crystal structures of heterodimers
of BDNF with NT-3 (1BND) (41) and NT-4 (1B8M) (15) have
been determined. Loop 4 of BDNF in these structures is effec-
tively identical with a backbone r.m.s. deviation of 0.1 Å,
although the orientation of the loop with respect to the rest of
the protein is somewhat different (overall backbone r.m.s. devi-
ation between the BDNF monomers in the two structures is
0.71 Å). Comparison of the experimental pentapeptide 2 struc-
ture determined here with the conformation of the loop 4 res-
idues Lys94-Lys95-Arg96 of BDNF (Fig. 7A) reveals that
although the backbone of the equivalent cyclopeptide residues
has the same shape as inBDNF, allowing superimposition of the
three corresponding C� atoms with an r.m.s. deviation of only
0.12 Å, the actual dihedral angles of the residues are quite dif-

FIGURE 6. Stability of cyclic pentapeptide 2 (closed circles) and linear pen-
tapeptide 1 (open circles) in rat plasma in vitro. Peptides (1 mg/ml) were
incubated at 37 °C in a solution of freshly prepared rat plasma. The percent-
age of peptide remaining in samples taken at various time points was deter-
mined by HPLC, using 4-isopropylbenzyl alcohol as an internal standard.

FIGURE 7. A, superimposition of pentapeptide 2 (cyan) on the Lys94-Lys95-
Arg96 tripeptide of loop 4 of BDNF (green). Inset, backbone trace of BDNF
(green-blue)-NT-3 (red-orange) heterodimer, showing the positions of loop 4
tripeptide residues (sticks, top right). B, superimposition of pentapeptide 2
(green) on Lys32–Lys34 (cyan) of loop 1 of NGF (cyan). The remainder of the
NGF backbone is shown in gray-blue; the backbone of the p75NTR structure is
shown in pink. Inset, backbone trace of the complex of NGF (gray-blue) and
p75NTR (pink), showing the position of the NGF loop 1 residues (sticks, green).
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ferent. Subsequently, although the two lysine side chains of
pentapeptide 2 sit in roughly the same volume of space as Lys94
and Lys95 of BDNF, the Arg96 side chain of BDNF overlaps with
the pentapeptide 2 backbone.

Themechanism by which pentapeptide 2 produces neuronal
survival in vitro remains to be fully elucidated. Given that pen-
tapeptide 2 was designed to mimic a putative p75NTR binding
region of loop 4 of BDNF, it was not surprising to find that it did
not cause phosphorylation of either TrkB or the downstream
signaling molecule MAPK. Nevertheless, these findings differ
somewhat from the those of Saragovi and co-workers (42), who
have showed that monomeric peptides derived from loop 4 of
NGF can dimerize and activate TrkA, perhaps via an “inverse
antagonism” mechanism, and may well reflect the different
modes by which NGF and BDNF (and hence mimetic peptides
derived from them) interact with p75NTR (for further discus-
sion, see below). Unfortunately, our attempts to ascertain
whether pentapeptide 2 could be acting directly via p75NTR did
not prove fruitful, in that we were unable to recapitulate the
experiments of others (e.g. see Ref. 27) showing that treatment
of cells with neurotrophins could lead to activation of NF-�B
via a p75NTR-dependent mechanism. Similarly, the use of 125I-
BDNF, a notoriously difficult radioligand to work with, in com-
petition binding experiments failed to give consistent specific
binding of even the radioligand alone (data not shown). Never-
theless, the mechanism of action of pentapeptide 2 probably
differs from that of loop 2-derived BDNFmimetic peptides pre-
viously reported by us; when added to sensory neurons in cul-
ture in combination with BDNF, pentapeptide 2 causes a slight
promotion of the neuronal survival activity of BDNF. This is in
clear contrast to the BDNF loop 2 peptides previously reported
by us, in that monomeric loop 2 mimetics (a putative TrkB
binding region of BDNF) behave as competitive antagonists,
whereas the dimeric loop 2 mimetics show distinct partial ago-
nist activity (i.e. they promote neuronal survival when used
alone but act as competitive antagonists of BDNF-mediated
survival). Furthermore, pentapeptide 2 does not show the very
clear bell-shaped survival response curves seen for the loop
2-based dimeric BDNF mimetics.
Whatever the mechanism of its neuronal survival action, the

structural requirements for the neuronal survival activity of
pentapeptide 2 appear to be quite stringent. Removal of the
D-Pro-Ala cyclization constraint (i.e. linear pentapeptide 1), the
inclusion of amore flexible Ahx constraint (cyclic pentapeptide
4), or the introduction of other constraints that would probably
induce different conformations on the Lys-Lys-Arg tripeptide
(i.e. cyclic pentapeptides 5 and 6with anAla-Pro andAla-D-Pro
constraint, respectively) yielded peptides with markedly
reduced or no neuronal survival activity. Replacement of either
of the Lys residues of pentapeptide 2 with Ala also gave rise to
peptides (7 and 8) with reduced neuronal survival activity. It is
interesting in this context to note that in the structure of the
NGF dimer complexed with p75NTR (43), NGF residues Gly94,
Lys95, and Gln96 (which are equivalent to residues Lys94, Lys95,
and Arg96 of BDNF) play no real role in the formation of the
NGF-p75NTR complex. In contrast, loop 1 of NGF contains res-
idues Lys32 and Lys34, which do contribute to p75NTR binding.
(Indeed, it had previously been postulated from mutagenesis

studies that Lys32 and Lys34 of NGF were probably the equiva-
lents of Lys94 and Arg96 in BDNF (19).) Superimposition of the
pentapeptide 2 structure on this loop in the NGF-p75NTR com-
plex structure does allowLys3 andArg5 of the peptide to overlay
closely with the positions of Lys32 and Lys34 of NGF (Fig. 7B).
Although the significance of this superimposition is difficult to
judge (the correspondence of such a short piece of sequence is
possible through the limitations imposed by the structure of the
peptide backbone alone), together the data suggest that all three
charged side chains of pentapeptide 2 are not optimally posi-
tioned for maximal activity. Pentapeptide 2may thus serve as a
valid template fromwhich to further explore analogues though
a classicalmedicinal chemistry approach, in an attempt tomax-
imize neuronal survival activity.
Pentapeptide 2 bears some structural resemblance to the

�v�3 integrin antagonist cilengitide (cyclo(-D-Phe-N(Me)Val-
Arg-Gly-Asp-)), in that both are proteolytically stable cyclic
pentapeptides containing a D-amino acid and areN-methylated
at one site (cilengitide at its Val residue, pentapeptide 2 by way
of its D-Pro residue). Cilengitide is currently in phase II clinical
trials for the treatment of a variety of solid tumors (e.g. see Ref.
44). Whether pentapeptide 2 (or related cyclic pentapeptide
analogues of it) might also possess such pharmaceutically
acceptable properties that would render it suitable for further
clinical development remains an area of further investigation.
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