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Abstract

Factors limiting the therapeutic application of neurotrophins to neurodegenerative diseases include poor
stability and CNS penetration. Moreover, certain neurotrophin effects, such as promotion of neuronal death via
interaction with the p75NTR receptor, might further limit their application. We have proposed that development
of small molecule mimetics of neurotrophins might serve to overcome these limitations. In previous work, our
laboratory established the proof-of-principle that mimetics of specific nerve growth factor (NGF) domains could
prevent neuronal death. Peptidomimetics of the loop 1 domain prevent death via p75NTR-dependent signaling
and peptidomimetics of the loop 4 domain prevent death via Trk-related signaling. In current work we are
designing pharmacophore queries corresponding to loop domains 1 or 4 that incorporate features of the NGF
crystal structure along with features derived from peptidomimetic structure-activity-relationships. Screening
of in silico databases containing non-peptide, small molecules has identified a number of candidate NGF domain
mimetics. Preliminary assessment of these compounds using neurotrophin bioassays indicates that several are
capable of preventing neuronal death. Ongoing studies will determine whether these compounds act via p75N™®

or Trk receptors.

Index Entries: Neurotrophin; nerve growth factor; mimetic; p75; TrkA.

Introduction

The hypothesis that amyloid-B (AB) causes neu-
ronal degeneration suggests that strategies inhibit-
ingitsaccumulation will prevent or slow progression
of AD. Although such approaches offer important
promise, several scenarios raise the need for paral-
lel therapeutic strategies. AB-targeted therapeutics
might have to be applied during the unknown time
window of the presymptomatic onset of AB-induced

pathological cascades and might notbe entirely effec-
tive in preventing neuronal damage. Moreover, ApB-
targeted mechanisms might not promote recovery
or optimize function of impaired neurons.
Neurotrophin-based strategies offeranumber of fea-
tures that might compliment AB-based therapies.
First, neurotrophins up-regulate functions of vul-
nerable (e.g., cholinergic) neurons (Tuszynski, 2002).
Second, evidence suggests that AB toxicity might
be mediated, in part, via alterations in signaling
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networks shared by neurotrophins (Savage et al.,
2002; Rabizadeh and Bredesen, 2003). In addition,
AP binds to the p75 neurotrophin receptor (p75NTR)
and triggers signaling associated with p75NTR-
induced cell death (Yaar et al., 2002; Kawasumi et
al., 2002). Third, neurotrophins decrease the vul-
nerability of neurons to a wide range of toxic mech-
anisms. The discoveries that a precursor form of
nerve growth factor (NGF), proNGEF, binds to p75NTR
to promote neuronal death (Lee et al., 2001; Hemp-
stead, 2002) and that levels of proNGF are increased
in Alzheimer’s disease (AD) brain (Fahnestock etal.,
2001) raise the possibility thatinhibition of this inter-
action might inhibit death.

There are at least two critical hurdles in the appli-
cation of neurotrophins. Half-lives of neurotrophins
are on the order of minutes and their ability to reach
CNS targets is limited (Poduslo and Curran, 1996).
A more fundamental limitation is the wide range of
neurotrophin biological actions. The ability of
NGF to induce sympathetic fiber sprouting and
up-regulate pain mechanisms might limit its clini-
cal application. We hypothesized that these limita-
tions might be overcome by small molecule
neurotrophin mimetics that selectively target their
receptors to modulate certain but not necessarily all
of thesignaling cascades triggered by neurotrophins.

Our initial studies have focused on NGF mimet-
ics. NGF interacts with the TrkA receptor to trigger
signaling through the phosphatidylinositol-3-kinase
(PI3K)/ Akt kinase, mitogen-activated protein
(MAP) kinase and phospholipase Cy (PLCy) path-
ways (Sofroniew et al., 2001). Signaling via TrkA is
also likely to mediate NGF-induced upregulation of
pain transmission (Bergmannetal., 1998). NGF inter-
action with p75NTR regulates its association with dif-
ferent intracellular effector proteins, promoting
either survival or death, depending on which effec-
tors are activated (Hempstead, 2002; Mamidipudi
and Wooten, 2002; Rabizadeh and Bredesen, 2003).
NGEF interacts with p75NTR via residues in B-loop 1
and with the TrkA receptor via residues in -loops
2 and 4 and the N terminus (McDonald and Chao,
1995). We established that NGF peptidomimetics
corresponding to loop 1 act via a p75NTR-dependent
mechanism to prevent neuronal death (Longo et al.,
1997) and that peptidomimetics corresponding to
loop 4 act via TrkA to prevent neuronal death (Xie
et al., 2000). Loop 4 mimetics activate Trk (unpub-
lished data), as well as Erk and Akt (Xie et al., 2000).
NGF peptidomimetics corresponding to loop 4 and
promoting survival have also been reported by
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Maliartchouketal. (2000). We are testing the hypoth-
esis that available crystal structure of NGF, along
with structure-activity relationships (SARs) of pep-
tidomimetics, can be used to create pharmacophore
queries, which in turn can be utilized to screen small
molecule databases to identify nonpeptide, small
molecules that act at neurotrophin receptors and
modulate their signaling to prevent neuronal death.
The following is an interim progress report.

Materials and Methods

Using established pharmacophore approaches
with Insightll, Cerius2, and Catalyst software, we
created NGF loop 1 and loop 4 pharmacophore
queries based on NGF crystallographic structures
and peptidomimetic SARs (Accelerys, Inc; Massa et
al., 2002). Library screening was conducted on a Sil-
icon Graphics Octane workstation. We assembled a
collection of libraries containing virtual, three-
dimensional conformers of ~1.2 million compounds
(Massa et al., 2002). Compounds demonstrating
steric and chemical features matching those of NGF
loop1 or loop 4 queries were obtained for assays.
Core structures of active compounds were used as
secondary queries as part of an iterative approach
to obtain additional active and inactive compounds
with variant structures and to identify compounds
with greater potency and efficacy. Structure-
activity assessments were used to evaluate our
starting pharmacophore hypotheses.

Compounds or peptidomimetics were assayed for
neurotrophic activity in vitro using the classic NGF
assay of chick embryological day 8 (ED8) dorsal root
ganglion (DRG) sensory neurons (Xie et al. 2000) or
mouse ED16-17 hippocampal neurons (Goslin et al.,
1998). Death-preventing activity was compared to
thatof optimallevels of NGF (DRG neurons) or brain-
derived neurotrophic factor (BDNF) (hippocampal
neurons). Dependence of neurotrophic activity on
Trk and on MAP kinase, PI3K/Akt, and PLCy sig-
naling is assessed using well-established inhibitors.
Signaling is assessed using Western blot analysis for
Erk, Akt,and PKC activation (Xieetal.,2000). Depen-
dence of activity on p75NTR signaling is determined
using DRG neuronsisolated from p75NTR mutant mice
(Longo et al., 1997). Neurotrophin binding to p75NTR
activates sphingomyelinase, which converts sphin-
gomyelin to ceramide (Dobrowsky and Carter, 2000).
Thus, signaling via p75N™R is also assessed using
inhibitors of sphingolipid synthesis (myriocin and
fumonisin B1), as described in DeFreitas et al (2001).
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Results

Results of Library Screening

A first round of studies using an initial set of
queries yielded numerous “hits,” as identified by fit
scores. Hits were screened for steric incompatibili-
ties visually, reducing the number by a factor >20.
Compounds were favored in which chemical fea-
tures were similar to those of targeted side chain
features and predicted to have low conformational
energies (<10 kcal). A total of 55 compounds with
apparent favorable features were obtained. Out of
35loop 1 compounds, 12 were poorly soluble in cul-
ture medium. Of the 23 soluble compounds, 4 had
survival-promoting activity (Massa et al., 2002). Out
of 20 loop 4 compounds, 12 were poorly soluble. Of
the eight soluble compounds, three had survival-
promoting activity. Overall, for the 31 loop 1 and
loop 4 soluble compounds, 7, or ~23%, were
active. Using DRG assays, activities occurred in the
1-100 uMrange, and efficacies in some cases reached
approximately half of that seen with NGF at its max-
imum effect.

Asecond round of screening was conducted using
the core structures of active compounds as queries
to find available variants. Relatives of active com-
pounds tended to fall into groups containing
common core structures, with variations formed by
attachment of a variety of functional groups at a
restricted set of locations. Core structure searches
yielded 1052 relatives of two active loop 1 com-
pounds and 260 relatives of one active loop 4 com-
pound. These lists were further reduced by
consideration of chemical diversity and coverage of
substitution points, as well as overall size and shape.
Forloop 1, 12 compounds were ordered, 5 obtained,
and 3 found to be active. For loop 4, 12 compounds
were ordered, 11 obtained, and 8 found to be active.
Interestingly, efficacies tended to belower that those
of the first set of identified compounds, suggesting
that the original pharmacophore queries contain fea-
tures important for identifying active compounds.

Preliminary studies indicate that the activity of at
least twoloop 1 compounds is inhibited by the sphin-
gomyelin synthesis inhibitors myriocin and fumon-
isin B1, providing initial support for the possibility
that these compounds might prevent death via p75NTR-
related signaling. The activity of at least one loop 4
compound was inhibited by K252a, suggesting that
this activity might be mediated via Trk signaling.

Four of the loop 1 compounds demonstrating
activity in DRG assays were tested using ED16-17
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hippocampus assays. ED16-17 hippocampal neu-
rons are primarily pyramidal neurons expressing
p75NTR and TrkB. Neurotrophin-induced 75NR sig-
naling has been shown to promote either survival
or death of embryonic hippocampal neurons, pos-
sibly depending on the degree of induced ceramide
production (Brann et al., 2002). In preliminary stud-
ies, one of theseloop 1 compounds, which was shown
to be inhibited by myriocin and fumonisin B1, was
found to prevent death of ED16-17 hippocampal
neurons atlow nanomolar concentrations with 100%
of the efficacy of BDNFE.

Discussion

NGF loop 1 and loop 4 peptidomimetic studies
provided the first proof of principle that small mol-
ecules mimicking specific NGF domains might be
found that modify or mimic neurotrophic activity
(Longo et al., 1990, 1997; Maliartchouk et al., 2000;
Xie et al., 2000). The present preliminary findings
support the hypothesis that it may be possible to use
pharmacophore queries based on NGF structureand
peptidomimetic SARs to identify nonpeptide com-
pounds that act via neurotrophin receptors to pre-
vent death at nanomolar concentrations.

The identification of a small molecule preventing
death via p75NTR signaling is of particular interest.
NGF interaction with p75NT™® was initially shown to
trigger cell death (Casaccia-Bonnefil et al., 1996;
Fradeetal., 1996). From the perspective of these stud-
ies, it seemed unlikely that an NGF mimetic acting
via p75NTR would prevent, rather than cause, death.
More recently, however, studies have demonstrated
that NGF interaction with p75N™R in a variety of set-
tings prevents cell death (Defreitas etal.,2001; Khur-
sigaraetal.,2001; Roux etal., 2001; Mamidipudiand
Wooten, 2002; Rabizadeh and Bredesen, 2003). The
identification of a number of intracellular adaptor
proteins that interact with p75NTR indicates that the
survival vs death function is determined by the spe-
cific set of interacting adaptor and signaling pro-
teins (Hempstead, 2002; Mamidipudi and Wooten,
2000). Moreover, the selection of adaptors interact-
ing with p75NTR might be regulated by the nature of
the p75NR ligand (Dobrowsky and Carter, 2000).
These findings, along with our peptidomimetic and
small molecule studies, raise the intriguing possi-
bility that loop 1 small molecule mimetics might be
identified or designed that trigger p75N® signaling
in a way that favors prevention rather than promo-
tion of cell death. Whereas the domains used by
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proNGF to bind to p75NTR are not yet known, it is
also possible that p75N™® binding of small molecules
might also be used to interfere with proNGF acti-
vation of p75NTR,

Current work is focused on further iterations of
query modification and compound identification,
formal dose-response studies of compounds using
DRG and hippocampal assays, further verification
of whether compounds act via TrkA or p75NTR sig-
naling mechanisms, and structure-activity analysis
to form a basis for lead compound design.

Acknowledgments

NGF mimetic studies in our laboratory are sup-
ported by the Institute for the Study of Aging and
the Alzheimer’s Association.

References

Bergmann I., Reiter R., Toyka K. V., and Koltzenburg M.
(1998) Nerve growth factor evokes hyperalgesiain mice
lacking the low-affinity neurotrophin receptor p75.
Neurosci. Lett. 255, 87-90.

Braan A. B., Tcherpakov M., Williams I. M., Futerman
A. H., and Fainzilber M. (2002) Nerve growth factor-
induced p75-mediated death of cultured hippocampal
neurons is age-dependent and transduced through
ceramide generated by neural sphingomyelinase. J. Biol.
Chem. 277, 9812-9818.

Casaccia-Bonnefil P, Carter B. D., Dobrowsky R. T., and
Chao M. V. (1996) Death of oligodendrocytes mediated
by the interaction of nerve growth factor with its recep-
tor p75. Nature 383, 716-719.

DeFreitas M. E,, McQuillen P. S., and Shatz C. J. (2001) A
novel p75NTR signaling pathway promotes survival,
notdeath, ofimmunopurified neocortical subplate neu-
rons. J. Neurosci. 21, 5121-5129.

Dobrowsky R. T.and Carter B. D. (2000) p75 neurotrophin
receptor signaling: mechanisms for neurotrophic mod-
ulation of cell stress? J. Neurosci. Res. 61, 237-243.

Fahnestock M., Michalski B., Xu B., and Coughlin M. D.
(2001) The precursor pro-nerve growth factor is the
predominant form of nerve growth factor in brain and
isincreased in Alzheimer’s disease. Mol. Cell. Neurosci.
18, 210-220.

Frade J. M., Rodriguez-Tebar A., and Barde Y. A. (1996)
Induction of cell death by endogenous nerve growth
factor through its p75 receptor. Nature 383, 166-168.

Goslin K., Asmussen H., and Banker G. (1998) Rat hip-
pocampal neurons in low density culture, in Culturing
Nerve Cells (Banker G. and Goslin K., eds.), MIT Press,
Cambridge, MA, pp. 339-370.

Hempstead B. L. (2002) The many faces of p75NTR. Curr.
Opin. Neurobiol. 12, 260-267.

Kawasumi M., Hashimoto Y., Chiba T, et al. (2002) Mol-
ecular mechanisms for neuronal cell death by

Journal of Molecular Neuroscience

Massa, Xie, and Longo

Alzheimer’s amyloid precursor protein-relevant
insults. Neurosignals 11, 236-250.

Khursigara G., Bertin J., Yano H., Moffett H., DiStefano
P.S., and Chao M. V. (2001) A prosurvival function for
the p75 receptor death domain mediated via the cas-
pase recruitment domain receptor-interacting protein
2. J. Neurosci. 21, 5854-5863.

LeeR.,KermaniP.,, Teng K., and Hempstead B. (2001) Reg-
ulation of cell survival by secreted proneurotrophins.
Science 294, 1945-1948.

Longo F. M., Manthorpe M., Xie Y. M., and Varon S. (1997)
Synthetic NGF peptide derivatives prevent neuronal
death via a p75 receptor-dependent mechanism.
J. Neurosci. Res. 48, 1-17.

Maliartchouk S., Debeir T., Beglova N., Cuello A. C,,
Gehring K., and Saragovi H. U. (2000) Genuine mono-
valent ligands of TrkA nerve growth factor receptors
reveal a novel pharmacological mechanism of action.
J. Biol. Chem. 275, 9946-9956.

Mamidipudi V. and Wooten M. W. (2002) Dual role for
p75N™R signaling in survival and death: can intracellu-
lar mediators provide an explanation? J. Neurosci. Res.
68, 373-384.

Massa S. M., Xie Y., and Longo F. M. (2002) Alzheimer’s
therapeutics: neurotrophin small molecule mimetics.
J. Mol. Neurosci. 19, 107-111.

McDonald N. Q. and Chao M. V. (1995) Structural deter-
minants of neurotrophin action. J. Biol. Chem. 270,
19,669-19,672.

Poduslo J. F. and Curran G. L. (1996) Permeability at the
blood-brain and blood-nerve barriers of the neu-
rotrophic factors: NGF, CNTF, NT-3, BDNF. Mol. Brain
Res. 36, 280-286.

Rabizadeh S. and Bredesen D. E. (2003) Ten years on:
mediation of cell death by the common neurotrophin
receptor p75NTR. Cytokine Growth Factor Rev. 14,224-239.

Roux P. P, Bhakar A. L., Kennedy T. E., and Barker P. A.
(2001) The p75 neurotrophin receptor activates Akt
(Protein Kinase B) through a phosphatidylinositol
3-kinase-dependent pathway. J. Biol. Chem. 276,
23,097-23,104.

Savage M. J., Lin Y.-G,, Ciallella ]J. R., Flood D. G., and
ScottR. W. (2002) Activation of c-Jun N-terminal kinase
and p38 in an Alzheimer’s disease model is associated
with amyloid deposition. J. Neurosci. 22, 3376-3385.

Sofroniew M. V., Howe C. L., and Mobley W. C. (2001)
Nerve growth factor signaling, neuroprotection, and
neural repair. Annu. Rev. Neurosci. 24, 1217-1281.

Tuszynski M. H. (2002) Growth-factor gene therapy for
neurodegenerative disorders. Lancet Neurol. 1, 51-57.

Xie Y., Tisi M. A., Yeo T. T,, and Longo F. M. (2000)
NGEF loop 4 dimeric mimetics activate ERK and AKT
and prevent neuronal death. . Biol. Chem. 275,
29,868-29,874.

Yaar M., ZhaiS., Fines R. E., Eisenhauer P. B., Arble B. L.,
Stewart K. B., and Gilchrest B. A. (2002) Amyloid
B binds trimers as well as monomers of the 75-kDa
neurotrophin receptor and activates receptor signal-

Volume 20, 2003



