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ABSTRACT: Ever since the discovery of its neurite growth
promoting activity in sympathetic and sensory ganglia, nerve
growth factor (NGF) became the prototype of the large family
of neurotrophins. The use of primary cultures and clonal cell
lines has revealed several distinct actions of NGF and other
neurotrophins. Among several models of NGF activity, the
clonal cell line PC12 is the most widely employed. Thus, in the
presence of NGF, through the activation of the trans-
membrane protein TrkA, these cells undergo a progressive
mitotic arrest and start to grow electrically excitable neuritis. A
vast number of studies opened intriguing aspects of NGF
mechanisms of action, its biological properties, and potential

~ NGF(1-14)

use as therapeutic agents. In this context, identifying and utilizing small portions of NGF is of great interest and involves several
human diseases including Alzheimer’s disease. Here we report the specific action of the peptide encompassing the 1—14
sequence of the human NGF (NGF(1—14)), identified on the basis of scattered indications present in literature. The biological
activity of NGF(1—14) was tested on PC12 cells, and its binding with TrkA was predicted by means of a computational
approach. NGF(1—14) does not elicit the neurite outgrowth promoting activity, typical of the whole protein, and it only has a
moderate action on PC12 proliferation. However, this peptide exerts, in a dose and time dependent fashion, an effective and
specific NGF-like action on some highly conserved and biologically crucial intermediates of its intracellular targets such as Akt
and CREB. These findings indicate that not all TrkA pathways must be at all times operative, and open the possibility of testing
each of them in relation with specific NGF needs, biological actions, and potential therapeutic use.
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N eurotrophins are small proteins that induce cell growth,
differentiation, and survival of neurons,"* as well as of a
growing number of non-neuronal cell types.”* They include
nerve growth factor (NGF), brain-derived growth factor
(BDNF), neurotrophin-3 (NT-3), and neurotrophin-4/S
(NT-4/5).">% Each neurotrophin selectively binds to its
tyrosine kinase membrane receptor (Trk) and not selectively
to a 75 kDa neurotrophin receptor (p7SNTR). Ttk signaling
occurs through different pathways, including the mitogen-

-4 ACS Publications  © 2015 American Chemical Society 1379

activated protein kinase (MAPK) pathway and the phosphoi-
nositide 3-kinase (PI3) pathway. These pathways tune the fate
of neurotrophin signaling in terms of cell survival and cell
differentiation,® while neurotrophin binding to p7SNTR can
trigger neuron apoptosis (see Figurel).”
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Figure 1. Schematic representation of biochemical signaling activated by NGF (a) and NGF(1—14) (b).

NGF has been the first member of the neurotrophin family
to be discovered. It is able to cause outgrowth of fibers from
sensory or sympathetic nerve cells.* "% It is a secreted growth
factor synthesized as a precursor, proNGF, which is cleaved to
give the mature form, a homodimer of approximately 26 kDa.

Elevated concentrations of NGF mRNA have been found in
the spinal cord and dorsal root ganglia (DRG),"" and, in the
brain, it is produced in cortex and hippocampus. Since the
discovery of NGF more than 50 years ago,s’9 neurotrophins
have been indicated as therapeutic agents against a number of
brain disorders due to their ability to prevent or reverse
neuronal degeneration, to promote neurite regeneration and to
enhance synaptic plasticity.'>'?

Despite their overall promise, the use of neurotrophins as
therapeutic tools has encountered significant contraindications,
because of their suboptimal pharmacological properties.'*
These include low serum stability, poor oral bioavailability,
and undetectable penetration of the blood-brain barrier.'>'®

The pleiotropic actions of neurotrophins, due to the
activation of their multireceptor signaling networks (see Figure
1), is also responsible of adverse effects, such as the promotion
of neurodegeneration'>'”"® or pain,'”*® with further issues for
their clinical applications.

To overcome these limitations that hamper its use as drug,
different routes of NGF and neurotrophin protein admin-
istration have been investigated. Such studies include neuro-
trophin receptor-specific antibodies to modulate signaling
processes that are relevant to pathological states* > and
expression of neurotrophins via viral and cell-based delivery
systems.26_30 A more recent development of a painless mutant
still endowed with full biological activity has been recently
produced,® in order to avoid the painful adverse action of NGF
when administered via systemic or local administration.
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An alternative strategy is centered on the ability of small
molecules to differentially interact with neurotrophin receptors.
Such small molecules, either as agonists or as antagonists, aim
to achieve distinct signaling profiles, thus resulting in more
selective effects than those activated by neurotrophins,®
representing the g)otential solution for the above pharmacoki-
netic drawbacks.

Mature neurotrophins contain a central “saddle” region
that represents their main binding site with their cognate
receptors. Neurotrophins also have three hairpin S-turn loops
(loops 1, 2, and 4), which display a relatively low degree of
amino acid similarity across the neurotrophin family and
represent three of the five neurotrophin variable domains.>”
These variable regions contribute to multidomain receptor
interfaces and receptor specificity, playing a key role in the
structure-based design of receptor-specific small-molecules. The
binding of NGF to TrkA induces the dimerization of the
receptor3’8 (although preformed TrkA multimers may
occur’*) and autophosphorylation of TrkA receptors at
multiple tyrosine residues. This event, in turn, leads to the
recruitment of different intracellular signaling components and
the activation of downstream pathways (Figure 1).>*

Considerable efforts have turned to develop drugs able to
interact selectively with the TrkA receptor mimicking or
antagonizing the NGF activities. These dru§s include NGF
peptides,*'~* small natural compounds,* and synthetic
peptidomimetics.*’>' Among the NGF different domains,
the relevance of the N-terminus tail has been brought into
evidence.*>** Kahle et al. reported that a truncated form of
NGEF, which lacks the first nine residues, displayed more than
300-fold lower affinity for TrkA than the whole NGF.*® Such
truncated NGF has also been reported to have 50-fold lower
capacity in eliciting TrkA phosphorylation.> Of note, such

34-36

DOI: 10.1021/acschemneuro.5b00069
ACS Chem. Neurosci. 2015, 6, 1379—1392


http://dx.doi.org/10.1021/acschemneuro.5b00069

ACS Chemical Neuroscience

Research Article

Scheme 1. Schematic View of the N-Terminal Domain of NGF
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biological effects are not due to a different folding, stability, or
conformation of the NGF molecule.”* Along the residues of the
N-terminal domain, the His-4 has been reported to be critical.*®
Diethyl pyrocarbonate modification of His-4 and His-8 in a
NGF double mutant abolished neuritogenesis, binding to both
receptors, and phosphorylation of TrkA in PCI2 cells.
NGF(H4D) mutant showed a lower binding affinity for TrkA
(compared with wild type NGF), less efficacy in the TrkA
autophos}s)horylation, and less capacity in PC12 cell differ-
entiation.” These findings have been confirmed by computa-
tional simulations,*® which identified the residues lying at the
ligand—receptor interface. Among them, the His 4 and Glu 11
residues of the N-terminal domain provide highly persistent H-
bond interactions with the receptor, as well as Ile 6 and Phe 7
residues stabilize the binding of the N-term of NGF to TrkA
through hydrophobic interactions. Taken together, these
studies converge to suggest that the first residues of the NGF
N-terminus could play a crucial role for the trophic activities of
the neurotrophin. However, no experimental studies have been
reported on the ability of a linear peptide encompassing the N-
terminus sequence of the neurotrophin to directly activate the
NGF pathways and to mimic the whole protein activities.

In this context, the small peptide encompassing the 1—14
sequence of the human NGF (NGF(1—14)) (Scheme 1) has
been synthesized to ascertain its ability to (1) activate the TrkA
pathway; (2) act as biomimetic agent of NGF; and (3) induce
the phosphorylation of CREB as a prerequisite of its activity.
The binding mode between the peptide fragment of the NGF
N-terminus and the TrkA receptor was also determined by
means of a computational study.

B RESULTS

Activity of NGF(1-14) on the Proliferation and
Morphology of PC12 Cells. We have previously reported
the ability of NGF(1—14) to increase the proliferation rate of
neuroblastoma cells SHSYSY.>” PC12 pheochromocytoma cells
have been employed to study the trophic effects of NGF and to
validate the efficiency of NGF-like molecules.***® In order to
ascertain the NGF(1—14) ability to mimic NGF and to
stimulate PC12 differentiation, cells were cultured in complete
medium and treated with NGF(1—14) (1, 10, and 100 uM) or
NGF (100 ng/mL, corresponding to 3.84 nM). Cell
morphology and confluence was analyzed 24 h (data not
shown) and 7 days after the treatment (Figure 2a—d). As
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largely reported in previous studies, NGF is sufficient to trigger
PC12 differentiation and leads to the formation of a complex
neuronal network within 7 days (Figure 2d). At the same time
point, untreated PC12 continued to proliferate, still showing
the undifferentiated phenotype (Figure 2b). The treatment
with NGF(1—14), in the concentration range explored (1—100
uM), was not able to induce any detectable sign of
differentiation on PC12, within 7 days (Figure 2c).

Although we have not been able to obtain reliable data
indicating that NGF(1—14) can induce differentiation, we
observed a reduced cell confluence 7 days after the treatment
with the NGF(1—14) peptide (Figure 2c), compared with the
untreated PC12 (Figure 2b). Indeed, the treatment with
NGF(1—-14) 10 uM had a significant effect on the reduction of
cell proliferation and the consequent decrease in cell number
(79.6% + 3.7, p < 0.05) (Figure 2e). However, we also
observed a significant difference between NGF and NGF(1—
14) treated cells (p < 0.01).

Finally, we verified the ability of NGF(1—14) to maintain the
differentiated phenotype. In agreement with previous data,
morphological analysis reveal that differentiated PC12 under-
went degeneration of the neuronal processes 24h after
deprivation (Supporting Information Figure S1). In parallel,
we observed a significant decrease in cell viability, compared
with NGF treated cells, both at 24h (p < 0.01) and 48h (p <
0.01) after the deprivation (Figure 2f).

A striking effect was observed when differentiated PC12 cells
were deprived from serum and NGF, but treated with NGF(1—
14). The treatment with NGF(1—14) was unable to maintain
the morphology of the differentiated phenotype. However, in
growth factor withdrawal conditions, differentiated PC12 cells
were kept alive by treatment with NGF(1—14) 10 uM, and we
did not find any significant difference with NGF treated cells (p
> 0.05) (Figure 2f).

Interaction with TrkA Receptor. The induction of
biochemical pathways in NGF-sensitive cells, after NGF
binding to TrkA and its dimerization, is first related to the
autocatalytic intracellular domain receptor phosphorylation.>?
To ascertain whether such autophosphorylation could be
induced by NGF(1—14) peptide, we performed Western blot
(WB) analyses of protein extracts from PC12 cell cultures
exposed for 5, 15, and 30 min to different concentrations (1, 10,
and 100 uM) of NGF(1—14). Negative controls consisted in
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Figure 2. NGF-like mimetic activity of NGF(1—14) on PCI2 cells.
Representative cell morphology and confluence of untreated PCI2
cells, at the time of plating (a) and 7 days after (b). Representative cell
morphology and confluence of PC12 cells 7 days after the treatment
with NGF(1-14) (10 uM) (c) or NGF (100 ng/mL, corresponding
to 3.84 nM) (d). (e) Proliferation assay of PCI2 cells treated with
NGF (100 ng/mL) or NGF(1—14) 10 yM. Data are reported as
percent of untreated control. One-way ANOVA followed by
Bonferroni post hoc test, *p < 0.05, **p < 0.01, ***p < 0.001. (f)
Differentiated PC12, after deprivation from serum and also from NGF,
treated with NGF(1—14) 10 uM or NGF (100 ng/mL, corresponding
to 3.84 nM). In growth factor withdrawal conditions, differentiated
PC12 cells are kept alive by treatment with NGF(1—14) (10 uM).
Two-way ANOVA followed by Bonferroni post hoc test, *p < 0.05,
#5p < 0.01.
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untreated PC12 cells, whereas NGF (100 ng/mL) was used as
positive control.

Quantitative WB analysis indicated that NGF(1—14) is able
to activate TrkA, inducing its autophosphorylation (Figure
3ab). A dose-dependent response is evident 5 min after the
treatment with NGF(1—14) 1 uM (165% of control, p > 0.05),
10 uM (185% of control), and 100 uM (215% of control)
(Figure 3c). At the same time point, NGF is able to elicit its
strongest effect (312% of control).

However, the pattern of activation induced by NGF and
NGF(1-14) showed some interesting differences over time.
NGF TrkA phosphorylation peaks at 5 min after the treatment
and slowly declines. Conversely, 15 and 30 min after the
treatment, the levels of phosphorylation induced by NGF(1—
14) are higher or unchanged with respect to those at S min.

Furthermore, 15 and 30 min after the treatment with both
NGF and NGF(1-14), at all the concentrations, a significant
increase in the phospho-TrkA level, compared with control (p
< 0.001) was observed (Figure 3d, e).

Molecular Models and Binding Hypothesis. The
domain S of TrkA (TrkA-DS) encompasses several residues
involved in the binding with the N-terminal section of
NGE.***® We therefore assessed at molecular level if the N-
terminal portion of NGF can still preserve the typical NGF
binding features.

In order to investigate the binding between the 14-residue
long NGF-mimicking peptide and the domain 5 of TrkA, we
initially run parallel tempering simulations (PT) on the
NGF(1—14) peptide. Those simulations have the feature to
enhance the sampling of flexible molecular structures, as those
of peptide sections are.

The former simulation was validated through the calculations
of the backbone 'H chemical shift and compared with those
experimentally recorded®” (Supporting Information Tables S1
and S2).

The conformations of NGF(1—14) obtained during the
course of PT simulations (Figure 4a) show a tendency to
preserve a loop state in the central peptide section. The former
loop can be further stabilized via backbone hydrogen bonds to
form a short @ helix involving *PIF” and a turn states in the
SHR’ section. These conformational motifs are present in the
structure of NGF in complex with TrkA-DS, obtained by X-ray
diffraction (PDB code 1TWWW).**

Upon docking NGF(1—14) with TrkA-DS, specific differ-
ences in their binding poses have been observed (Figure 4,
bottom). In particular, three main binding poses were detected
for the peptide sections. The peptide adopts similar binding
motifs to those found in the solved X-ray structure of the
cocrystallized NGF/TrkA complex,** only when the short a
helix involving “PIF’ is preserved.

In particular, the first binding pose indicates that SI
belonging to NGF(1—14) is close to H343 of TrkA-DS and
H4 of NGF(1—14) faces H291 belonging to TrkA-DS.
Moreover, V14 of NGF(1—14) approaches H297 of TrkA-DS
(Figure 4, bottom). The second binding pose suggests a weak
intramolecular interaction between the amine group of Sl
belonging to NGF(1—14) and E29S belonging to TrkA-DS.
H297 and H298 also face the N-terminal section of NGF(1—
14). The C-terminal tail of NGF(1—14) faces through E11 and
V14 the residues H291, H343 of TrkA-DS (Figure 4, bottom).
The third binding pose shows again a salt-bridge between the
amine group of Sl belonging to NGF(1—14) and E295
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Figure 3. NGF(1—14) triggers the phosphorylation of TrkA receptor. Representative Western blot (a) and densitometric quantitative analyses (b—
e) of PCI2 protein extracts from untreated (CTRL) and cell incubated with NGF (100 ng/mL, corresponding to 3.84 nM), NGF(1—14) (in the
concentration range 1—100 yM), for S, 15, or 30 min. All values are expressed as percentage of control and normalized on the basis of actin values.
Data represent the mean + SEM (bars) of at least four independent experiments. One-way ANOVA followed by Bonferroni post hoc test, *p = 0.0S,

#kp < 0,01, ¥*¥p < 0.001.

belonging to TrkA-DS, but at variance with the second binding
pose, V14 of NGF(1—14) faces H343 of TrkA-DS.

On the whole, only the first binding pose preserves the
typical interaction between the 1—14 segment of NGF with
domain 5 of TrkA. This behavior can be ascribed to the much
more pronounced a helix conformation adopted in the “PIF’
region of the first NGF(1—14) cluster with respect to the other
two clusters (Figure 4, top).

NGF(1-14) Activates the Signaling Cascade Down-
stream of TrkA Receptor. The NGF binding to the TrkA
receptor can activate a series of downstream signaling cascades
regulating neuronal survival, differentiation, and/or trophism.
PI3—K/Akt and ERK1/2, are the two major NGF-mediated
signaling pathways, involved in neuronal survival and differ-
entiation, respectively.*”®

In order to determine which molecular pathways are coupled
with TrkA activation, we examined whether NGF(1—14) is able
to trigger the typical phosphorylation cascade induced by NGF.

Specifically, we performed WB analyses of protein extracts
from PC12 cell cultures (treated as above). We tested the effect
of NGF(1—14) on the phosphorylation and/or expression
levels of different classes of proteins that are known to be
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crucial steps of NGF signaling including the phosphorylation of
PI3-K, Akt, GSK-3, and ERK1/2 (Figure 5)

PI3-Ks, and their downstream target Akt, belong to a
conserved family of signal transduction enzymes. The PI3-K/
Akt axis phosphorylation is one of the earliest step of the
pathway, with relevant insights in neuronal survival®' WB
analyses revealed an induction of PI3-K phosphorylation versus
control after S, 15, and 30 min of treatment with NGF(1—14)
(range +150% to +200%) (Figure Sa). However, it can be also
observed that although the levels of PI3-K phosphorylation
showed a time dependent decrease of phosphorylation after
NGF treatment, the levels of p-PI3-K were maintained
practically unchanged by NGF(1—14) along the time points.
The time related differential effect between NGF and NGF(1—
14) observed for TrkA (Figure 3) activation was therefore
reproduced downstream also for PI3-K phosphorylation
(Figure Sa).

Next in the downstream of phosphorylation cascade, Akt
represents a central link in the network of signaling, and has
been associated with pro-survival and neuroprotective effects of
neurotrophins.”>"®* In line with TrkA activation and p-PI3-K
upregulation, an increase in phosphorylation was observed also
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Figure 4. Main clusters of NGF(1—14) and lowest energy binding modes for the NGF(1—14)/TrkA. Three main clusters of NGF(1—14) (top).
The central @ helix conformation involving *PIF occurs among the three clusters differently. Carbon atoms are shown in gray, nitrogen in blue, and
oxygen in red spheres. NGF is shown in blue and TrkA-DS is shown in yellow. N- and C-termini are shown from up to bottom, respectively.
(Bottom) The three lowest energy binding modes for the NGF(1—14)/TrkA. NGF(1—14) sections are shown by blue ribbons, TrkA-DS sections
are shown by yellow ribbons. NGF(1—14) and TrkA-DS backbone are shown by sticks. N- and C-termini of NGF(1—14) are shown from up to
bottom, respectively.

for Akt (Figure Sb). In the NGF and NGF(1—14) group, different cell fates by activating ERK. For example, PC12 cells
compared to the control, the treatment with both high and low can proliferate after transient ERK activation by epidermal
doses of peptides significantly increased the phosphorylation of growth factor,”* but they can terminally differentiate after more
Akt. sustained ERK activation by NGF.”>”* In our model, strikingly,

GSK-3 is a critical regulator of diverse signaling pathways. It ERK1/2 phosphorylation was absolutely not triggered by
must be inhibited, through its phosphorylation, in order to let treatment of PC12 cell (Figure 5d) with NGF(1—-14), as a

the pathway to function properly. GSK-3 participates to cell further evidence of differential features of the NGF(1—14) in
survival decisions in the brain regulating growth factor signaling

through Akt.®

The neurotrophin-induced PI3-K/Akt activation phosphor-
ylates GSK-3 at an N-terminal serine residue (Ser2l on the
GSK-3a isoform, Ser9 on GSK-3ﬂ),66 allowing activation of . )
downstream effectors such as glycogen synthase and the phosphorylation was indeed unaffected by NGF(1-14)

mammalian target of rapamycin (mTOR)67’68 or antiapoptotic treatment.

stimuli.¢%7° NGF(1-14) Triggers the Phosphorylation of CREB.

GSK-3f8 phosphorylation (Ser9) (Figure Sc) showed to be The .transcription factor cAMP response element-bindi.ng
also positively affected by NGF(1—14) treatment, with levels of protein (CREB) has long been known to be a major

comparison with the NGF protein. In summary, the Western
blot analysis of kinase phosphorylation cascade (Figure S)
shows that the NGF(1—14) effects are largely comparable with
those induced by NGF, with the exception of ERK1/2, whose

p-GSK-3 (Ser9 ranging from +100% to +250% vs control), transcriptional mediator of neuronal responses to neuro-
similar to the effect induced by NGF. The values were stably trophins74 and has been shown to be a key regulator in
maintained until 30 min of treatment. developmental and adaptive responses that require stimulus-
ERK1/2 is a central knot in the canonical signaling cascade dependent transcription including neuronal plasticity, axonal

mediated by neurotrophins. Growth factor stimuli can induce regeneration,”> memory,”®””® as well as metabolism.””
1384 DOI: 10.1021/acschemneuro.5b00069
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Figure 5. NGF(1—14) selectively activates the PI3K/AKT/GSK3 pathway, without inducing the phosphorylation of ERK1/2. Densitometric
analyses of PC12 protein extracts from untreated (CTRL) and cell incubated with NGF (100 ng/mL, corresponding to 3.84 nM), NGF(1-14) (in
the concentration range 1—100 M), for S, 15, or 30 min. All values are expressed as percentage of control and normalized on the basis of actin
values. Data represent the mean + SEM (bars) of at least four independent experiments.

Indeed, neurotrophins trigger the phosphorylation and
activation of CREB (pCREB) at Ser-133. In turn, pCREB
binds specific DNA sequences, thus enhancing gene expression
that results in long lasting functional and structural changes.””

It was therefore particularly important to check the ability of
the NGF(1—14) peptide to activate the full pathway to this
crucial knot of neurotrophins signaling. Our results demon-
strate that NGF(1—14) was indeed able to activate CREB
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through Ser133 phosphorylation in a dose- and time-dependent
manner (Figure 6a, b).

Considering the different times of cell exposure to NGF(1—
14) (Figure 6c—e), NGF(1—14) triggered a dose-dependent
response in the phosphorylation of CREB. NGF(1-14) 1 uM
does not increase the phosphorylation of CREB, compared to
control, 5 min after the treatment (Figure 6¢c). Both NGF
(152% of control, p > 0.05) and NGF(1—14) 10 uM are
responsible for a nonsignificant trend toward induction,
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Figure 6. NGF(1—14) triggers the phosphorylation of CREB. Representative Western blot (a) and densitometric quantitative analyses (b—e) of
PC12 protein extracts from untreated (CTRL) and cell incubated with NGF (100 ng/mlL, corresponding to 3.84 nM), NGF(1—-14) (in the
concentration range 1—100 uM), for S, 15, or 30 min. All values are expressed as percentage of control and normalized on the basis of actin values.
Data represent the mean + SEM (bars) of at least four independent experiments. One-way ANOVA followed by Bonferroni post hoc test, *p = 0.0S,

#kp < 0,01, ¥¥p < 0.001.

whereas NGF(1—14) 100 uM significantly increases the
phosphorylation of CREB already at this early time point
(346% of control, p < 0.01). Then, 30 min after the treatment,
NGF(1-14) triggered a significant increase in the phosphor-
ylation of CREB (Figure 6c—e), in all the range of
concentration explored (1—100 M) (Figure 6e).

B DISCUSSION

A promising strategy to the neurotrophin-based therapies
involves the use of peptide mimics. These molecules can act
either as agonist or as competitive antagonist and retain some
neurotrophic activities, thus being potentially useful for the
treatment of any disease involving their use as therapeutic
agents, including Alzheimer’s disease.>*™®* As for NGF, such
peptides have been shown to exhibit neurotrophic effects by
binding to TrkA.*~ #4788

A NGF mimicking molecule would be expected to
encompass structural domains of one or more NGF active
sites that interact with NGF receptors. Many efforts have been
devoted to design NGF peptide fragments to identify which
regions of the protein interact with its receptors.*®
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Experimental and modeling studies®**"***’ =3 revealed that

TrkA binding sites consist of three hydrophilic f-hairpin loop
residues in NGF: loop 1 (residues 29—35), loop 2 (residues
40—49), loop 4 (residues 91—97). Furthermore, the N
terminus (residues 1—8) and the C terminus (residues 111—
115) have been found to be involved in the binding of the Trk/
NGF complex.

We report on a small linear N-terminus peptide fragment of
NGEF that activates the TrkA neurotrophin receptor, induces its
autophophorylation in PC12 cells, and largely activates the
intracellular signal transduction pathway. These findings
demonstrate not only that a small peptide can activate a
tyrosine kinase neurotrophin receptor, normally involved in the
binding to a relatively large protein ligand, but also that a linear
peptide encompassing the first 14 amino acid of the NGF N-
terminus domain demonstrates a NGF mimicking activity. This
finding is in contrast with previous reports concerning linear
peptides:

(i) The N-terminal octapeptide of NGF (SSTHPVFH) did
not show trophic activity and did not inhibit in vitro biological
effects of NGF (NGF-induced neurite outgrowth).94

(ii) Differently from monomeric cyclized peptides encom-
passing the amino acid sequence of loop 2 or loop 4, their
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linear analogues did not demonstrate antagonist activity and did
not inhibit NGF-mediated PC12 cell neurite projections.*

(iii) Linear peptide mimics of NGF loop 4 not only did not
promote cell survival in serum-free medium and induce TrkA
tyrosine phosphorylation conversely showed by their cyclic
monomeric analogues but also did not activate ERK and Akt
and promote NGF-like neurotrophic effects as reported for
dimeric peptidomimetics.

(iv) Bicyclic peptides mimicking the NGF two loops (1 and
4) linked together with an appropriate spacer, without the N-
terminal region, have been found to induce differentiation of
DRGs and PC12 cells and display neurotrophic activities, at
variance both with the analogous peptide containing also the N-
terminus domain and its linear form.

In an attempt to identify a short peptide as a mimic of the
interaction occurring between the TrkA-DS domain with the
NGF N-terminus (see next section, on ligand binding site), we
analyzed through molecular simulations and docking models
NGF residues exhibiting significant contact surface with the
receptor. Among those, the residues forming significant
electrostatic interaction and/or binding-energy hot spots®>*®
were localized. The experimental results of the N-terminus
encompassing the complete sequence of the first 14 residues of
NGF indicate that also linear peptide can activate TrkA and
promote neurotrophic effects.

Ligand Binding Sites. The Trk extracellular domain
consists of five subdomains: the N-terminal leucine-rich motif
(LRM), two cysteine-rich clusters, and two imunoglobulin (Ig)-
like subdomains, IgC1 and IgC2 (also respectively known as
D4 and D5).%* The D5 subdomain is the main site for NGF/
TrkA, BDNF/T1kB, or NT-3/TrkC binding and function-
ality.”’

The D4 subdomain regulates the levels of receptor
autophosphorylation, and its mutagenesis can result in
oncogenic autoactivation.*®”’ ™ A second activation site lies
on the LRM subdomain and mediates NGF/TrkA function-
ality.”” These regulatory or activation sites named functional
“hot spots” of the receptors have been considered main targets
for the development of ligands®"'°*'®" that bind a defined
activation or regulatory hot spot (e.g., only the DS or only the
LRM subdomains).

We reasoned that ligands binding to these hot spots could
cause partial receptor activation or regulation, as opposed to full
receptor activation. In order to assess the molecular recognition
between the NGF N-terminal segment and the domain S of
TrkA, we performed a combined parallel tempering/docking
studies achieved through the structural data provided by the
NGF/TrkA cocrystallization structure.>* The former molecular
simulations predicted that the short central & helix in the *PIF’
section is crucial in preserving the binding features observed in
the cocrystallized structure of NGF/TrkA-DS. This observation
is in line with what has been previously reported on the
importance of TrkA in retaining the typical contacts within
NGF to enhance the peptidomimetic activity.*®

Moreover, different allosteric models were postulated in the
years for the TrkA activation.’””'*> In particular, a dynamic
model®”'® and a rigid one® have been proposed. In the
dynamic model, Zaccaro et al. indicated a subtle interaction
between TrkA and NGF that is regulated through the p75
receptor.”” The former interaction induces specific conforma-
tional changes leading to an optimal docking of the NGF and
TrkA proteins. The conformational changes were postulated to
occur primarily on the NGF binding to IgG-C2 subdomain,
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while the surface-exposed IgG-C1 subdomain can induce larger
conformational changes on the NGF/TrkA complex architec-
ture. Moreover, TrkA was suggested to include allosteric
binding sites regulated through interdomain rotations.

The rigid model instead is deemed since Wehrman et al.
observed that NGF only contacts TrkA at the DS domain.*® As
for the allosteric domains, the authors reported that a high
energetic cost is required to disrupt the interdomain
interactions leading to the large conformational changes.®

The strength of the interdomain interactions has been
assessed in the years through molecular simulations. In
particular, MD simulations of human NGF/TrkA-DS complex
indicated that H-bond interactions at the protein—protein
interface have a crucial role for the NGF/TrkA-DS binding.103
Furthermore, the specificity of NGF N-terminal segment was
also observed during MD simulations on the NGF/TrkA-DS
complex with and without the N-terminal portion of NGF.*®
The complete complex is stable during the dynamics, but when
the N-terminal domain of NGF is missing, the two moieties
detach. A strong plasticity of the NGF(1—16) and NT-4(1—
16) N-terminal peptides was also recently addressed through
molecular simulations.'®* All these observations strengthen the
subtle role of the exposed residues of TrkA for tailoring the
typical TrkA/NGF interactions.

Mechanism of Action of NGF(1—-14). The native NGF is
a symmetrical dimer known to activate TrkA via its
homodimerization.”®> Conversely, NGF(1—14) is not a dimer
and it has no detectable propensity to dimerize even at high
millimolar concentrations in solution. However, NGF(1—14)
triggers a slower, but longer lasting, activation and phosphor-
ylation of TrkA in comparison with NGF.

A crucial question is how NGF(1—14) activates TrkA.
Different hypotheses have been suggested to explain the ability
of small peptides to activate TrkA receptor: (i) specific and
peculiar conformational changes that favor direct dimerization;
(ii) increased receptor mobility with a consequent increase in
spontaneous dimerization of receptors.

The extent of TrkA mobility in the cell membrane is strictly
ligand-dependent. It has been reported that each ligand
promotes a distinct pattern of membrane-associated TrkA
receptor lateral trajectories, inducing distinct membrane
mobility patterns.'® The fate-determination of neurotrophin
signaling, and specific biological effects, is strongly affected by
ligand binding and receptor activation. A differential combina-
tion of receptor-binding affinities, which subsequently affects
the docking of intracellular cofactors, can basically produce
discrete signaling routes. The mechanisms that regulate the
ligand binding to Trk receptors still require deeper under-
standing. In this context, the experimental data here presented
do not allow to distinguish among the different hypotheses,
although the NGF-like activation pathway appears well
established. NGF(1—14) is able to induce the PI3-k-Akt-
GSK-3f kinase cascade and CREB phosphorylation while it is
not able to trigger ERK1/2 phosphorylation.

Together, these data raise the question whether canonical
full-blown pattern of receptor activation is actually triggered by
the NGF(1—14), with particular attention to the signaling
which discriminate differentiating from survival effects.'>'%°

Studies now in progress clearly show that this peptide can
exert a neurite growth promoting activity (similar to that
elicited by the full NGF molecule) in chick embryo sensory
ganglia, the prototypical target of NGE.*'® Further studies on
this experimental paradigm, as compared to those reported in
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this paper, should provide a specific answer to the crucial
question dealing with the possible distinct and/or alternative
pathways operating in the trophic, neurite outgrowth and
differentiative action exerted by NGF.

CREB is a transcription factor activated through its
phosphorylation at Ser133 by multiple signaling cascades
induced by different extracellular stimuli and different kinases.

It represents a key mediator of intracellular signaling events
that regulate a wide range of biological functions in
developmental and adaptive responses that require stimulus-
dependent transcription, such as memory formation.””*”*%

The pro-survival effect of NGF treatment is known to be due
to its signaling, cell internalization, and CREB phosphorylation,
followed by CREB induced gene expression. This is a very
critical step and target common in many neurodegenerative
diseases. Strikingly, many genes downstream of CREB are
required in both long-term memory formation and neuronal
regeneration. Thus, the identification of specific events and
factors involved in discrete mechanisms of signal transduction
and transcription is a strong challenge to find new and more
specific therapeutic applications.

In summary, NGF (1—14) is the first monomer and linear N-
terminal NGF peptide sequence able to activate the NGF
signaling cascade. It induces CREB phosphorylation and
represents a good candidate for tests in NFG-like activities.
The ability to activate CREB is extremely important and open
new perspectives for further studies to evaluate its potentials as
drug for neurodegenerative diseases, as well as related disorders
of mood, memory strengthening and neuroregeneration.

B METHODS

Peptide Synthesis. The peptide fragment NGF(1—14), encom-
passing the 1—14 sequence of the human NGF amino-terminal
domain, SSSHPIFHRGEFSV-NH2, was synthesized with the solid-
phase peptide synthesis strategy, by using a Pioneer Peptide
Synthesizer. The peptide was synthesized with the C-termini amidated
to mimic the peptide within the whole protein. All amino acid residues
were added according to the TBTU/HOBT/DIEA activation method
in Fmoc chemistry on Fmoc-PAL-PEG resin. Other experimental
details have already been reported.'®

Parallel Tempering Simulations. The initial NGF1-14
coordinates were taken from the solved X-ray structure between
NGF and domain § of TrkA (TrkA-DS) (PDB code 1WWW).3*
Those underwent 20 ns of parallel tempering (PT) simulations in
explicit solvent with a total volume of 40 X 40 X 40 A®. Both systems
were first equilibrated through 2 ns of MD in explicit solvent.
GROMACS 4.5.6 package was used.''® The overall charge of the
system was neutralized by adding 1 chloride ion for NGF(1—14).
Periodic boundary conditions were applied. The AMBER99SB force
field was used for the biomolecules and counterions,''" and the TIP3P
force field was used for water molecules."'® Electrostatic interactions
were calculated using the particle mesh Ewald method.""® A cutoff (0.9
nm) was used for the Lennard—Jones interactions. The time step was
set to 2 fs. All bond lengths were constrained to their equilibrium
values using the SHAKE algorithm for water''* and the LINCS
algorithm for the peptide.''> We simulated 64 replicas distributed in
the temperature range 300—400 K following a geometric progression.
All the replicas were simulated in the NVT ensemble using a stochastic
thermostat with a coupling time of 0.1 ps.'*® A thermostat that yields
the correct energy fluctuations of the canonical ensemble is crucial in
parallel tempering simulations.""” Exchanges were attempted every 0.1
ps. The method of Daura and Van Gunsteren was used in
postprocessing phase to cluster the resulting trajectories,''® with a
cutoff of 3 A calculated on the backbone atoms as implemented in the
clustering utility provided in the GROMACS package."'® The
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conformational ensemble was validated through the calculation of
the 1H backbone chemical shift using the SHIFTX2 software'"®

Docking Simulations. The starting coordinates of TrkA-DS were
considered from the X-ray structure of NGF/TrkA-DS complex (PDB
code TWWW).>* Docking simulations have been performed using
HADDOCK interface."?® All residues of NGF(1—14) were included as
active residues for the Haddock docking. For TrkA-DS, we select the
binding surface of the solved X-ray structure (PDB code ITWWW).>*
The former includes the protein segment H291 to I1301. All the
structures underwent rigid body energy minimization, semirigid
simulated annealing in torsion angle space, with a final clusterization
of the results.

Cell Lines and Cell Cultures. Rat pheochromocytoma PC12 cells
were cultured in RPMI-1640 (GIBCO), supplemented with 10% horse
serum (GIBCO), 5% fetal bovine serum (FBS; GIBCO). All cell lines
were obtained from ATCC. Culture media were also supplemented
with 2 mM L-glutamine and S0 IU/mL penicillin, and 50 ug/mL
streptomycin. Cells were plated at 1 X 10° cells on 3.5 cm dishes
precoated with collagen.

For deprivation experiments, PC12 cells were first cultured for 6—7
days in RPMI medium plus 10% HS and 5% FBS, in the presence of
NGF (100 ng/mL, corresponding to 3.84 nM) to induce their
differentiation. Then, differentiated PC12 cells were cultured for
another 6—7 days in RPMI, without serum, but in the presence of
NGF (100 ng/mL). To ensure maximum bioavailability, NGF was
replaced every 2 days. Finally, the cultures were deprived also from the
NGF, and treated with NGF(1—14). The percentage of viable cells
was measured, in independent experiments, 2, 24, and 48 h after the
serum and NGF deprivation. Viable PC12 cells were quantified by
counting the number of intact nuclei as previously reported."*!

Western Blot Analysis. PC12 were stimulated for 5S—30 min with
1, 10, and 100 uM NGF(1—14) or 10 nM NGF as positive control.
After stimulations PC12, cells were washed with ice cold PBS and
lysed with cold RIPA buffer (50 mM Tris-HCl, pH 7.4; 150 mM
NaCl; 2 mM EDTA; 1 mM NaF; 1 mM sodium orthovanadate, 1%
NP-40) in the presence of phosphatase and protease inhibitor cocktails
(Sigma-Aldrich), incubated for 45 min at 4 °C, and then centrifuged at
12000 rpm for 1S min at 4 °C. Protein concentrations were
determined using the Bio-Rad protein assay (Bio-Rad Laboratories).
Equal amounts of total protein (20—60 g per lane) were separated via
denaturing SDS-PAGE and transferred to PVDF membranes
(Millipore) by electroblotting. Blotted membranes were dried,
reactivated in methanol for 5 min, and then washed with three
changes of water. The membrane was then blocked in 5% non fat dry
milk in TBS for 1 h at room temperature, then incubated with the
appropriate primary antibody overnight at 4 °C.

Antibodies to P-TrkA (Y490) (1:1000, Cat #9141), P-PI3k (1:100,
Cat #4228), PI3K kinase (1:1000, Cat #4257), P-AKT (1:1000, Cat
#4051), AKT (pan) (1:1000, Cat # 468S), P-GSK34 (1:2000, Cat #
9336), GSK3/3 (1:2000, Cat # 9315), P-ERK1/2 (1:2000, Cat # 9106),
ERK1/2 (1:2000, Cat # 9107, P-CREB (Ser133) (1:1000, Cat #
9191), and CREB ((1:1000, Cat # 9197) were purchased from Cell
Signaling Technology; antibodies to TRK (B-3, sc-7268) and actin—
horseradish peroxidase (HRP) (1:4000) were from Santa Cruz
Biotechnology. The membranes were washed and treated with
secondary HRP-labeled donkey antibody to rabbit (1:4000) or
sheep antibody to mouse (1:4000) for 1 h.

After staining with HRP-conjugated antibody, the reactions were
visualized via the ECL detection system. Quantitative densitometric
analysis was performed using Image] (U.S. National Institutes of
Health). Actin was used as loading control for all markers.

Statistical Analysis. Values were expressed as mean + SEM.
Statistical analysis was performed with one- or two-way ANOVA,
followed by Bonferroni post hoc tests. Statistical significance was
accepted at the 95% confidence level (P < 0.05).
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