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Abstract: Nerve growth factor (NGF) is a protein necessary for development and maintenance of the
sympathetic and sensory nervous systems. We have previously shown that the NGF N-terminus peptide
NGF(1-14) is sufficient to activate TrkA signaling pathways essential for neuronal survival and to induce
an increase in brain-derived neurotrophic factor (BDNF) expression. Cu?* ions played a critical role in the
modulation of the biological activity of NGF(1-14). Using computational, spectroscopic, and biochemical
techniques, here we report on the ability of a newly synthesized peptide named d-NGF(1-15), which is the
dimeric form of NGF(1-14), to interact with TrkA. We found that d-NGF(1-15) interacts with the TrkA-D5
domain and induces the activation of its signaling pathways. Copper binding to d-NGF(1-15) stabilizes
the secondary structure of the peptides, suggesting a strengthening of the noncovalent interactions that
allow for the molecular recognition of D5 domain of TrkA and the activation of the signaling pathways.
Intriguingly, the signaling cascade induced by the NGF peptides ultimately involves cAMP response
element-binding protein (CREB) activation and an increase in BDNF protein level, in keeping with our
previous result showing an increase of BDNF mRNA. All these promising connections can pave the way
for developing interesting novel drugs for neurodegenerative diseases.

Keywords: neurotrophin; metal ions; copper; TrK; p75; CREB; synapsin; Alzheimer’s disease; nerve
growth factor; brain derived neurotrophic factor
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1. Introduction

The neurotrophins (NTs) are a structurally and functionally related family of growth factors
that form non-covalently linked homodimers able to regulate cell survival, differentiation, neurite
outgrowth and regeneration, and synaptic plasticity in both the central and the peripheral nervous
system [1]. NTs include nerve growth factor (NGF), brain-derived neurotrophic factor (BDNEF),
neurotrophin-3 (NT-3), neurotrophin-4/5 (NT-4/5), neurotrophin-6, and neurotrophin-7 [2].

The biological functions of NTs are tuned through ligand-induced activation of two classes of cell
surface receptors—the Trk receptors and the p75 neurotrophin receptor (p75NTR) [3].

The Trk receptors are tyrosine kinase receptors that dimerize upon NTs binding, resulting in
autophosphorylation of intracellular tyrosine residues and signal transduction cascade [4]. Conversely,
p75NTR is not a tyrosine kinase receptor but a member of the tumor necrosis factor receptor
superfamily [5].

Among the NTs, the NGF is the first discovered cell growth factor and continues to raise a
widespread interest [6]. NGF specifically acts through the binding to a tropomyosin receptors kinase
A (TrkA) with high affinity or via a p75NTR receptor with low affinity. The TrkA receptor triggers
pro-survival signaling, and p75 leads to activation of pro-apoptotic mechanisms [7].

The Trk receptor family shows high sequence homology and similar region organization in
their extracellular portion. A leucine-rich region (domain 2) flanked by two cysteine-rich regions
(domains 1 and 3) feature the first three domains. The fourth and fifth domains (Trk-d4 and Trk-d5) are
immunoglobulin (Ig)-like domains, which are followed by a long linker connecting the extracellular
portion of the receptor to the transmembrane region [8].

Neurotrophin binding to Trk receptors leads to activation or upregulation of downstream
signaling cascades involved in neuron survival and synaptic plasticity; known pathways are
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt), Ras/mitogen-activated protein kinase
(Ras/MAPK), and phospholipase C (PLC) [9].

In this scenario, Trk receptors show three key recognition sites that modulate their activity for
binding, activation, and regulation. The main activation site in each Trk corresponds to the D5 (IgC2)
domain, the main regulatory site corresponds to the D4 (IgC1) domain, and the D1 (N-terminus)
domain can act as an allosteric site depending on the presence of p75 [10,11].

Despite their high potential to be used as drugs in neurodegenerative diseases, the poor
pharmacological profile of NTs, short half-lives, inability to penetrate the blood-brain barrier,
undesirable high potency and pleiotropic effects, and the activation of multiple receptors has thwarted
their use as therapeutic agents [12]. However, the knowledge of key functional domains of the Trk
receptor allows developing agonists or antagonists [13,14].

A wealth of effort has been made through the years in combining simulation protocols with
experimental research for enhancing a rational peptidomimetic design. Small molecules that mimic
the NTs functionally or structurally have been designed and synthesized, expecting to be devoid of the
aforementioned drawbacks [15-19].

Recently, small peptides encompassing the 1-14 sequence of the human NGF have been
shown to activate NGF-TrkA receptor kinase cascade in PC12 cells with effects comparable with
those NGF-induced [20,21]. In addition, NGF mimicking peptides triggered the phosphorylation
of the transcription factor cAMP response element-binding protein (CREB), which represents a
key transcriptional mediator of neuronal responses to neurotrophins [22]. The peptide-mediated
phosphorylation of CREB resulted in increased expression of BDNF.

The NGF mimetic activity of NGF (1-14) peptides has been shown to be modulated by copper
and zinc ions [21], although conflicting results have been reported on the role of these metal ions to
regulate the NTs signaling [23]. Zinc and copper ions have been reported to have positive effects
in several in vitro and in vivo models. Both metals rescued the level of NGF in a zinc(Il) deficient
mice [24], counteracted p75-driven apoptosis in chick neural retina [25], and blocked the binding of
NGEF to p75, attenuating its pro-apoptotic signaling cascade in chick embryonic cell cultures.
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Moreover, NGF is able to increase—up to 14-fold—the cellular level of copper in PC12 cells [26]
and copper complexes with ionophore ligands promoting neurite elongation [27]. Other reports
have shown that Zn%* and Cu?* (100 uM) inhibit the in vitro effects of NGF (as well as BDNF, NT-3,
and NT-4/5), inducing conformational changes that alter the NGF binding to TrkA [28]. Metal ion
binding to NGF has also been shown to: (i) block the NGF-mediated neurite outgrowth in chick dorsal
root ganglia; (ii) decrease the cell viability [29]; and (iii) counteract the NGF-mediated protection from
oxidative stress in PC12 cells [25,30].

To further validate the NGF mimicking ability of these peptides from a structural and functional
point of view, here we report on the ability of a newly synthesized peptide named d-NGF(1-15), which is
the dimeric form of NGF(1-14) obtained via a cysteine-bridge linker of two monomeric units to interact
with TrkA, and specifically with the D5 domain of TrkA (TrkA-D5), in comparison with the monomeric
peptide NGF(1-14) encompassing the 1-14 amino acid sequence of NGF. As additional control, we used
its reverse, NGF(14-1), or a scrambled peptide [hereafter named s-NGF(1-14)] (Scheme 1). Spectroscopic
techniques were used to characterize the binding and the structural features of the copper(II) complexes
with d-NGF(1-15), NGF(14-1), and s-NGF(1-14). Moreover, we scrutinized the different activation
by these peptides of NGF-like signaling cascade in PC12 cells. Since these cells express low levels
of TrkA [31], micromolar concentrations of mimetics were required, consistent with other literature
reports for analogous NGF-mimetic peptides [32]. Furthermore, the different copper(Il) ionophore
capability of the peptides was studied, including the release of BDNF, and therefore the involvement
of synapsin I and SNAP-25 proteins reported to act as downstream players of the brain activity
of BDNF [33].

d-NGF(1-15) (dimer): SSSHPIFHRGEFSVC

|
SSSHPIFHRGEFSVC

NGF(14-1) (reverse): VSFEGRHFIPHSSS-NH,

s-NGF(1-14) (scrambled): GFRESPHVFSISSH-NH,

Scheme 1. Amino acid sequence of dimer, reverse, and scrambled N-terminal nerve growth factor
(NGF) peptides.

It is important to note that BDNF plays a critical role in neurobiological modifications related to
pathophysiology of schizophrenia, depression, anxiety, and other psychiatric disorders [34-36].

Attempts have been made to use BDNF as therapeutic agent. Being a protein, the degradation
of BDNF by proteolytic enzymes with a half-life widely reported to be far less than 30 min coupled
with its inability to pass through the blood-brain barrier (BBB) is, however, the drawback of using it in
therapy [37].

The potential metal assisted connection between NGF mimetics and BDNF could be relevant to
increase the BDNF level in the brain [19].

Finally, we validated the previous hypothesized copper ability to inhibit tyrosine phosphatase
activity [21].
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2. Materials and Methods
2.1. Simulation Details

2.1.1. Parallel Tempering Simulations

s-NGF(1-14), NGF(14-1), and d-NGF(1-15) peptides underwent 20 ns of parallel tempering (PT)
simulations in explicit solvent with a total volume of 60 x 60 x 60 A% [100 x 70 x 70 A3 for dimeric
NGEF(1-15)] after being equilibrated through 2 ns of Molecular Dynamics (MD) in explicit solvent.
GROMACS 2016 package [38] was used. The AMBER99SB [39] force field was used for the biomolecules
and counter ions, and the TIP3P [40] force field was used for water molecules. Electrostatic interactions
were calculated using the Particle mesh Ewald method [38]. 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 [41] algorithm for water and the LINCS [42] algorithm for
the peptide. We simulated 64 replicas distributed in the temperature range 300400 K following a
geometric progression. All replicas were simulated in NVT ensemble using a stochastic thermostat [43]
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 [44]. Exchanges were attempted every 0.1 ps.
The method of Daura and Van Gunsteren [45] was used in the post-processing 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 [42].

2.1.2. Docking Simulations

The starting coordinates of domain-5 of TrkA (TrkA-D5) were taken from the X-ray structure of
TrkA-D5 bound to NGF (pdb code IWWW) [46]. The former complex was used as template for the
alignment of the main MD clusters of s-NGF(1-14), NGF(14-1), and of the dimeric d-NGF(1-15) prior
to the docking to TrkA-D5. Docking simulations were performed using HADDOCK interface [47].
All investigated peptides were included as active residues for the Haddock docking, as well as V288
to C300 belonging to TrkA-D5. Structures underwent rigid body energy minimization, semi rigid
simulated annealing in torsion angle space, and a final clusterization of the results.

2.2. Peptide Synthesis

The NGEF(1-14) peptide encompassing the amino acid sequence SSSHPIFHRGESFV-NH,,
the scrambled s-NGF(1-14) GFRESPHVFSISSH-NH,, the reverse NGGF(14-1) VESEGRHFIPHSSSNH,,
and its dimeric form d-NGF(1-15) with the sequence SSSHPIFHRGESFV-C-C-VFSEGRHFIPHSSS was
designed and synthesized with the C-termini amidated, as previously reported [48,49]. The fluorescent
peptides were labeled with 5,6-carboxyfluorescein group through the side chain of an amidated
additional lysine residue (purchased from CASLO, Lyngby, Denmark) to obtain NGF(1-14)Fam and
d-NGF(1-15)Fam, respectively.

2.3. Spectroscopic Measurements

2.3.1. UV-Visible Measurements

UV-Vis spectra were carried out on an Agilent 8453 spectrophotometer at 25 °C. The 200-800 nm
range was explored, and quartz cuvettes with a 1 cm path length were employed. The concentration of
the solutions containing peptides and copper(Il) ion in a ratio 1:1 was 1 mM.

2.3.2. Circular Dichroism (CD) Measurements

Circular dichroism (CD) spectra were obtained in a constant nitrogen flow on a Jasco model 810
spectropolarimeter. The pH of aqueous solutions was adjusted by adding NaOH. The CD spectra
of the Cu®* complexes as a function of the pH were obtained in the A = 200400 and 300-800 nm
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wavelength regions. All solutions were freshly prepared with doubly distilled water. The Cu?* and
peptide concentrations used for acquisition of the CD spectra in the visible region were identical to
those used in the UV-Vis measurements [50]. Far-UV CD spectra were acquired by using Cu?* and
peptide concentrations ranging from 5.0 x 107 to 1.0 x 10~° mol dm~3. The spectra were recorded in
the 190-280 and 280-750 nm range, as an average of 3 scans (scan rate 50 nm min~}; resolution 0.1 nm;

path length 1 cm).
2.4. Cell Experiments

2.4.1. Materials

RPMI-1640 media and chemicals, unless otherwise stated, were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Streptomycin, L-glutamine, fetal bovine serum (FBS), and horse serum
(HS) were obtained from Lonza (Basel, Switzerland). NGF was obtained from Invitrogen
Laboratories (Paisley, UK.). NGF was used at a concentration of 50 ng/mL (approximately
4 nm). The used antibodies are listed as follows. From Cell Signaling Technology (Danvers,
MA, USA): anti-phospho-TrkA (Y490) (Cat # 9141, 1:1000 dilution); anti-TrkA (Cat # 2505, 1:1000
dilution); anti-phospho-Akt (S473) (Cat # 9271, 1:1000 dilution); anti-Akt (Cat # 4685, 1:1000 dilution);
anti-phospho-Erk1/2 (T202/Y204) (Cat #9106, 1:1000 dilution); anti-Erk1/2 (Cat # 9107, 1:1000
dilution); anti-phospho-CREB (5133) (Cat #9191, 1:1000 dilution); anti-CREB (Cat # 9197, 1:1000
dilution) antibodies. Anti-GRB2 antibody (Cat # sc-17813, 1:500 dilution) was purchased from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). From Merck Millipore (Billerica, MA, USA): goat
anti-mouse and anti-rabbit IgG secondary antibody horseradish peroxidase-conjugated (AP181P
and AP307P, 1:3000 dilution); Anti-Synapsin I antibody rabbit AB1543P. From ThermoFisher
(Waltham, MA, USA): Hoechst33342 and Halt Protease and Phosphatase Inhibitor Single-Use Cocktail.
From Sigma-Aldrich: anti-SNAP-25 antibody (clone SMI 81) mouse 836,301 BioLegend; (-actin
mouse S3062; anti-mouse IgG (whole molecule)-Peroxidase antibody A4416; anti-rabbit IgG (whole
molecule)-Peroxidase antibody A9169.

2.4.2. Rat Pheochromocytoma Cultures

Rat pheochromocytoma (PC12) cells were obtained from the American Type Culture Collection
(Manassas, VA), cultured at passages between the 5 and 20 in RPMI-1640, and supplemented with
10% horse serum (HS), 5% fetal bovine serum (FBS), 2 mM L-glutamine, 50 IU/mL penicillin, and 50
ug/mL streptomycin. Cell cultures were grown in a humidified atmosphere of air/CO, (95:5) at 37 °C
in an incubator (Heraeus Hera Cell 150).

2.4.3. Animals

Pregnant Wistar rats (Charles River Laboratories) at gestational age 17-18 (E17-18) were used for
all the experiments of this study.

Experimental protocols were carried out in accordance with the European Communities Council
Directive of 22 September 2010 (2010/63/UE) regarding the care and use of animals for experimental
procedures and with the Italian legislation on animal experimentation (Decreto L.vo 116/92).

2.4.4. Septal Neurons Primary Cultures

Septal neurons were prepared from embryonic day 17/18 (E17/18), as previously described [51].
Chronic, 10-12 days in vitro treatment (D.I.V.), with NGF (100 ng/mL) under conditions of low
supplementation (0.2%) with the culturing serum-substitute B27 selectively enriched the basal forebrain
NGF-dependent cholinergic neurons (+36.36%) at the expense of other non-cholinergic populations,
mainly GABAergic (—38.45%) and glutamatergic (—56.25%) [51]. Briefly, embryos were surgically
removed, and septo-hippocampal areas were dissected from the cerebral tissue in ice-cold Hanks’
balanced salt solution (HBSS, Gibco, Life Technologies), freed of meninges, digested with 0.25% trypsin
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for 15 min at 37 °C, dissociated by trituration, and seeded as follows: 2 x 10° cells on poly-Il-lysine
(SIGMA)-coated plates (BD Falcon, Durham, NC, USA; 353001) for biochemistry analyses and 1 x 10°
cells on glass coverslips in 24-well plates (BD Falcon; 351147) for immunofluorescence analyses.

The dissociated cells were plated in serum-free Neurobasal medium (Gibco, Life Technologies,
Waltham, MA, USA) supplemented with B27 (Invitrogen Inc., Carlsbad, CA, USA) at a final 0.2%
concentration in the presence of NGF (100 ng/mL) for 10-12 days. One day after plating, cytosine
arabinoside (5 uM) was added to inhibit glial proliferation. Cultures were kept at 37 °C in a humidified
incubator in a 5% CO, atmosphere without further medium changes until used for experiments.

2.4.5. Proliferation Assay

PC12 cells were grown in RPMI medium supplemented with 1% HS, 0.5% FBS in 96-well plates at
a density of 2 x 10* cells per well were treated for 48 h with NGF peptides at concentrations of 50 uM
with or without 1 uM Cu(II) or 50 uM 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline disulphonic
acid (BCS). Then, cells were stained with non-toxic specific vital stain for DNA Hoechst33342. After
15 min, fluorescence was analyzed by Varioscan spectrophotometer (ex 350 nm, em 461 nm). Results
are represented as the increase in Hoechst33342 mean fluorescence with respect to controls and are
means + SEM of six replicas.

2.4.6. Neurite Growth Assay

For the measurement of neurite growth, cells were seeded at a density 4 x 10* cells per well
in 300 uL complete medium on L-poly-lysinated 48 TPP® tissue culture plates (Sigma-Aldrich) for
24 h. Cells were incubated with NGF protein or NGF peptides in RPMI medium supplemented with
1% HS and 0.5% FBS for 72 h. Afterwards, four fields per well were randomly examined under an
inverted microscope. The cells were photographed and quantitative analysis of total neurite length
was performed using the Image] software (v1.46d version, NIH).

2.4.7. Protein Cellular Lysates Preparation

After treatment, PC12 cells were harvested with RIPA buffer (50 mM TRIS-HCI, pH 8.0, 150 mM
NaCl, 0.5 mM EDTA, 1% Triton X-100, 0.5 mM EGTA, 1% NP40, 0.1% SDS) containing 0.5 mM EDTA,
1% Triton X-100, 0.5 mM EGTA and Halt Protease and Phosphatase Inhibitor Single-Use Cocktail.
Cell lysates were incubated for 30 min and centrifuged at 14,000 g for 10 min. As to septal neurons
primary cultures, total proteins were extracted by scraping the cells in ice-cold RIPA buffer plus
5% sodium deoxicholate plus proteases inhibitor cocktail (Sigma Aldrich, P8340) and phosphatase
inhibitor cocktail (Sigma Aldrich, P5726/P2850) and centrifuged at 4 °C for 20 min at 13,000 rpm.
The supernatant was then collected, and the amount of total protein was determined by Bradford
assay (Protein Assay Dye Reagent Concentrate, BioRad, Hercules, CA, USA).

2.4.8. SDS-PAGE, Western Blot Analysis and Densitometry

Equal amounts of protein were separated by SDS-PAGE in 4-12% Bis-Tris gels (Invitrogen) and
transferred to nitrocellulose membranes (0.45 uM, GE healthcare, Little Chalfont, UK). The filters
were blocked in TBS-T containing 5% non-fat dried milk for 1 h at room temperature or overnight
at 4 °C. Proteins were visualized using appropriate primary antibodies. All primary antibodies
were diluted in TBS-T and incubated with the nitrocellulose blot overnight at 4 °C. Incubation with
secondary peroxidase coupled anti-mouse or anti-rabbit was performed by using the ECL system
(Thermo Scientific SuperSignal West Pico, 34080; Amersham ECL Prime, RPN2232). The nitrocellulose
membrane was then stripped with buffer Restore (Pierce, Rockford, IL) and subsequently re-probed
with the specific antibodies for the unphosphorylated proteins. GRB2 was used as the loading
control for all markers. The level of phosphorylation was calculated as the ratio between data
from anti-phospho antibodies over those from the related not phosphorylated counterparts. Protein
loading was monitored by normalization to (3-actin and growth factor receptor-bound protein 2
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(GRB2) [52]. Blots were scanned and quantitative densitometric analysis was performed by using
Image] (http://imagej.nih.gov/ij/).

2.4.9. Internalization of TrkA

To assay the TrkA receptor internalization, PC12 cells in RPMI medium supplemented with
0.1% BSA were stimulated for 30 min with 50 ng/mL NGF or 50 uM NGF peptides in the absence
or presence of CuSO; (1 uM) or BCS pre-treated medium (50 uM, 24 h), as previously described [21].
Briefly, the PC12 cells rinsed with cold phosphate buffered saline (PBS) were incubated with 1.5
mg/mL EZ-Link Sulfo-NHS-LC-Biotin (Pierce, Rockford, IL, USA) in biotinylation buffer (10 mM
boric acid, 154 mM NaCl, 7.2 mM KCl, 1.8 mM CaCl,, pH 8.4) for 30 min. Cells were then rinsed
twice with quenching buffer (192 mM glycine, 25 mM Tris-HCl, 1.8 mM CaCl,, 154 mM NaCl, pH
8.3) and lysed in lysis buffer (20 mM Tris-HCI, pH 7.5, 137 mM NaCl, 1% Nonidet P-40, 10% glycerol,
1 mM MgCl,, 1 mM EGTA, 1 mM Na3zVOy, 20 mM p-glycerol phosphate, 20 mM NaF, 1 mM PMSE,
and 1 mg/mL aprotinin and leupeptin). One mg of protein lysates were added to 100 pl of UltraLink
Immobilized NeutrAvidin beads (Pierce, Rockford, IL). Samples were incubated with rocking at 4 °C
for 2 h. NeutrAvidin beads were rinsed three times with lysis buffer, and 50 pl of Laemmli buffer was
added to each sample. Samples were resolved by SDS-PAGE and immunoblotted for TrkA and P75NTR,

2.4.10. Enzyme Linked Immuno Sorbent Assay (ELISA)

The medium after treatment with NGF peptides was collected at 24 h of incubation and diluted
with the provided sample buffer (1:1) immediately prior to the assay. Levels of BDNF in PC12 cells
supernatants were measured with Rat BDNF ELISA kit (ERBDNF, Thermofisher, Waltham, MA, USA).

2.4.11. Confocal Microscopy Imaging

PC12 cells were seeded in glass bottom dishes (22 mM of diameter, WillCo-dish®, Willco Wells,
B.V.) and pre-treated with L-poly-lysine at a density of 5 x 10* cells per dish in complete RPMI medium
for 24 h until cellular adhesion was attained. Immediately before the confocal microscope experiments,
cells were rinsed with fresh RPMI complete medium without serum. Two treatment conditions were
used to scrutinize the peptide uptake by PC12 cells and the peptide ionophore activity, respectively.

For cellular uptake experiments, 50 uM NGF(1-14)-Fam or d-NGF(1-15)-Fam were added to
Hoechst33342-stained live cells on the confocal microscope stage operating in x-y-t scan imaging mode.
A total scan time of 40 min with scan intervals of 30 s was set; the acquisition parameters were kept
constant for all the experiments. After the peptide addition, the solution was vigorously mixed to
ensure a homogeneous peptide concentration in the whole liquid volume inside the Petri dish to avoid
artefacts in the real time live cell imaging owing to different diffusion rates of the peptide molecules
related to concentration gradients, as previously described [21]. For quantification of intracellular
copper, the cells were treated for 15 min with 10 uM peptides in the absence or the presence of 1 uM
CuSO;. After the incubation time, cells were stained with nuclear dye Hoechst33342 and selective and
specific Cu(I) coppersensor-1 [53] (5 min, 1 uM), washed with phosphate buffer saline solution (10 mM
PBS, 37 °C, pH =7.4), and fixed with high purity 2% paraformaldehyde in PBS (pH = 7.4).

Confocal imaging microscopy was performed with an Olympus FV1000 confocal laser scanning
microscope (LSM), equipped with diode UV (405 nm, 50 mW), multiline Argon (457 nm, 488 nm,
515 nm, total 30 mW), HeNe(G) (543 nm, 1 mW), and HeNe(R) (633 nm, 1 mW) lasers. An oil immersion
objective (60xO PLAPO) and spectral filtering system were used. The detector gain was fixed at a
constant value, and images were taken for all the samples at random locations throughout the area of
the well. The following channels were imaged in sequential mode to eliminate cross talk between the
channels: blue (ex/em = 405/425-475 nm) for the emission of the Hoechst33342-stained nuclei; green
(ex/em = 488/500-530 nm) for the Fam emission; red (ex/em = 543 /560-700) for the BODIPY moiety
of coppersensor-1 probe.
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The image analysis was carried out using Huygens Essential software (by Scientific Volume
Imaging B.V., the Netherlands). In futher detail, in the Huygens Object Analyzer, the primary and
secondary surface pipes were set as the red channel of the copper sensor and the blue channel of
Hoechst nuclear staining, respectively. Therefore, the cytoplasmic copper (total red emission intensity)
was measured as the sum of all voxel values (“Sum”), while the nuclear copper (red emission intensity
co-localizing with blue emission) was measured as voxels of the primary pipe intersecting with another
object of the secondary pipe (“ColocV”), where a voxel is volume pixel, the smallest distinguishable
box-shaped part of the image.

2.5. Data Analysis

Data presented are representative of at least three independent experiments and are expressed
as mean & SEM. Statistical analysis of all the experiments in this study was performed by GraphPad
Prism (GraphPadSoftware, San Diego, CA, USA), SPSS 17.0.0 for Windows (SPSS Inc., Chicago, IL,
USA), using the appropriate test, one way Anova. Results were considered significant when p < 0.05.

3. Results and Discussions

3.1. Computation Studies Reveal that NGF(1-14), but not NGF(14-1) nor sNGF(1-14) Interact with TrkA-D5

The TrkA-D5 domain is the main driver of the interaction with NGF [54,55] and NGF-mimicking
NGF(1-14) peptide [20]. The binding with NGF and related peptides can affect the TrkA conformation,
thus decreasing the mobility of some receptors domains. Furthermore, peptides can cluster together
and induce the dimerization trans-phosphorylation of Trk receptors.

To verify sequence specificity in the NGF mimicking of the short peptide containing the
N-terminus of the neurotrophin, the molecular recognition of TrkA by the monomer NGF(1-14)
was compared with that of the scrambled s-NGF(1-14) and the reverse NGF(14-1) peptide.

The conformations of s-NGF(1-14) and NGF(14-1) obtained from parallel tempering simulations
show marked differences compared to those of the wild type NGF(1-14) [21]. In particular, the short
alpha helix spanning residues >PIFHR® was replaced by turn or random coil regions, as well as a beta
sheet domain in the NGF(14-1) peptide. These conformational differences affected, in turn, the docking
of the two peptides with domain 5 of TrkA (TrkA-D5) (Figure 1).

In particular, upon s-NGF(1-14) and NGF(14-1) contact with TrkA-D5, three binding poses
were detected for each peptide domain. A conserved region in TrkA-D5 was detected in the
s-NGF(1-14)/TrkA-D5 complex, with similar residues found in the wild type complex. On the other
hand, the binding site of TrkA-D5 to NGF(14-1) was located in a different region with respect to the
one found in the wild type complex.

Concerning s-NGF(1-14), the first binding pose involved a salt-bridge formed by Glu295 of
TrkA-D5 and Arg3 of s-NGF(1-14). The second binding pose did not show any relevant weak
non-covalent interaction apart from a CH-7 contact formed by His291 of TrkA-D5 and His7 of
s-NGF(1-14). The third binding pose was featured by a small network of hydrogen bonds involving
GIn289 and His291 of TrkA-D5 and Glu4 of s-NGF(1-14). Moreover, His343 of TrkA-D5 faced Phe2 of
s-NGF(1-14) (Figure 1A). The NGF(14-1) peptide bound to TrkA-D5 through Glu305 of TrkA-D5, which
contacted Ser10 of NGF(14-1), while His301 of TrkA-D5 faced Phe3 of the peptide in the first binding
pose. In a second cluster, Glu305 of TrkA-D5 contacted Arg6 of NGF(14-1), while Trp309 was observed
to be perpendicularly oriented with respect to Phe3. In the third binding pose, non-specific interactions
were detected despite a contact between Thr302 of TrkA-D5 and Glu4 of NGF(14-1) (Figure 1B). Overall,
the number of non-covalent interactions was fewer compared to that found in the NGF(1-14)-TrkA-D5
complex (Figure 1C). Together, these findings reveal that only NGF(1-14), but not its reverse sequence
NGF(14-1) nor the scrambled s-NGF(1-14) sequence, form strong and significant interactions with the
domain D5 of TrkA receptor.
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_J

Figure 1. (A,B) From the top to bottom: the three lowest energy binding modes for
s-NGF(1-14)/TrkA-D5 (A) and NGF(14-1)/ TrkA-D5 (B) complexes, respectively. TrkA-D5 backbone
is shown by yellow ribbons, each residue is shown by silver sticks. The s-NGF(1-14) and NGF(14-1)
backbones are shown in blue and ice blue, respectively. Carbon atoms are shown in green, nitrogen

atoms in blue, and oxygen atoms in red. (C) The number of non-covalent intermolecular interactions
calculated for s-NGF(1-14)/TrkA-D5 and NGF(14-1)/TrkA-D5 compared with those calculated for the
complex NGF(1-14)/TrkA-D5 [20].

3.2. The Sequence-Dependent Interaction of Dimeric Peptide d-NGF(1-15) with Domain 5 of TrkA Is Greater
than that of NGF(1-14)

The secreted mature neurotrophins are soluble proteins that exist as non-covalently linked
homodimers [56], thus we extended the computational study to the dimeric NGF peptide d-NGF(1-15).
The structure of d-NGF(1-15) dimeric form obtained from molecular simulations showed flexible
domains with segments of alpha helixes that easily converted to beta turns spaced by short sections of
beta sheets (Figure 2).

In particular, beta turn regions were adopted along the dimeric domain (Figure 2A) as well as in
the “HPIFH®, where a short alpha helix was present in the X-ray structure (pdb code IWWW). Short
alpha helix domains were present in the regions 10GEFS!3 and 2EFS% (Figure 2A). Upon d-NGF(1-15)
contacting the TrkA-D5 domain, three main binding poses were detected. All of them showed mainly
aromatic interactions between the dimeric peptide and the TrkA receptor. In the first binding pose,
H23 and F22 belonging to d-NGF(1-15) faced H297 and W299 of the TrkA receptor, respectively. In the
second binding pose, F12 belonging to d-NGF(1-15) faced H297 of the TrKA receptor. F12 belonging to
the d-NGF(1-15) faced H297 and H298 of the TrkA receptor in the third binding pose as well, where a
salt bridge involving R24 of d-NGF(1-15) and E331 of TrkA-D5 was also detected. The former weak
non-covalent interactions were detected in higher quantity compared with the complex formed by
NGF1-14 and TrkA-D5 [20] and considering the number normalized per complex unit (Figure 2B).

Overall, shallow interactions between TrkA and the NGF mimetic peptides were evident in
the present study, in agreement with what previously suggested [57]. s-NGF(1-14) and NGF(14-1)
peptides also interacted as monomers with one TrkA-D5 chain (Figure 1A), although their non-covalent
interactions were significantly fewer than those formed by the wild type NGF(1-14) (Figure 1C).
Indeed, the lower number of non-covalent interactions calculated for the scramble and reverse
NGF1-14 peptides stressed that the recognition binding domain was sequence-dependent. Moreover,
the docking simulations showed a directionality of binding. Reverting the sequence had an impact on
the conformational ensemble of the NGF14-1 reverse peptide in comparison to the NGF1-14 wild-type
analogue (Figure 1C). Beta-sheet domains tended to be adopted at variance of the central alpha helix
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typical of the wild-type peptide. A wild-type sequence was therefore required in order to allow
the specific interactions typical of NGF binding to TrkA. This profound impact of the non-covalent
interactions in the binding between NGF and TrkA-D5 was also straightforwardly shown from the
binding of dimeric NGF1-15 with TrkA-D5. In particular, the NGF dimer bound through a disulfide
bridge to both TrkA-D5 chains, and it featured a very similar orientation to the one adopted in the
heterodimer structure of NGF/TrkA-D5 [46]. Here, all the binding poses contacted the TrkA-D5 section
via non-covalent aromatic interactions mainly through His4, His8, F12, H23, or F22. Intriguingly,
the disulphide bridge did not interact with any of the two TrkA-D5 chains, acting only as a link
between the two NGF N-terminal domains. This connection of the disulfide bridge allowed it to
keep a very similar orientation with the one of the full NGF peptide in the heterodimer complex with

TrkA-D5 [46].
L d~(NGF1-15)/(TrkA-D5) m
8 ‘ ‘
6
4
2
0
1 2 3

Binding poses

Number of non-covalent interactions m

Figure 2. (A) The three lowest energy binding modes for d-NGF(1-15)/TrkA-D5. TrkA-D5 backbone is
shown by yellow ribbons, each residue is shown by silver sticks. The d-NGF(1-15) residues are shown

by sticks. Carbon atoms are shown in green, nitrogen atoms in blue, and oxygen atoms in red. (B) The
number of non-covalent intermolecular interactions calculated for the d-(NGF1-15)/TrkA-D5 complex.

3.3. Cu®* Interaction with d-NGF(1-15) Is Similar and Slightly Stronger than that with NGF(1-14),
but Significantly Different Compared with that With s-NGF(1-14) and NGF(14-1)

It has been previously shown that NGF and related peptides can bind copper and zinc
ions [21,48,58], and that these interactions can significantly modulate their biological activity. Here,
UV-Vis and CD spectroscopic studies were run to characterize the complexes of the copper(Il)
with the d-NGF(1-15), sNGF(1-14), and NGF(14-1) and compare them with those of NGF(1-14).
At physiological pH, the main species formed by d-NGF(1-15), s-NGF(1-14), and NGF(14-1) displayed
UV-vis parameters (Table 1) indicative of the presence of three nitrogen donor atoms (NHj, N amide,
Nim) involved in a metal pseudooctahedral distorted coordination geometry [59,60], similar to what
was observed for the NGF(1-14) peptide [48].

The CD spectra confirmed the coordination environment involving NHj, N'mide, and Ny
nitrogen atoms (Table 1 and Figure S1). Specifically, the bands at the wavelengths of about 282-288 nm,
310-328 nm, and 330-340 nm were assigned to NH,—Cu?*, N"ynige—Cu?*, and Nipidazole —Cu?* m
charge transfers, respectively [61-63]. The CD band at the wavelength of 550-632 nm was characteristic
of the copper d-d- transition [61,62]. The spectrum of d-NGF(1-15):Cu displayed a 15 nm blue shift
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in Amax (corresponding to the maximum absorbance) in comparison to NGF(1-14):Cu, which was
indicative of the presence of a stronger field around the metal, likely due to the presence of an extra
imidazole nitrogen in metal coordination environment of d-NGF(1-15) [62]. As to the s-NGF(1-14) and
NGF(14-1) peptides, both complexes showed a slight red-shift in the UV-Vis Ay, absorbance band
with a lower molar absorptivity coefficient, which suggested a lower equatorial field with a planar
disposition of donor atoms [61].

Table 1. UV-Vis and circular dichroism (CD) spectroscopic parameters of copper(Il) complexes with
peptides at pH = 7.4. Metal to ligand molar ratio 1:1, [L] =1 x 1073 M.

Peptide AMnm (¢/ M~ 1 cm™1) AMnm (Ae/M~1em™Y)

NGF(1-14) 2 605 (104) 284 (—1.40), 328 (0.55), 340 (0.22), 632 (—0.58)
d-NGF(1-15) 590 (130) 288 (—3.18), 322 (1.15), 500 (0.11), 587 (—0.58)
s-NGF(1-14) 618 (85) 288 (—1.150), 324 (0.70), 599 (—0.57)

NGF(14-1) 615 (120) 282 (—0.42), 316 (—0.32), 354 (0.07); 515 (0.31), 626 (—0,62)

a reference [48].

Copper(Il) and zinc(II) ions have been reported to affect the conformation and receptor binding,
inhibiting the biological activities of NGF, BDNF, and NT-3 [28,30,64]. Far-UV CD allows for the
determination of the effect of metal ion on the conformation of the d-NGF(1-15) peptide (Figure S2) in
comparison with the monomer previously investigated [48]. The secondary structure of d-NGF(1-15)
indisputably changes upon Cu?* addition, as already reported for NGF(1-14). The CD spectra indicated
a reduced random coil of the NGF N-terminus domain and an increase in the turn conformation,
resulting from the deprotonation of the amide nitrogen atoms by Cu?* coordinated to the imidazole
nitrogen atoms of His4 and His8 (Figure S2a). The metal ion interaction with some of the residues
involved in the interaction with the D5 domain of the receptor, as put in evidence by in silico studies
(see above), gave rise to a more structured peptide, suggesting a favorable contribution of Cu?* to the
binding with the receptor.

The conformation of NGF(14-1) and s-NGF(1-14) was random coil, and the addition of copper led
to a variation of the secondary structure with the appearance of a maximum centered around 220 nm
(Figure S2b,c). This effect was greater in the copper complex formed by s-NGF(1-14), in agreement
with a greater distortion of the coordination environment detected by the UV-Vis parameters.

3.4. d-NGF(1-15), NGF(1-14), and NGF Affect Proliferation and Morphology/Differentiation of PC12 Cells
Conversely s-NGF(1-14) and NGF(14-1) Do Not

To study the trophic effect of NGF peptides, we verified the effect of d-NGF(1-15) in comparison
with s-NGF(1-14), NGF(14-1), NGF(1-14), and whole NGF protein in the presence or in the absence
of 1 uM copper. Copper ions normally present in the culture medium at pM level [65] affect the
proliferative effect of the NGF peptides [21]. Therefore, we treated cells with or without 50 uM of
membrane-impermeable copper chelator BCS [66] (Figure 3).

The copper addition to the culture medium significantly increased the number of cells (123 = 12%
of untreated control), whereas the BCS treatment decreased it (85 £ 7%), thus demonstrating that the
copper present in the culture medium contributes to the proliferation at the basal level. NGF(1-14)
and d-NGF(1-15) alone showed a proliferative effect (123 £ 8% and 122 + 3%, respectively); on the
contrary, s-NGF(1-14) and NGF(14-1) did not induce any statistically significant increase in the cell
number. It is noteworthy that the addition of copper ions did not increase the proliferative effect of
free peptides. Conversely, BCS induced a significant decrease of cell number due to by NGF(1-14)
(86 £ 3%). As expected, NGF treatment largely increased PC12 cells proliferation (257 £ 19%), which
was further favored by the addition of copper (294 £ 29%), while BCS addition caused a decrease in
cell proliferation (243 £ 16%). Overall, the effect of BCS was modulated by the different affinity of
both the NGF and the peptides for copper(Il) ion.
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Figure 3. Effect of nerve growth factor (NGF) or NGF(1-14) peptides on the viability of PC12 cells.
Quantification of number of cells by fluorescence emission of Hoechst33342-stained nuclei (ex/em =
350/461 nm). PC12 cells were grown with NGF (50 ng/mL) or NGF peptides (50 uM) in the absence
() or in the presence of 1 uM CuSO,4 (W) or 50 uM BCS (M) for 48 h. Data are the mean + SEM of four
independent experiments, (* p < 0.05 and *** p < 0.001 versus control; §§§ p < 0.001 versus CuSOy;
##H# p < 0.001 versus BCS; one-way Anova).

Since the neurite outgrowth is a macro marker of neuronal differentiation, we treated cells
(on L-poly-lysinated multiwell) for 72 h with or without protein (NGF, 50 ng/mL) or the 50 uM of
NGEF peptides (Figure 4).

As expected, NGF triggered the PC12 differentiation, as displayed by the formation of a complex
neuronal network (Figure 4F). NGF(1-14) (Figure 4B) or d-NGF(1-15) (Figure 4C) induced a slight
neurite outgrowth. Conversely, neither s-NGF(1-14) (Figure 4D) nor NGF(14-1) (Figure 4E) induced
any differentiation of PC12 cells. Figure 4G shows the effect of protein (NGF, 50 ng/mL) or the 50 M
of NGF peptides on the total length of neurite.

Treatment with the whole protein or NGF(1-14) or d-NGF showed a significant increase of neurite
outgrowth with 12,507 £ 4905%, 950 + 424%, and 1118 + 433% for the whole protein and peptides,
respectively. It is important to note that incubation with s-NGF(1-14) or NGF(14-1) did not show a
change in the neurite length.

3.5. The d-NGF(1-15) Is a Better TrkA (Y490) Activator than NGF(1-14), while s-NGF(1-14) and NGF(14-1)
Do Not Induce Any Significant Effect

The first event upon NGF binding to TrkA is the receptor phosphorylation at tyrosine 490 [67].
To investigate the ability of d-NGF(1-15) and NGF(1-14), we stimulated the PC12 cells with 50 pM
NGEF peptides for 10 min (Figure 5).

The d-NGF(1-15) induced phosphorylation of TrkA (653 £ 34%) of the untreated control
significantly more than the NGF(1-14) (540 £ 32%), while the addition of CuSOj, further increased
Tyr-490 phosphorylation of TrkA (1017 + 59%), a trend similar to that shown by the monomer
NGF(1-14) in the presence of copper (825 + 38%). The cell treatment by s-NGF(1-14) or the NGF(14-1)
did not affect the TrkA phosphorylation, whereas the addition of CuSOy increased NGF receptor
phosphorylation for both s-NGF(1-14) and NGF(14-1); this effect appeared similar to that shown by
copper(ll) ion addition alone. Pre-treatment of PC12 cells with BCS at 50 uM for 24 h decreased TrkA
phosphorylation induced by d-NGF(1-15) and NGF(1-14) (320 £ 43% and 138 & 33%, respectively).
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Figure 4. Effect of NGF or NGF(1-14) peptides on neuronal phenotype differentiation. (A-F):
Photomicrographs obtained by microscopy of PC12 cells treated with 50 ng/mL NGF or 50 uM NGF(1-14)
peptides for 72 h. Representative photos obtained from at least three independent experiments for: (A)
unstimulated control, (B) NGF(1-14), (C) d-NGF(1-15), (D) s-NGF(1-14), (E) NGF(14-1), (F) NGEF. Scale
bar = 50 uM. (G): Percentage of neurite total length of PC12 cells treated with 50 ng/mL NGF or 50 uM
NGEF(1-14) peptides for 72 h, (* p < 0.05 versus control, one-way Anova).
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Figure 5. Effect of NGF or NGF(1-14) peptides on TrkA phosphorylation. Representative western
blotting (A,B) and densitometric analyses (C) of pTrkA in PC12 cells treated with 50 uM NGF peptides
in the absence (0) or in the presence of 1 uM CuSOy (M) or 50 uM BCS 24 h pre-treated medium (M)
for 10 min. Data obtained from at least three independent experiments. The phosphorylated level of
TrkA was reported as the ratio over the corresponding total protein (* p < 0.05, *** p < 0.001 versus
control; §§§ p < 0.001 versus CuSOy; ### p < 0.001 versus BCS; one-way Anova).

In agreement with the in silico results, these experimental findings not only reconfirm the effect of
NGEF(1-14) but also give evidence of the stronger effect of d-NGF(1-15) in activating TrkA. Furthermore,
the comparison between the receptor phosphorylation ability of monomeric and dimeric peptides
containing the N-terminus of the protein with that shown by s-NGF(1-14) and NGF(14-1) indicates
the relevant role played by the wild-type sequence. Copper(Il) ion is involved in the phosphorylation
process and potentiates the activity of the NGF mimicking activities of NGF(1-14) and d-NGF(1-15)
differently. It is reasonable to state that the major gain of the dimer in comparison to the monomer
in the activation of TrkA is due to its stronger ability to bind the metal ion, as suggested by our
spectroscopic data. This hypothesis was further confirmed by results obtained with the contemporary
addition of BCS with peptides—BCS reduced NGF(1-14) activity by 75%, whereas d-NGF(1-15) was
less affected (55%).

3.6. d-NGF(1-15) Induces TrkA Receptor Internalization in PC12 Cells only in the Presence of CuSO4 Whereas
Does Not Affect p75 Receptor Internalization

Receptors internalization is fundamental in the intracellular signaling, and BCS was used instead
of blocking agents of TrkA internalization to put into evidence the potential signaling role of copper
ions. In Figure 6, the ratio between TrkA still present in the membrane and the total amount is
reported. Then, the internalization of the receptor was determined as a decrease in the western blot
and quantified as the difference with the relative control. Both d-NGF(1-15) and NGF(1-14) induced a
similar TrkA receptor internalization (60 £ 6% and 58 £ 3%, respectively, compared to the relative
untreated control) only in the presence of CuSO, (1 uM) (Figure 6).
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Figure 6. Effect of NGF(1-14) peptides on internalization of TrkA and p75 receptors. Representative
western blotting (A,B) and densitometric analyses (C,D) of TrkA and p75 in PC12 cells treated with
50 uM NGF peptides in the absence (OJ) or in the presence of 1 pM CuSO, (M) or in 50 uM BCS 24
h pre-treated medium (M) for 30 min. Data obtained from at least three independent experiments.
Crude cellular lysates run in parallel for total level of TrkA and p75 (*** p < 0.001 versus control;
§8§ p < 0.001 versus CuSOy; ### p < 0.001 versus BCS; one-way Anova).

As expected, NGF alone elicited TrkA receptor internalization (72 &= 5%); the process was slightly
inhibited by the addition of copper (54 £ 3%) and almost unchanged in the presence of BCS (73 £ 5%)
(Figure 6A,B). The p75 internalization paralleled the TrkA pattern for NGF, while no statistically
significant differences with respect to untreated cells were found for the treatments with all the NGF
peptides (Figure 6B,C). CuSOy induced a different behavior between the wild type NGF peptide
fragments and the scrambled and reverse peptides studied herein. Intriguingly, contrary to the NGF
protein, the interaction of NGF(1-14) and d-NGF(1-15) peptides with metal ion favored TrkA receptor
internalization in a p75NTR-independent mode.

3.7. d-NGF(1-15) Signaling via TrkA Leads to Activation of cAMP Response Element-Binding Protein

The binding of NGF to its TrkA receptor triggered many cellular signaling responses that
occurred via different pathways [3,8], including two major tyrosine kinase-mediated pathways—the
phosphoinositide 3-kinase (PI3K)-AKT (also known as protein kinase B, PKB) [68] and the
mitogen-activated protein kinase (MAPK)-extracellular signal-regulated kinase (ERK) pathway [69].
All pathways converged to signal to the cAMP-response element-binding protein (CREB), a
transcription factor which binds to the promoter regions of many genes associated with synapse
re-modeling, synaptic plasticity, and memory [70,71].

Figure 7 shows the effect of d-NGF(1-15) (50 uM) on Erk1/2 and Akt phosphorylation after
15 min of treatment; d-NGF(1-14) increased the level of pErk1/2 (383 £ 24%) significantly more than
NGF(1-14) (311 £ 14%), while phosphorylation of Ser-473 Akt did not show any significant difference
between NGF(1-14) (180 + 14%) and d-NGF(1-15) (207 £ 5%). The treatment in the presence of 1 pM
CuSO4 showed a similar trend, with phosphorylation of Erk1/2 significantly higher with d-NGF(1-15)
(447 £ 11%) than with NGF(1-14) (370 = 20%), while the level of pAkt did not show any significant
difference between NGF(1-14) (228 + 13%) and d-NGF(1-15) (239 4+ 9%).
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Figure 7. Effect of NGF or NGF(1-14) peptides on Erk1/2 and Akt phosphorylation. Representative
western blotting (A,C) and densitometric analyses (B,D) of pErk1/2 and pAkt in PC12 cells treated for
15 min with 50 uM NGF(1-14) peptides or 50 ng/mL NGF protein in the absence (L) or in the presence
of 1 pM CuSO, (M) or in 50 pM BCS 24 h pre-treated medium (M). Data obtained from at least three
independent experiments. The phosphorylated level of Erk1/2 and Akt was reported as ratio over the
corresponding total protein (*** p < 0.001 versus control; §§§ p < 0.001 versus CuSOy; ### p < 0.001
versus BCS; one-way Anova).

The deprivation of copper ions determined by BCS (50 puM) addition decreased the
phosphorylation of Akt due to d-NGF(1-15) (150 &+ 17%) and NGF(1-14) (119 =+ 25%). The effect
was more evident for Erk1/2 (d-NGF(1-15) (260 % 31%); NGF(1-14) (207 £ 22%).

NGEF alone increased the phosphorylation of Akt (255 & 12%) and Erk1/2 (545 4 27%), as it also
did in the presence of copper (Akt: 341% =+ 13 and Erk1/2: 581% = 31). The treatment with NGF in
the presence of BCS decreased the effect of protein (Akt: 172 4 48% and Erk1/2: 311 +£ 16%).

Copper (II) ion significantly influenced not only the tyrosine kinase-mediated pathways but also
the phosphorylation of CREB, as shown in the following. It is important to note that the presence of
just 1 uM of CuSOy increased the level of pCREB (up to 229 4 29%) (Figure 8). The d-NGF(1-15) was
able to activate CREB through Ser133 phosphorylation, as previously reported for NGF(1-14).!8 The
level of pCREB after 30 min of incubation with NGF(1-14) (731 £ 36%) and d-NGF(1-15) (776 & 55%)
significantly increased after the addition of CuSOy4 (1 uM), both for NGF(1-14) (880 £ 68%) and
d-NGF(1-15) (970 £ 49%), respectively. The presence of BCS during the treatment decreased the effect
of NGF(1-14) (443 £ 36%) and d-NGF(1-15) (363 + 25%), respectively. The inhibitory effect of BCS
on CREB phosphorylation at Ser133 stressed the synergic effect of the metal ion. The cell treatment
by s-NGF(1-14) (129 % 19%) or the NGF(14-1) (110 £ 23%) did not affect the CREB phosphorylation.
The addition of CuSO4 induced a significant increase of pCREB for both s-NGF(1-14) (172 £ 14%) and
NGF(14-1) (158 £ 11%), respectively, but was still lower than that caused by metal ion alone.
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Figure 8. Effect of NGF or NGF peptides on AMP response element-binding protein (CREB)
phosphorylation. Representative western blotting (A,B) and densitometric analyses (C) of pCREB in
PC12 cells treated for 15 min with 50 uM NGF peptides or 50 ng/mL NGF protein in the absence (L)
or in the presence of 1 uM CuSO, (M) or in 50 M BCS 24 h pre-treated medium (M). Data obtained
from at least three independent experiments. The phosphorylated level of CREB was reported as ratio
over the corresponding total protein (** p < 0.01, *** p < 0.001 versus control; §§§ p < 0.001 versus
CuSOy; ### p < 0.001 versus BCS; one-way Anova).

3.8. Copper(1l) Ion, NGF(1-14) and d-NGF(1-15) Induce BDNF Secretion

pCREB modulates the transcription of genes involved in synaptic plasticity and memory
formation [72], such as BDNF [73]. BDNF is essential for growth, survival, and neuronal cell
differentiation, and has been invoked in the pathophysiology of Alzheimer’s disease, Huntington’s
disease, and Parkinson’s disease [74].

Figure 9 shows the increase of BDNF levels after the treatment with CuSOy4 up to 224 + 9%.
NGF(1-14) and d-NGF(1-15) increased BDNF levels compared to the untreated control up to 467 = 11%
and 561 £ 5%, respectively.

NGEF further amplified the release of BDNF up to 660 + 4%. CuSO, addition slightly decreased the
effect of the NGF mimicking peptides and, to a greater extent, that of NGF. s-NGF(1-14) or NGF(14-1)
did not affect BDNF release, while metal addition influenced only the behavior of s-NGF(1-14), which
showed the same effect of Cu®* alone.
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Figure 9. Effect of NGF and NGF(1-14) peptides on the brain-derived neurotrophic factor (BDNF)
secretion. Starved PC12 cells were stimulated for 24 h with 50 ng/mL of NGF or 10 M of NGF(1-14)
peptides in the absence (UJ) or in the presence of CuSO,4 (M) or BCS (M). Cell culture mediums were
collected and analyzed by ELISA BDNF kit. Data obtained from at least three independent experiments
(*p < 0.05, ***p < 0.001 versus control; §§§ p < 0.001 versus CuSOy; ### p < 0.001 versus BCS;
one-way Anova).

BDNF release, % of control

3.9. NGF(1-14) and d-NGF(1-15) Inhibits Protein Tyrosine-Phosphatase Activity

Protein tyrosine phosphatases are key regulators of cellular phosphorylation signaling [75].
Recently, copper and its mono and dinuclear complexes have been shown to inhibit the activity of
these enzymes [76]. Previously, we attributed the inhibition effect of the NGF(1-14) in the presence
of copper to the intracellular copper(l) interaction with the active site cysteine thiolate of tyrosine
phosphatase [21] with consequent stimulus of tyrosine phosphorylation as it was herein found for
d-NGF(1-15). In keeping with previous findings, we determined the tyrosine phosphorylation of the
whole protein lysate in PC12 cells stimulated with the NGF(1-14) peptides in the presence or in the
absence of 1 uM CuSOy or 50 uM BCS.

The results in Figure 10 show that tyrosine phosphorylation increased upon treatment with
NGF(1-14) (125 £ 14%), d-NGF(1-15) (136 £ 11%), and NGF (296 + 16%) in comparison to the
unstimulated control. As expected, Cu?* addition increased the total tyrosine phosphorylation,
both alone (145 £ 22%) and in synergy with the ligands [134 £ 16% for NGF(1-14) and 157 +
8% for d-NGF(1-15), respectively]. On the other hand, the chelating agent BCS counteracted this
effect and decreased the phosphorylation process (82 &+ 15%), also in the presence of NGF(1-14)
(91 % 7%) or d-NGF(1-15) (120 + 18%). Both s-NGF(1-14) (106 & 11%) and NGF(14-1) (99 + 10%)
were unable to induce a statistically significant increase of total tyrosine phosphorylation. However,
the cells incubated with the addition of 1 uM copper increased the tyrosine phosphorylation for both
s-NGF(1-14) (119 % 5%) and NGF(14-1) (124 & 11%), respectively.

The results clearly support the previous hypothesis on the effect of metal ion to stimulate tyrosine
phosphorylation. The peptides and NGF contribute at the process in a way that appears to be directly
related to their ability to bind copper.
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This finding also suggests a dual role of metal ions—on the one hand, it supports the molecular
recognition of NGF mimetic peptides and NGF with the receptor, and on the other hand, it utilizes the
ionophore ability of the peptides to act at the intracellular level.

Cu BCS  Cu BCS Cu BCS Cu BCS Cu BLS  Cu BGS  CuBG
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Figure 10. Effect of NGF and NGF(1-14) peptides on protein tyrosine phosphatase activity.
Representative western blotting (A,B) and densitometric analyses (C) of total tyrosine phosphorylation
in PC12 cells treated for 15 min with 50 uM NGEF(1-14) peptides or NGF protein in the absence (O) or
in the presence of 1 uM CuSO, (M) or 50 uM BCS 24 h pre-treated medium (M). Data obtained from at
least three independent experiments. (*** p < 0.001 versus control; §§§ p < 0.001 versus CuSOy; #H#
p < 0.001 versus BCS; one-way Anova).

3.10. NGF(1-14) and d-NGF(1-15) Peptides Display Different Trafficking and Ionophore Activity in PC12 Cells

We used real-time live cell imaging by confocal microscopy to test the intracellular trafficking of
d-NGEF(1-15) in comparison with NGF(1-14), which was previously demonstrated to have ionophore
activity [21]. Figure 11 demonstrates a quick internalization of the Fam-labeled peptides by PC12 live
cells. The merged confocal fluorescence (i.e., the green emission from Fam and the blue fluorescence
of Hoechst-stained nuclei) and bright field (in grey) micrographs permitted to localize the peptide,
both extracellularly and intracellularly, to track the cellular uptake/efflux processes. Specifically,
the overlapped intensity profile curves for the three channels (green, blue, and grey) measured along a
20 uM-long traced line across the cell allowed visualization of the spatial shifts of the peptides with
reference to the cell membrane, cytoplasm, and nucleus, respectively. The time sequence displays a
representative cell imaged immediately before the addition of NGF(1-14) (Figure 11A) or d-NGF(1-15)
(Figure 11F), and four subsequent micrographs for each peptide recorded in the time range of 1-6 min
after the addition of a 10 uM concentration of monomer (Figure 11, panels B-E) or dimer (Figure 11,
panels G-]) peptides.

NGF(1-14)-Fam quickly entered in the cytoplasm (Figure 11B,C), accumulated into the nucleus
(Figure 11D), and effluxed from the cell (Figure 11E). As for d-NGF(1-15)-Fam, it showed an uptake
profile similar to that of NGF(1-14)-Fam, with the green fluorescence detected in the cytoplasm and in
proximity to the nuclear membrane (Figure 11G). Differently than the monomer, the dimer molecules
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showed the tendency to form aggregates (Figure 11H,I), which preferentially gathered at the cell
membrane as the peptide effluxed from the cell (Figure 11]).
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Figure 11. Live cell imaging by confocal microscopy of Fam-labeled NGF(1-14) and d-NGF(1-15)
internalization. Merged optical bright field (grey) and confocal (blue: nuclear staining, Aey/em =
405/425-475 nm; green: Fam, Aqy/em = 488/500-530 nm) micrographs and corresponding section
analysis for PC12 before (A,F) and after (60 s, 120 s, 240 s, 360 s) the addition of 10 uM NGF(1-14)-Fam
(B-E) or 10 pM d-NGF(1-15)-Fam (G-J), respectively. The solid and open arrows in the top left plot
guide the eye for the cell and nuclear membranes, respectively.

To correlate the peptide influx/efflux with the intracellular copper levels, cells were stained with
the copper sensor-1 probe, a selective and specific sensor of monovalent Cu [77]. Figure 12 shows
that d-NGF(1-15) had an ionophore capability similar to that of NGF(1-14) [21], as evidenced by
quantitative analyses of total cytoplasmic and nuclear Cu* (corresponding to the red fluorescence of
the copper sensor-1 probe) for the cells incubated with the peptides, both in the basal medium and in
the medium supplemented with CuSOj.

A statistically significant increase of intracellular copper was observed in the cells treated with
the peptides (10 uM) for 15 min with respect to the control cells in basal medium (Figure 12A-C).
This finding suggested that the peptide extracellularly bound the divalent copper typically present
in the basal medium at concentrations up to 1 uM and could therefore act as an ionophore during
its uptake/efflux from the cell. It must be noted that such an increase of intracellular copper levels,
measured both in the cytoplasm (Figure 12B) and in the nuclei (Figure 12C), was not statistically
different than that found in the cells incubated with CuSO4 (1 uM)-supplemented medium as well as
that of the cells incubated with the pre-formed copper-peptides complexes (10:1 of peptide to metal
mole ratio).
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Another interesting finding was obtained from the quantitative analysis of intracellular Cu* levels,
both in the total cytoplasm and in the nuclei, for PC12 cells treated 10 min, 15 min, 20 min, or 30 min
with 10 uM NGF(1-14) or 10 uM d-NGF(1-14) (Figure 12D,E). Different dynamics of peptide-perturbed
copper trafficking occurred for d-NGF(1-15) and NGF(1-14). In fact, two relative maxima in the
cytoplasmic Cu™* levels were found respectively at 15 min and 30 min after the treatment with
d-NGF(1-15) (Figure 12D), whereas the treatment with NGF(1-14) displayed a maximum Cu™* level in
the cytoplasm only after 30 min of cells incubation with the peptide (Figure 12E).
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Figure 12. The effect of d-NGF(1-15) and NGF(1-14) peptides on copper homeostasis. In (A):
representative merged confocal microscopy images of coppersensor-1 (red) and Hoechst33342 ( blue)
stained cells after 15 min of treatment with 10 uM NGF(1-14) or d-NGF(1-15), either in the absence
or in the presence of 1 uM CuSOj,. Untreated and 1 uM CuSOy treated-cells are included as negative
and positive controls, respectively (scale bar = 10 uM). (B,C): Quantitative analysis of the confocal
micrographs for total cytoplasmic Cu* (B) and nuclear Cu* (C) in the cells incubated with the peptides

in basal medium (D, D) or copper-supplemented medium (., .). In (D,E): quantitative analyses
of total intracellular copper (D) or nuclear-confined copper (E) after PC12 cells incubation for 10, 15, 20
or 30 min with 10 uM NGF(1-14) (cytoplasm: ; nuclei: D) or 10 pM d-NGF(1-14) (cytoplasm: ;
nuclei: D). **p <0.01, ** p < 0.001, versus control.; ** p < 0.01, *** p < 0.001, **** p < 0.0001 versus the
preceding incubation time; § p < 0.05, §§§ p < 0.001 versus [NGF(1-14)].

3.11. NGF1-14 Retains the Ability of the Full-Length Wild-Type NGF in Suppressing the Degeneration of
Primary NGF-Target Neurons

In order to ascertain that NGF(1-14) peptides were also biologically active in post-mitotic cellular
environment, by inducing physiologically significant responses that resemble those evoked by its
whole parental counterpart in terminally-differentiated primary neurons, we took advantage of a
well-characterized NGF-dependent in vitro neuronal model such as cholinergic septo-hippocampal
cultures [51].
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In this system, NGF withdrawal induced a reversible, time-dependent, “dying-back” process
of TrkA-dependent presynaptic degeneration, leading to an early and progressive loss in selected
presynaptic and vesicles trafficking proteins (including synapsin I, SNAP-25, a-synuclein), which in
turn negatively impacted the excitatory neurotransmission [78]. The ability of NGF(1-14) in blocking
the “dying-back” mechanism(s) of mature cholinergic primary neurons by compensating the loss of
presynaptic markers caused by 6 h of NGF deprivation was assessed as preliminary results of the
behavior of the NGF peptides in different neuronal cell line.

To this aim, septal cholinergic-enriched cultures grown continuously in 0.2% B27 media in the
presence of exogenous NGF (100 ng/mL) from plating were deprived of their trophic support for
six hours. At this time point, cell were either harvested (6h) or re-exposed to NGF (100 ng/mL) and
NGF(1-14) and further kept up to 24 h, when they were eventually collected (6h+NGF; 6h+NGF(1-14)).
By Western blotting analysis on whole-cell lysates (Figure S3), we found out that the loss in
protein amounts of synapsin I following 6h NGF starvation was significantly suppressed by the
external application of increasing concentration of NGF(1-14) (5-10 uM) in a dose-dependent manner
(**p <0.01, ** p < 0.0001 versus —6h, respectively), mimicking the rescue action of the wild-type
NGF (* p < 0.05 versus —6h). Similar results were also found for SNAP-25 (* p < 0.05, **p < 0.01
versus —b6h, respectively) and a-synuclein (data not shown), the other two presynaptic proteins
whose expression levels we previously reported to be strongly suppressed in —6h NGF-deprived
cultures by de novo external re-application of NGF [51]. Taken togethr, these findings demonstrate that
NGF(1-14) is endowed with the same functional phenotype of its wild-type holoprotein and is able,
in vitro, to control the cholinergic presynaptic stability of mature primary neurons, just as reported for
full-length NGF [51].

4. Conclusions

Experimental and in silico approaches allowed us to disclose NGF mimetic peptides encompassing
the N-terminal domain of the whole protein NGF. In particular, we found that the newly synthesized
peptide d-NGF(1-15) encompassing two NGF N-terminal monomeric units NGF(1-14) interacted
with the TrkA-D5 domain and induced the activation of its signaling pathways. Differently, both the
peptides encompassing the reverse NGF(14-1) and the scrambled s-NGF(1-14) amino acid sequences
did not induce differentiation nor proliferation in PC12 cells, confirming the dependence of biological
activity on the specific primary sequence.

Spectroscopic findings indicate that the copper(Il) binding to NGF(1-14) and d-NGF(1-15)
stabilized the secondary structure of the peptides, suggesting a strengthening of the noncovalent
interactions that allowed for the molecular recognition of D5 domain of TrkA and the activation of the
signaling pathways. At the same time, the metal ion inhibited the tyrosine phosphatase activity and
potentiated the kinase cascades by means of the ionophoric features of the NGF mimetic peptides.

The greater molecular recognition of TrkA-D5 by the dimeric peptide d-NGF(1-15) enhanced the
receptor phosphorylation at Tyr490 more than NGF(1-14), activating the MAPK-ERK and PI3K-AKT
pathways, whereas the phosphorylation of Tyr785 was not induced, and the associated activation of
the PLCy-PKC signaling pathway was not found (data not shown).

It was remarkable that, contrary to the NGF protein, the interaction of NGF(1-14) and d-NGF(1-15)
peptides with metal ion favored TrkA receptor internalization, whereas these peptides, both in the
absence and in the presence of copper ions, did not bind p75 and did not induce p75 internalization.
The use of neurotrophins as therapeutic tools has encountered significant contraindications because
of pleiotropic mechanisms of actions due to p75 activation, and NGF(1-14) and d-NGF(1-15) might
resolve this problem.

Both in vitro cell cultures and in vivo studies indicate that ionophore ligands or chelating
molecules with the capacity to increase intracellular metal bioavailability can activate neuroprotective
cell signaling pathways pertinent to Alzheimer’s disease, resulting in upregulation of matrix
metalloprotease (MMP) activity and degradation of amyloid-{3 [79,80].
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Up-regulation of mMP by Cu?* or Zn?* has been previously reported [81], although excess Zn?*
can also inhibit mMP activity [82]. Hwang et al. reported that Cu?* increases the activity of matrix
metalloproteinase (MMP2 and mMP9) in cortical neurons, resulting in the release of pro-BDNF and
BDNF and activation of TrkB [83], analogous to the behavior previously found for Zn?*. Furthermore,
the release of the two metal ions at the synapses during neuronal activity may contribute to synaptic
plasticity [84,85].

d-NGF(1-15) and NGF(1-14) were able to activate the BDNF release and increase the effect of Cu?*
alone, suggesting that their ionophore ability favors an intracellular effect of the metal ion. Cu®* alone
could activate the BDNF maturation in a mMP-dependent mode at extracellular levels, as previous
mentioned [83]. Notably, mMP levels could be increased through the stimulation of the PI3K-Akt and
MAPK (ERK) pathways, which was consistent with our findings in NGF(1-14) and d-NGF(1-15)-Cu?*
treated cells [86,87]. Furthermore, the Cu?* ion appeared to decrease the ability of the two peptides in
a way directly related to their affinity with the metal ion, affecting d-NGF(1-15) more than NGF(1-14).
NGF appeared to reduce its activity binding Cu?* with a larger affinity than the two peptides; this
strong decrease in BDNF release further suggested that the metal ion also present in the medium
contributed to the neurotrophin release at extracellular level.

Considering that mMP causes the production of mature neurotrophins, we can speculate that
Cu?* and its complex with NGF mimetic peptides contribute to counteract the differential deregulation
of NGF and BDNF found in Alzheimer’s disease [88].

Finally, the previously hypothesized copper ability to inhibit tyrosine phosphatase activity [21]
was validated, suggesting that, in the presence of the metal ion, the NGF mimics not only imitate the
signaling effect of NGF but also add further favorable pathways at the neurotrophin mode of action.

Intriguingly, the signaling cascade induced by the NGF peptides ultimately involved CREB
activation and increase in BDNF protein level, keeping with our previous result showing an increase
of BDNF mRNA [21]. Moreover, NGF(1-14) imitated the full-length NGF by blocking the “dying-back”
presynaptic degeneration in cholinergic septo-hippocampal neurons suppressing the loss of synapsinl
that was involved in the presynaptic actions of BDNF at central nerve terminals [78].

Neurotrophins and their receptors have overlapping expression patterns and functions in many
areas of the brain, but some neural mechanisms are modulated by specific systems, including NGF and
BDNE. In animal models of the disease and in humans, the levels of NGF and BDNF follow different
trajectories in brain areas affected in Alzheimer’s disease [88,89].

While transgenic rats exhibit no change in NGF mRNA, even in the presence of amyloid protein
deposition, BDNF mRNA expression is reduced starting at very early stages when no plaques are
present [90]. The same trend has been found in subjects with Alzheimer’s disease where BDNF mRNA,
its precursor (proBDNF), and mature protein levels significantly decrease, while NGF mRNA does not
change, and the NGF precursor molecule proNGF increases [91,92].

We can speculate that the NGF peptides can act as dual agents against the disease, not only
restoring NGF, TrkA-dependent, and p75-independent activities, but also increasing BDNF levels [93].

All these promising connections can pave the way for a bespoke development of interesting novel
drugs for neurodegenerative diseases.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com /2073-4409/8/4/301/s1,
Figure S1: UV-vis CD spectra of copper complexes of NGF peptides, Figure S2: Far-UV CD spectra of copper
complexes of NGF peptides, Figure S3: western blot and densitometric quantification of synapsin I and
synaptosomal-associated protein 25 on septal cholinergic-enriched cultures treated with NGF and NGF(1-14).
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