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The nerve growth factor (NGF) N-terminus peptide, NGF(1-14), and its acetylated form,
Ac-NGF(1-14), were investigated to scrutinize the ability of this neurotrophin domain to
mimic the whole protein. Theoretical calculations demonstrated that non-covalent forces
assist the molecular recognition of TrkA receptor by both peptides. Combined parallel
tempering/docking simulations discriminated the effect of the N-terminal acetylation
on the recognition of NGF(1-14) by the domain 5 of TrkA (TrkA-D5). Experimental
findings demonstrated that both NGF(1-14) and Ac-NGF(1-14) activate TrkA signaling
pathways essential for neuronal survival. The NGF-induced TrkA internalization was
slightly inhibited in the presence of Cu®t and Zn?* ions, whereas the metal ions
elicited the NGF(1-14)-induced internalization of TrkA and no significant differences
were found in the weak Ac-NGF(1-14)-induced receptor internalization. The crucial role
of the metals was confirmed by experiments with the metal-chelator bathocuproine
disulfonic acid, which showed different inhibitory effects in the signaling cascade, due
to different metal affinity of NGF, NGF(1-14) and Ac-NGF(1-14). The NGF signaling
cascade, activated by the two peptides, induced CREB phosphorylation, but the copper
addition further stimulated the Akt, ERK and CREB phosphorylation in the presence
of NGF and NGF(1-14) only. A dynamic and quick influx of both peptides into PC12
cells was tracked by live cell imaging with confocal microscopy. A significant role of
copper ions was found in the modulation of peptide sub-cellular localization, especially
at the nuclear level. Furthermore, a strong copper ionophoric ability of NGF(1-14) was
measured. The Ac-NGF(1-14) peptide, which binds copper ions with a lower stability
constant than NGF(1-14), exhibited a lower nuclear localization with respect to the
total cellular uptake. These findings were correlated to the metal-induced increase
of CREB and BDNF expression caused by NGF(1-14) stimulation. In summary, we
here validated NGF(1-14) and Ac-NGF(1-14) as first examples of monomer and linear
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peptides able to activate the NGF-TrkA signaling cascade. Metal ions modulated
the activity of both NGF protein and the NGF-mimicking peptides. Such findings
demonstrated that NGF(1-14) sequence can reproduce the signal transduction of whole
protein, therefore representing a very promising drug candidate for further pre-clinical

studies.

Keywords: neurotrophins, metal ions, ionophore, CREB, BDNF, peptidomimetics, Alzheimer’s disease,

nanomedicine

INTRODUCTION

Neurotrophins are a family of structurally conserved growth
factors involved in differentiation, survival of neurons (Huang
and Reichardt, 2001; Chao, 2003) as well as of non-neuronal
cell type (Sofroniew et al., 2001; Reichardt, 2006; Caporali and
Emanueli, 2009). They include nerve growth factor (NGF), brain
derived neurotrophic factor (BDNF), NT-3 (neurotrophin 3),
and NT-4.

Neurotrophins exert their biological functions mainly via two
types of cell membrane receptors: the Trk (tyrosine receptors
kinase) and the common neurotrophin receptor P75NTR.

NGEF activates TrkA receptor triggering downstream signaling
pathways (Kaplan and Miller, 2000; Chao, 2003; Huang and
Reichardt, 2003), while p75NTR signaling is complex (Skeldal
et al,, 2011), inducing both survival and apoptosis mechanisms
(Salehi et al., 2000; Roux et al., 2001; Mamidipudi et al., 2002).

NGE composed of 118 amino acid residues (Angeletti
et al., 1971) has been discovered in the 1950s (Levi-Montalcini
and Hamburger, 1951; Levi-Montalcini, 1952; Cohen et al.,
1954; Levi-Montalcini and Booker, 1960); it displays multiple
physiological actions in the central nervous system, showing
neurotrophic effects and resulting critical for the neurite
outgrowth and survival and maintenance of neurons (Hu et al.,
2005; Tucker et al., 2008; Xu et al., 2012).

Most importantly, NGF has strong anti-apoptotic effects and,
under its deprivation, neurons exhibit a series of morphological
changes and eventually undergo apoptosis (Lomb et al., 2009).

The clinical significance of NGF has been extensively
investigated. It is well known that NGF profoundly affects
the development of both young and adult nervous systems
(Tuszynski and Blesch, 2004). In the central nervous system
(CNS), NGF dysregulation has been correlated to several
neuronal degeneration diseases, including Alzheimer’s disease
and multiple sclerosis (Biernacki et al., 2005; Cattaneo and
Calissano, 2012). Besides its role in the CNS, there is evidence
that NGF acts throughout the body and plays roles in many
organs (Levi-Montalcini, 2004) and related disorders (Chaldakov
etal., 2001, 2004; Manni et al., 2005; Cheng et al., 2012).

Therefore, the delivery of NGF to the target region might
rescue these pathologies or alleviate the symptoms. However, the
pleiotropic actions of neurotrophins, due to the activation of their
multireceptor signaling networks, are also responsible of adverse
effects, such as activation of p75 pathway (Fahnestock et al.,
2001; Mufson et al., 2012) or pain (Dyck et al., 1997; Bergmann
et al., 1998) with further issues for their clinical applications. In
addition, NGF has low bioactive stability in the body, possesses

limited blood-brain barrier (BBB) permeability, thus limiting its
use as a neuroprotective drug (Akassoglou, 2005; Weissmiller and
Wu, 2012).

To overcome these limitations, alternative strategies involve
either ex vivo gene delivery or biologically stable small molecules
that could bind and activate TrkA signaling pathway (Massa et al.,
2003; Tuszynski et al., 2005).

The characterization of the structure of TrkA receptor (Ultsch
et al., 1999), as well as the structure of NGF bound to the TrkA
Ig-domain (Wiesmann et al., 1999) allowed for the identification
of the residues that account for the specificity observed in the
NGF-TrkA interaction (Urfer et al., 1998; Wiesmann and de
Vos, 2001). Such finding favored the design and the development
of small-molecule (Chen et al, 2001) that could exert: (i)
therapeutic beneficial effects on neuronal and synaptic plasticity;
(ii) suitable pharmacokinetics and CNS penetration for drug
development, without unwanted systemic effects produced by the
full-length protein (Xie and Longo, 2000; Massa et al., 2002, 2003;
Longo and Massa, 2004, 2005, 2013).

First attempts to develop small-molecule mimetics of
neurotrophic factors have been focused on the synthesis of
small peptides encompassing amino acids residues of various
NGF domains (Longo and Massa, 2013). The first small peptide
molecule corresponding to an NGF domain, that demonstrated
to exert a neurotrophic effect, has been a cyclic dimeric mimic
peptide (amino acid residues, KGKE) able to interact with
the p75NTR receptor (Longo et al., 1997). NGF small mimic
peptide containing KGKE or a homologous sequence blocked
AP binding to p75NTR and protected against AB-induced cell
death (Yaar et al., 2007). Another NGF small peptide fragment,
which encompasses the amino acids of NGF p-turn loops and
acts through TrkA receptor, rescued basal forebrain cholinergic
neurodegeneration, spatial reference memory (Bruno et al., 2004)
and short-term memory deficits (Aboulkassim et al,, 2011).
Among the NGF different domains, the N-terminus tail resulted
to play a crucial role for TrkA receptor binding and activation
(Kahle et al., 1992; Shih et al., 1994). In particular, biological and
computational findings identified His-4, His-8, Ile-6, Phe-7, and
Glu-11 as critical residues for this interaction (Woo and Neet,
1996; Berrera et al., 2006).

Recently, a small peptide encompassing the 1-14 sequence
of the human NGF (NGF(1-14)) (Scheme 1; Travaglia et al.,
2013b, 2015), has been shown to activate TrkA receptor, partly
inducing its downstream signaling cascade in PC12 cells. The
peptide affected the phosphorylation of PI3-K, Akt, GSK-3 (Yao
and Cooper, 1995; Cantley, 2002), with effects largely comparable
with those induced by NGF. In addition, NGF(1-14) triggered
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SCHEME 1 | Schematic representation of NGF(1-14) and Ac-NGF(1-14) peptides.
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the phosphorylation of the transcription factor cAMP response
element-binding protein (CREB), which represents a major
transcriptional mediator of neuronal responses to neurotrophins
(Finkbeiner et al., 1997), axonal regeneration (Teng and Tang,
2006), memory consolidation (Alberini, 2009; Kim et al., 2013;
Bisaz et al., 2014) as well as metabolism (Leone et al., 2011).

A large body of literature indicates that block d metal ions
not only affect the pathways involved in the expression of
transcription factors as CREB (Newton et al., 2000; Kalkhoven
et al., 2002; Liu et al., 2008) but also influence the NGF as well
as other neurotrophins’ signaling (Travaglia et al., 2011). Zinc
and copper ions modulate the level of NGF (Hwang et al., 2007)
that decreases in zinc(IT) deficient mice (Kheirvari et al., 2008),
while zinc(II) dietary supplementation seems to replenish the
NGF level with unknown mechanisms (Kheirvari et al., 2006).

Zn?* and Cu’* high concentrations 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 its
receptor TrkA. NGF metal ion binding has been shown: (i) to
block the NGF-mediated neurite outgrowth in chick dorsal root
ganglia (DRG); (ii) to decrease the cell viability (Maitra et al.,
2000); and (iii) to counteract the NGF-mediated protection from
oxidative stress in pheochromocytoma (PC12) cells (Ross et al.,
1997; Wang, 1999). Conversely, Zn?** acts as a key factor for the
protective activity of NGF (Zhao et al., 2004), showing that metal
loading on native NGF increases its ability to trigger TF1 cell
proliferation and mediates PC12 cell survival. Zn** and Cu?*
antagonize p75-driven apoptosis in chick neural retina (Allington
et al, 2001) and block the NGF binding to p75, attenuating
its pro-apoptotic signaling cascade in chick embryonic
cell cultures.

NGEF is able to increase the cellular level of copper in PC12
cells within 3 days of treatment up to 14-fold (Birkaya and Aletta,
2005) and copper complexes with ionophore ligands promote
neurite elongation with neuroprotective and neurogenerative
processes, related to the intracellular delivery or redistribution of
the biometal (Bica et al., 2014).

The Zn** and Cu?* complexes with peptide fragments
encompassing both the NGF N-terminal sequence 1-14 and its
N-acetylated derivative Ac-NGF(1-14) (Scheme 1) have been
characterized. It has been shown that the two metal ions bind the
N-terminal domain with different coordination modes (Travaglia
etal, 2011).

Furthermore, Ac-NGF(1-14) shows metal complex stability
constant values lower than those of NGF(1-14), up to two order
of magnitude lower for Cu?" complex species.

The difference in coordination feature might explain the
biological effect of these peptides in presence of metal ions. In
fact, both peptides displayed a proliferative effect on SHSY5Y
cells, in a similar way to that observed for the NGF protein.
However, the proliferative effect of NGF(1-14) significantly
increased in the presence of Zn?* or Cu?*, whereas the activity
of Ac-NGF(1-14) resulted practically unaffected under the
same experimental conditions. Furthermore, while SHSY5Y cell
culture treated with NGF and copper showed a synergic increase
in the cell number, on the contrary, co-treatment with zinc and
murine NGF inhibited the cell growth (Travaglia et al., 2011,
2012b).

Here we report on: (i) the ability of Ac-NGF(1-14) to activate
TrkA signaling on PC12 cells, together a re-evaluation of NGF(1-
14) behavior; (ii) the ionophore capacity of the two peptides; (iii)
the role played by Cu?* and Zn?* on NGF and related mimicking
peptides. The Ac-NGF(1-14) binding mode to the TrkA receptor
was also determined by means of a computational study.

MATERIALS AND METHODS
Peptide Synthesis

The peptide encompassing the amino acid sequences
SSSHPIFHRGESFV-NH,, NGF(1- 14), and its acetylated form,
Ac-SSSHPIFHRGESFV-NH,, Ac-NGF(1-14), were synthesized
with the C-termini amidated as previously reported (Travaglia
et al, 2011). The fluorescent peptides, NGF(1-14)FAM and
Ac-NGF(1-14)FAM, were labeled with 5,6-carboxyfluorescein
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through the side chain of an amidated additional lysine residue
(FAM) (purchased from CASLO, Lyngby, Denmark).

Theoretical Calculations

Parallel Tempering Simulations

Ac-NGF(1-14) underwent 20 ns of parallel tempering (PT)
simulations in explicit solvent with a total volume of 40 x
40 x 40 A3, after the equilibration through 2 ns of MD in
explicit solvent. GROMACS 4.5.6 package (Hess, 2008) was used.
The overall charge of the system was neutralized by adding 1
chloride ion. Periodic boundary conditions were applied. The
AMBERY99SB (Hornak et al., 2006) force field was used for the
acetylated peptide and counter ions, and the TIP3P (Jorgensen
etal., 1983) force field was used for water molecules. Electrostatic
interactions were calculated using the Particle Mesh Ewald
method (Essmann et al., 1995). 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 (Miyamoto and Kollman, 1992) algorithm for
water and the LINCS (Hess, 2008) algorithm for the peptide.
We simulated 64 replicas distributed in the temperature range
300-400K following a geometric progression. All replicas were
simulated in NVT ensemble using a stochastic thermostat (Bussi
et al.,, 2007) 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 (Rosta et al., 2009).
Exchanges were attempted every 0.1 ps. The method of Daura
and Van Gunsteren (Daura et al., 1999) was used in 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
(Hess, 2008). This simulation protocol has successfully been
tested in predicting the conformational features of small peptides
(Travaglia et al., 2012a, 2013a; Pietropaolo et al., 2015), combined
with unbiased simulations for disclosing the structural packing
enhanced by specific residues (Pietropaolo et al., 2007, 2008).

Docking Simulations

The starting coordinates of domain-5 of TrkA (TrkA-D5) were
taken from the Xray structure of TrkA-D5 bound to NGF (pdb
code IWWW) (Wiesmann et al., 1999). The former complex
was used as template for the alignment of the main MD clusters
of Ac-NGF(1-14) prior to the docking to TrkA-D5. Docking
simulations were performed using HADDOCK interface (de
Vries et al., 2010). All residues of Ac-NGF(1-14) 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, semirigid simulated annealing in torsion
angle space, with a final clusterization of the results. This docking
protocol has successfully been tested in predicting the binding
modes concerning protein/peptide interactions (Bellia et al.,
2013; Grasso et al.,, 2015).

Biological Assays

Cell Cultures

Cell media and chemicals, unless otherwise stated, were
obtained from Sigma (St. Louis, MO). Fetal bovin serum (FBS),

horse serum (HS), and NGF were obtained from Invitrogen
Laboratories (Paisley, U.K.). NGF was used at a concentration
of 50 ng/ml (approximately 4 x 10~° M). Anti-phospho-TrkA
(Y490) (Cat # 9141), anti-TrkA (Cat # 2505), anti-phospho-
ERK1/2 (T202/Y204) (Cat # 9106), anti-ERK (Cat # 9107), anti-
phospho-AKT (S473) (Cat # 4051), anti-AKT (Cat # 4685),
anti-phospho-CREB (S133) (Cat # 9191), anti-CREB (Cat #
9197), and anti-P75NTR (Cat # 4201) antibodies were from Cell
Signaling Technology (Danvers, MA). Anti-Grb2 antibody (Cat #
sc-17813) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rat pheochromocytoma (PC12) cells were obtained
from the American Type Culture Collection (Manassas, VA),
and cultured, at passages between the 5 and 20, in RPMI-1640
(GIBCO), supplemented with 10% horse serum (HS), 5% fetal
bovine serum (FBS), 2 mM L-glutamine, 50 IU/ml penicillin, and
50 pg/ml streptomycin.

Real-Time PCR

Total RNA (5 pg) from PCI12 cells, isolated using RNeasy
Mini Kit (Qiagen; Hilden, Germany) in accordance to
the manufacturer instructions and treated with RNase-free
DNase I (Qiagen; Hilden, Germany), was reverse transcribed
with ThermoScript RT (Invitrogen) and Oligo dT primers.
Synthesized cDNA (25 ng) was then combined in a PCR reaction
using the appropriate primers and probes. Quantitative real-time
PCR for the expression of neuronal specific differentiation
markers was performed using TaqMan® Gene expression
Assays:  Gap43(Rn01474579_m1), Elavl4(Rn01416883_ml),
Map2(Rn00565046_m1), Tubb3(Rn01431594_m1l), B2m(Rn00
560865_ml), according to the manufacturer’s instructions.
Quantitative real-time PCR for the expression of BDNF was
performed using SYBR Green PCR Master Mix (PE Applied
Biosystems) with the following primers: BDNF-Forward 5'-TCA
AGC TGG AAG CCT GAA TGA A-3', BDNF-reverse 5'-CCC
AGT CAG GTA ACC ACT AAC AC-3/, using B2m as gene
housekeeping: B2m-forward 5-CCC ACC CTC ATG GCT
ACT TC-3/, B2m-reverse 5-GAT GAA AAC CGC ACA CAG
GC-3'. Amplification reactions was performed on an ABI Prism
7500 (PE Applied Biosystems) according to the manufacturer’s
instructions. Relative quantitative determination of target gene
levels was done by comparing ACt.

Western Blot Analysis

PCI12 cells un-pre-treated or pre-treated 30 min before with
CuSOy4 or ZnSO4 1M were stimulated with NGF 50 ng/ml,
NGF(1-14) or Ac-NGF(1-14) 50 wM for 5, 15, and 30 min.
After treatments, cells were washed with ice cold PBS and
lysed with cold RIPA buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 1% Triton X-100, 0.25% sodium deoxycolate, 10 mM
sodium pyrophosphate, 1 mM NaF, 1 mM sodium orthovanadate,
2 mM PMSF) in the presence of phosphatase and protease
inhibitor cocktails (Roche), and the insoluble material separated
by centrifugation at 10,000 x g for 15 min at 4°C.

Cell lysates were subjected to SDS-PAGE and the resolved
proteins were transferred to nitrocellulose membranes,
immunoblotted with phospho-specific antibodies and detected
by ECL. The nitrocellulose membrane was then stripped with

Frontiers in Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 569


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Pandini et al.

Metals Influence NGF Biological Activity

buffer Restore® (Pierce, Rockford, IL) and, subsequently,
reprobed with the specific antibodies for the unphosphorylated
proteins and the Grab2 antibody to control for protein loading.
Quantitative densitometric analysis was performed using Image]
(US National Institutes of Health). Grb2 was used as loading
control for all markers. The level of phosphorylation was
calculated as ratio between data from anti-phospho antibodies
over those from the related not phosphorylated counterparts.

To assay internalization of TrkA and P75N™R receptors, PC12
cells, both untreated and pre-treated 30 min before with 1
WM of CuSO,4 or ZnSO4 were stimulated for 30 min with 50
ng/mL protein (i.e., 4 nM NGF) or 10 pM peptides (NGF(1-
14) or Ac-NGF(1-14)) in DMEM with 5 mM HEPES and
0.1% BSA. Cells were rinsed with cold PBS and incubated with
1.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin [sulfosuccinimidyl-6-
(biotinamido)hexanoate] (Pierce, Rockford, IL) 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-HCI, 1.8
mM CaCly, 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 Na3VO4,
20 mM_-glycerol phosphate, 20 mM NaF, 1 mM PMSE, and 1
mg/ml aprotinin and leupeptin). Lysates were incubated on ice
for 10 min and then centrifuged at 13,000 x g for 10 min at
4°C. Protein concentrations were determined by the Bradford
method. Lysates containing 1 mg of protein each 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 SDSPAGE and immunoblotted for
TrkA and P75NTR,

Statistical Analysis

Statistical analysis was performed with one-way ANOVA,
followed by the Bonferroni test. Data are expressed as
mean + SEM. Statistical significance was accepted at the 95%
confidence level (P < 0.05).

Laser Scanning Confocal Microscopy
(LSM)
A FV1000 laser-scanning microscope (Olympus), equipped with
diode (LD405), Argon multiline (458, 488, 515) and HeNe
(543 and 633) lasers, fitted with a low chromatic aberration
objective PlanApo60x (NA: 1.4, oil immersion, W.D.: 0.12 mm)
was used. The images were scanned with Kalman filtering on at
the resolution of 512 x 512 pixels. For multichannel imaging,
fluorescent dyes were imaged sequentially to eliminate cross
talk between the channels, namely: (i) the blue (ex405/em 425-
475), for the emission of the DAPI-stained nuclei, (ii) the green
(ex488/em 500-530), for the emission of the carboxyfluorescein
(FAM) group in the NGF(1-14)FAM and Ac-NGF(1-14)FAM
peptides, and (iii) the red (ex543/em 560-700), for the BODIPY
moiety of CS1 copper probe (Miller et al., 2006).

PC12 cells were seeded on glass bottom dishes (WillCo Wells
B.V., Amsterdam, NL), pre-coated with 0.01% polylysine, at a
density of 5 x 10%, and maintained in D-MEM complete medium

for 24-36 h. The day of the experiment cells were rinsed with
serum-free medium.

Live cell imaging experiments of the peptide cellular uptake
were performed directly on the microscope stage operating in
xy-time scan mode, with a total scan time of 20 min and a
scan interval set to 30s. More in detail, after the first 1-2
scans, peptides were quickly added from a 100X concentrated
stock solution in water to the Petri dish containing the cells
in 1 mL DMEM. The solution was vigorously mixed to ensure
a homogeneous peptide dilution to the final concentration
of 10 uM in the whole liquid volume, in order to avoid
artifacts in the real time live cell imaging owing to different
diffusion rates of the peptide molecules related to concentration
gradients. The acquisition parameters were kept constant for
all the experiments. Confocal imaging of metal trafficking was
performed by treatments of PC12 cell for 5 min with the
peptide solution (10 M), either NGF(1-14) or Ac-NGF(1-14)
in DMEM. After that, cells were rinsed (2 x 1mL) with phosphate
buffer saline solution (PBS, 10 mM, pH = 7.4 at 25°C) and
stained by 15 min incubation with CS1 intracellular monovalent
copper probe (final concentration of 2 uM from 1 mM stock
solution in DMSO) and the cell-permeant nuclear counterstain
Hoechst 33342 (NucBlue® Live ReadyProbes® Reagent, Life
Technologies), followed by buffer rinsing (2 x 1 mL). In two
parallel experiments, before the treatments with the peptide
NGF(1-14) and Ac-NGF(1-14), cells were pre-incubated in the
medium supplemented with 50 wM of copper chelator BCS
(bathocuproine disulfonic acid disodium salt, purchased from
Sigma Aldrich, from a 10 mM stock solution in DMSO) for 3 h or
100 uM of CuSOy for 1 h. A 0.5% (v/v) DMSO was added in all
conditions as control. At the end of treatments and staining, the
cells were fixed in fresh 2% paraformaldehyde and deeply rinsed
(3 x 2 mL) with PBS.

Confocal Microscopy Images Analysis

The nuclear and whole cell areas were bordered with regions of
interest (ROIs). About five separate scans were performed on
every dish, and each scan comprised an average of 10 cells. Thus,
at least 50 cells were sampled per data point and each experiment
was repeated at least three times.

Quantitative analysis of fluorescence was performed by using
the Image]J software (1.50i version, NIH), in terms of integrated
density ID = N:[M — B], where N is the number of pixels in
the selection, M is the average gray value of the pixels and B is
the most common pixel value (Satriano et al., 2003). The values
obtained by these analyses were imported into OriginPro 8.6
program for statistical analysis for P-values, calculated by using
a one-way ANOVA with a Tukey multiple comparison test.

RESULTS

Conformational Ensemble of Ac-NGF(1-14)
and Its Interaction with TrkA-D5 Shows a
Larger Number of Non-covalent

Interactions than for NGF(1-14)

The N-terminal domain of NGF binds specifically to domain
5 of TrkA (TrkA-D5), affording distinct weak non-covalent
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interactions (Travaglia et al., 2015). Here we aimed to assess,
through molecular simulations, whether the protection of the
N-terminal amino group by acetylation alters the structural
features of NGF(1-14) upon the binding toTrKA-D5.

Analogously with the simulations carried out for the wild-
type NGF(1-14), parallel tempering simulations were run in
parallel, in order to sample the conformations of Ac-NGF(1-
14) at physiological pH. Three main clusters were observed
accounting for 68%, 22%, and 10% of population percentage.

The simulated conformations showed a tendency to preserve
a loop state that can be further stabilized via backbone hydrogen
bonds in the central domain, to form a short alpha helix
(Figure 1A). Such an alpha helix conformation, also observed
in NGF(1-14) (Travaglia et al., 2015), was thus preserved upon
the acetylation of the N-terminal amino group. In general, the
various conformational states of Ac-NGF(1-14) were not affected
from the N-terminal acetylation. However, upon docking the Ac-
NGF(1-14) with TrkA-D5 relevant differences were observed in
the three main binding poses (Figure 1B).

In the first binding pose, the acetylation of the amine group
caused S1 moving far away from TrkA-D5, resulting in a different
rearrangement of the residues of Ac-NGF(1-14); H4 faces H343
of TrkA-D5, at variance with the contact with H291 observed in
NGEF(1-14).

The second binding pose indicated that V14 of Ac-NGF(1-
14) approaches H343 of TrkA-D5, a contact also observed in
NGF(1-14). However, the contacts involving S1 of NGF(1-14)
with TrkA-D5 were completely absent in Ac-NGF(1-14), owing
to the acetylation of the N-terminal amine group.

The third binding pose highlighted a close contact of H8
of Ac-NGF(1-14) with E295 of TrkA-D5, E11 of Ac-NGF(1-
14) with H291 of TrKA-D5 and a C-terminal contact involving
V14 of AcNGF(1-14) with H343 of TrkA-D5. These contacts,
observed also in NGF(1-14), were consistent with the other
binding poses and, at variance with NGF(1-14), the S1 residue
of Ac-NGF(1-14) was not facing any residues of TrkA-D5
(Figure 1C).

It is worth noting that the protection of the free-amino N-
terminal group leads to the adoption of hydrogen bonds and
salt-bridge interactions between the Ac-NGF(1-14) peptide and
TrkA-D5. The number of non-covalent interactions was slightly
higher for the Ac-NGF(1-14), if compared with those formed
in NGF(1-14) peptide (Figure2). Specifically, the following
interactions were involved: (i) the OH groups of SI and S2 side
chains with the carbonyl groups of A293, E295 of TrkA-D5, (ii)
the H4 imidazole hydrogen with the OH group of S304 of TrkA-
D5, (iii) the E11 carboxyl group both with R289 amine side chain
residue, forming salt-bridge. The E11 carboxyl group can also
be engaged in a hydrogen bond with the imidazole hydrogen of
H291 of TrkA-D5.

Interestingly, both peptides show the tendency to form a
higher number of non-covalent interactions than in the co-
crystallized protein structure (Wiesmann et al., 1999).

The acetylation of the N-terminal amino group of NGF(1-
14) thus induces distinct structural features toward the binding
with TrkA-D5, with a tendency to form weak non-covalent
interactions.

Effect of NGF(1-14) and Ac-NGF(1-14) on
Morphology and Differentiation, in the

Presence or Absence of CuSO4 and ZnS0O,

In PC12 cells neurite outgrowth was used as a marker of
differentiation. We recently showed that NGF(1-14) was unable
to induce a visible differentiated phenotype (Travaglia et al.,
2015). Since the neurite outgrowth is a macro marker of neuronal
differentiation, the profile expression of specific genes involved in
neuronal develop and differentiation, Map2, Tubb3, Elavl4, GAP-
43 were evaluated in PCI2 cells, untreated or treated for 3 days
with the protein (NGE 50 ng/ml) or the peptides (NGF(1-14)
or Ac-NGF(1-14), 10 wM) in the presence or absence of CuSOy4
or ZnSOy4 (1 wM) (Figure 3). CuSO4 or ZnSOy induced a two-
fold increase of the Map2 and Elavl4 mRNA levels, although only
for Map2 were significant (Figures 3A,B), while NGF elicited a
2.5-12-fold increase of Map2, Tubb3, Elavl4, and GAP-43 mRNA
levels compared to the untreated control (p < 0.001). This effect
significantly enhanced, up to two-fold, by CuSO4 or ZnSOy4
addition. Conversely, Map2, Tubb3, Elavl4, and GAP-43 mRNA
levels were not affected by CuSO4 and ZnSOj4 addition in the cells
stimulated with NGF(1-14) or Ac-NGF(1-14).

NGF(1-14) Induces TrkA Receptor
Internalization in PC12 Cells Only in the
Presence of CuSO4 and ZnSO,

Endocytic trafficking of neurotrophins and their receptors is
a fundamental feature of neurotrophin signaling. It is unclear
whether the different receptor localization causes different
intracellular pathway and thus different biological activities.
Literature data show that neuronal differentiation requires the
internalization of the ligand-receptor complex to clathrin-coated
vesicles, while cell survival is induced by receptors located on the
cell membrane.

Figure4 shows that NGF induced TrkA receptor
internalization in absence of CuSOy4 and ZnSOy; the presence of
metal ions slightly inhibited this effect (Figures 4A,B).

Conversely, CuSO4 and ZnSOy4 elicited the NGF(1-14)-
induced internalization of TrkA. The acetylated peptide showed
a weak receptor internalization not affected by the presence of
CuSOy4 and ZnSOy.

The P75NTR internalization paralleled the TrkA pattern
(Figures 4A,C). Similar to TrkA receptor internalization,
NGF activity was more inhibited by CuSO4 and almost totally
by ZnSO4.

The TrkA/ P75N™R internalization ratio decreased in the
presence of metal ions for NGF and NGF(1-14) but not for
Ac-NGF(1-14) (Figure 4D).

Effect of Chelator Bathocuproine
Disulfonic Acid (BCS) on TrkA Signaling
Induced by NGF(1-14) in the Presence of
CuSO4 and ZnS04

To evaluate whether the metals in the medium are essential in
the TrkA signaling triggered by NGF and NGF(1-14) western
blot analyses were performed in PC12 cells un-pre-treated or
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A Ac-NGF(1-14) 68%

FIGURE 1 | (A) The three main clusters of Ac-NGF(1-14). Carbon atoms are shown in gray, nitrogen atoms in blue and oxygen atoms in red spheres. Ac-NGF(1-14)
is shown in blue and TrkA-D5 is shown in yellow. N- and C-termini are shown from up to bottom, respectively. The population percentage of each cluster is shown. (B)
The three lowest energy binding modes for the Ac-NGF(1-14)/TrkA-D5. Ac-NGF(1-14) domains are shown by blue ribbons, TrkA-D5 regions are shown by yellow
ribbons. Ac-NGF(1-14) and TrkA-D5 backbone are shown by sticks. (C) The relevant contact interactions between Ac-NGF(1-14) and TrkA-D5.
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FIGURE 2 | The histograms of the number of non-covalent interactions calculated for NGF(1-14) (A) and Ac-NGF(1-14) (B) bound to TrkA-D5.
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FIGURE 3 | Effect of NGF(1-14) on the expression of specific neuronal differentiation markers in PC12 cells. Levels of: (A) Elavi4, (B) Map2, (C) Tubb3, and
(D) GAP43 mRNA determinated by real-time quantitative RT-PCR. PC12 cells incubated for 3 days with NGF, NGF(1-14) and AcNGF(1-14) in absence () or in the
presence of CuSO, (M) and ZnSO,4 (@). Data normalized with respect to the expression level of B2M mRNA. Results are given as fold-chang of untreated cells. Data

are the mean + SEM of four independent experiments (P < 0.05 w.r.t. control; **P < 0.001 w.r.t. control).

pre-treated 24 h before with BCS (a membrane-impermeable
extracellular strong metal chelating agent), in the presence or
absence of CuSO4 and ZnSOy (Figure 5).

In cells incubated with NGF (50 ng/ml), Tyr-490
phosphorylation of TrkA was partially inhibited by pre-
treatment with BCS (50 pM) (P < 0.01); this effect was partially
restored by the presence of CuSO4 and ZnSO4 (P < 0.05)
(Figure 5A).

In cells incubated with NGF(1-14) in the presence or in
absence of CuSOy4, Tyr-490 phosphorylation of TrkA, was
significantly more potent (P < 0.05). The presence of BCS totally

blocked the Tyr-490 phosphorylation of TrkA stimulated by
NGF(1-14) (50 uM) (P < 0.01); this effect was partially inhibited
by the presence of metal ions (p < 0.05) (Figure 5B).

The Tyr-490 phosphorylation of TrkA stimulated by Ac-
NGF(1-14) (50 M) was inhibited by pre-treatment with BCS,
but this effect was not restored by the presence of CuSO4 and
ZnSO4 (Figure 5C). The AKT phosphorylation on Ser-473, in
response to the stimulation with the ligands used, followed
a pattern similar to that observed for TrkA phosphorylation,
although ZnSO4 was less effective to restore the inhibitory
effect of BCS (Figure 6). AKT phosphorylation on Ser-473 was
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lis in the presence or absence of CuSO4 and ZnS0Og4. PC12 cells

significantly more activated in the presence of CuSO4 only when
stimulated with NGF(1-14) (P < 0.05) (Figures 6A,B).

The ERK 1/2 phosphorylation was also inhibited by pre-
treatment with BCS (Figure 7), but not in the presence of metal
ions when stimulated with NGF(1-14) (P < 0.05) (Figure 7B).
On the other hands, ERK 1/2 phosphorylation was activated in
the presence of CuSO4 when stimulated with either NGF or
NGF(1-14) (P < 0.05) (Figures 7A,B) and in the presence of
ZnSOy, only for cells stimulated with NGF(1-14) (P < 0.05)
(Figure 7B).

It must be noted that in a previous work NGF(1-14) 100 pM
found unable to induce ERK1/2 phosphorylation in PC12 cells
(Travaglia et al., 2015). The different effect observed in the
present work is explained in terms of the aging of the cell model
used. Indeed, although PC12 cells were used in both cases, here
new early passages (<20) PCI12 cells were used, with an expected
higher responsiveness to NGF (Kinarivala et al., 2016).

The inhibitory effect of BCS on CREB phosphorylation at
Ser 133 was evident in response to both NGF and NGF(1-14)
(P < 0.01) (Figure 8). When stimulated with NGF or NGF(1-
14), the Ser-133 phosphorylation of CREB increased markedly,
in the presence of CuSOy4 (Figures 8A,B). This effect less evident
in cells stimulated with Ac-NGF(1-14) (Figure 8C).

Effect of NGF(1-14) on BDNF mRNA
Expression of PC12 in the Presence or
Absence of CuSO4 and ZnSO,4

Brain-derived neurotrophic factor (BDNF) is a neurotrophin
modulating survival, neurogenesis and differentiation of

neuronal cells, the branching and survival of differentiated
neurons, and the formation and maturation of the dendritic
spine and synapses, influencing learning and memory.

To investigate the effect of NGF(1-14) on BDNF mRNA
levels, in the presence or not of metal ions, PCI12 cells were
untreated or treated for 24 h with NGF (50 ng/ml), NGF(1-14)
(10 M), or Ac-NGF(1-14) (10 pM) in the presence or absence
of CuSO4 or ZnSOy4 (1 pM).

Figure 9 shows that CuSO4 and ZnSO4 a 3- and 5-
fold increase of the BDNF mRNA levels respectively
(P < 0.01 and P < 0.001). The NGF a 5-fold increase of
BDNF mRNA levels compared to the untreated control
(P < 0.01); this effect significantly in the presence of CuSOy4 or
ZnSOy4 (P < 0.05).

Remarkably, NGF(1-14) and Ac-NGF(1-14) respectively a 5-
and 8-fold increase of the BDNF mRNA levels (P < 0.01 and
P < 0.001). At variance with NGE for NGF(1-14) a significant
increase of the BDNF mRNA levels in comparison to NGF(1-14)
alone (P < 0.05) was found in the presence of CuSO4 or ZnSOy4.
The presence of metals not affect the increase of BDNF mRNA
induced by Ac-NGF(1-14).

Confocal Microscopy Analysis of the
Cellular Uptake of Fluorescein-Labeled
NGF(1-14) and Ac-NGF(1-14) Track

Dynamic Influx Processes

Live cell confocal imaging in real-time of the cells upon the
addition of N-terminal free amino peptide and its acetylated
form was performed to visualize, at cellular and nuclear level,
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FIGURE 5 | Effect of bathocuproine disulfonic acid (BCS) on TrkA
phosphorylation of PC12 cells. PC12 cells un-pre-treated or pre-treated 24
h before with 50 pM BCS stimulated for 10 min in the presence or absence of
Cu?t and Zn?*with: (A) 50 ng/ml NGF, (B) 50 wM NGF(1-14), (C) 50 uM
AcNGF(1-14). The top panels show the mean values (+SE) of three separate
experiments, the bottom panels show a representative experiment of three

(*P < 0.05 w.r.t. control; “*P < 0.01 w.r.t. control).

the peptides uptake by the PCI12 cells. To this purpose,
fluorescent NGF(1-14)FAM and Ac-NGF(1-14)FAM, with the
carboxyfluorescein (FAM) moiety covalently bound to the
peptide C-terminus, were used.

The representative time-course images showed in Figure 10
pointed out that: (i) the cellular uptake of the peptides was
a quick process, occurring on the timescale of minutes at the
used experimental conditions (i.e., 10 pM peptide at 37°C);
(ii) the peptide molecules completely permeated the PC12 cells,
including the nuclei; (iii) the process of cellular uptake was
reversible, as the cells, turned-on by the green emission of
the FAM-labeled peptide molecules, rapidly recovered to their
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FIGURE 6 | Effect of bathocuproine disulfonic acid (BCS) on Akt
phosphorylation of PC12 cells. PC12 cells un-pre-treated or pre-treated 24
h before with 50 WM BCS stimulated for 10 min in the presence or absence of
Cu?t and Zn2+ with: (A) 50 ng/ml NGF, (B) 50 wM NGF(1-14), and (C) 50 uM
Ac-NGF(1-14). The top panels show the mean values (+SE) of three separate
experiments, the bottom panels show a representative experiment of three

(*P < 0.05 w.r.t. control; **P < 0.01 w.r.t. control; ***P < 0.001 w.r.t. control).

original autofluorescence. The representative images for the
whole set of samples are reported in Figure S1.

Figure 11 reports the quantitative analysis of the FAM
fluorescence (in terms of integrated density, ID, values)
for NGF(1-14)FAM  (Figure 11A), Ac-NGF(1-14)FAM
(Figure 11B), NGF(1-14)FAM:Cu™?  (Figure 11C), and
Ac-NGF(1-14)FAM:Cu** (Figure 11D).

The evident trend displayed that both NGF(1-14)FAM and
Ac-NGF(1-14)FAM were internalized by the cells. The uptake
of Ac-NGF(1-14)FAM (Figure 11C) was slightly lower than the
cell entry measured for NGF(1-14)FAM (Figure 11A). However,

Frontiers in Neuroscience | www.frontiersin.org

10

December 2016 | Volume 10 | Article 569


http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Pandini et al. Metals Influence NGF Biological Activity
A
6000 E3 1400
Ly 2000 = 1200
E 4000 E:' 1000
© 3000 G 800
< 2000 5 600
1000 i i t R ;gg
g 0
P-ERK === -—
- = R S P-CREB
ERK — — @ — — — — — o — — —
CREB D o> amm = cxm 650 Giip i QB <. 6
NGF -+ - + = + - + = + = +
BCS - - + 4+ - - 4+ 4+ - - + * NGF -+ - 4+ -+ -+ -+ -
Cuso, - R B B P& 2 & B _ R BCS = = + + = - + + - - + +
ZnSO, - - - - - - - - 4 o+ o+ 4 CusQ, - - e N
Znso, - - - - - -+ o+ o+ o+
3600 B
3000 1000 P x . P
5 r |
X 2400 800 EL
k= ol
% 1800 E 600
o 13}
- - 3w
0 . | = 200
P-ERK 0
P-CREB - v -
ERK — — — = — — — — - - - -
NGF(1-14) - + - + - + - + - + - + CREB ™= wa st cmn aow, omme e omn mu m—m e o
BCS - - + 4+ - - + + - - + + NGF(1-14) - + - + - + - + - + - +
CusO, - - - - + + + + - - - BCS - - + + - - 4+ + - - + %
M8y = = = = = - = ow # O W W CusO, - - - - + + + + - - -
ZnSO, - - - - - - - - 4+ + + +
C
1800
1600 2 & 56
_, 1400
Z 1200
5 1288 & 1000
[<} =
< 600 o
400 s
200 ° 500
0
P-ERK - - - - 0
ERK = — — — — == == == = — P-CREB e - e — K -
ANGFAy = % - % =4 = b =% =9 CREB = = aws erm cxm e e iy W < @ wmmn
BCS - - + o+ - - + + - - + o+
GWSE, = = : & W % # % =3 : & AcNGF(1-14) - + - + - + - + - + - +
ZnSO: T BCS - - + + = & = = F %
CusSO, - - - - + + + o+ - =
ZnSO, - - - - - - - -+ o+ o+ *
FIGURE 7 | Effect of bathocuproine disulfonic acid (BCS) on ERK 1/2
h horylati f PC12 cells. PC12 cell -pre- - 24 . . . .
phosp ory ation of PC ge s. PC12 cells U n, pre-treated or pre-treated FIGURE 8 | Effect of bathocuproine disulfonic acid (BCS) on CREB
h before with 50 wM BCS stimulated for 10 min in the presence or absence of hosphorvlation of PC12 cells. PC12 cells un-pre-treated or pre-treated 24
Cu2+ and Zn2+ with: (A) 50 ng/mi NGF, (B) 50 uM NGF(1—14), and (C) 50 LM phosphory cetls. un-p P
Ac-NGF(1-14). The top panels show the mean values (+£SE) of three separate h before with 50 wM BCS stimulated for 10 min in the presence or absence of
) ' op ) \ paral Cu2+ and Zn?+ with: (A) 50 ng/mi NGF, (B) 50 1M NGF(1-14), and (C) 50
experiments, the bottom panels show a representative experiment of three (P
wM Ac-NGF(1-14). The top panels show the mean values (+SE) of three
< 0.05 w.r.t. control; **P < 0.01 w.r.t. control; ***P < 0.001 w.r.t. control). . ) )
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whereas the latter exhibited an exponential ID decay, which
can be interpreted as an efflux process of the peptide after the
initial cellular uptake (in the time scale investigated and at the
used experimental conditions), the acetylated peptide showed a
sinusoidal curve trend, likely related to dynamic efflux/re-entry
processes.

For both peptides, the two different trends in the
measured IDs, ie., exponential decay for NGF(1-14)FAM
and sinusoidal for Ac-NGF(1-14)FAM, were maintained also
when supplemented to cells together with copper ions.

In addition, the ratio of the fluorescence intensity measured
in the nuclei with respect to that measured in the whole cell

(IDpyctei/IDyotal)> revealed another significant difference between
the free-amino peptide and the acetylated one. Indeed, at the
maximum of cell internalization (i.e., about 1.5 min on the x-axis
in the plots of Figure 11), such a ratio was about 25% for NGF(1-
14)FAM, both in the absence and in the presence of copper,
about 18% for Ac-NGF(1-14)FAM and 15% for Ac-NGEF(1-
14)FAM:CuSOy. The gap observed for the acetylated peptide in
the absence or presence of copper ions was still maintained and
even increased in the minutes following the initial uptake, thus
Ac-NGF(1-14)FAM exhibited a generally lower presence in the
nuclei compared to the total peptide uptake.
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NGF(1-14) Displays a Copper-lonophore
Activity in PC12 cells
To evaluate the effect of NGF(1-14) and Ac-NGF(1-14) on the
intracellular copper trafficking, confocal microscopy imaging was
used to scrutinize the cells stained with the intracellular probe of
monovalent copper CS1 (Rampazzo et al., 2011).

The micrographs in Figure 12 show the response to the Cut
reporter in a comparison of the PCI2 cells for the different
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FIGURE 9 | Effect of NGF(1-14) on the expression of BDNF in PC12
cells. PC12 cells incubated with NGF, NGF(1-14) and AcCNGF(1-14) in
absence ([O) or in the presence of CuSO,4 (M) and ZnSO, (@) for 24 h. Levels
of BDNF mRNA determined by real-time quantitative RT-PCR. Data normalized
with respect to the expression level of B2M mRNA. Results are given as
fold-chang of untreated cells. Data are the mean + SEM of four independent
experiments (*P < 0.05 w.r.t. control; **P < 0.01 w.r.t. control; ***P < 0.001
w.r.t. control).

treatment conditions, i.e., free-amino vs. acetylated peptide, basal
vs. copper-supplemented and copper-deprived medium.

The red emission of the fluorophore component (the
BODIPY) of CS1 was enhanced when the Cu™ chelator moiety
(a thioether-rich receptor) binds to the intracellular monovalent
copper (Miller et al., 2006). Figure12 clearly demonstrates
that CS1 emission strongly increased for the cells treated
with NGF(1-14) (Figure 12B) with respect to the control
(Figure 12A), with a red fluorescence visible also in the nuclei.
This observation is explained in terms of NGF(1-14) that acts as
ionophore, i.e., able to bind extracellularly the Cu?* ions in the
basal medium and transport them at the cell membrane, where
the redox conversion to the intracellular Cu™ occurs (Nevitt et al.,
2012).

Since copper content in the basal media can reach
concentrations up to micromolar (Huang et al, 2004),
the experiments were repeated by supplementing the cell
medium, before the peptide addition, with 100 pM CuSOy4
for 1 h (Figures 12D-F) or with BCS pre-tretment for 3 h
(Figures 12G-I).

As to cells pre-incubated with copper sulfate before of the
peptide addition, only for NGF(1-14) (Figure 12E) a visible
increase of fluorescence was detected, confirming its active role
in the extracellular Cu?>* uptake/intracellular Cu* mobilization
machinery (Giuffrida et al., 2014).

For both CuSO4 (Figure 12D) and CuSO4+Ac-NGF(1-14)
(Figure 12F) —treated cells, no significant increase of intracellular

(C) 4 min, (D) 7 min, (E) 8 min, (F) 10 min. The. Scale bar = 20 wm.

FIGURE 10 | LSM time-course merged confocal fluorescence (FAM emission recorded with excitation/emission wavelengths of 488/500-530 nm) and
bright field optical images of PC12 cells treated with 10 uM NGF(1-14)FAM, added to the cell medium after an incubation time of: (A) O, (B) 1 min,
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copper was observed in comparison to control. Such a result is
not surprising owing to the used experimental conditions (i.e.,
the culture medium supplemented for 1 h with 100 wuM CuSOy).
Indeed, it is known that elevating the copper concentrations
in the growth medium is able to enhance the cytoplasmic
copper concentrations only after several hours of incubation
time, depending on the cell line (Trusso Sfrazzetto et al., 2016).

The pre-incubation of the cells in the medium supplemented
with BCS led to a relatively small but still noticeable decrease of
the fluorescence intensity (Figure 12G) compared to the basal
conditions. The addition of NGF(1-14) (Figure 12H) or Ac-
NGF(1-14) (Figure 12I) did not result in any visible change of
emission.

The quantitative analysis results (Figure 12]) evidenced
statistically significant differences only for cells treated with
NGF(1-14), which therefore is confirmed to play a role as
ionophore, both in the basal and in the copper-supplemented
medium. Noteworthy, such an effect of NGF(1-14)-induced
increase of intracellular copper content is also significant in the
nuclei.

DISCUSSION

NGF-Mimetic Activity of NGF(1-4) and
Ac-ANGF(1-14)

Peptide mimetics is raising a considerable interest owing to the
versatility in the synthesis and the tunability of properties of small
size peptides compared to the full-length protein (La Mendola
etal, 2010; Forte et al., 2014). For example, a peptide can contact

a few selected key regions of the target receptor rather than
extensive protein surface (Skaper, 2011) allowing an easier design
and evaluation of the functional binding activity.

In these regards, the N-terminal domain of NGF has been
disclosed as essential for the stability of the NGF/TrkA complex
(Berrera et al., 2006), where the formation of H-bonds at the
protein—protein interface stabilized the functional NGF/TrkA-
D5 binding (Settanni et al., 2003).

We recently reported that NGF(1-14), a linear peptide
encompassing the 1-14 sequence of the human NGF protein, is
able to activate the TrkA pathway, to induce the phosphorylation
of CREB Ser-133, and to affect the PC12 proliferation rate
(Travaglia et al, 2015). The NGF(1-14) peptide is the first
example of linear peptide with NGF mimetic activity.

Another relevant finding on the NGF(1-14) peptide is that
induced only minor morphological changes of PC12 cells, thus
suggesting the selective activation of specific signaling pathways
of the whole NGF protein (Travaglia et al., 2015).

It is known that the p75/TrKA receptors cooperation is
necessary to transduce the entire pattern of NGF signaling.
Therefore, to better understand whether the “selective” activation
of TrkA receptor might drive/modulate specific NGF signaling,
in the present study we performed a new series of experiments to
elucidate on the NGF N-terminal peptide activity, in comparison
with its acetylated form, and in the presence or not of
metal ions. In particular, we carried out combined parallel
tempering/docking simulations in order to assess the effects of
the N-terminal acetylation of the NGF(1-14) peptide on its
molecular recognition of domain 5 of TrkA (TrkA-D5).
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FIGURE 12 | Merged LSM fluorescence images of DAPI (nuclear staining, Aex/em = 405/425-475 nm) and CS1 (monovalent intracellular copper
reporter, Aex/em = 488/500-530 nm) for PC12 cells after the different treatments. (A) untreated; (B) 10 wM NGF(1-14)FAM (5 min incubation); (C) 10 uM
Ac-NGF(1-14) (6 min incubation); (D) 100 wM CuSOy, (1 h incubation); (E) 100 uM CuSQOy4 (1 h pre-incubation) + 10 pM NGF(1-14)FAM (5 min incubation); (F) 100
uM CuSOy (1 h pre-incubation) + 10 uM Ac-NGF(1-14)FAM (5 min incubation); (G) 50 M BCS (3 h incubation), (H) 50 M BCS (3 h pre-incubation) + 10 pM
NGF(1-14)FAM (5 min incubation); (I) 50 wM BCS (3 h pre-incubation) + 10 uM Ac-NGF(1-14)FAM (5 min incubation). Scale bar = 20 wm. In (J) mean ID (£S.E.M.)
values calculated for intensities measured on the ROls corresponding to the whole cell (IDygtq) or to the nuclei (IDpyglei). (P < 0.01 w.r.t. IDygtg) OF IDpyglei cONtrol).

These simulations were achieved through the structural activity, by considering the neurotrophin B-turn domains as the
data provided by the NGF/TrkA co-crystallization structure  selective portions for the specific receptor binding (Brahimi et al.,
(Wiesmann et al., 1999). Noteworthy, we found that while the  2014). Intriguingly, the typical TrkA binding sites involve the
conformational states of Ac-NGF(1-14) were not affected by =~ NGF loop 2 (residues 40-49: GEVNINSVEF), loop 4 (residues
the acetylation, an abrupt alteration in the binding modes of = 91-97: TMDGKQA), the N terminus (residues 1-8: SSSHPIFH),
Ac-NGF(1-14) to TrkA-D5 was instead observed. The most  and the C terminus (residues 111-115: VLSRK). Loops 1 and
influenced residue was predicted as the N-terminal serine (S1), 4 based peptides (Xie and Longo, 2000; Massa et al.,, 2003)
which is obviously highly exposed to the effects induced from  or a combination of them (Colangelo et al., 2008) have been
the insertion of the acetyl group. In particular, S1 completely  rigorously studied and identified as NGF peptide mimetics in a
lost the contacts with histidine H343 or glutamic E295, both  number of contributions; the N-terminus domain, however, has
featuring the binding between NGF(1-14) and TrkA-D5. The  been less investigated in the years.
forth histidine residue of Ac-NGF(1-14) H4, lost the contact with

H291, which instead was present in NGF(1-14). However, the The Effects of Copper and Zinc lons on the
acetylated peptide, Ac-NGF(1-14), spans a larger number of non- Activity of NGF and NGF-Mimic Peptides in

lent interacti ith TrkA-D5 than th log NGF(1-14), : . . -
o o roser an the analog NGE(1-14). g literation and Differentiation, TrkA
y the formation of hydrogen bonds or salt-bridge interactions.

It is to note that the NGF binding to TrkA, and the following Signaling, CREB Phosphorylation and
induction of biochemical pathways, is mainly based on weak ~BDNF mRNA Expression in PC12 Cells
non-covalent interactions (Wiesmann et al.,, 1999). Therefore, = Metal ions, especially copper and zinc, are known to affect the
the enhancing of such interactions can lead to an optimal = NGF activity (Hwang et al., 2007; Travaglia et al., 2012b). Copper
peptidomimetic activity (Massa et al., 2003). Weak interactions  may be required for various aspects of NGF-stimulated neuronal
have also been observed in other NGF-mimetic peptides, where  differentiation. For example, copper has been found to promote
docking simulations predicted the binding region of the peptide  neurotransmitter release from synaptosomes (Wang, 1999) and
as a shallow hydrophobic cavity of TrkA (Scarpi et al., 2012).  to facilitate neurite outgrowth.

Furthermore, the presence of B-turn and loop structures have Early clinical trials of Cu/Zn ionophores including clioquinol
been related to an enhanced propensity for NGF mimicking  (CQ) and PBT2 have demonstrated promising outcomes in
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Alzheimer’s disease (AD) patients (Lannfelt et al., 2008; Crouch
et al., 2009; Faux et al., 2010). It has been generally observed
that also the level of zinc transporters (ZnT3, ZIP 1, and
6 as well as ZnT1, 4, and 6) undergo various age-related
changes in the brain, and in AD patients (Prakash et al,
2015). Indeed, treatment of ZnT3 KO mice with clioquinol
has been found to restore the hippocampal zinc levels and
up-regulated key proteins particularly relevant for cognition
functions (e.g., presynaptic SNAP-25 and synaptophysin, post-
synaptic spinophilin and PSD-95, cell supporting pro-BDNF and
DCX, glutamate receptors AMPAR, and NMDAR2a/2b). CQ,
being a chaperone able to trespass the BBB, rather than acting
as metal chelator to remove metal ions, can redistribute zinc
to brain post-synaptic targets leading to events such as TrkB
activation and pro-BDNF conversion with beneficial effects on
cognitive function in amyloid protein pre-cursor transgenic mice,
AD model, and ZnT3 KO mice (White et al., 2006).

These effects may provide neuroprotective signaling changes
in neurons, as also recently demonstrated by the observation of
morphological changes, i.e., robust induction of neuritogenesis
and neurite elongation, in PC12 neuronal-related cells after
treatment by bis(thiosemicarbazonato)-copper complexes (Bica
et al,, 2014). Several new therapeutic strategies are currently
aimed at regulating and restoring metal homeostasis (Opazo
et al, 2014; Bharti et al, 2016). Interestingly, also four
neurotrophic factor, namely BDNF, CNTE, PEDE, GDNE, have
been reported to increase the intracellular Zn level in RPE (retinal
pigmental epithelium) cells, modulating the expression of zinc
transporters which increase zinc uptake (Leung et al., 2008).

In light of the above observations, NGF-mimicking peptides
could both to re-establish a normal metal homeostasis and
to potentiate the neurotrophic signaling. The experimental
data presented here demonstrate significant differences
between NGF and the NGF-mimetic peptides on PCI12
proliferation/differentiation, in particular in the presence
of copper and zinc ions (Figure 3). These findings open to
speculations and to further investigations on the early events
that occur upon receptor binding (Chao et al., 2006; Matusica
and Coulson, 2014).

Here we confirm the NGF ability to induce TrkA and p75NTR
receptors internalization, and demonstrate that NGF(1-14) and
Ac-NGF(1-14) imitate such an effect (Figure4). Moreover,
different activity was observed in the presence of metals ions: the
NGF-induced receptors internalization was inhibited, whereas
that of NGF(1-14) ameliorated, and no significant differences
in the presence or absence of metals were observed for
Ac-NGF(1-14).

The absence of metals effects on the Ac-NGF(1-14)-induced
receptors internalization supports the hypothesis of a direct effect
of metals on peptides conformation although a metal-related
change in the endosome machinery cannot be excluded.

The typical TrkA engagement by NGF (Biarc et al., 2013) was
also reproduced using the NGF-mimetic peptides NGF(1-14)
and AcNGF(1-14), which were able to phosphorylate Tyr-490,
thus triggering an intracellular signaling with strength similar to
that elicited after NGF stimulation (Figure 5). This, in turn, was
followed by Akt phosphorylation (Ser-473) (Figure 6), and the

downstream ERK1/2 phosphorylation that paralleled the pattern
observed for Akt phosphorylation (Figure 7).

The Ras-MAPK/Erk signaling cascade is essential for
neurotrophin-promoted differentiation of neuronal cells,
and transient vs. prolonged MAPK-activation might also be
associated with mitogenic- or proliferation-promoting responses
(Katz et al., 2007). The ERK1/2 are MAPKs activated by TrkA
and are known to phosphorylate and activate the downstream
transcription factor CREB (as well as Elk-1, and MEF2), to
regulate target gene expression and to contribute to neuronal
differentiation and survival (Riccio et al., 1999; Pearson et al.,
2001).

Indeed, by the investigation of CREB phosphorylation on
Ser-133, we observed that the stimulation of TrkA by NGF and
NGF-mimetic peptides was able to activate the canonical end
of the cascade (Figure 8). Such a finding demonstrates that our
NGF-mimetic peptides can reproduce the signal transduction of
the whole protein, being therefore good candidates for further
pre-clinical studies.

Many evidences suggest that metal ions could play a role in the
NGF and NGF(1-14) signal transduction triggering (Travaglia
etal,2011). Here we demonstrate that copper addition stimulates
the NGF(1-14)-mediated TrkA phosphorylation (Figure5),
whereas both the NGF and NGF(1-14) induce Akt, ERK and
CREB phosphorylation (Figures 6-8).

In addition, the crucial role of the metal is evidenced also
by a general inhibitory effect on both NGF and related peptides
in the signaling cascade in the presence of BCS (Figures 5-8).
Indeed, at the same experimental condition of metal deprivation,
the recovery of NTs-related activities is achieved by copper
supplementation to NGF and NGF(1-14) but, as expected,
is ineffective for Ac-NGF(1-14) (Figures 5-8). The functional
recovery found upon zinc addition, again except than for Ac-
NGF(1-14)-mediated signaling, clearly demonstrates the critical
role also of this metal (Figures 5-8).

It is to note that NGF(1-14) binds to Zn?>* with a higher
stability constant than Ac-NGF(1-14), similarly to the trend
observed for the binding affinities toward Cu?* of the two
peptides (Travaglia et al., 2011). This might explain the higher
ionophore activity showed by NGF(1-14) in comparison to its
acetylated analogous (Figures 10-12).

The metals homeostatic machinery could be affected or
involved in the NGF route to signaling, and the strong
disturbance of BCS pre-treatment can affect cell physiology
and specific signaling knots. The issue has never been explored
and therefore represents a new challenge in the study of
neurotrophins activities, as well as memory formation. The
restorative effect of NGF treatment is known to be related to
its cell internalization and to CREB phosphorylation, followed
by CREB-induced gene expression. These peptides are the first
linear N-terminal NGF sequences with a direct role in the
activation of the Akt-CREB signaling cascade and therefore with
high potentials for further pre-clinical approaches. Noteworthy,
nanomedicine approaches, e.g., by the immobilization of these
peptides at the surface of proper nanoparticle platform, can help
in the actual translation of these systems from the bench to the
bedside (Di Pietro et al., 2016).
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The results in this new study show the ability of NGF(1-14)
and its acetylated derivative to up-regulate BDNF mRNA, in
PC12 cells and further demonstrate the involvement of copper
and zinc ions in these processes. Indeed, the treatment with
CuSOy4 or ZnSOy, induces an increase respectively of 3-, or 5-
fold) of the BDNF mRNA levels in comparison to the untreated
control, that is comparable to that elicited by NGF treatment (5-
fold increase) (Figure9). Interestingly, while the co-treatment
with CuSOy4 or ZnSOy significantly down-regulate BDNF mRNA
for NGF, a 8-fold increase of the BDNF mRNA levels is found for
Ac-NGF(1-14) (Figure 9).

These results appear to be irrespective of the effects on
the upstream kinases, but it is possible to argue that different
routes, here not explored, could be responsible of such important
outcome. In any case, the BDNF mRNA expression parallels the
CREB phosphorylation. The relevance of BDNF in the process
of synaptic plasticity and memory formation, as well as in
neuroprotective responses, makes our peptides suitable for alarge
plethora of hypothetical approaches. At the same time, the metal
ion involvement here exposed puts in evidence the importance of
a fundamental bioinorganic perspective.

CREB Phosphorylation and BDNF mRNA
Expression by NGF(1-14) Might Correlate
with Its Copper-lonophore Activity

In correlation to the observed effects on the CREB activation and
the increase of mRNA levels of BDNF, the confocal microscopy
results of a reversible cellular uptake, especially in the nuclei, for
both NGF(1-14) and Ac-NGF(1-14) peptides. This is relevant to
confirm the role of the selected sequence (1-14) of NGF to mimic
the whole protein. In particular, the LSM studies demonstrate
that both NGF(1-14) and its acetylated derivative Ac-NGF(1-
14) can be internalized by PCI12 cells in a fast process (time
scale of seconds-minutes) of cellular influx and efflux. The main
difference observed between the two peptides is a more dynamic
uptake process for Ac-NGF(1-14), which results in a re-entry
effect of the peptide, not observed for NGF(1-14).

A second relevant LSM result is the role of copper ions in
the modulation of peptide sub-cellular localization. In particular,
Ac-NGF(1-14) that binds copper with a lower stability constant
and a different coordination environment than NGF(1-14)
(Travaglia etal., 2011), exhibits a nuclear localization with respect
to the total cellular uptake (quantified by the IDpycei/IDtotal
ratio) significantly lower in the presence of copper ions. On
the contrary, the IDpei/IDyotq ratio in the cellular uptake of
NGF(1-14) is comparable both without and with the addition of
copper ions.

Thirdly, LSM measurements demonstrate the crucial role in
the copper trafficking played by the free amino group at the N-
terminal residue. Indeed, only NGF(1-14)-treated cells increase
their intracellular content of monovalent copper, also in the
nuclei. This results hold both in the basal (typically containing
Cu?" ions at concentrations up to the micromolar range) and in
the copper-supplemented medium. According to the reversible
cellular uptake/efflux process described above, an actual role of
NGF(1-4) as ionophore is therefore demonstrated.

As known, metallostasis (Milardi and Rizzarelli, 2011) is a
complex and dynamic machinery in the spatio-temporal scale
(La Mendola et al., 2016; Trusso Sfrazzetto et al., 2016). The
used approach to track the intracellular copper needs a careful
analysis of results for the correct data interpretation. Indeed, the
fluorescent synthetic probe CS1, selective and specific toward
Cu™ ions, binds to the intracellular monovalent copper in
competition with the other copper ligands. The comparison
between the two peptides NGF(1-14) and Ac-NGF(1-14), with
the unique difference of the presence of the free amino group,
strongly supports the more relevant ionophore activity of
NGF(1-14), thus providing a smart design route to achieve a
modulation of copper homeostasis.

CONCLUDING REMARKS

In the present work predictive results of computational studies
and experimental investigations on the NGF N-terminus peptide,
NGF(1-14) and its acetylated form, Ac-NGF(1-14), were
addressed to reinforce previous evidences (Travaglia et al., 2015)
on the ability of this neurotrophin domain to mimic some
biological features of the whole protein.

Non-covalent forces (hydrogen bonds, electrostatic and
hydrophobic interactions) were found to assist the molecular
recognition of the receptor TrkA by the two peptides, even
if with slight differences. Such a recognition process leads to
the phosphorylation of TrkA and the activation of some of its
downstream targets. Experimental findings demonstrated that
NGF(1-14) and Ac-NGF(1-14) induce the phosphorylation of
Akt and ERK1/2, thus activating the related signaling pathways,
particularly relevant for neuronal survival.

The pro-survival effect of NGF treatment is known to be due
to its signaling, cell internalization, and CREB phosphorylation
(Finkbeiner et al., 1997) followed by CREB-induced gene
expression. Our findings indicate that both NGF(1-14) and Ac-
NGF(1-14) activate the NGF signaling cascade and induce CREB
phosphorylation. Noteworthy, CREB is a major transcriptional
mediator of neuronal responses to neurotrophins and a key
regulator in development and adaptive responses. CREB is
involved in stimulus-dependent transcription, which mediates
neuronal plasticity and axonal regeneration (Teng and Tang,
2006), memory consolidation (Lonze et al., 2002; Alberini, 2009;
Kim et al., 2013; Bisaz et al., 2014) as well as metabolism (Leone
etal, 2011).

These findings demonstrate that NGF(1-14) and Ac-NGF(1-
14) are the first monomer and linear peptides able to activate
the NGF signaling cascade. In fact, as NGF, the two peptides
induce CREB phosphorylation (Alberini, 2009) and BDNF gene
expression (Altar et al., 1993) (Scheme 2).

Moreover, confocal microscopy results pointed to a
ionophoric ability of NGF(1-14) and Ac-NGF(1-14), which
favors the copper and zinc influx in a way that is correlated
to the different metal affinity of the two peptides. Noteworthy,
the metal ions in the presence of NGF(1-14) affect the Akt and
ERK1/2 signaling pathway in a parallel way to that of the peptide
alone; also, copper and zinc addition to NGF(1-14) increase
CREB and BDNF expression. The influence of metal ions on the
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SCHEME 2 | (A) Signaling of NGF receptor TrkA. The binding of NGF or NGF(1-14) or Ac-NGF(1-14) to TrkA causes its phosphorylation. Multiple signaling pathways,
such as the PI3K/Akt, Ras/Raf/MEK/ERK1/2, or PLCy/PKC, are activated, which eventually leads to different biological functions, including CREB phosphorylation
and the expression of BDNF. (B) Schematic of copper and zinc influx, in the presence of NGF or NGF(1-14) and the following signaling pathways. NGF(1-14)-copper
complexes enter the cell by an unknown process and activate signaling pathways involving PI3K activation. PI3K activates MEK1/2, resulting in phosphorylation of
ERK1/2. PI3K also activates Akt via phosphorylation, which, in turn, mediates phosphorylation of GSK3. Upon phosphorylation, GSK3 and ERK1/2 potentiate

kinase cascade recalls the analogous behavior of clioquinol and
other ionophores.

Such ionophores induce the degradation of the amyloid f-
peptide (AP) by the metal-dependent signaling activation of P13k
and MAPK and the up-regulation of metalloprotease (MMP)
activity (White et al., 2006; Crouch et al., 2009), respectively. The
Scheme 2B shows the common metal-assisted kinase pathways
that differ only in the final step, i.e., the production of MMP
necessary to avoid the AP toxic oligomers (for clioquinol) respect
to CREB activation and BDNF expression (for NGF(1-14)
and NGF).

Studies on neuronal signal transduction associated with
the memory formation (Sindreu and Storm, 2011) indicate
that zinc can also inhibit tyrosine phosphatases by binding
to their conserved catalytic domain (Brautigan et al, 1981;
Haase and Maret, 2003; Redman et al, 2009). Namely, the
inhibition of MAPK phosphatases by zinc is in agreement with
previous observations in neuron cultures (Ho et al., 2008).
However, how the synaptic zinc regulates selective signaling
pathways via phosphatase inhibition remains an intriguing
question.

Cu2+/Zn2+
Membrane
copper &4
reductase
s

SCHEME 3 | Interaction of copper and zinc ions with protein tyrosine
phosphatases (PTPases). (A) Intracellularly, Cu?* s reduced to Cu™, which
interacts with the cysteine thiolate active site of PTPases. (B) Zn?* inhibits
PTPases, likely by the interaction with cysteine thiolate active sites.
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The insulin-mimetic ability of Cu?* and Zn?* to activate
the PI3K/Akt pathway by the interaction with insulin-receptor
(IR) and IGF1-receptor (IGF1R) in HepG2 human hepatoma
cells (Walter et al., 2006), which result in the phosphorylation
and nuclear exclusion of transcription factor FoxOla, has been
recently questioned (Hamann et al., 2014). In this work copper
affected overall tyrosine phosphorylation and, more specifically,
tyrosine phosphorylation involved in Akt/FoxO signaling, by the
inactivation of phosphatases [PTPase(s)], according to previous
findings (Kim et al., 2000; Barthel et al., 2007). Such an inhibition
of a PTPase might explain the broad spectrum of proteins
whose tyrosine phosphorylation appears to be stimulated in the
presence of copper. PTPases, all sharing the active site cysteine
thiolate, would allow for an inhibition not only by copper but
also by zinc (Scheme 3).

Zn?* inhibits PTEN, a PTPase-family phosphatase that is
crucial to IR/Akt/FoxO signaling, but that acts downstream of
IR/IGFIR, by dephosphorylating phosphatidylinositol-3',4',5’-
trisphosphate, being required for a Zn-induced modulation
of Akt phosphorylation (Plum et al., 2014). Obviously, the
induction of phosphorylation by inhibition of dephosphorylation
requires at least basal tyrosine kinase activity.

Bearing in mind these findings and our results, we can
speculate that copper and zinc ions imitate the signaling effect
of NGE, but they do not mimic the NGF mode of action.

REFERENCES

Aboulkassim, T., Tong, X. K., Tse, Y. C,, Wong, T. P., Woo, S. B., Neet,
K. E., et al. (2011). Ligand-dependent TrkA activity in brain differentially
affects spatial learning and long-term memory. Mol. Pharmacol. 80, 498-508.
doi: 10.1124/mol.111.071332

Akassoglou, K. (2005). Nerve growth factor-independent neuronal survival: a role
for NO donors. Mol. Pharmacol. 68, 952-955. doi: 10.1124/mol.105.017277

Alberini, C. M. (2009). Transcription factors in long-term memory and synaptic
plasticity. Physiol. Rev. 89, 121-145. doi: 10.1152/physrev.00017.2008

Allington, C., Shamovsky, I. L., Ross, G. M., and Riopelle, R. J. (2001). Zinc
inhibits p75NTR-mediated apoptosis in chick neural retina. Cell Death Differ.
8,451-456. doi: 10.1038/sj.cdd.4400831

Altar, C. A., Criden, M. R, Lindsay, R. M., and Distefano, P. S. (1993).
Characterization and topography of high-affinity 125I-neurotrophin-3 binding
to mammalian brain. J. Neurosci. 13, 733-743.

Angeletti, R. H., Bradshaw, R. A., and Wade, R. D. (1971). Subunit structure and
amino acid composition of mouse submaxillary gland nerve growth factor.
Biochemistry 10, 463-469. doi: 10.1021/bi00779a018

Barthel, A., Ostrakhovitch, E. A, Walter, P. L., Kampkotter, A., and Klotz, L.
O. (2007). Stimulation of phosphoinositide 3-kinase/Akt signaling by copper
and zinc ions: mechanisms and consequences. Arch. Biochem. Biophys. 463,
175-182. doi: 10.1016/j.abb.2007.04.015

Bellia, F., Pietropaolo, A., and Grasso, G. (2013). Formation of insulin fragments
by insulin-degrading enzyme: the role of zinc(II) and cystine bridges. J. Mass
Spectrom. 48, 135-140. doi: 10.1002/jms.3060

Bergmann, I, Reiter, R,, Toyka, K. V., and Koltzenburg, M. (1998). Nerve
growth factor evokes hyperalgesia in mice lacking the low-affinity neurotrophin
receptor p75. Neurosci. Lett. 255, 87-90. doi: 10.1016/50304-3940(98)00713-7

Berrera, M., Cattaneo, A., and Carloni, P. (2006). Molecular simulation of the
binding of nerve growth factor peptide mimics to the receptor tyrosine kinase
A. Biophys. J. 91, 2063-2071. doi: 10.1529/biophys;j.106.083519

Bharti, K., Majeed, A. B., and Prakash, A. (2016). Possible role of metal ionophore
against zinc induced cognitive dysfunction in D-galactose senescent mice.
Biometals 29, 399-409. doi: 10.1007/s10534-016-9922-8

AUTHOR CONTRIBUTIONS

AT and DL synthesized the peptides, analyzed the data and wrote
the paper; GP, CS, and AP performed the experiments, analyzed
the data, wrote the paper; FG performed the experiments; VN
analyzed the data and wrote the paper; ER conceived and
designed the experiments, analyzed the data, wrote the paper.

ACKNOWLEDGMENTS

Prof. Pietro Calissano is kindly acknowledged for the helpful
discussions. Dr. Giuseppe Trusso Sfrazzetto is acknowledged for
the providing the CS1 sensor. CS acknowledges MIUR funding
(PRIN20152EKS4Y grant). The partial contribution of University
of Catania (FIR 2014 9DD800) is also acknowledged.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnins.
2016.00569/full#supplementary-material

Figure S1 | Time-course merged confocal fluorescence and optical
images of cells treated with: 10 M NGF(1-14)FAM (A), 10 uM
NGF(1-14)FAM:Cu (B), 10 uM Ac-NGF(1-14)FAM, (C) and 10 uM
Ac-NGF(1-14)FAM:Cu (D).

Biarc, J., Chalkley, R. J., Burlingame, A. L., and Bradshaw, R. A. (2013). Dissecting
the roles of tyrosines 490 and 785 of TrkA protein in the induction of
downstream protein phosphorylation using chimeric receptors. J. Biol. Chem.
288, 16606-16618. doi: 10.1074/jbc.M113.475285

Bica, L., Liddell, J. R., Donnelly, P. S., Duncan, C., Caragounis, A., Volitakis, I, et al.
(2014). Neuroprotective copper bis(thiosemicarbazonato) complexes promote
neurite elongation. PLoS ONE 9:€90070. doi: 10.1371/journal.pone.0090070

Biernacki, K., Antel, J. P., Blain, M., Narayanan, S., Arnold, D. L., and
Prat, A. (2005). Interferon beta promotes nerve growth factor secretion
early in the course of multiple sclerosis. Arch. Neurol. 62, 563-568.
doi: 10.1001/archneur.62.4.563

Birkaya, B., and Aletta, J. M. (2005). NGF promotes copper accumulation required
for optimum neurite outgrowth and protein methylation. J. Neurobiol. 63,
49-61. doi: 10.1002/neu.20114

Bisaz, R., Travaglia, A., and Alberini, C. M. (2014). The neurobiological bases
of memory formation: from physiological conditions to psychopathology.
Psychopathology 47, 347-356. doi: 10.1159/000363702

Brahimi, F., Ko, E., Malakhov, A., Burgess, K., and Saragovi, H. U. (2014).
Combinatorial assembly of small molecules into bivalent antagonists of TrkC
or TrkA receptors. PLoS ONE 9:e89617. doi: 10.1371/journal.pone.0089617

Brautigan, D. L., Bornstein, P., and Gallis, B. (1981). Phosphotyrosyl-protein
phosphatase. Specific inhibition by Zn. J. Biol. Chem. 256, 6519-6522.

Bruno, M. A,, Clarke, P. B., Seltzer, A., Quirion, R., Burgess, K., Cuello, A. C., et al.
(2004). Long-lasting rescue of age-associated deficits in cognition and the CNS
cholinergic phenotype by a partial agonist peptidomimetic ligand of TrkA. J.
Neurosci. 24, 8009-8018. doi: 10.1523/J]NEUROSCI.1508-04.2004

Bussi, G., Donadio, D., and Parrinello, M. (2007). Canonical sampling through
velocity rescaling. J. Chem. Phys. 126, 014101. doi: 10.1063/1.2408420

Cantley, L. C. (2002). The phosphoinositide 3-kinase pathway. Science 296,
1655-1657. doi: 10.1126/science.296.5573.1655

Caporali, A., and Emanueli, C. (2009). Cardiovascular actions of neurotrophins.
Physiol. Rev. 89, 279-308. doi: 10.1152/physrev.00007.2008

Cattaneo, A., and Calissano, P. (2012). Nerve growth factor and Alzheimer’s
disease: new facts for an old hypothesis. Mol. Neurobiol. 46, 588-604.
doi: 10.1007/512035-012-8310-9

Frontiers in Neuroscience | www.frontiersin.org

18

December 2016 | Volume 10 | Article 569


http://journal.frontiersin.org/article/10.3389/fnins.2016.00569/full#supplementary-material
https://doi.org/10.1124/mol.111.071332
https://doi.org/10.1124/mol.105.017277
https://doi.org/10.1152/physrev.00017.2008
https://doi.org/10.1038/sj.cdd.4400831
https://doi.org/10.1021/bi00779a018
https://doi.org/10.1016/j.abb.2007.04.015
https://doi.org/10.1002/jms.3060
https://doi.org/10.1016/S0304-3940(98)00713-7
https://doi.org/10.1529/biophysj.106.083519
https://doi.org/10.1007/s10534-016-9922-8
https://doi.org/10.1074/jbc.M113.475285
https://doi.org/10.1371/journal.pone.0090070
https://doi.org/10.1001/archneur.62.4.563
https://doi.org/10.1002/neu.20114
https://doi.org/10.1159/000363702
https://doi.org/10.1371/journal.pone.0089617
https://doi.org/10.1523/JNEUROSCI.1508-04.2004
https://doi.org/10.1063/1.2408420
https://doi.org/10.1126/science.296.5573.1655
https://doi.org/10.1152/physrev.00007.2008
https://doi.org/10.1007/s12035-012-8310-9
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Pandini et al.

Metals Influence NGF Biological Activity

Chaldakov, G. N, Fiore, M., Stankulov, I. S., Manni, L., Hristova, M. G., Antonelli,
A, et al. (2004). Neurotrophin presence in human coronary atherosclerosis
and metabolic syndrome: a role for NGF and BDNF in cardiovascular
disease? Prog. Brain Res. 146, 279-289. doi: 10.1016/S0079-6123(03)
46018-4

Chaldakov, G. N., Stankulov, I. S., Fiore, M., Ghenev, P. I, and Aloe,
L. (2001). Nerve growth factor levels and mast cell distribution
in human coronary atherosclerosis.  Atherosclerosis 159, 57-66.
doi: 10.1016/S0021-9150(01)00488-9

Chao, M. V. (2003). Neurotrophins and their receptors: a convergence point for
many signalling pathways. Nat. Rev. Neurosci. 4,299-309. doi: 10.1038/nrn1078

Chao, M. V., Rajagopal, R., and Lee, F. S. (2006). Neurotrophin signalling
in health and disease. Clin. Sci. 110, 167-173. doi: 10.1042/CS20
050163

Chen, Z. Y., Cao, L., Wang, L. M,, Guo, C,, Ye, J. L,, Chai, Y. F,, et al. (2001).
Development of neurotrophic molecules for treatment of neurodegeneration.
Curr. Protein Pept. Sci. 2, 261-276. doi: 10.2174/1389203013381125

Cheng, H. T., Dauch, J. R., Hayes, J. M., Yanik, B. M., and Feldman, E. L.
(2012). Nerve growth factor/p38 signaling increases intraepidermal nerve fiber
densities in painful neuropathy of type 2 diabetes. Neurobiol. Dis. 45, 280-287.
doi: 10.1016/j.nbd.2011.08.011

Cohen, S., Levi-Montalcini, R., and Hamburger, V. (1954). A Nerve Growth-
Stimulating Factor Isolated from Sarcom as 37 and 180. Proc. Natl. Acad. Sci.
U.S.A. 40, 1014-1018. doi: 10.1073/pnas.40.10.1014

Colangelo, A. M., Bianco, M. R. Vitagliano, L., Cavaliere, C., Cirillo,
G., De Gioia, L., et al. (2008). A new nerve growth factor-mimetic
peptide active on neuropathic pain in rats. J. Neurosci. 28, 2698-2709.
doi: 10.1523/JNEUROSCI.5201-07.2008

Crouch, P.J., Hung, L. W., Adlard, P. A,, Cortes, M., Lal, V., Filiz, G., et al. (2009).
Increasing Cu bioavailability inhibits Abeta oligomers and tau phosphorylation.
Proc. Natl. Acad. Sci. US.A. 106, 381-386. doi: 10.1073/pnas.08090
57106

Daura, X., Gademann, K., Jaun, B., Seebach, D., Van Gunsteren, W. F., and Mark,
A. E. (1999). Peptide folding: when simulation meets experiment. Angew.
Chem. Int. Edit. 38, 236-240. doi: 10.1002/(SICI)1521-3773(19990115)38:1/
2<236:AID-ANIE236>3.0.CO;2-M

de Vries, S. J., Van Dijk, M., and Bonvin, A. M. (2010). The HADDOCK
web server for data-driven biomolecular docking. Nat. Protoc. 5, 883-897.
doi: 10.1038/nprot.2010.32

Di Pietro, P., Strano, G., Zuccarello, L., and Satriano, C. (2016). Gold and silver
nanoparticles for applications in theranostics. Curr. Top. Med. Chem. 16,
3069-3102. doi: 10.2174/1568026616666160715163346

Dyck, P. J., Peroutka, S., Rask, C., Burton, E., Baker, M. K., Lehman, K. A,, et al.
(1997). Intradermal recombinant human nerve growth factor induces pressure
allodynia and lowered heat-pain threshold in humans. Neurology 48, 501-505.
doi: 10.1212/WNL.48.2.501

Essmann, U,, Perera, L., Berkowitz, M. L., Darden, T, Lee, H., and Pedersen, L. G.
(1995). A smooth particle mesh ewald method. J. Chem. Phys. 103, 8577-8593.
doi: 10.1063/1.470117

Fahnestock, M., Michalski, B., Xu, B., and Coughlin, M. D. (2001). The precursor
pro-nerve growth factor is the predominant form of nerve growth factor in
brain and is increased in Alzheimer’s disease. Mol. Cell. Neurosci. 18, 210-220.
doi: 10.1006/mcne.2001.1016

Faux, N. G,, Ritchie, C. W., Gunn, A., Rembach, A., Tsatsanis, A., Bedo, J., et al.
(2010). PBT2 rapidly improves cognition in Alzheimer’s Disease: additional
phase II analyses. J. Alzheimers. Dis. 20, 509-516. doi: 10.3233/JAD-20
10-1390

Finkbeiner, S., Tavazoie, S. F., Maloratsky, A., Jacobs, K. M., Harris, K. M., and
Greenberg, M. E. (1997). CREB: a major mediator of neuronal neurotrophin
responses. Neuron 19, 1031-1047. doi: 10.1016/S0896-6273(00)80395-5

Forte, G., Travaglia, A., Magri, A., Satriano, C., and La Mendola, D. (2014).
Adsorption of NGF and BDNF derived peptides on gold surfaces. Phys. Chem.
Chem. Phys. 16, 1536-1544. doi: 10.1039/C3CP52499]

Giuffrida, M. L., Rizzarelli, E., Tomaselli, G. A., Satriano, C., and Trusso Sfrazzetto,
G. (2014). A novel fully water-soluble Cu(I) probe for fluorescence live cell
imaging. Chem. Commun. 50, 9835-9838. doi: 10.1039/C4CC02147A

Grasso, G., Lanza, V., Malgieri, G., Fattorusso, R., Pietropaolo, A., Rizzarelli, E.,
et al. (2015). The insulin degrading enzyme activates ubiquitin and promotes

the formation of K48 and K63 diubiquitin. Chem. Commun. 51, 15724-15727.
doi: 10.1039/C5CC06786C

Haase, H., and Maret, W. (2003). Intracellular zinc fluctuations modulate protein
tyrosine phosphatase activity in insulin/insulin-like growth factor-1 signaling.
Exp. Cell Res. 291, 289-298. doi: 10.1016/50014-4827(03)00406-3

Hamann, I, Petroll, K., Grimm, L., Hartwig, A., and Klotz, L. O. (2014). Insulin-
like modulation of Akt/FoxO signaling by copper ions is independent of insulin
receptor. Arch. Biochem. Biophys. 558, 42-50. doi: 10.1016/j.abb.2014.06.004

Hess, B. (2008). P-LINCS: a parallel linear constraint solver for molecular
simulation. J. Chem. Theory Comput. 4, 116-122. doi: 10.1021/ct700200b

Ho, Y., Samarasinghe, R., Knoch, M. E., Lewis, M., Aizenman, E., and
Defranco, D. B. (2008). Selective inhibition of mitogen-activated protein kinase
phosphatases by zinc accounts for extracellular signal-regulated kinase 1/2-
dependent oxidative neuronal cell death. Mol. Pharmacol. 74, 1141-1151.
doi: 10.1124/mol.108.049064

Hornak, V., Abel, R., Okur, A., Strockbine, B., Roitberg, A., and Simmerling,
C. (2006). Comparison of multiple Amber force fields and development
of improved protein backbone parameters. Proteins 65, 712-725.
doi: 10.1002/prot.21123

Hu, Z., Ulfendahl, M., and Olivius, N. P. (2005). NGF stimulates extensive
neurite outgrowth from implanted dorsal root ganglion neurons following
transplantation into the adult rat inner ear. Neurobiol. Dis. 18, 184-192.
doi: 10.1016/j.nbd.2004.09.010

Huang, E. J, and Reichardt, L. F. (2001). Neurotrophins:
neuronal development and function. Annu. Rev. Neurosci. 24, 677-736.
doi: 10.1146/annurev.neuro.24.1.677

Huang, E. J, and Reichardt, L. F. (2003).
neuronal signal transduction. Annu. Rev.
doi: 10.1146/annurev.biochem.72.121801.161629

Huang, X., Atwood, C. S., Moir, R. D., Hartshorn, M. A, Tanzi, R. E., and Bush, A.
1. (2004). Trace metal contamination initiates the apparent auto-aggregation,
amyloidosis, and oligomerization of Alzheimer’s Abeta peptides. J. Biol. Inorg.
Chem. 9, 954-960. doi: 10.1007/s00775-004-0602-8

Hwang, J. J., Park, M. H., and Koh, J. Y. (2007). Copper activates TrkB in
cortical neurons in a metalloproteinase-dependent manner. J. Neurosci. Res. 85,
2160-2166. doi: 10.1002/jnr.21350

Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W., and Klein, M. L.
(1983). Comparison of simple potential functions for simulating liquid water.
J. Chem. Phys. 79, 926-935. doi: 10.1063/1.445869

Kahle, P., Burton, L. E., Schmelzer, C. H., and Hertel, C. (1992). The amino
terminus of nerve growth factor is involved in the interaction with the receptor
tyrosine kinase p140trkA. J. Biol. Chem. 267, 22707-22710.

Kalkhoven, E., Teunissen, H., Houweling, A., Verrijzer, C. P., and Zantema, A.
(2002). The PHD type zinc finger is an integral part of the CBP acetyltransferase
domain. Mol. Cell. Biol. 22,1961-1970. doi: 10.1128/MCB.22.7.1961-1970.2002

Kaplan, D. R., and Miller, F. D. (2000). Neurotrophin signal transduction in the
nervous system. Curr. Opin. Neurobiol. 10, 381-391. doi: 10.1016/S0959-438
8(00)00092-1

Katz, M., Amit, I., and Yarden, Y. (2007). Regulation of MAPKs by growth
factors and receptor tyrosine kinases. Biochim. Biophys. Acta 1773, 1161-1176.
doi: 10.1016/j.bbamcr.2007.01.002

Kheirvari, S., Uezu, K., Sakai, T., Nakamori, M., Alizadeh, M., Sarukura, N., et al.
(2006). Increased nerve growth factor by zinc supplementation with concurrent
vitamin A deficiency does not improve memory performance in mice. J. Nutr.
Sci. Vitaminol. 52, 421-427. doi: 10.3177/jnsv.52.421

Kheirvari, S., Uezu, K., Yamamoto, S. and Nakaya, Y.
dose dietary supplementation of vitamin A induces
neurotrophic factor and nerve growth factor production in mice with
simultaneous deficiency of vitamin A and zinc. Nutr. Neurosci. 11, 228-234.
doi: 10.1179/147683008X301603

Kim, J. H,, Cho, H., Ryu, S. E,, and Choi, M. U. (2000). Effects of metal ions
on the activity of protein tyrosine phosphatase VHR: highly potent and
reversible oxidative inactivation by Cu?* ion. Arch. Biochem. Biophys. 382,
72-80. doi: 10.1006/abbi.2000.1996

Kim, J., Kwon, J. T., Kim, H. S., and Han, J. H. (2013). CREB and neuronal selection
for memory trace. Front. Neural Circuits 7:44. doi: 10.3389/fncir.2013.00044

Kinarivala, N., Shah, K., Abbruscato, T. J., and Trippier, P. C. (2016). Passage
variation of PCI12 cells results in inconsistent susceptibility to externally

roles in

roles in
609-642.

Trk receptors:
Biochem. 72,

(2008). High-
brain-derived

Frontiers in Neuroscience | www.frontiersin.org

19

December 2016 | Volume 10 | Article 569


https://doi.org/10.1016/S0079-6123(03)46018-4
https://doi.org/10.1016/S0021-9150(01)00488-9
https://doi.org/10.1038/nrn1078
https://doi.org/10.1042/CS20050163
https://doi.org/10.2174/1389203013381125
https://doi.org/10.1016/j.nbd.2011.08.011
https://doi.org/10.1073/pnas.40.10.1014
https://doi.org/10.1523/JNEUROSCI.5201-07.2008
https://doi.org/10.1073/pnas.0809057106
https://doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2<236::AID-ANIE236>3.0.CO;2-M
https://doi.org/10.1038/nprot.2010.32
https://doi.org/10.2174/1568026616666160715163346
https://doi.org/10.1212/WNL.48.2.501
https://doi.org/10.1063/1.470117
https://doi.org/10.1006/mcne.2001.1016
https://doi.org/10.3233/JAD-2010-1390
https://doi.org/10.1016/S0896-6273(00)80395-5
https://doi.org/10.1039/C3CP52499J
https://doi.org/10.1039/C4CC02147A
https://doi.org/10.1039/C5CC06786C
https://doi.org/10.1016/S0014-4827(03)00406-3
https://doi.org/10.1016/j.abb.2014.06.004
https://doi.org/10.1021/ct700200b
https://doi.org/10.1124/mol.108.049064
https://doi.org/10.1002/prot.21123
https://doi.org/10.1016/j.nbd.2004.09.010
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1146/annurev.biochem.72.121801.161629
https://doi.org/10.1007/s00775-004-0602-8
https://doi.org/10.1002/jnr.21350
https://doi.org/10.1063/1.445869
https://doi.org/10.1128/MCB.22.7.1961-1970.2002
https://doi.org/10.1016/S0959-4388(00)00092-1
https://doi.org/10.1016/j.bbamcr.2007.01.002
https://doi.org/10.3177/jnsv.52.421
https://doi.org/10.1179/147683008X301603
https://doi.org/10.1006/abbi.2000.1996
https://doi.org/10.3389/fncir.2013.00044
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Pandini et al.

Metals Influence NGF Biological Activity

induced apoptosis. ACS Chem. Neurosci. doi: 10.1021/acschemneuro.6b00208.
[Epub ahead of print].

La Mendola, D., Giacomelli, C., and Rizzarelli, E. (2016). Intracellular bioinorganic
chemistry and cross talk among different -omics. Curr. Top. Med. Chem. 16,
3103-3130. doi: 10.2174/1568026616666160715164212

La Mendola, D., Magri, A,, Campagna, T., Campitiello, M. A., Raiola, L.,
Isernia, C., et al. (2010). A doppel alpha-helix peptide fragment mimics the
copper(I) interactions with the whole protein. Chemistry 16, 6212-6223.
doi: 10.1002/chem.200902405

Lannfelt, L., Blennow, K., Zetterberg, H., Batsman, S., Ames, D., Harrison, J.,
et al. (2008). Safety, efficacy, and biomarker findings of PBT2 in targeting
Abeta as a modifying therapy for Alzheimer’s disease: a phase Ila, double-
blind, randomised, placebo-controlled trial. Lancet Neurol. 7, 779-786.
doi: 10.1016/S1474-4422(08)70167-4

Leone, V., D’Angelo, D., Ferraro, A., Pallante, P., Rubio, I., Santoro, M., et al.
(2011). A TSH-CREB1-microRNA loop is required for thyroid cell growth. Mol.
Endocrinol. 25, 1819-1830. doi: 10.1210/me.2011-0014

Leung, K. W, Liu, M., Xu, X, Seiler, M. J., Barnstable, C. J., and Tombran-Tink,
J. (2008). Expression of ZnT and ZIP zinc transporters in the human RPE
and their regulation by neurotrophic factors. Invest. Ophthalmol. Vis. Sci. 49,
1221-1231. doi: 10.1167/i0vs.07-0781

Levi-Montalcini, R. (1952). Effects of mouse tumor transplantation on the nervous
system. Ann. N. Y. Acad. Sci. 55, 330-344. doi: 10.1111/j.1749-6632.1952.
tb26548.x

Levi-Montalcini, R. (2004). The nerve growth factor and the neuroscience chess
board. Prog. Brain Res. 146, 525-527. doi: 10.1016/s0079-6123(03)46033-0

Levi-Montalcini, R., and Booker, B. (1960). Destruction of the sympathetic ganglia
in mammals by an antiserum to a nerve-growth protein. Proc. Natl. Acad. Sci.
U.S.A. 46, 384-391. doi: 10.1073/pnas.46.3.384

Levi-Montalcini, R., and Hamburger, V. (1951). Selective growth stimulating
effects of mouse sarcoma on the sensory and sympathetic nervous system of
the chick embryo. J. Exp. Zool. 116, 321-361. doi: 10.1002/jez.1401160206

Liu, J., Jiang, Y. G., Huang, C. Y., Fang, H. Y., Fang, H. T., and Pang, W.
(2008). Depletion of intracellular zinc down-regulates expression of Uch-L1
mRNA and protein, and CREB mRNA in cultured hippocampal neurons. Nutr.
Neurosci. 11, 96-102. doi: 10.1179/147683008X301432

Lomb, D. J., Desouza, L. A., Franklin, J. L, and Freeman, R. S. (2009).
Prolyl hydroxylase inhibitors depend on extracellular glucose and hypoxia-
inducible factor (HIF)-2alpha to inhibit cell death caused by nerve growth
factor (NGF) deprivation: evidence that HIF-2alpha has a role in NGF-
promoted survival of sympathetic neurons. Mol. Pharmacol. 75, 1198-1209.
doi: 10.1124/mol.108.053157

Longo, F. M., Manthorpe, M., Xie, Y. M., and Varon, S. (1997). Synthetic
NGF peptide derivatives prevent neuronal death via a p75 receptor-
dependent mechanism. J. Neurosci. Res. 48, 1-17. doi: 10.1002/(SICI)1097-4547
(19970401)48:1<1::AID-JNR1>3.0.CO;2-K

Longo, F. M., and Massa, S. M. (2004). Neurotrophin-based strategies for
neuroprotection. J. Alzheimers. Dis. 6, S13-S17.

Longo, F. M., and Massa, S. M. (2005). Neurotrophin receptor-based
strategies for Alzheimer’s disease. Curr. Alzheimer Res. 2, 167-169.
doi: 10.2174/1567205053585819

Longo, F. M., and Massa, S. M. (2013). Small-molecule modulation of
neurotrophin receptors: a strategy for the treatment of neurological disease.
Nat. Rev. Drug Discov. 12, 507-525. doi: 10.1038/nrd4024

Lonze, B. E., Riccio, A., Cohen, S., and Ginty, D. D. (2002). Apoptosis, axonal
growth defects, and degeneration of peripheral neurons in mice lacking CREB.
Neuron 34, 371-385. doi: 10.1016/S0896-6273(02)00686-4

Maitra, R., Shamovsky, I. L., Wang, W., Solc, M., Lawrance, G., Dostaler, S. M.,
etal. (2000). Differential effects of transition metal cations on the conformation
and biological activities of nerve growth factor. Neurotox. Res. 2, 321-341.
doi: 10.1007/BF03033341

Mamidipudi, V., Li, X., and Wooten, M. W. (2002). Identification of interleukin 1
receptor-associated kinase as a conserved component in the p75-neurotrophin
receptor activation of nuclear factor-kappa B. J. Biol. Chem. 277, 28010-28018.
doi: 10.1074/jbc.M109730200

Manni, L., Nikolova, V., Vyagova, D., Chaldakov, G. N., and Aloe, L. (2005).
Reduced plasma levels of NGF and BDNF in patients with acute coronary
syndromes. Int. J. Cardiol. 102, 169-171. doi: 10.1016/j.ijcard.2004.10.041

Massa, S. M., Xie, Y., and Longo, F. M. (2002). Alzheimer’s therapeutics:
neurotrophin small molecule mimetics. J. Mol. Neurosci. 19, 107-111.
doi: 10.1007/s12031-002-0019-1

Massa, S. M., Xie, Y., and Longo, F. M. (2003). Alzheimer’s therapeutics:
neurotrophin domain small molecule mimetics. J. Mol. Neurosci. 20, 323-326.
doi: 10.1385/JMN:20:3:323

Matusica, D., and Coulson, E. J. (2014). Local versus long-range neurotrophin
receptor signalling: endosomes are not just carriers for axonal transport. Semin.
Cell Dev. Biol. 31, 57-63. doi: 10.1016/j.semcdb.2014.03.032

Milardi, D., and Rizzarelli, E. (2011). Neurodegeneration: Metallostasis
and Proteostasis. Cambridge: Royal Society of Chemistry. doi: 10.1039/
9781849733014

Miller, E. W., Zeng, L., Domaille, D. W., and Chang, C. J. (2006). Preparation and
use of Coppersensor-1, a synthetic fluorophore for live-cell copper imaging.
Nat. Protoc. 1, 824-827. doi: 10.1038/nprot.2006.140

Miyamoto, S., and Kollman, P. A. (1992). Settle: an analytical version of the SHAKE
and RATTLE algorithm for rigid water models. J. Comp. Chem. 13, 952-962.
doi: 10.1002/jcc.540130805

Mufson, E. J., He, B., Nadeem, M., Perez, S. E., Counts, S. E., Leurgans, S., et al.
(2012). Hippocampal proNGF signaling pathways and beta-amyloid levels in
mild cognitive impairment and Alzheimer disease. J. Neuropathol. Exp. Neurol.
71,1018-1029. doi: 10.1097/NEN.0b013e318272caab

Nevitt, T., Ohrvik, H., and Thiele, D. J. (2012). Charting the travels of copper in
eukaryotes from yeast to mammals. Biochim. Biophys. Acta 1823, 1580-1593.
doi: 10.1016/j.bbamcr.2012.02.011

Newton, A. L., Sharpe, B. K., Kwan, A., Mackay, J. P., and Crossley, M. (2000).
The transactivation domain within cysteine/histidine-rich region 1 of CBP
comprises two novel zinc-binding modules. J. Biol. Chem. 275, 15128-15134.
doi: 10.1074/jbc.M910396199

Opazo, C. M., Greenough, M. A, and Bush, A. I (2014). Copper: from
neurotransmission to neuroproteostasis. Front. Aging Neurosci. 6:143.
doi: 10.3389/fnagi.2014.00143

Pearson, G., Robinson, F., Beers Gibson, T., Xu, B. E., Karandikar, M., Berman, K.,
etal. (2001). Mitogen-activated protein (MAP) kinase pathways: regulation and
physiological functions. Endocr. Rev. 22, 153-183. doi: 10.1210/er.22.2.153

Pietropaolo, A., Muccioli, L., Zannoni, C., La Mendola, D., Maccarrone, G.,
Pappalardo, G., et al. (2008). Unveiling the role of histidine and tyrosine
residues on the conformation of the avian prion hexarepeat domain. J. Phys.
Chem. B 112, 5182-5188. doi: 10.1021/jp710702q

Pietropaolo, A., Raiola, L., Muccioli, L., Tiberio, G., Zannoni, C., Fattorusso, R.,
etal. (2007). An NMR and molecular dynamics investigation of the avian prion
hexarepeat conformational features in solution. Chem. Phys. Lett. 442, 110-118.
doi: 10.1016/j.cplett.2007.05.046

Pietropaolo, A., Satriano, C., Strano, G., La Mendola, D., and Rizzarelli, E. (2015).
Different zinc(II) complex species and binding modes at Abeta N-terminus
drive distinct long range cross-talks in the Abeta monomers. J. Inorg. Biochem.
153, 367-376. doi: 10.1016/j.jinorgbio.2015.08.013

Plum, L. M., Brieger, A., Engelhardt, G., Hebel, S., Nessel, A., Arlt, M., et al.
(2014). PTEN-inhibition by zinc ions augments interleukin-2-mediated Akt
phosphorylation. Metallomics 6, 1277-1287. doi: 10.1039/c3mt00197k

Prakash, A., Bharti, K., and Majeed, A. B. (2015). Zinc: indications in brain
disorders. Fundam. Clin. Pharmacol. 29, 131-149. doi: 10.1111/fcp.12110

Rampazzo, E., Bonacchi, S., Genovese, D., Juris, R., Sgarzi, M., Montalti, M., et al.
(2011). A versatile strategy for signal amplification based on core/shell silica
nanoparticles. Chemistry 17, 13429-13432. doi: 10.1002/chem.201101851

Redman, P. T., Hartnett, K. A., Aras, M. A., Levitan, E. S., and Aizenman, E. (2009).
Regulation of apoptotic potassium currents by coordinated zinc-dependent
signalling. J. Physiol. 587, 4393-4404. doi: 10.1113/jphysiol.2009.176321

Reichardt, L. F. (2006). Neurotrophin-regulated signalling pathways. Philos. Trans.
R. Soc. Lond. B. Biol. Sci. 361, 1545-1564. doi: 10.1098/rstb.2006.1894

Riccio, A., Ahn, S., Davenport, C. M., Blendy, J. A, and Ginty, D. D.
(1999). Mediation by a CREB family transcription factor of NGEF-
dependent survival of sympathetic neurons. Science 286, 2358-2361.
doi: 10.1126/science.286.5448.2358

Ross, G. M., Shamovsky, I. L., Lawrance, G., Solc, M., Dostaler, S. M., Jimmo,
S. L., et al. (1997). Zinc alters conformation and inhibits biological activities
of nerve growth factor and related neurotrophins. Nat. Med. 3, 872-878.
doi: 10.1038/nm0897-872

Frontiers in Neuroscience | www.frontiersin.org

20

December 2016 | Volume 10 | Article 569


https://doi.org/10.1021/acschemneuro.6b00208
https://doi.org/10.2174/1568026616666160715164212
https://doi.org/10.1002/chem.200902405
https://doi.org/10.1016/S1474-4422(08)70167-4
https://doi.org/10.1210/me.2011-0014
https://doi.org/10.1167/iovs.07-0781
https://doi.org/10.1111/j.1749-6632.1952.tb26548.x
https://doi.org/10.1016/s0079-6123(03)46033-0
https://doi.org/10.1073/pnas.46.3.384
https://doi.org/10.1002/jez.1401160206
https://doi.org/10.1179/147683008X301432
https://doi.org/10.1124/mol.108.053157
https://doi.org/10.1002/(SICI)1097-4547(19970401)48:1<1::AID-JNR1>3.0.CO;2-K
https://doi.org/10.2174/1567205053585819
https://doi.org/10.1038/nrd4024
https://doi.org/10.1016/S0896-6273(02)00686-4
https://doi.org/10.1007/BF03033341
https://doi.org/10.1074/jbc.M109730200
https://doi.org/10.1016/j.ijcard.2004.10.041
https://doi.org/10.1007/s12031-002-0019-1
https://doi.org/10.1385/JMN:20:3:323
https://doi.org/10.1016/j.semcdb.2014.03.032
https://doi.org/10.1039/9781849733014
https://doi.org/10.1038/nprot.2006.140
https://doi.org/10.1002/jcc.540130805
https://doi.org/10.1097/NEN.0b013e318272caab
https://doi.org/10.1016/j.bbamcr.2012.02.011
https://doi.org/10.1074/jbc.M910396199
https://doi.org/10.3389/fnagi.2014.00143
https://doi.org/10.1210/er.22.2.153
https://doi.org/10.1021/jp710702q
https://doi.org/10.1016/j.cplett.2007.05.046
https://doi.org/10.1016/j.jinorgbio.2015.08.013
https://doi.org/10.1039/c3mt00197k
https://doi.org/10.1111/fcp.12110
https://doi.org/10.1002/chem.201101851
https://doi.org/10.1113/jphysiol.2009.176321
https://doi.org/10.1098/rstb.2006.1894
https://doi.org/10.1126/science.286.5448.2358
https://doi.org/10.1038/nm0897-872
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

Pandini et al.

Metals Influence NGF Biological Activity

Rosta, E., Buchete, N. V., and Hummer, G. (2009). Thermostat artifacts in
replica exchange molecular dynamics simulations. J. Chem. Theory Comput. 5,
1393-1399. doi: 10.1021/ct800557h

Roux, P. P., Bhakar, A. L., Kennedy, T. E., and Barker, P. A. (2001).
The p75 neurotrophin receptor activates Akt (protein kinase B) through
a phosphatidylinositol 3-kinase-dependent pathway. J. Biol. Chem. 276,
23097-23104. doi: 10.1074/jbc.M011520200

Salehi, A. H., Roux, P. P., Kubu, C. J., Zeindler, C., Bhakar, A., Tannis, L. L., et al.
(2000). NRAGE, a novel MAGE protein, interacts with the p75 neurotrophin
receptor and facilitates nerve growth factor-dependent apoptosis. Neuron 27,
279-288. doi: 10.1016/S0896-6273(00)00036-2

Satriano, C., Carnazza, S., Licciardello, A., Guglielmino, S., and Marletta, G. (2003).
Cell adhesion and spreading on polymer surfaces micropatterned by ion beams.
J. Vac. Sci. Technol. A 21, 1145-1151. doi: 10.1116/1.1575217

Scarpi, D, Cirelli, D., Matrone, C., Castronovo, G., Rosini, P., Occhiato, E. G., et al.
(2012). Low molecular weight, non-peptidic agonists of TrkA receptor with
NGF-mimetic activity. Cell Death Dis. 3, €389. doi: 10.1038/cddis.2012.129

Settanni, G., Cattaneo, A., and Carloni, P. (2003). Molecular dynamics simulations
of the NGF-TrkA domain 5 complex and comparison with biological data.
Biophys. ]. 84, 2282-2292. doi: 10.1016/S0006-3495(03)75034-6

Shih, A., Laramee, G. R,, Schmelzer, C. H., Burton, L. E., and Winslow, J. W.
(1994). Mutagenesis identifies amino-terminal residues of nerve growth factor
necessary for Trk receptor binding and biological activity. J. Biol. Chem. 269,
27679-27686.

Sindreu, C., and Storm, D. R. (2011). Modulation of neuronal signal transduction
and memory formation by synaptic zinc. Front. Behav. Neurosci. 5:68.
doi: 10.3389/fnbeh.2011.00068

Skaper, S. D. (2011). Peptide mimetics of neurotrophins and their receptors. Curr.
Pharm. Des. 17,2704-2718. doi: 10.2174/138161211797415995

Skeldal, S., Matusica, D., Nykjaer, A., and Coulson, E. J. (2011). Proteolytic
processing of the p75 neurotrophin receptor: a prerequisite for signalling?
Neuronal life, growth and death signalling are crucially regulated by intra-
membrane proteolysis and trafficking of p75(NTR). Bioessays 33, 614-625.
doi: 10.1002/bies.201100036

Sofroniew, M. V., Howe, C. L., and Mobley, W. C. (2001). Nerve growth
factor signaling, neuroprotection, and neural repair. Annu. Rev. Neurosci. 24,
1217-1281. doi: 10.1146/annurev.neuro.24.1.1217

Teng, F. Y., and Tang, B. L. (2006). Axonal regeneration in adult CNS
neurons-signaling molecules and pathways. J. Neurochem. 96, 1501-1508.
doi: 10.1111/j.1471-4159.2006.03663.x

Travaglia, A., Arena, G., Fattorusso, R., Isernia, C., La Mendola, D., Malgieri, G.,
et al. (2011). The inorganic perspective of nerve growth factor: interactions
of Cu?* and Zn?* with the N-terminus fragment of nerve growth factor
encompassing the recognition domain of the TrkA receptor. Chemistry 17,
3726-3738. doi: 10.1002/chem.201002294

Travaglia, A., La Mendola, D., Magri, A., Nicoletti, V. G., Pietropaolo, A,
and Rizzarelli, E. (2012a). Copper, BDNF and Its N-terminal domain:
inorganic features and biological perspectives. Chemistry 18, 15618-15631.
doi: 10.1002/chem.201202775

Travaglia, A., La Mendola, D., Magri, A., Pietropaolo, A., Nicoletti, V. G., Grasso,
G., et al. (2013a). Zinc(II) interactions with brain-derived neurotrophic factor
N-terminal peptide fragments: inorganic features and biological perspectives.
Inorg. Chem. 52, 11075-11083. doi: 10.1021/ic401318t

Travaglia, A., Pietropaolo, A., Di Martino, R., Nicoletti, V. G., La Mendola,
D., Calissano, P., et al. (2015). A small linear peptide encompassing
the NGF N-terminus partly mimics the biological activities of the
entire neurotrophin in PC12 cells. ACS Chem. Neurosci. 6, 1379-1392.
doi: 10.1021/acschemneuro.5b00069

Travaglia, A., Pietropaolo, A., La Mendola, D., Nicoletti, V. G., and Rizzarelli, E.
(2012b). The inorganic perspectives of neurotrophins and Alzheimer’s disease.
J. Inorg. Biochem. 111, 130-137. doi: 10.1016/j.jinorgbio.2011.10.017

Travaglia, A., Satriano, C., Giuffrida, M. L., La Mendola, D., Rampazzo, E., Prodi,
L., et al. (2013b). Electrostatically driven interaction of silica-supported lipid
bilayer nanoplatforms and a nerve growth factor-mimicking peptide. Soft
Matter 9, 4648-4654. doi: 10.1039/C3SM50628B

Trusso Sfrazzetto, G., Satriano, C., Tomaselli, G. A., and Rizzarelli, E. (2016).
Synthetic fluorescent probes to map metallostasis and intracellular fate of zinc
and copper. Coord. Chem. Rev. 311, 125-167. doi: 10.1016/j.ccr.2015.11.012

Tucker, B. A., Rahimtula, M., and Mearow, K. M. (2008). Src and FAK are key
early signalling intermediates required for neurite growth in NGF-responsive
adult DRG neurons. Cell. Signal. 20, 241-257. doi: 10.1016/j.cellsig.2007.
10.014

Tuszynski, M. H., and Blesch, A. (2004). Nerve growth factor: from animal models
of cholinergic neuronal degeneration to gene therapy in Alzheimer’s disease.
Prog. Brain Res. 146, 441-449. doi: 10.1016/s0079-6123(03)46028-7

Tuszynski, M. H., Thal, L., Pay, M., Salmon, D. P., U, H. S., Bakay, R,, et al. (2005). A
phase 1 clinical trial of nerve growth factor gene therapy for Alzheimer disease.
Nat. Med. 11, 551-555. doi: 10.1038/nm1239

Ultsch, M. H., Wiesmann, C., Simmons, L. C., Henrich, J., Yang, M., Reilly, D., et al.
(1999). Crystal structures of the neurotrophin-binding domain of TrkA, TrkB
and TrkC. J. Mol. Biol. 290, 149-159. doi: 10.1006/jmbi.1999.2816

Urfer, R., Tsoulfas, P., O’Connell, L., Hongo, J. A., Zhao, W., and Presta,
L. G. (1998). High resolution mapping of the binding site of TrkA
for nerve growth factor and TrkC for neurotrophin-3 on the second
immunoglobulin-like domain of the Trk receptors. J. Biol. Chem. 273,
5829-5840. doi: 10.1074/jbc.273.10.5829

Walter, P. L., Kampkotter, A., Eckers, A., Barthel, A., Schmoll, D., Sies, H.,
et al. (2006). Modulation of FoxO signaling in human hepatoma cells by
exposure to copper or zinc ions. Arch. Biochem. Biophys. 454, 107-113.
doi: 10.1016/j.abb.2006.08.016

Wang, J. K. (1999). Cu?* induces Ca2+—dependent neurotransmitter release from
brain catecholaminergic nerve terminals. Eur. J. Pharmacol. 373, 163-169.
doi: 10.1016/S0014-2999(99)00275-7

Weissmiller, A. M., and Wu, C. (2012). Current advances in using neurotrophic
factors to treat neurodegenerative disorders. Transl. Neurodegener. 1:14.
doi: 10.1186/2047-9158-1-14

White, A. R, Du, T., Laughton, K. M., Volitakis, I., Sharples, R. A., Xilinas, M.
E., etal. (2006). Degradation of the Alzheimer disease amyloid beta-peptide by
metal-dependent up-regulation of metalloprotease activity. J. Biol. Chem. 281,
17670-17680. doi: 10.1074/jbc.M602487200

Wiesmann, C., and de Vos, A. M. (2001). Nerve growth factor: structure and
function. Cell. Mol. Life Sci. 58, 748-759. doi: 10.1007/PL00000898

Wiesmann, C., Ultsch, M. H., Bass, S. H., and De Vos, A. M. (1999). Crystal
structure of nerve growth factor in complex with the ligand-binding domain
of the TrkA receptor. Nature 401, 184-188. doi: 10.1038/43705

Woo, S. B., and Neet, K. E. (1996). Characterization of histidine residues essential
for receptor binding and activity of nerve growth factor. J. Biol. Chem. 271,
24433-24441. doi: 10.1074/jbc.271.40.24433

Xie, Y., and Longo, F. M. (2000). Neurotrophin small-molecule
mimetics. Prog. Brain Res. 128, 333-347. doi: 10.1016/S0079-6123(00)
28030-8

Xu, L., Zhou, S., Feng, G. Y., Zhang, L. P., Zhao, D. M, Sun, Y., et al. (2012). Neural
stem cells enhance nerve regeneration after sciatic nerve injury in rats. Mol.
Neurobiol. 46, 265-274. doi: 10.1007/s12035-012-8292-7

Yaar, M., Zhai, S., Panova, I, Fine, R. E,, Eisenhauer, P. B., Blusztajn, J. K,
et al. (2007). A cyclic peptide that binds p75N™R protects neurones from beta
amyloid (1-40)-induced cell death. Neuropathol. Appl. Neurobiol. 33, 533-543.
doi: 10.1111/j.1365-2990.2007.00844.x

Yao, R., and Cooper, G. M. (1995). Requirement for phosphatidylinositol-3 kinase
in the prevention of apoptosis by nerve growth factor. Science 267, 2003-2006.
doi: 10.1126/science.7701324

Zhao, G. H., Yu, P, Hu, X. S., and Zhao, L. (2004). Effect of Zn(II) on the structure
and biological activity of natural B-NGF. Acta Biochim. Biophys. Sin. 36, 99-104.
doi: 10.1093/abbs/36.2.99

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Pandini, Satriano, Pietropaolo, Giani, Travaglia, La Mendola,
Nicoletti and Rizzarelli. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org

21

December 2016 | Volume 10 | Article 569


https://doi.org/10.1021/ct800557h
https://doi.org/10.1074/jbc.M011520200
https://doi.org/10.1016/S0896-6273(00)00036-2
https://doi.org/10.1116/1.1575217
https://doi.org/10.1038/cddis.2012.129
https://doi.org/10.1016/S0006-3495(03)75034-6
https://doi.org/10.3389/fnbeh.2011.00068
https://doi.org/10.2174/138161211797415995
https://doi.org/10.1002/bies.201100036
https://doi.org/10.1146/annurev.neuro.24.1.1217
https://doi.org/10.1111/j.1471-4159.2006.03663.x
https://doi.org/10.1002/chem.201002294
https://doi.org/10.1002/chem.201202775
https://doi.org/10.1021/ic401318t
https://doi.org/10.1021/acschemneuro.5b00069
https://doi.org/10.1016/j.jinorgbio.2011.10.017
https://doi.org/10.1039/C3SM50628B
https://doi.org/10.1016/j.ccr.2015.11.012
https://doi.org/10.1016/j.cellsig.2007.10.014
https://doi.org/10.1016/s0079-6123(03)46028-7
https://doi.org/10.1038/nm1239
https://doi.org/10.1006/jmbi.1999.2816
https://doi.org/10.1074/jbc.273.10.5829
https://doi.org/10.1016/j.abb.2006.08.016
https://doi.org/10.1016/S0014-2999(99)00275-7
https://doi.org/10.1186/2047-9158-1-14
https://doi.org/10.1074/jbc.M602487200
https://doi.org/10.1007/PL00000898
https://doi.org/10.1038/43705
https://doi.org/10.1074/jbc.271.40.24433
https://doi.org/10.1016/S0079-6123(00)28030-8
https://doi.org/10.1007/s12035-012-8292-7
https://doi.org/10.1111/j.1365-2990.2007.00844.x
https://doi.org/10.1126/science.7701324
https://doi.org/10.1093/abbs/36.2.99
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	The Inorganic Side of NGF: Copper(II) and Zinc(II) Affect the NGF Mimicking Signaling of the N-Terminus Peptides Encompassing the Recognition Domain of TrkA Receptor
	Introduction
	Materials and Methods
	Peptide Synthesis
	Theoretical Calculations
	Parallel Tempering Simulations
	Docking Simulations

	Biological Assays
	Cell Cultures
	Real-Time PCR
	Western Blot Analysis
	Statistical Analysis

	Laser Scanning Confocal Microscopy (LSM)
	Confocal Microscopy Images Analysis


	Results
	Conformational Ensemble of Ac-NGF(1–14) and Its Interaction with TrkA-D5 Shows a Larger Number of Non-covalent Interactions than for NGF(1–14)
	Effect of NGF(1–14) and Ac-NGF(1–14) on Morphology and Differentiation, in the Presence or Absence of CuSO4 and ZnSO4
	NGF(1–14) Induces TrkA Receptor Internalization in PC12 Cells Only in the Presence of CuSO4 and ZnSO4
	Effect of Chelator Bathocuproine Disulfonic Acid (BCS) on TrkA Signaling Induced by NGF(1–14) in the Presence of CuSO4 and ZnSO4
	Effect of NGF(1–14) on BDNF mRNA Expression of PC12 in the Presence or Absence of CuSO4 and ZnSO4
	Confocal Microscopy Analysis of the Cellular Uptake of Fluorescein-Labeled NGF(1–14) and Ac-NGF(1–14) Track Dynamic Influx Processes
	NGF(1–14) Displays a Copper-Ionophore Activity in PC12 cells

	Discussion
	NGF-Mimetic Activity of NGF(1–4) and Ac-ANGF(1–14)
	The Effects of Copper and Zinc Ions on the Activity of NGF and NGF-Mimic Peptides in Proliferation and Differentiation, TrkA Signaling, CREB Phosphorylation and BDNF mRNA Expression in PC12 Cells
	CREB Phosphorylation and BDNF mRNA Expression by NGF(1–14) Might Correlate with Its Copper-Ionophore Activity

	Concluding Remarks
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


