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Neurodegenerative diseases, including Alzheimer disease, involve mechanisms such as protein aggregation,
free radical generation and oxidative stress. Transition metals such as copper and iron were linked to
neurodegenerative pathology. Their pathogenic role consists in generating different reactive oxygen species
and damaging tissues or cells through the Fenton reaction. Abnormal metabolism of copper and iron can
lead to several chronic pathogenesis. NAP is a small active fragment of activity-dependent neuroprotective
protein essential for brain formation. NAP peptide showed neuroprotective proprieties against toxicity induced
by the 4-amyloid peptide, N-methyl-D-aspartate, electrical blockade, the envelope protein of the AIDS virus,
dopamine, H,0,, and nutrient starvation in cell culture. Therefore, we investigated here the interaction of
Cuw?* and Fe** ions with the NAP neuroprotective peptide and its analogs. With MALDI-ToF mass spectrometry,
the formation of reduced metal-peptide complexes and the metal chelating properties of NAP-like

neuroprotective peptides were highlighted.

Keywords: NAP peptide, neuroprotection, coppet, iron, MALDI-ToF MS

All living beings operate with transition metals such as
copper or iron in order to conduct their basic metabolic
processes. Their importance can be noticed even at the
synaptic level. For example, iron ions are needed for gene
expression, the synthesis of neurotransmitters, myelination
or respiratory management of the brain, while copper ions
are an important cofactor for antioxidant enzymes,
neurotransmitter biosynthesis and mitochondrial
respiration [1-3].

Neurodegenerative diseases are a critical worldwide
health concern that affects the nervous system. These
pathologies are associated with ageing and share features
such as selective neuronal death, protein aggregation,
oxidative stress, mitochondrial dysfunction, transition metal
accumulation and inflammation [4]. However, evidence
of a link between transition metals and neuronal death
has been noticed in many neurodegenerative disorders
such as Alzheimer’s (AD), Parkinson’s (PD) and
Huntington’s (HD) diseases [5-7]. Moreover, statistically
significant differences between copper and zinc
concentration in serum and saliva samples were observed
at patients with oral cancer and oral potentially malignant
disorders, suggesting a pathological role in those disease
progression [8]. The accumulation of metals was observed
in the brain of patients with neurodegenerative diseases.
Thus, altered metal homeostasis can be one of the factors
causing those disorders. Besides, redox active metals such
as cooper and iron carry pro-oxidant properties that induce
oxidative stress by generating reactive oxygen species
(ROS) [9, 10]. Most of the reactions involving redox active
metals are related to Fenton chemistry that includes a
series of reactions that initiates with hydrogen peroxide
and leads to the formation of highly unstable radicals that
affect biological macromolecules [5]. The disproportionate
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production of ROS species causes protein, DNA or
phospholipids oxidations that mirrors in functional
alterations [11, 12]. Thus, metal-binding proteins involved
in the metal transport and distribution (copper transporter
protein 1 and ATP7A, transferrin, transferrin receptor, DMT1)
at synaptic level could have influence on the modified metal
homeostasis in the brains of patients with neuro-
degenerative diseases [4].

Neuroprotective strategies against ROS-mediated
damages in order to prevent oxidative stress and disease
progression have been elaborated in numerous AD
researches [13-17]. Some of them successfully targeted
mitochondria known as a major source of ROS. However,
no crucial improvement was observed at AD patients [18].

Peptide-based drugs have emerged as a major class of
therapeutics. NAP (NAPVSIPQ) isa small active fragment
of activity-dependent neuroprotective protein (ADNP)
essential for brain formation [19]. Studies involving cell
culture reveled the neuroprotective proprieties of NAP
peptide against toxicity associated with the beta-amyloid
peptide, N-methyl-D-aspartate, electrical blockade, the
envelope protein of the AIDS virus, dopamine, H,0,, nutrient
starvation and zinc overload [20]. Also, NAP can be
delivered to the brain via intranasal or intravenous
administration were it provides nerve cell protection at very
low concentrations providing new solutions for the
formulation of neuroprotective drugs for the treatment of
AD [21]. Studies involving metal-NAP interaction displayed
abnormal metal reduction for copper and iron using
cysteine-mutant NAPC [22, 23].

This study focuses on the interaction of Cu®* and Fe**
ions with neuroprotective peptide NAP and its analogs. An
interesting phenomenon consisting in metal ion reduction
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followed by the formation of complexes with peptides was
found within this research. MS analyses suggest a protective
role of NAP-based peptides, since they are capable of
capturing metal ions.

Experimental part
Materials and methods
Reagents

All chemicals were of analytical grade and were used
as received without any further purification. All solutions
were prepared using milliQ-grade water (18.2 MQ . cm,
Millipore, Bedford, MA). Dimethylformamide (DMF) was
purchased from Carl Roth GmbH (Karlsruhe, Germany)
while dichloromethane (DCM) and diethyl ether were from
Scharlab S.L. (Barcelona, Spain). Piperidine (PYP), 4-
methylmorpholine (NMM), triisopropylsilan (TIS),
trifluoroacetic acid (TFA), bromophenol blue, ethanol,
acetonitrile (ACN) and the activator HBTU (2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate) were achieved from Merck
(Germany). The matrix o-cyano-4-hydroxycinnamic acid
(HCCA) was purchased from Sigma-Aldrich (Germany).
Fmoc-GIn(Trt)-Wang Resin (extent of labeling: 0.4-0.8
mmol/g loading) and Fmoc-Amino Acids (Fmoc-L-
Asn(Trt)-OH, Fmoc-L-Ala-OH, Fmoc-L-Pro-OH, Fmoc-L-
Val-OH, Fmoc-L-Ser(tBu)-OH, Fmoc-Gly-OH, Fmoc-
His(Trt)-OH, Fmoc-Tyr-OH, Fmoc-L-lle-OH, Fmoc-L-
GIn(Trt)-OH, Fmoc-L-Cys(Trt)-OH) were obtained from GL
Biochem (Shanghai). Inorganic salts (FeCl, and CuCl,) were
purchased from Merck (Darmstadt, Germany) or %igma—
Aldrich (USA).

Instruments. A Vibra HT analytical balance (Japan) was
used to weigh the solid chemicals. The peptide samples
were incubated at room temperature using an Eppendorf
Thermomixer compact purchased from Germany,
vortexed using a Vortex BioCote (UK) and centrifuged using
a Sprout centrifuge (USA). For sample lyophilization, an
ALPHA 1-2 LO Freeze Dry System was used.

MALDI-ToF MS analysis was performed on a Bruker
Ultraflex MALDI ToF/ToF mass spectrometer operated in
positive reflectron mode and equipped with a pulsed
nitrogen UV laser (A__ 337 nm).

Peptide synthesis.rﬁaﬁe peptides were synthesized using
the solid phase Fmoc/tBu Solid Phase Synthesis (SPPS)
method. The peptide syntheses were described elsewhere
[22, 23]. In brief, the synthesis of peptides was carried out
manually in alinear fashion on a Fmoc-GIn(Trt)-Wang Resin
in a fritted plastic syringe. Crude peptides resulted by
cleavage from the solid support using the standard TFA:
TIS: H.O solution (95: 2.5: 2.5). Following precipitation and
Iyophifization, the products were characterized by analytical
RP-HPLC and MALDI-ToF mass spectrometry and purified
by semi preparative RP-HPLC, when necessary.

Metal-peptide complexes. The solutions of peptides (8
mM) and those of metal ions (80 mM) were prepared using
milliQ-grade water. Metal complexes of NAP-like peptides
were obtained by mixing the corresponding octapeptides
with metal solution at pH 7 at a 1: 10 peptide to metal

ratio. Then, the resulted solutions were incubated at 350
rpm overnight at room temperature.

MS study. MALDI-ToF (Matrix-Assisted Laser Desorption
lonization Time-of-Flight) mass spectra were recorded in
positive reflectron mode using a Bruker Ultraflex MALDI
ToF/ToF mass spectrometer. The samples were spotted
onto a 384-spot target plate of the MALDI-ToF instrument
according to the dried-droplet method. Each sample and
matrix solution (2,5-dihydroxybenzoic acid) were mixed
on the target and allowed to dry in the ambient air. For
spectra processing, the Bruker”s FlexAnalysis 3.4 software
was used.

Computer programs. The exact mass (monoisotopic
mass) was calculated using the application web ChemCalc
[24]. Also, this application allows predicting the isotopic
distribution graph and calculating peptide fragmentation.

Results and discussions

In this study, five NAP-like peptides, previously
synthesized [25], were incubated over night at room
temperature in aqueous medium with Cu?* and Fe3* ions.
The interaction and their affinity of these ions toward NAP-
like peptides were investigated using the MALDI ToF mass
spectrometer. It is well-known that cysteine and histidine
side chains are potential anchors for metal ions [26].

The characteristics of NAP-like peptides investigated in
our study are presented in table 1. In principle, these
peptides have similar structures, the only modification
occurring in the SSIP” (Ser-lle-Pro) active center [21]. More
precisely, all peptides have similar sequence, except the
replacement of the fifth amino acid residue, serine, with
glycine (NAPG), alanine (NAPA), histidine (NAPH) or
tyrosine (NAPY).

The positive-ion matrix-assisted laser desorption/
ionization time-of-flight (MALDI ToF) mass spectra of the
NAP-based peptides after incubation with metal ions (Cu?*
or Fe®*) are given in figure 1 and 2. At first glance, it can be
clearly seen that both metal ions obeyed reduction upon
binding to NAP peptides. All peptides displayed signals
attributed to molecular ions [M+H]* and their adducts with
sodium ([M+Na]*) and potassium ([M+K]*). Another
signal, assigned to deamidated peptide can be spotted in
all spectra at -16 m/z ([M+H-16]*). As seen in table 1, all
NAP peptides contain C-terminal glutamine (Q), which is
susceptible to rearrangements that lead to peptide
deamidation and pyroglutamic acid formation [27].
However, this photochemical process occurs only during
the peptide ionization under the laser light source [25].

The most intense peak observed in the MALDI ToF
spectra of copper incubated samples (fig. 1) was assigned
to the deamidated peptides ([M+H-16]*): m/z 809.6 for
NAP m/z 779.6 for NAPG, m/z 793.6 for NAPA, m/z 859.7
for NAPH and m/z 885.8 for NAPY. The other major signals
observed in the mass spectra were attributed to the Cu(l)-
peptide complexes even if the samples were prepared
using Cu(ll) salt. Hence, the peptides were capable to bind
one or two Cu(l) species and to form [M+Cu(l)]* or
[M+2Cu(l)-H]* ions. Besides the signal corresponding to

Paptide Paptide Peptide
structure structure code
aiv-lAsn-Ala-rro-val-ser-le-Fro-trin)- s Table 1
HyN-{Asn-Ala-Pro-Val-Gl-1le-Pro-GIn)-CODH . NAPVGIPQ NAFG GENERAL STRUCTURE OF THE INVESTIGATED
H:N-{Asn-Ala-Pro-Val-4dlg-Tle-Pro-Gln)-COOH NAPVAIP) NAPA PEPTIDES DERIVED FROMNAP
H:N-{A=n-Ala-Pro-Val-Hi-Ile-Pro-Gln)-COOH | NAPVHIF( NAPH
H:N-(Asmn-Ala-Pro-Val-Tyr-Ile-Pro-Gin)-COCH | NAPVITFG NAPY
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the complex containing the intact peptide, other peaks
assigned to the Cu(l)-deamidated peptide complex can
be clearly spotted. The affinity of the NAP-like peptides
toward Cu(l) ion can be determinate upon analyzing the
intensity of the signals attributed to the metal-peptide
complex, being related to the peptide composition. Thus,
the highest signals assigned to the metal-peptide
complexes were those of the histidine-containing NAP
peptide (NAPH). For example, the most intense signal at
m/z 937.6 was assigned to [M+Cu(D]* ion, while the
second one, identified at m/z 921.6, was attributed to [M-
16+Cu()]* ion. Even in the case of double metal ion
complex, the histidine NAP derivative showed the highest
affinity displaying two intense signal: one at m/z 983.6
assigned to [M+2Cu(l)-H]* ion and another one at m/z
999.5 attributed to [M-16+2Cu(l)-H]* ion. Since histidine
is known to bind strongly copper ions, being also involved
in the transport of copper ions into cells, it is no surprise
that NAPH peptide provided the highest affinity toward
copper ions in comparison with the other NAP peptides
[28].

In the case of NAP native peptide, the [M+Cu(D)]* ion
spotted at m/z 887.5 showed the highest intensity. In
addition, the signals assigned to [M-16+Cu(l)]* ion (m/z
871.5) and [M+2Cu(l)-H]* ion (m/z 949.4) can be easily
observed in the MS spectrum. Similar ions were also
observed in the spectra of NAPG, NAPA and NAPY
complexes. However, the peak intensity of [M+Cu(1)]* ion
(NAPG: m/z 857.5; NAPA: m/z 871.5 and NAPY: m/z 963.7)
was more reduced compared to that of the molecular [M-

16+H]* ion. Therefore, there is a lower affinity of copper
ion toward the modified NAP peptides with glycine, alanine
and tyrosine. The other signals were assigned also to [M-
16+Cu()]* ion (NAPG m/z 841.5, NAPA m/z 855.5, NAPY
m/z 947.7), [M+2Cu(l)-16]* ion (NAPG m/z 903.5, NAPA
m/z 917.4, NAPY m/z 1009.7) and [M+2Cu(l)-H]* ion
(NAPG m/z 919.4, NAPA m/z 933.4, NAPY m/z 1025.6).

Following the interaction of Fe** ions with NAP peptides,
the reduction of iron ions and formation of large amount of
Fe?*-NAP complex was observed. As seen from figure 2,
the highest peaks from the mass spectra of NAP-like
peptides incubated with iron ions were assigned to
[M+Fe(ID-H]* ions at m/z 879.6 (characteristic to NAP),
m/z 849.5 ( NAPG), m/z 863.5 (iron complex of NAPA), m/
2 929.6 (NAPH) and m/z 955.6 (NAPY). In addition, signals
associated with [M+2Fe(I1)-3H]* ion were observed in the
MS spectra of all peptides: at m/z 933.5 was found NAP
complex with two Fe?* ions, at m/z 903.4 that of NAPG, at
m/z 917.4 another one from NAPA, at m/z 983.5 was that
of NAPH, and at m/z 1009.5 was noticed the
[NAPY+2Fe(I1)-3H]* complex. Compared to experiments
with the copper-incubated peptides, the iron ions proved
to be more active and bound to a higher proportion of peptide
molecules. Our results suggest an increased affinity of iron
ions for NAP-like peptides. In addition to the signals
associated with metal-peptide complexes, the peaks
corresponding to molecular ions [M+H]*, deamidated
peptides [M-16+H]* and their adducts with sodium
(IM+Na]*) and potassium ([M+K]*) can be spotted in all
spectra.

< [M-16+H]"
) 809.6 [M+Cu(D]* NAPSC
NAP+Cu
2,03 887.5
L3 . [M+2Cu(D)-H]*
10 [M+Na]* [M-16+Cu(D)] ML16+2Ceq BT .
05 847.5 8715 949.4
- A I, ™
0.0 "800 820 840 860 900 920 940 e
. 779.6 }
8. NAPG+Cu
5
| §57.5
4
i 817.6 841.5
2 L o035 9194
. b N U W
0760 780 800 820 840 260 880 900 920 i
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F 103 835.5 op7g 9334
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m'z
- 937.6
f 839.7 921.6 NAPH+Cu
4
3 0836 999.5
2 875.6
: N — . . i
0840 860 880 900 920 940 960 980 1000 i
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Fig. 1. MALDI-ToF MS spectra of the NAP-like peptides in the presence of
copperions ata1: 10 peptide: metal ratio (4 mM peptide and 40 mM
copperions)
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However, their intensity was lower compared to that
associated to metal-peptide complexes. The highest
percentage of free peptide was observed in the NAPH
spectra, were signals associated to peptides [M-16+H]",
[M+H]* and [M+K]* ions were found at m/z 859.7, m/z
875.6 and m/z 913.6. The spectra of tyrosine-modified
peptide, NAPY, showed average signals at m/z 885.7, m/z
923.6 and m/z 939.6, being assigned to [M-16+H]",
[M+Na]* and [M+K]* ions, respectively. Signals assigned
to [M-16+H]* ions were observed in the spectra of NAP
(at m/z 809.7), NAPG (at m/z 779.6) and NAPA (at m/z
793.6). The sodium and potassium adducts of peptides
were also seen in the MS spectra at m/z 847.6 for NAP, m/
z 817.5 for NAPG and m/z 831.5 for NAPA ([M+Na]* ion)
and at m/z 863.5 (with NAP), m/z 833.5 (bound to NAPG)
and m/z 847.5 (adduct of NAPA), corresponding to [M+K]*
ion.

Table 2 shows the theoretical and experimental values
of the main peaks in the mass spectra. The experimental
m/z values displayed by the MALDI ToF mass spectrometer
were in best agreement with theoretical data obtained
using the ChemCalc program.

Figure 3 and 4 show the experimental isotopic
distribution of the copper-peptide and iron-peptide
complexes following the MS analysis of the samples. The
theoretical distribution of the [M+Cu(l)]* ion and
[M+Fe(I)-H]* was similar with that experimentally
determined.

In this study we showed that two noxious metal ions
can bind to anti-amyloid peptides. Heavy metals, including
copper and iron, are environmental contaminants that
cannot be degraded or destroyed [10, 29]. Their biological
effect differs from that of organic pollutants such as
dinitrophenols [30, 31]. Decontamination of dinitrophenol
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derivatives can be done by yeast suspensions, since they
can live anaerobically [32, 33]. Thus, heavy metal altered
metal homeostasis can be one of the factors causing many
pathologies. In addition, redox active metals carry pro-
oxidant properties that induce oxidative stress by ROS.
These reactive oxygen species causes protein, DNA or
phospholipids oxidations. Previously, we investigated the
interaction of heavy metal ions with Ap peptides
associated with Alzheimer disease using glycyl-L-
tryptophan, which interact with Fe* and Cu?* ions that
decrease its fluorescence intensity at 350 nm [7].

In this research, we performed mass spectrometric
measurements to investigate heavy metal binding to
peptides and proteins, since this technique is an important
analytical approach utilized for quantitative and qualitative
determination, structure and chemical properties
elucidation [34, 35]. Due to its wide range of applications,
MS has become an indispensable tool for analyzing
biomolecules [36]. Proteomics research took advantage
of the development of soft ionization techniques such as
electrospray ionization (ESI) and matrix assisted laser
desorption/ionization (MALDI) capable of easily
transforming biomolecules into ions [37]. MALDI mass
spectrometry implies the use of a matrix capable of
absorbing the laser energy and creates ions from large
molecules with minimal fragmentation. Thus, MALDI
technique is capable to ionize complexes while using less
solvent than electrospray ionization techniques [38]. The
MALDI ionization is commonly used for the analysis of high
molecular weight biological compounds, but has also been
used for transition metal complexes analysis [39].

We investigated here NAP analogs containing glycine,
alanine, histidine and tyrosine residues instead serine in
the native NAP sequence, since cysteine is well-known
ligand for copper and iron [22, 26, 41].
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Table 2

MOLECULAR WEIGHT OF THE PEPTIDES, AS EXPERIMENTALLY DETERMINED WITH A MALDI-
TOF INSTRUMENT OR CALCULATED WITH CHEMCALC SOFT [24]

Pepnide Molecular Ton Theoretical (m7)  Expervmental (m/3)~
[LI-1e=HT g d S0a.6
i+H]* 8254 82335
MNAP [d+Ma]* 8474 8475
(HN -MNAPVEIPQ-COOH) K] 2634 8635
CagHenMN100Onz -16=Cu(T]* 214 8715
BI+-CuT)]* 2874 8873
i-16=2Cu[-H]T 9333 -
=2 CuT-H* 2483 040 4
[i+Fe(Il-H]* 8704 8708
[i+2Fe(ID)-3H]* 9333 9333
i-16+H] 1194 1796
h+H]* 7954 1835
[d+Ma]* 8174 8176
NAPG K] 8334 8333
(HaN -NAPVGIPQ-COOH) -16+Cu(Ti]* 2413 8415
CasHssMN1On B CuT)]* 8574 8575
i-16=2Cu[-H]T 9033 9035
=2 Cu(T)-H]* 2193 9194
[+Fe{Il}-H]™ 8404 8485
[i+2Fe(ID)-3H]* 033 9054
i-16+H] 7934 1936
i+H]* 8085 8085
[d+Ma]” 8314 8313
NAPA KDY 8474 8475
(HoM -NAPVAIPQ-COOH) d-16+Cu(T)]* 8554 8333
CzeHeolN10On E=CuD)]* 214 8715
R-16+2CuT-H]Y 9173 0174
=2 Cu(T)-H]* 9333 9334
[i+Fe(Il-H]* 8635 8634
[i+2Fe(ID)-3H]* 8173 174
I-16+H] 8383 8387
i+H]* 87335 8756
[BI=a]" 8975 8976
NAFPH KDY 9134 9138
(HaN -NAPVHIPQ-COOH) -16+Cu(Ti]* @14 9216
CHeaMN10n BA-CuT] 9374 9378
i-16=2Cul-H]T 9833 9836
=2 CuI)-H* 9993 8993
[i+Fe(Il-H]* 9204 9206
[=2Fe(ID)-3H]* 9833 0835
i-16+H] 8835 8837
NAPY i+H]* 013 9016
(HW -NAPVYTPOQ-COOH) [d+Ma]* 9235 9238
CazHealN100nz ME]* 9304 939.6
i-16+Cu(Ti]* 9474 8477
B=CuT)]* 0634 89637
i-16+2CuD-HY 10083 10087
=2 Cu(T)-H]* 10233 1025.6
[i+Fe(Il-H]* 9354 9356
[+2Fe(Il)-3H]* 10083 1008.5

*[-] not present in the MALDI-ToF mass spectra

On using ESl ion-trap MS measurements, iron binding to

APB(1-40) peptide associated with Alzheimer disease was
demonstrated [42]. Our results using MALDI ToF MS have
thus confirmed Fe?* ion binding to peptides, and not Fe**
ion. It is therefore possible that Fe?* ion, but Fe** ion, to
bind to AB(1-40), which means that further research is
necessary to confirm this hypothesis. Besides, ESI-MS
results seem to be in good agrement with those obtained
by MALDI-ToF MS [41, 43].
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Our studies on copper and iron interaction with
neuropeptides are in line with the literature data [44].
Copper binding to peptides and proteins was also studied
in order to find new methods for protein determination [45].
Indeed, protein determination is still a difficult task and
novel assays were proposed [46, 47]. However, the main
result of our study is redox metal binding to NAP-like
peptides only under their reduced form.
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Conclusions therapy constitutes a possible treatment against heavy

In this work we have demonstrated the reduction of
Fe** and Cu?* ions to Fe** and Cu* followed by their binding
to some newly synthesized NAP-like peptides. This
ubiguitous phenomenon may suggest a double protective
role for NAP peptide: i) metal scavenger and ii) potential
therapeutic agent against the ROS metal-mediated
cascade. Since the Fenton oxidation chemistry is a general
feature for all neurodegenerative disorders, chelation
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metal accumulation. Our results identify native NAP and
its glycine (NAPG), alanine (NAPA), histidine (NAPH) and
tyrosine (NAPY) modified peptides as therapeutic
strategies for metal chelating. However, different peptides
bind differently iron and copper ions. Further research is
needed to understand the complex relationship of NAP-
like peptides and metal ions involved in Alzheimer disease
or other neurodegenerative pathologies.
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