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A Novel Iron-Chelating Derivative of the Neuroprotective Peptide NAPVSIPQ Shows Superior
Antioxidant and Antineurodegenerative Capabilities
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Affecting an estimated 5% of adults over 65 years of age, Parkinson’s disease and Alzheimer’s disease are
the most common neurodegenerative disorders. Accumulating evidence suggests that oxidative stress induced
by the breakdown of iron homeostasis is a major contributor to the neuronal loss observed in
neurodegeneration. Thus, brain-permeable iron chelators may present potential therapeutic benefits. In the
present study, iron-chelating hydroxamate groups were introduced into the NAP (NAPVSIPQ) peptide, whose
neuroprotective qualities have been widely demonstrated. Our experiments revealed that the novel
dihydroxamate peptide 3 is capable of inhibiting iron-catalyzed hydroxyl radical formation and lipid
peroxidation, abilities that are not part of the repertoire of its parent peptide. In addition, peptide 3 was
superior to native NAP in protecting human neuroblastoma cell cultures against the toxicity of hydrogen
peroxide. These results suggest that NAP-based iron chelators deserve further investigation in the search

for drug candidates for neurodegeneration.

Introduction

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are
the two most common forms of neurodegeneration. To date,
no satisfactory treatment has been introduced for these neuro-
degenerative disorders, with present drugs offering symptomatic
benefits at best. This unfortunate reality is at least in part
attributable to a rather limited understanding of the etiological
basis of neurodegeneration. Nevertheless, research in the past
2 decades has made it apparent that both oxidative stress and
deposition of disease-specific protein aggregates are highly
recurring motifs in neurodegenertion.'* Evidence for the role
of oxidative stress is based, among others, on abnormally high
amounts of oxidatively modified proteins, lipids, and DNA in
the brains of patients.*”’

Much of the work concerning the pathological oxidative
processes observed in AD and PD has been devoted to the
involvement of iron ions.® Studies in rodents have shown that
normal aging is accompanied by a rise in the levels of iron and
other metals (e.g., copper, zinc) in the brain.”"'° These findings
were complemented by post-mortem human brain tissue analy-
ses, which revealed that the age-related iron increase occurs
mostly in neurodegeneration-prone regions such as the substantia
nigra, cortex, and hippocampus.® High content (10~*—10"* M
range) iron deposits are found in the abnormal protein aggregates
typical of neurodegenerative brains: S-amyloid peptide (Ap)
plaques'"'? and neurofibrillary tangles'? in the case of AD and
a-synculein (Lewy bodies)'? in PD. Iron has been found to be
involved in several key pathogenic processes in neurodege-
neration:
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(1) Redox-active Fe(Il) reacts with H,O, to generate the
highly reactive "OH (hydroxyl radical) via the Fenton reaction
Fe(Il) + H,0, — Fe(Il) + OH~ + "OH.'*!®

(2) Both AB' and a-synuclein'” have been reported to
generate H>O, from molecular oxygen via electron transfer
interactions involving bound redox-active Fe(III).

(3) Iron and other metals (copper, zinc) have been shown to
promote fibrillation and aggregation of the Af peptide'®'? and
of a-synuclein.®

(4) Translation of the amyloid precursor protein (APPY),
which is the parent protein of Alzheimer’s Af peptide, is up-
regulated in the presence of iron.?! This finding, together with
the notion that high protein concentrations promote misfolding
and aggregation,” points to yet another potential role for iron
in neurodegeneration.

Thus, iron provides an interesting and potentially critical link
between oxidative stress and deposition of protein aggregates.
This apparently crucial role of iron suggests that chelating agents
may possess therapeutic potential. Such compounds should be
able to sequester free redox-active iron from its sites of activity,
forming nontoxic metal complexes that are then excreted.
Several compounds have been studied in the past in this context,
including the prototype iron chelator drug desferrioxamine
(DFO) and the orally available antibiotic clioquinol (5-chloro-
7-iodo-8-hydroxyquinoline). Both these drugs showed potent
neuroprotective capabilities in several cell culture and animal
models for neurodegeneration.?>>> However, neither has been
successfully introduced for clinical use, for reasons of toxicity

“Abbreviations: ADNP, activity-dependent neuroprotective protein; APP,
amyloid precursor protein; Boc, fert-butyloxycarbonyl; DCC, dicyclohexyl-
carbodiimide; DCM, dichloromethane; DFO, desferrioxamine; DIPEA,
diisopropylethylamine; DMF, N,N-dimethylformamide; EPR, electron para-
magnetic resonance; Fmoc, 9-fluorenylmethoxycarbonyl; HOBt, N-hy-
droxybenzotriazole; LPO, lipid peroxidation; MDA, malondialdehyde; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NMM, N-
methylmorpholine; NMP, N-methyl-2-pyrrolidone; Ofm, O-fluorenylmethy];
PBN, phenyl-tert-butylnitrone; PyBOP, benzotriazol-1-yloxytripyrrolidino-
phosphonium hexafluorophosphate; ROS, reactive oxygen species; TBA,
thiobarbituric acid; TES, triethylsilane; TFA, trifluoroacetic acid.
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as well as poor bioavailability in the case of DFO.?® More
recently, the neuroprotective potential of additional chelating
agents has been investigated; VK-28, a brain permeable hy-
droxyquinoline derivative, showed potent protection against
6-hydroxydopamine (6-OHDA) induced lesion in rats.?” Epi-
gallocatechin 3-gallate (EGCG), a component of green tea
extracts whose antioxidant and metal-chelating activities are well
established, showed neuroprotective activity in a 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse model for
PD,?® as well as capacity to down-regulate APP and Ap in cell
cultures.?

Another potential therapeutic strategy in neurodegenerative
disorders may be based on neuropeptides and their analogues.
One such example is the NAP octapeptide, whose competence
in counteracting many of the phenomena associated with
neurodegeneration has been widely studied.*>*' NAP (Asn-Ala-
Pro-Val-Ser-Ile-Pro-Gln) was identified as the active element
of activity-dependent neuroprotective protein (ADNP), a glial
cell mediator of vasoactive intestinal peptide (VIP) induced
neuroprotection.®” Since its discovery, NAP has been shown to
possess potent neuroprotective qualities both in cell cultures™~*
and in animal models.>**> Most importantly, NAP has been
detected in the brains of treated animals following intravenous
administration, implying capability to cross the blood—brain
barrier.*>3¢

The work presented here is part of an extensive ongoing
endeavor aiming to combine the antineurodegenerative traits
of two or more drugs into a single molecule. The concept of
such bi- and multifunctional drugs arose from the recognition
that neurodegeneration may be too complex and multifaceted
for a single drug to offer complete and lasting benefits to
patients. Several bifunctional compounds have demonstrated a
potential for neuroprotection and disease modification.*”*® One
such example is M30, a conjugate of the iron chelator VK-28
and propargylamine, the molecular moiety responsible for the
monoamine oxidase B-inhibiting activity of the anti-Parkinso-
nian drug rasagiline.”’~®

In the present study, the NAP peptide was synthesized and
chemically modified to confer it with iron-binding capabilities.
We have previously shown that a NAP derivative containing
an 8-hydroxyquinoline metal binding moiety possesses antioxi-
dative and in vitro neuroprotective effects.>® Here, we chose
the hydroxamate group (CONHOH) as the iron-chelating
moiety. It is well established that hydroxamates are powerful
bidentate iron coordinators, and in fact, the prototype chelator
DFO is a naturally occurring trihydroxamate siderophore.*° Ye
et al. have previously introduced hydroxamates into peptides
as a means to achieve conformational rigidity through iron
coordination.*' Neuropeptide-based metal chelators may be
targeted toward their respective loci and exert their significant
therapeutic activity in various forms of neurodegeneration. This
effect may be amplified by the intrinsic capacity of the peptide
carrier. Thus, one or two hydroxamate groups were strategically
placed in the NAP peptide sequence to keep the resulting
derivatives as similar to the native peptide as possible. The iron-
chelating, antioxidative and in vitro neuroprotective activities
of these peptides were studied and compared to those of the
native NAP peptide and DFO.

Results and Discussion

Peptide Design and Synthesis. In attempt to confer the NAP
peptide with metal-chelating capabilities, we chose to introduce
into it the iron-binding hydroxamate groups. Hydroxamate-based
chelators, like other compounds that employ oxygen atoms as
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ligands, favor Fe(Ill) over Fe(Il). Such compounds are much
more selective toward iron as a whole, since Fe(Il)-favoring
chelators are also capable of binding other bioactive bivalent
metals such as Cu(Il) and Zn(II), implying that their use entails
lower specificity and greater toxicity.>®*> In addition, high-
affinity Fe(IIl) chelators can bind Fe(Il) ions and rapidly
autoxidize them to Fe(IIT).***** Thus, Fe(IIT)-favoring chelators
practically bind both types of iron ions under most physiological
conditions.

The sites on the NAP sequence modified into hydroxamates
were either the backbone C-terminal glutaminyl carboxyl group
(peptide 1, HN-Asn-Ala-Pro-Val-Ser-Ile-Pro-Gln-CONHOH)
or the side chain of the N-terminal asparagine (peptide 2, HoN-
Asp(CONHOH)-Ala-Pro-Val-Ser-Ile-Pro-GIn-OH), or both (pep-
tide 3, HoN-Asp(CONHOH)-Ala-Pro-Val-Ser-Ile-Pro-Gln-
CONHOH) (Scheme 1). The selection of these sites was based
on several factors, including minimal alterations to the native
sequence and a previous finding that the integrity of the Ser-
Ile-Pro region within NAP is crucial for its neuroprotective
activity.*” In addition, the two hydroxamates in peptide 3 were
adequately far apart to allow two hydroxamates from one peptide
molecule to bind the same iron ion.

Following synthesis, peptides were purified by HPLC (>99%
by analytical HPLC) and subjected to amino acid analysis and
mass spectrometry: native NAP, m/z 825.30, caled 824.92; 1,
m/z 840.08, calcd 839.94; 2, m/z 840.80, calcd 840.92; 3, m/z
855.97, caled 855.94. Overall yields ranged from ~25% for
hydroxamated peptides to ~60% for nonmodified peptides.

Formation of Peptide—Fe(III) Complex. Spectrophotomet-
ric studies were conducted to evaluate the formation and the
composition of peptide—Fe(IIl) complexes. The formation of
complexes of organic ligands with transition metal ions can
result in appearance of new absorbance peaks or shifting/
disappearance of pre-existing ones. The results of our studies
suggest that NAP hydroxamates, but not the native NAP peptide,
form stable complexes with Fe(IIl) in water (pH 5) at room
temperature. As shown in Figure 1, the addition of FeCls to
native NAP did not result in any significant changes in the
200-700 nm absorption spectrum other than a peak around 280
nm that is attributed to the Fe(OH),, adducts formed under these
conditions. In contrast, addition of FeCl; to either monohy-
droxamate or dihydroxamate NAP derivatives led to appearance
of a broad new peak with a maximum at 464 nm (Figure 1),
indicative of Fe(IlI) complex formation. As expected, none of
the peptides tested showed complex formation with either copper
or zinc under a similar experimental setting (not shown). In
order to estimate the stability of the peptide 3—Fe(III) complex,
the molar extinction coefficient at 464 nm was calculated as
€464 = 1480 M~' cm™' from the absorbance of a solution
containing a large excess (x 10) of peptide 3 over iron, allowing
for the assumption that in this scenario the complex concentra-
tion is very close to the initial iron concentration. Following
this, the absorbance was measured at several peptide 3 and iron
concentrations, and the stability constant was extracted as log
K~ 4.

In theory, the tetradentate peptide 3 can form a variety of
complexes with the six coordinates of the iron ion, with different
peptide to Fe ratios. In order to elucidate the stoichiometry of
3 binding to iron, the absorption spectrum of the peptide was
measured with increasing concentrations of FeCls. Figure 2A
indicates that under the experimental conditions a complex with
a1l to 1 (peptide 3 to Fe) molar ratio was formed. This finding
was reinforced by mass spectrometry analysis of the complex,
which gave a value of m/z 909.63, corresponding to 1 to 1



128 Journal of Medicinal Chemistry, 2008, Vol. 51, No. 1

Scheme 1. Synthesis of Peptide 3¢
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Figure 1. Spectrophotometric detection of peptide—Fe(III) complex
formation. Absorption spectra of different NAP derivatives (0.3 mM)
in the absence and presence (0.3 mM) of FeCls in water.

stoichiometry (Figure 2B). It is our belief that in this complex
the iron is coordinated by both hydroxamates of peptide 3 in a
manner that can be described as iron-assisted cyclization.
Fe(II)-Chelating Potency. The Fe(II)-chelating potency of
NAP and its hydroxamated derivatives was assessed by the
ferrozine method. Binding of Fe(Il) ions to ferrozine generates
a colored complex that can be measured quantitatively at 562
nm.*® The addition of iron chelators interferes with the
ferrozine—Fe(II) complex in a concentration-dependent manner.
Since high-affinity Fe(II) chelators bind Fe(Il) ions and rapidly
autoxidize them to the corresponding stable Fe(IIl) complex,**
this method actually reflects the overall Fe(II)/(IIT)-chelating
potency rather than affinity toward any of the two oxidation
states. As expected, DFO, a very strong iron chelator (log K =
30.6 for Fe(IIT),*” 10.3 for Fe(I)**), showed high iron-chelating
potency, with an ICsg of 10 M (not shown). The native NAP
peptide did not exhibit any significant iron-chelating potency,
while its hydroxamated derivatives were able to displace iron

from ferrozine, with 3 showing higher chelating potency than
1 and 2 (peptides 1 and 2 ICsp = 360 uM, peptide 3 ICs5p =
170 uM) (Figure 3).

DFO is one of ~500 identified naturally occurring sidero-
phores, low molecular weight chelating agents that are produced
by microbes in order to mediate uptake of the iron essential for
their survival. Siderophores can acquire iron bound to other
compounds through ligand exchange reactions.*” Evidently,
herein lies one of the adverse consequences of prolonged
treatment with DFO: its extremely high affinity toward iron is
believed to result in abstraction of the metal from its endogenous
ligands (e.g., transferrin, log K = 20),°° which can eventually
lead to systemic iron depletion.’ Thus, the lower affinity of
the hydroxamated NAP peptides may have its merits in this
respect, and it is possible that their chelating activity in vivo
will be more selective toward free iron.

Inhibition of Lipid Peroxidation. Lipid peroxidation (LPO)
is one of the major outcomes of oxidative stress-associated tissue
damage. Since both AD and PD have been associated with
elevated brain levels of lipid peroxidation products,®* we have
decided to employ an in vitro assay in order to examine the
ability of NAP hydroxamates to inhibit iron/ascorbate-induced
LPO. This widely used method is based on the oxidation of
polyunsaturated fatty acids in biological membranes, giving rise
to a variety of lipid breakdown products such as malondialde-
hyde (MDA). The reaction of MDA with thiobarbituric acid
(TBA) forms a pink pigment that can be detected by visible
light spectroscopy.

As can be seen in Figure 4, of the peptides tested 3 was the
only one to possess an inhibitory effect against LPO, with an
ICsp of 340 uM. Neither the monohydroxamate peptides nor
the native NAP peptide had any antioxidative effect in this
model, and in fact, at concentrations of 100 uM and higher,
these peptides seem to increase lipid peroxidation in the presence
of iron (Figure 4). The possibility that these peptides somehow
enhance the MDA—TBA reaction was ruled out because no
increase in the absorbance at 532 nm was detected when iron
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Figure 2. Stoichiometry of peptide 3—Fe complex. (A) The absorption
spectrum of peptide 3 (300 #M) in water was measured with increasing
concentrations of FeCl;. The absorbance at 464 nm saturates at
approximately 300 uM FeCls, implying 1:1 binding stoichiometry. (B)
Positive ion mass spectrum of peptide 3—Fe complex, corresponding
to 1:1 stoichiometry (calculated MW, 909.76). The peak at m/z 857.51
corresponds to peptide 3.

was absent from the reaction (not shown). One possible
explanation for the unexpected behavior of these peptides is
that at high concentrations they may bind iron in a manner that
enhances its propensity to participate in electron-transfer reac-
tions. The idea that some chelators increase the redox activity
of the bound metals is not a novel one, as it has been previously
reported that the commonly used metal chelator EDTA rather
stimulates the production of ROS in the presence of iron. >>?
The NAP sequence includes several potential iron binding
moieties, including the amide groups in peptide bonds and on
the asparagine and glutamine residues, the hydroxyl group on
the serine residue, and the C-terminal carboxyl group. Any of
these may be held accountable for binding iron in a redox-
competent manner when the peptide is in large excess over the
metal. On this account, the possibility that the potency of 3 to
inhibit lipid peroxidation is hampered by some intrinsic property
of the NAP sequence cannot be excluded, and this may at least
partially explain the superior potency exhibited by DFO in this
model, establishing nearly complete protection at 15 uM (not
shown).
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Figure 3. Iron-chelating potency. The chelating effect is expressed as
percent of control (60 uM ferrozine, 15 uM FeSOy in pH 6.9 ammonium
acetate buffer). DFO ICsy = 10 uM. Values represent the mean + SEM,
n = 3 in duplicate.
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Figure 4. Inhibition of lipid peroxidation. Lipid peroxidation (LPO)
was performed in rat brain mitochondrial homogenates. LPO was
induced by 1.5 uM FeSO,. Results are expressed as percent of control
(no drug). DFO achieved nearly complete inhibition at 15 M. Values
represent the mean & SEM, n = 3 in duplicate: (x) P < 0.05.

Inhibition of Hydroxyl Radical Formation. It is a well-
established concept that one of the principal routes by which
hydroxyl radicals are generated in living systems is through the
interaction of transition metals, particularly the ferrous ion, with
hydrogen peroxide (Fenton reaction). In order to assess the
ability of NAP iron chelators to inhibit the Fenton reaction, an
electron paramagnetic resonance (EPR) spin trapping method
was used. Hydroxyl radicals were produced by mixing H,O,
and FeSOy, and the resulting radicals were trapped with the
spin trap N-phenyl-fert-butylnitrone (PBN). The EPR spectrum
obtained in the Fenton system in the presence of PBN consisted
of a sextet with hyperfine splitting constants of ay = 16.1 G,
ag = 2.3 G, typical of PBN—OH" spin adducts in water™
(Figure 5A). Addition of 3 (600 uM), as well as DFO (300
uM, not shown), caused a marked reduction in the EPR signal
intensity to 28% and 12% of control, respectively. In contrast,
addition of the native NAP peptide (600 uM) led to a 23%
increase in the PBN—OH" spin adduct concentrations, while
neither peptides 1 nor 2 showed any significant effect on the
EPR signal intensity. These findings were in line with the results
of the lipid peroxidation experiments in which native NAP also
demonstrated a pro-oxidative effect as opposed to the inhibitory
effects of the iron-chelating compounds 3 and DFO. In addition,
this behavior of native NAP, together with the fact that the PBN
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Figure 5. Inhibition of hydroxyl radical generation. (A) Representative
EPR spectra of reaction systems containing 100 uM FeSO,, 200 uM
H,0,, and native NAP or peptide 3 (600 uM) or none (control).
Hydroxyl radical generation in the presence of DFO (300 uM) was
12% of control. (B) Concentration-dependence curve for peptide 3.
Results are expressed as percent of control, calculated as the peak
intensity of the middle field doublet. Values represent the mean + SEM,
n=3:(x) P < 0.05.

spin trap was in at least a ~60-fold excess over the tested
compounds, implies that the pronounced decrease in the
production of hydroxyl radicals in the presence of 3 can be more
likely attributed to its iron-chelating activity rather than to an
ability to scavenge the generated radicals.

The inhibitory effect of 3 on the Fenton reaction was found
to be concentration-dependent (Figure 5B), with an estimated
ICsp value of 150 uM (1.5 times the iron concentration). It is
mentioned that 3 did not achieve complete inhibition of hydroxyl
radical formation at any of the concentrations measured and a
minimum of ~20% of EPR spin adduct signal intensity was
always detected.

In Vitro Neuroprotection. NAP and peptide 3 were tested
for their capacity to protect human SH-SY5Y neuroblastoma
cells against oxidative stress-associated death induced by H,O,.
In this assay, addition of 80 uM H»O, to the growth medium
reduced cell viability to 56% compared to control. The tested
compounds were added to the medium at different concentra-
tions immediately prior to the H,O, insult. As can be seen in
Figure 6, both native NAP and 3 exhibited a neuroprotective
effect at concentrations ranging from 1 pM to 10 nM, with 3
showing higher protective capabilities. Neither of the tested
peptides showed a toxic effect at concentrations of up to 10>
M (not shown).

Blat et al.

The NAP peptide has been reported to possess neuroprotective
properties in a wide range of in vitro neurodegeneration models,
protecting against a multitude of neurotoxins.****~** In all these
models, NAP has been shown to be most effective at very low
concentrations, ranging from 10~ '¢ to 10~® M. The mechanism
by which NAP exerts neuroprotection is yet to be delineated.
To date, it has been shown that NAP interferes with inflam-
matory processes” and modulates signal transduction pathways
by inducing cGMP?® production. In addition, NAP is a promoter
of microtubule assembly, another means by which it can enhance
cell survival.’” Most relevant to the present work, NAP has been
reported to curtail the overexpression of the key proapoptotic
protein p53 following exposure of cell cultures to HyO,.*!

The results of our neuroprotection experiment reaffirm that
the NAP peptide can protect against oxidative stress-associated
cell death. In addition, our findings suggest that conferment of
NAP with iron-binding capabilities enhances its neuroprotective
effect, presumably via chelating iron and restraining its redox
activity.

Summary and Conclusion

The NAP peptide, whose neuroprotective capabilities have
been demonstrated in a multitude of experimental settings, was
used in this study as base for the design of novel peptide iron
chelators. Three such compounds were synthesized, and their
potential to counteract some of the aspects of neurodegeneration
were evaluated. Special emphasis was given to examining the
effects of these novel peptide chelators on the iron-associated
generation of ROS, a concept that has been widely recognized
in the past 2 decades as a key pathogenic factor in neurode-
generative disorders. The central involvement of iron in oxida-
tive stress suggests that the strategy of iron chelation may be
superior to treatment with antioxidants, since it is aimed at
blocking the production of ROS rather than scavenging them.

Despite their ability to bind iron, the monohydroxamate NAP
derivatives 1 and 2 were ineffective in quenching the redox
activity of this metal, as demonstrated in the lipid peroxidation
and EPR assays. In contrast, the dihydroxamate peptide 3 did
show a capacity for reducing iron-associated ROS generation.
This suggests to us that the number of hydroxamates bound to
the iron has critical influence on its capacity to participate in
electron-transfer reactions. Spectrophotometric studies, comple-
mented by mass spectrometry, revealed a 1 to 1 (peptide 3 to
Fe) ratio in the complex formed under the experimental
conditions. In such a complex, four of the six coordinates of
the iron are satisfied by 3’s two hydroxamate groups, while the
two other coordinates are probably occupied by water molecules
(Scheme 2). In any of the techniques employed, we were not
able to detect the formation of a 3 to 2 (peptide 3 to Fe) complex
in which all iron coordinates would have been occupied by
hydroxamates. It is possible that the lack of formation of such
a complex is due to steric hindrance, with side chains of nearby
amino acids blocking the access of a hydroxamate group from
a second peptide molecule. This may be part of the explanation
for the superior potency observed with the trihydroxamate DFO
in inhibiting the Fenton reaction and lipid peroxidation, since
DFO forms 1:1 complexes with iron, capturing all six coordi-
nates. Occupation of all coordination sites can greatly influence
the redox properties, solubility, and biological activity of iron.
Graf et al.>* have shown that the presence of coordinated water
or other readily exchangeable ligands correlates with the
catalytic activity of the metal-chelator complex and that stable
coordination of all six sites results in the inability of iron to
catalyze the Fenton reaction. They base this assumption on the
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Figure 6. Neuroprotection against H>O, toxicity. NAP and peptide 3
were tested for neuroprotective activity against H,O, toxicity in SH-
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Scheme 2. Schematic Representation of Peptide 3—Fe Complex
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premise that constant cycling of the iron ion between its two
oxidation states is an essential requirement for the propagation
of the Fenton reaction. According to Graf, the availability of a
water coordination site on the ligand—Fe complex is key for
the reduction of iron back to Fe(Il) to take place;52 otherwise
the iron remains stable in the Fenton-inactive Fe(Ill) state.

The results obtained with 3 in the neuroprotection assay are
of great promise. Not only do they show that 3 can also interfere
with oxidative processes in biological systems but they also
suggest that it does so in a bifunctional manner. The finding
that 3 exerts superior neuroprotection compared to native NAP
suggests that its activity can be partially attributed to the
chelation of iron.

Finally, it is also tempting to speculate that 3 may possess
qualities of targeting toward sites of neurodegeneration. Such
targeting may occur on account of the native NAP peptide
forming specific interactions with brain proteins such as the
brain-specific S-III-tubulin®® and the AB peptide.*® Moreover,
the notion that iron accumulates mostly in sites of neurodegen-
eration may also enhance the neuroprotective activity arising
from the NAP sequence. Thus, the concept of targeting is
possibly an additional dimension by which 3 is superior to its
parent peptide and may also pose an advantage in comparison
to DFO. However, only in vivo studies can demonstrate the
validity of these suggestions, and such studies are beyond the
scope of the present work.

Journal of Medicinal Chemistry, 2008, Vol. 51, No. 1 131

In conclusion, the promising results obtained with 3 suggest
that this line of drug development should be further pursued.
Future research should concentrate on attempts to modify 3 in
order to further improve its ability to quench iron-associated
oxidative stress. A key step in refining 3 may be to find the
underlying reason for the intrinsic propensity of the NAP
sequence to stimulate ROS generation in the presence of iron.
In addition, the prospects of adding a third hydroxamate moiety
to the peptide should also be investigated. Naturally, any future
modifications will have to be performed in a manner that does
not damage the intrinsic neuroprotective qualities of the NAP
sequence.

Experimental Section

General. Unless otherwise specified, all chemicals and reagents
were of analytical grade and were purchased from Sigma-Aldrich
(St. Louis, MO), Merck (Darmstadt, Germany) or Fluka (Buchs,
Switzerland). HPLC grade acetonitrile and trifluoracetic acid (TFA)
were from JT Baker (Phillipsburg, NJ). Preloaded Wang resins,
N-0-9-fluorenylmethoxycarbonyl (Fmoc)-protected amino acids and
benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophos-
phate (PyBOP) were from Novabiochem (Laufelfingen, Switzer-
land).

Unless otherwise stated, spectrophotometric studies were per-
formed with a Varian Cary 50 UV-visible spectrophotometer (Palo
Alto, CA).

All crude peptides were initially screened by analytical reversed-
phase high-performance liquid chromatography (HPLC) using an
RP-18, 100 mm x 4.6 mm Chromolith column (Merck). Peptide
purifications were then performed on a Spectra-Physics SP8800
HPLC system equipped with an Applied Biosystems 757 variable-
wavelength absorbance detector that was set to 220 nm. The
preparative HPLC prepacked column was Vydac RP-18, 250 mm
X 22 mm, bead size 10 um (Bucher Biotec AG, Basel, Switzerland).
Analysis and purification were attained with a binary gradient
comprising 0.1% TFA in H,O (solution A) and 0.1% TFA in 75%
aqueous acetonitrile (solution B). Purifications were achieved with
a 10-100% B gradient over 50 min with a flow of 10.0 mL/min.

Following purification, all newly synthesized peptides were
subjected to amino acid analysis and electron spray ionization mass
spectrometry (ESI-MS), performed on a Micromass Platform LCZ
4000 (Manchester, U.K.).

Peptide Synthesis. General Procedure. All peptides were
synthesized via the Fmoc strategy’® either manually or by automatic
procedure with an APEX 396 synthesizer (Advanced Chemtech,
Louisville, KY). Synthesis scales were between 25 and 100 gmol.
Unless otherwise stated, the solid support was Wang resin preloaded
with the Fmoc-protected C-terminal amino acid. The resin was
swollen for 30 min in N-methylpyrrolidone (NMP) prior to the first
coupling step. Side chain protecting groups were as follows:
Asn(Trt), Ser(tBu), GIn(Trt). PyBOP (2 equiv, 50—200 xmol) with
N-methylmorpholine (NMM, 4 equiv, 100—400 xmol) and, when
necessary, a combination of dicyclohexylcarbodiimide (DCC, 3
equiv, 75—300 umol) and N-hydroxybenzotriazole (HOBt, 3 equiv,
75—300 umol) were utilized as coupling reagents. Before each
coupling step, removal of the a-amino protecting group Fmoc was
achieved by shaking in 20% piperidine in DMF. In manual
procedures, ninhydrin tests were employed in order to monitor the
success of each coupling and deprotection step. Side chain
deprotection and cleavage of the peptide from the resin were
performed simultaneously using a solution of TFA/triethylsilane/
water (90:5:5 v/v) for 2—4 h. The cleavage mixtures were filtered,
and the peptides were precipitated from the solution with dry
peroxide-free methyl tert-butyl ether at O °C. The pellets were
washed with ether twice more and were then dissolved in water
and lyophilized.

Peptide 3 (H,N-Asp(CONHOH)-Ala-Pro-Val-Ser-Ile-Pro-
GIn-CONHOH). Hydroxylamine Wang resin (Bachem, Bubendorf,
Switzerland) was shaken for 2 x 90 min with a mixture of Fmoc-
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GIn(Trt)-OH (2 equiv, 200 uM), PyBOP (200 uM), and diisopro-
pylethylamine (DIPEA, 400 4«M) in DCM (Scheme 1). The coupling
solution was drained, and the resin was washed (3 x DCM, 3 x
DMF, 2 x DCM) and then dried in vacuo over KOH. For resin
loading determination, 1 mg of resin was shaken for 5 min in 3
mL of 20% piperidine in DMF, followed by measurement of the
UV absorbance at 290 nm. An estimate of the Gln attachment level
was obtained using the equation

Absref)/
[(1.65)(milligrams of resin)]

loading (mmol/g) = (AbSgmple —

with a solution of 20% piperidine serving as reference. Resin
loading was normally 0.7-0.8 mmol/g. Further extension of the
peptide was accomplished using standard Fmoc strategy, as
described above. Boc-Asp(Ofm)-OH (Bachem) was chosen as the
N-terminal amino acid, allowing for the selective removal of the
O-fluorenylmethyl (OFm) side chain protecting group. This was
achieved with 20% piperidine in DMF for 20 and then 40 min.
The peptide—resin was then washed (3 x DMF, 3 x DCM) and
introduced with O-benzylhydroxylamine—HCI (300 uM), PyBOP
(300 uM), and NMM (600 uM) in DMF. The mixture was shaken
for 120 min, after which the liquid was drained and a second,
identical coupling step was performed. A third and final coupling
step was performed via DCC/HOBt activation: a mixture of
O-benzylhydroxylamine—HCl1 (300 M), HOBt (300 #M), and
DCC (300 uM) in DMF was added to the resin followed by shaking
for 18 h. The solution was then drained, and the resin was washed.
Peptide cleavage and removal of all protecting groups other than
O-benzyl were performed with a solution of TFA/triethylsilane (95:5
v/v). Following ether precipitation and washing, removal of the
O-benzyl group from the modified aspartic acid side chain was
performed as follows: the peptide was dissolved in 10 mL of 95%
ethanol and 50 mg of 10% Pd/charcoal as catalyst was added. The
solution was then stirred in 1 atm of H, for 4 h (Scheme 1). The
Pd/charcoal powder was filtered out and washed several times with
ethanol, and the solvents were evaporated in vacuo to a volume of
~1 mL. Further treatment of the peptide was performed as described
above.

In addition to the dihydroxamate peptide 3, two monohydrox-
amate peptides were synthesized: peptide 1 (H,N-Asn-Ala-Pro-Val-
Ser-Ile-Pro-Gln-CONHOH) and peptide 2 (H,N-Asp(CONHOH)-
Ala-Pro-Val-Ser-Ile-Pro-GIn-OH). Peptide 1 was synthesized using
the standard procedure on hydroxylamine Wang resin, while peptide
2 was synthesized on Wang resin preloaded with Fmoc-GIn(Trt),
with the remainder of the synthesis route similar to peptide 3.

Assessment of Fe(II)-Binding Capacity. The iron-binding
capacity of the test compounds was determined by assessing their
ability to compete with ferrozine (3-[2-pyridyl]-5,6-diphenyl-1,2,4-
triazine-4,4'-disulfonic acid) for ferrous ions, resulting in reduced
absorbance of the ferrozine—Fe(II) complex at 562 nm. Reactions
were carried out in 5% ammonium acetate buffer (pH 6.9). Various
concentrations of the tested compounds (100-600 xM, in duplicate)
were incubated with FeSO, (15 uM) for 30 min, followed by the
addition of 60 uM ferrozine (Sigma-Aldrich). After 1 h of
incubation at ambient temperature, the absorbance of the resulting
solutions at 562 nm was read with a Tecan Sunrise ELISA reader
(Lannedorf, Switzerland). Following subtraction of any absorbance
by a blank solution, the Fe (II)-chelating effect was calculated as
follows:

chelating effect (%) = [1 — (Absseonm Of sample)/
(Abssgnm of control)] x 100

Mitochondria Isolation for Lipid Peroxidation Assay. Mito-
chondrial membrane homogenates were prepared from rat brains
as previously described.®® Briefly, male Sprague-Dawley rats
(250-300 g) were killed by decapitation. The brains were extracted
and transferred into ice-cold 10 mM Tris-HCI buffer (pH 7.5)
containing 0.25 M sucrose, 2 mM EDTA, and 2% bovine serum
albumin. Brains were homogenized separately, and a crude mito-
chondrial fraction was prepared by differential centrifugation,

Blat et al.

followed by washing with 10 mM Tris-HCI buffer containing 0.25
M sucrose. The homogenate protein concentration was measured
using the Bradford assay.

Lipid Peroxidation Assay. Reactions were carried out in 25
mM Tris-HCI buffer (pH 7.5) containing 25 uM ascorbate. Each
reaction mixture (150 uL final volume) contained a mitochondrial
preparation equivalent to 40 ug of protein (as determined by the
Bradford assay), 1.5 uM FeSOy, and various concentrations of the
tested compounds (10-750 uM). The samples were shaken at
ambient temperature for 2 h, after which the reaction was terminated
by addition of 150 uL of 20% trichloroacetic acid. The samples
were centrifuged (10000g for 10 min), and 200 uL supernatant was
mixed with 200 uL of 0.5% thiobarbituric acid (TBA), followed
by heating to 95 °C for 30 min. The absorbance of thiobarbituric
acid derivatives was measured photometrically at 532 nm (Tecan
Sunrise ELISA reader). Results are expressed as percent of control
following subtraction of the absorbance of the blank solution.

Detection of Hydroxyl Radical Formation by EPR. The effect
of various compounds on the iron-induced generation of hydroxyl
radicals ("OH) was tested by the electron paramagnetic resonance
(EPR) technique, utilizing phenyl-terz-butylnitrone (PBN) as the
spin trap. PBN—OH" spin adducts were obtained from a Fenton
reaction system that contained 100 4M FeSO,, 200 uM H,0,, and
35 mM PBN. The tested compounds were added 2 min prior to
the addition of HyO,. The mixture was then immediately transferred
into a quartz flat cell (60 xM), and the EPR spectrum was recorded
in an ELEXYS 500 spectrometer (Bruker, Karlsruhe, Germany) at
room temperature. The standard instrumental parameters were as
follows: microwave frequency 9.34 GHz; microwave power 39.9
mW; center of field 3320 G; modulation amplitude 1 G; scan range
100 G; time constant 1.31 s; and constant receiver gain. The EPR
spectrum of the PBN—OH" spin adduct consisted of a sextet with
hyperfine splitting constants of ay = 16.1 G, ay = 2.3 G. The peak
intensity of the middle field doublet was taken as an estimation of
the concentration of the spin adducts generated.

Cell Cultures and Treatment. Human SH-SY5Y neuroblastoma
cells were grown at 37 °C in a humid 5% CO,, 95% air
environment. The growth medium comprised a 1:1 mixture of
Eagle’s minimum essential medium (Eagle MEM) and Ham’s F-12
medium (Invitrogen, Groningen, The Netherlands), supplemented
with 10% fetal calf serum (FCS, Beit Haemek, Israel), 1 mM
sodium pyruvate, 2% sodium bicarbonate, and 1% of a mixture of
penicillin—streptomycin—nystatin. When cells reached the required
confluence, the culture medium was removed and the cells were
detached by vigorous washing followed by centrifugation at 200g
for 5 min. The cells were then counted, diluted in their growth
medium to the desired titer, and transferred into 96-well microtiter
plates (100 L medium containing 0.5 x 10* cells per well). The
cells were allowed to attach for 24 h prior to the addition of the
tested compounds or vehicle, followed by immediate insults with
H,0; (80 uM). The cells were incubated at 37 °C for 24 h before
being assayed with MTT.

MTT Assay for Cell Viability. This assay is based on the
reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) to blue formazan crystals by mitochondrial
dehydrogenases, which are active only in living cells.®' The medium
was removed 24 h after treatment and replaced with fresh medium
(100 uM/well). To each well, 10 uL of a 5 mg/mL MTT solution
in PBS was added. Following incubation at 37 °C for 2 h, 100 L
of 10% SDS in 0.01 N HCI was added and the plates were incubated
for additional 24 h. Absorbance was determined in a Tecan Sunrise
ELISA reader at 570 nm/650 nm after automatic subtraction of
background readings. Results are expressed as percent viability
compared to untreated cells.

Statistical Analysis. Where relevant, the data in the figures are
expressed as the mean £ SEM. Statistical analyses were performed
by using ANOVA followed by Dunnett’s test to compare each
treatment against control. Variations were considered statistically
significant for P < 0.05.
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