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ABSTRACT: Iron overload causes progressive and some-
times irreversible damage due to accelerated production of
reactive oxygen species. Desferrioxamine (DFO), a side-
rophore, has been used clinically to remove excess iron.
However, the applications of DFO are limited because of its
inability to access intracellular labile iron. Cell penetrating
peptides (CPPs) have become an efficient delivery vector for
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the enhanced internalization of drugs into the cytosol. We describe, herein, an efficient method for covalently conjugating DFO
to the CPPs TAT(47—S57) and Penetratin. Both conjugates suppressed the redox activity of labile plasma iron in buffered
solutions and in iron-overloaded sera. Enhanced access to intracellular labile iron compared to the parent siderophore was
achieved in HeLa and RBE4 (a model of blood-brain-barrier) cell lines. Iron complexes of both conjugates also had better
permeability in both cell models. DFO antioxidant and iron binding properties were preserved and its bioavailability was
increased upon CPP conjugation, which opens new therapeutic possibilities for neurodegenerative processes associated with

brain iron overload.

B INTRODUCTION

Iron, particularly important for the synthesis of proteins
responsible for oxygen transport, electron transfer, and redox
processes," is absorbed in the duodenum from dietary sources,
transported by transferrin across the cells and bloodstream, and
stored in ferritin.> No dedicated mechanism of excretion of
excess iron exists; hence, iron absorption is tightly regulated,
both systemically and also in individual cells, to maintain body
homeostasis.

There are instances® where excess iron can access organs and
tissues through different routes, causing iron overload. Iron
overload results in accumulation of “free” and highly reactive
iron in the blood plasma (Labile Plasma Iron, or LPI, the redox-
active component of Non-Trasferrin Bound Iron, NTBI) or in
the cytosol.* These are the primary sources of potentially toxic
redox active iron, which is responsible for generating oxidative
stress and cell death via lipid peroxidation, and oxidation of
amino acids, proteins, and DNA.>™

The central nervous system is particularly affected by iron
overload,® and evidences associated iron overload with brain
degeneration leadin% to processes including Alzheimer’s and
Parkinson’s diseases.”* ¢ Studies also reveal that elderly people
with high brain iron levels perform badly in cognitive tests.”®
Apart from iron, other metals, e.g,, aluminum, copper, and zinc,
when present with iron, also increase the production of
ROS.'° Hence, an iron chelator with high blood-brain-
barrier (BBB) permeability, high affinity for iron, and ability to
chelate other metals can be a potential candidate for the
chelation therapy of brain iron overload.'®
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Overall, an “all-in-one” iron chelator for the treatment of iron
overload should target both plasmatic and cytosolic iron.
Chelators, e.g., desferrioxamine, deferasirox, and deferiprone
are being used in clinical practice.'’ Among these, desferriox-
amine-B (DFO), a hexadentate and highly selective iron
chelator with considerable affinity for aluminum and zing,'*®
has been the most thoroughly studied,"*® and was the first dru
clinically used for the treatment of iron overload diseases."""
Although DFO has shown antioxidant,'** antiproliferative, and
antitumor activities,"* its poor bioavailability (due to its high
hydrophilicity and high molecular weight''®) renders the drug
to always be administered as a continuous intravenous infusion,
making the treatment expensive and uncomfortable.'®

Although DFO has shown appreciable anti-Alzheimer activity
in one clinical trial,'® its low BBB permeability has restricted its
use for the treatment of neurodegenerative diseases.”” Recently,
nanoparticle—DFO conjugates'**'® and also several other
modified analogs of DFO, e.g, with peptides,19a ferrocene,'”®
fluorophores,'”*™® hydroxypyridinonate, or catechoyl deriva-
tives,wFh derivatives of adamentane or deferasirox,'”"
hydroxyethyl starch,"”™ or nonamide and C-terminal modified
analogs,"” have also been evaluated for iron removal in several
ways. Extensive research has also been carried out in the past
decade on the design, synthesis, and evaluation of other iron
chelators or their conjugates in order to attain better BBB
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permeability.”® For example, 5-[N-methyl-N-propargylamino-
methyl]-8-hydroxyquinoline containing both neuroprotective
and BBB-permeable iron chelator moieties,”’ a glucose-
deferiprone adduct,”> and some peptide derivatives with iron
chelating properties and antioxidant activities have also been
developed23 for this purpose. However, all these BBB-
permeable compounds are bidentate ligands (forming 3:1
chelates with iron) and are likely to be toxic,®* whereas
hexadentate iron chelators have generally lower toxicity,” albeit
with low BBB permeability. Hence, there is enormous interest
in designing new iron chelators based on the hexadentate ligand
DFO bound to an “inert” BBB carrier, so that the properties of
the conjugate may be tuned as desired, retaining the iron-
binding characteristics of DFO.

In this context, we envisaged that cellular delivery of DFO
through attachment to a cell penetrating peptide (CPP) can be
very advantageous. Several biologically relevant molecules have
been subjected to targeted cell delivery via either covalent or
noncovalent conjugation with a CPP,*®*™4 leading to better
pharmacokinetics and cell penetration.”*® CPPs are advanta-
geous as delivery vectors owing to their low cytotoxicity and
high permeability to a variety of cells.”” Among various
examples of natural and synthetic CPPs, TAT(47—57)*° and
penetratin® have been the foundation of all the CPPs, and
attracted attention as both are able to enhance BBB
permeability of several bioactive molecules.>***' Herein, we
report a new synthetic route to synthesize DFO—CPP
conjugates, their iron binding abilities, their antioxidant
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properties, and their cell permeability compared to the parent
siderophore.

B RESULTS

Synthesis and Characterization of Peptides and
Peptide—DFO Conjugates. Penetratin and TAT(47-57)
Peptides. Penetratin [RQIKIWFQNRRMKWKK] peptide was
synthesized manually by solid-phase methodology on Fmoc-
Lys(Boc)Wang resin (0.1 g, 0.56 mmol/g) using the Fmoc/Bu
strategy and protocols routinely used in our laboratories.>> The
amino acid side-chain protecting groups were trityl (Trt) for
Asn and Gln, 2,2,4,6,7-pentamethyl dihydrobenzofuran-5-
sulfonyl group (Pbf) for Arg, and tert-butyloxycarbonyl (Boc)
for Lys and Trp. Fmoc deprotections, in the initial step of
peptide assembly on resin and also after each amino acid
coupling, were performed using a 20% piperidine in DMF
solution for 10 min. Except for Asn and Gln couplings on the
growing peptide resin, the amino acid couplings were
performed by dissolving Fmoc-amino acid, DIC, and HOBt
(1:1:1) in a minimal amount of DCM-DMF (1:1, v/v), and
using 2.5 molar excess relative to the resin capacity. For
couplings of Asn and Gln derivatives, HBTU/HOBt/DIPEA
were employed after dissolving in a minimal amount of DMF in
a ratio of 4:4:9 relative to the resin capacity. The reactions
proceeded at room temperature (RT) for 60 min under
mechanical shaking. The peptidyl-resin was washed (DMF 2 X
1 min, DCM 2 X 1 min). The efficiency of Fmoc deprotection
and coupling reactions were checked by the ninhydrin test.*®
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After total peptide assembly on resin, the product was cleaved
from it at 37 °C for 3 h with 0.84 mL TFA containing 0.06 g
PhOH, 0.04 mL distilled water, 0.04 mL thioanisole, and 0.02
mL EDT as scavengers. The crude product was precipitated by
sequential additions and removals of dry diethyl ether,
dissolved in 0.1% aq TFA, isolated by filtration, and freeze—
dried.

TAT(47—57) (YGRKKRRQRRR) peptide was synthesized
manually on Fmoc-Arg(pmc)-Wang resin (0.1 g, 0.61 mmol/g)
using the same strategy and protocols. The amino acid side-
chain protecting groups were Trt for Gln, Pbf for Arg, Boc for
Lys, and tert-butyl (‘Bu) for Tyr. Similarly to penetratin-Wang
resin, peptide cleavage from resin and full deprotection was
carried out in the mixture of TFA and scavangers as described
above.

Synthesis of Peptide—Desferrioxamine Conjugates. In an
endeavor to find out the best synthetic route, conjugation of the
peptides to DFO was accomplished in three possible ways
(Scheme 1).

First (Method 1a, Scheme 1), DFO mesylate (3) was reacted
with succinic anhydride according to a reported procedure’* to
provide succinyl-DFO (4). Compound 4, containing a free
carboxyl group required for reaction with the free N-a-amino
group of the peptide-resin, was further converted to succinyl
ferrioxamine (SFO, §) by mixing a DMSO solution of 4 with
stoichiometric amount of aqueous Fe(acac);, and thereafter
removing the solvents under vacuum.'** Reaction of § with the
N-q-amino group of the side-chain protected peptide-Wang
resin (0.1 g) to get side-chain protected SFO-peptide-Wang
resin (6) was achieved after two consecutive acylation reactions
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in DMF containing using HBTU/HOBt/DIPEA in DMF in a
ratio of 4:4:9 relative to the resin capacity (RT, 120 min).

Conjugate 6 was cleaved from the resin and fully deprotected
to get SFO—peptide conjugate (7) by incubation in 0.84 mL
TFA with 0.06 g PhOH, 0.04 mL distilled water, 0.04 mL
thioanisole, and 0.02 mL EDT at 37 °C for 3.5 h. Products
were identified using LC-MS. Although we expected that in an
acidic condition® conjugate 6 would lose its iron to give 1
directly, it did not happen. Increasing the reaction time from 3
to S h led to a mixture of conjugates 7 and 1 (as indicated by
LC-MS), whereas an overnight reaction yielded a complex
mixture of byproducts. The crude product 7 was precipitated by
dry diethyl ether, dissolved in 0.1% aq TFA, and freeze—dried.
The major component was characterized as conjugate 7; the
minor component (~30%, as calculated from LC-MS) was its
methionine-oxidized form. The crude con}'ugate 7 was then
demetaled according to a reported method'* allowing for the
isolation of the metal free crude DFOSuc-penetratin conjugate
(1) in a very poor yield (0.008 g).

Alternatively (Method 1b, Scheme 1), the resin bound SFO—
penetratin conjugate (6, as prepared above, 0.1 g) was
demetaled to give conjugate 8 by stirring in an aqueous
solution of deferiprone (10 mM), which has a higher effective
stability constant with iron.’® After 2 h of stirring, the resin
beads decolorized, and the aqueous solution turned red,
indicating the transfer of iron from the conjugate 6 to
deferiprone. The metal-free DFOSuc-peptidyl resin (8) was
washed (2 X H,0, 3 X MeOH), cleaved from the resin, and
fully deprotected to get DFOSuc-peptide conjugate (1) by
incubation in 0.84 mL TFA with 0.06 g PhOH, 0.04 mL
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distilled water, 0.04 mL thioanisole, and 0.02 mL EDT at 37 °C
for 3 h. Products were identified by LC-MS. Conjugate 1 was
precipitated, isolated, and characterized as described above,
again with a poor yield (0.012 g), along with a minor
component (~20%, as calculated from LC-MS) corresponding
to its methionine-oxidized form.

All the methods described above are indirect and require
temporary protection of the hydroxamates by iron chelation,
which then needs to be removed. We envisaged that direct
conjugation of DFO to the peptides could give higher yields
and simplify the process. Toward this, we modified a reported
protocol.37 In this method (Method 2a, Scheme 2), the free a-
amino group of the side-chain protected peptidyl-resin (0.1 g)
was stirred with a solution of succinic anhydride (10 equiv
higher than the resin capacity) in a minimal amount of DMF
for 60 min at RT. In contrast to a literature report,”” the use of
DIPEA in this step led to unwanted side reactions, and
eventually less or no yield of the desired product. Acylation
efficiency was monitored by the ninhydrin test.>> The resulting
succinyl-peptidyl resin (9) was coupled to DFO using HBTU/
HOBt/DIPEA in DMF in a ratio of 4:4:9 relative to the resin
capacity for 60 min at RT. The reaction was repeated to ensure
its completion, which was verified by placing a few resin beads
in a dilute FeCl; solution, which turned the beads brick red due
to iron chelation. The resin was washed (2 X DMF, 2 X DCM,
2 X MeOH). The expected DFOSuc-peptidyl resin (10) was
incubated in 0.84 mL TFA with 0.06 g PhOH, 0.04 mL distilled
water, 0.04 mL thioanisole, and 0.02 mL EDT at 37 °C for 3 h
to get conjugate 1, which was precipitated as described above,
and isolated with a higher yield (0.054 g), although with a
minor contaminant (~20%, as indicated in LC-MS) corre-
sponding to its methionine-oxidized form.

The higher yield of the DFOSuc—penetratin conjugate (1)
prepared by Method 2a (Scheme 2) prompted us to use the
same method for the preparation of DFOSuc-TAT(47—57)
conjuagte (2). Side-chain protected TAT(47—57) peptide was
prepared on Wang resin as described before. Succinic anhydride
and subsequently DFO were reacted with the peptide (Method
2a, Scheme 2). However, cleavage of the crude peptide from
the resin and full deprotection using the same cleavage cocktail
resulted in a complex mixture of products. Incubation in an
alternative cleavage cocktail (1 mL) containing TFA/Phenol/
TIPS (95:2:3) for 3 h at 37 °C yielded the crude product that
was precipitated by dry diethyl ether, dissolved in 0.1% aqueous
TFA, and freeze—dried.

All the crude peptides and peptide conjugates were analyzed
using LC/ESI-MS, which confirmed that the crude products
contained the desired peptides or peptide-conjugates as major
components. The peptides and the crude conjugates 1 and 2,
obtained by Method 2a and 2b (Scheme 2), were purified by
semipreparative RP-HPLC>® as described in the Experimental
Section. After purification, the final targets were evaluated by
analytical RP-HPLC analysis, LC-ESI/MS analysis (Supporting
Information), and full acid hydrolysis/amino acid analysis of
the hydrolyzates. The purities and peptide contents are
summarized in Table 1.

The peptide contents of each purified peptides or conjugates
were determined, so that concentrations could be calculated
accurately prior to the biological assays and spectroscopic
analyses.

Competition Studies with Calcein. Calcein, a fluoro-
phore, is extensively used as a chemosensor for iron(III) in cells
and biological fluids,>** and also to assess non-transferrin-
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Table 1. Characterization of Peptides and Peptide—
Desferrioxamine Conjugates

purification yield/ [MH]* calced./ peptide
compound peptide purity (%) found content (%)
Penetratin 12/>95 2246.7/2246.7 47
TAT (47-57) 27.8/595 1559.8/1559.4° 56
Conjugate 1 20/>95 2889.4/2889.0° 57
Conjugate 2 23/90 2202.5/2202.6° 44

“Peaks corresponding to [M + nTFA]*, n = 1-3, were also observed.
bPeaks corresponding to [M + Mes]* were also observed. “Peaks
corresponding to [M + nTFA + Mes]*, n = 1—3, were also observed.

bound iron (NTBI) in iron overloaded patients.’*” Competi-
tion studies have been conducted in the presence of Fe(II),
which is promptly oxidized upon coordination by calcein, with
fast and stoichiometric quenching of fluorescence.** Chelation
of the ferric ion from calcein by the added chelators recovers
the fluorescence.

At physiological pH, a plot of the calcein fluorescence
recovery as a function of chelator concentration (Figure 1A,B)
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Figure 1. Fluorescence recovery (%) of calcein (2 yM) as a function
of chelator concentration. (A) DFO, Suc-DFO, Penetratin peptide,
and conjugate 1; and (B) DFO, Suc-DFO, TAT(47—57) peptide, and
conjugate 2 (results are the average of duplicate experiments and
representative of at least two isolated experiments).

indicated that the binding profiles of both peptide-conjugates
(conjugates 1 and 2) were identical to that of DFO or Succinyl-
DFO (Suc-DFO). At submicromolar levels, both 1 and 2
efficiently competed with calcein, indicating the high
thermodynamic stability of their iron derivatives and their
role in iron scavenging. If the iron is immobilized in stable,
redox-inactive forms, these compounds might be useful in
chelation therapy. The peptides alone lack strong metal binding
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sites and are positively charged, so therefore were not expected
to compete with calcein for the iron. Accordingly, no
fluorescence recovery was observed when the reaction was
performed with them.

The experiment was also repeated at pH 5.5 and 8.1. Again,
the conjugates showed iron binding profiles identical to the
original siderophore DFO (data not shown). These results
confirmed that any changes in peptide conformation due to
changes in pH have no direct effect on the iron binding ability
of the conjugates.

Competition Studies with Fluorescein-Apotransferrin.
Transferrin, an iron binding protein in the serum, acts like a
buffer, to maintain very low concentration of free iron in the
body. Serum transferrin is responsible for the transport and
delivery of iron to cells and tissues. In cases of iron overload,
transferrin is highly saturated with iron. DFO, although a
hexadentate ligand with higher affinity for iron than transferrin
(PMDFO =266 Compared to thransferrin = 23.6)}403 is reported
to be unable to remove iron from diferric transferrin even after
several hours of incubation, since iron in transferrin is buried
within the peptide framework of the protein.*®

For assessing the ability of the conjugates to remove iron
from diferric transferrin, we prepared fluorescein apotransferrin
(FITf) by conjugating S-DTAF with holo-transferrin, and
subsequent dialysis against citrate (pH S.5), according to a
previously described method.*' In our experiments (details in
the Experimental Section), addition of FAS to FITf quenched
the fluorescence due to iron binding. However, subsequent
addition of different concentrations of the chelators (DFO, 1 or
2) did not lead to fluorescence recovery, indicating no iron
transfer from transferrin to the chelators (data not shown).
Similarly, addition of preformed iron complexes of DFO or
conjugate 1 or conjugate 2 did not reduce the FITf
fluorescence, indicating no iron transfer from the iron:chelator
conjugates to transferrin (data not shown).

However, when FAS was added to a mixture of FITf and
chelators (DFO, 1 or 2), it was evident that the chelators have
higher affinity toward iron (Figure 2). In the absence of
chelators, all the iron was bound to FITf, as indicated by rapid
quenching of FITf fluorescence (which reads as 100% FITf-
bound iron). However, with the increase in chelator
concentration, the added iron preferably complexed with the
chelator, leaving the FITf free. This led to less or no quenching

100 4 [
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L 804
5 —=—DFO
s —e— Conjugate 1
o 60+ —a— Conjugate 2
o \’
[T
-
T 401 &(
S e

0 5 10 15 20
Concentration of chelator (uM)

Figure 2. Percentage of FITf-bound iron when FAS was added to FITf
in the presence of increasing concentrations of chelators. Results are
the average of duplicates and representative of at least two isolated
experiments.
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of the FITf fluorescence. This behavior was expected keeping in
mind the higher pM of DFO toward iron, as stated earlier.
Once again, no difference was found between the conjugates
and DFO, which indicated that peptide conjugation to DFO
does not interfere with its iron-binding abilities.

Antioxidant Activity. Under physiological conditions,
labile iron can generate ROS in the presence of low
concentrations of ascorbate.*? Increase in NTBI can lead to
an unregulated cell permeation of iron, resulting in oxidative
stress. Hence it is important to evaluate the candidate chelators
for their ability to decrease LPI, the redox-active fraction of
NTBI. DHR, an oxidant-sensitive dye, has been used
extensively as a probe for LPL*** Oxidation of DHR caused
by ROS produced by Fe/ascorbate leads to increase in
fluorescence, the rate of which is directly proportional to the
concentration of labile iron in the system. When a chelator is
able to bind the metal through its six coordination positions
with high stability, it halts ROS generation, which is measured
as a decrease of the rate of DHR oxidation. Therefore, DHR
oxidation rates are surrogates for the antioxidant activity of the
chelators. Fe(NTA)/ascorbic acid solutions were chosen as a
chemical model of LPI, and plasma samples from iron-
overloaded patients were also studied (using methods detailed
in the Experimental Section).

As shown in Figure 3A, Fe(NTA) alone causes a steady
increase in the rate of DHR oxidation. A slight oxidation of
DHR occurs even in the absence of added iron probably due to
the presence of traces of this metal in the buffer. The
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Figure 3. (A) Effect of the chelators (20 M) on the rate of DHR
oxidation catalyzed by iron/ascorbate in HBS/Chelex buffer (pH 7.4).
(B) Sera from iron-overloaded patients (Pat#) treated with chelators
(20 uM). (Control = serum from a normal subject without iron
overload). Results are the average of duplicates and representative of at
least two isolated experiments. a.u. = arbitrary fluorescence intensity.
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Figure 4. Effect of DFO, conjugate 1 and conjugate 2 on the fluorescence of calcein in HeLa cells. Cells were treated with buffer (A0), FAS/ascorbic
acid (excess iron, B0), and excess iron plus DFO (C0), conjugate 1 (DO0), or conjugate 2 (E0) (see Experimental Section). The graphs show cell
population against fluorescence density for cells treated with buffer (A1, x. = 20.11 & 0.22), after treatment with FAS/ascorbic acid (excess iron, B1,
x. = 11.74 & 0.14), and excess iron plus DFO (C1, x, = 14.15 + 0.22), conjugate 1 (D1, x_ = 15.41 + 0.21), or conjugate 2 (E1, x. = 15.63 + 0.21).

a.u. = arbitrary fluorescence intensity.

antioxidant properties of 1 and 2 were substantiated by the
virtually zero rate of DHR oxidation, comparable with the
capacity of the parent siderophore DFO and the orally active
iron chelator deferiprone. Conjugates 1 and 2 were also able to
decrease LPI from the sera of iron-overloaded patients (Figure
3B) to a similar extent done by DFO. The effect of the peptides
(penetratin and TAT(47—57)) was also evaluated, but as
expected, they did not have any antioxidant properties under
this experimental setup (data not shown).

Cell Permeation Studies. Finally, and most importantly,
peptide conjugates 1 and 2 should be able to cross biological
membranes, both free (to gain access to cytosolic iron) and
iron-loaded (after binding the metal, the conjugate-iron
complexes must exit the cell). To examine this point, two cell
lines, viz.,, HeLa and RBE4, were chosen. HeLa and RBE4 cell
lines were kindly provided by Prof. Mauricio Baptista
(Universidade de Sao Paulo, Brazil) and Prof. Michael Aschner
(Albert Einstein College of Medicine, USA), respectively. While
HeLa cells represent a general cell-membrane model, RBE4,
with the brain endothelium-specific expression of transport
systems, has been accepted as a bona fide model of the blood-
brain barrier (BBB).* The permeability of the conjugates was
studied via fluorescence microscopy (details in the Exper-
imental Section).

Cells were loaded with the probe calcein-AM, which displays
fluorescence after esterase-catalyzed cleavage of the acetome-
thoxy group within the cell. When treated with excess iron, cell
fluorescence was quenched, similarly to what was observed in
solution. Any cell-permeant chelator should be able to
regenerate this fluorescence signal. DFO, 1, or 2 was then
added to the culture medium and the fluorescence was again
registered after 20 min. As observed, in both cell lines, iron-
overloaded cells treated with 1 and 2 displayed a significant
fluorescence recovery, indicating that both the conjugates
crossed the biological membrane (Figures 4 and S). When
compared to DFO-treated cells, x, (the fluorescence density of
the majority of the cells) for both cell lines treated with 1 and 2
were significantly higher, and closer to the noniron-overloaded
cells, indicating a substantial increase in cell permeability of 1
and 2 compared to the parent siderophore.

Finally, both HeLa and RBE4 cells were incubated with
preformed iron complexes ([Fe] = SO uM), and the metal
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levels in cells were quantified by Graphite Furnace-Atomic
Absorption Spectroscopy (GF-AAS, details in the Experimental
Section). In both cases, significant increase (Figure 6) in iron
concentrations within the cells were observed for the iron
complexes of the two conjugates, 1 and 2, indicating that both
could cross the biological membrane. In the case of HeLa cells,
both iron:1 and iron:2 complexes showed similar cell
permeability, whereas, in the case of RBE4, iron:2 complex
showed slightly better results. This agrees with our results
obtained in the fluorescence assay using RBE4 cells, where
conjugate 2 showed better permeability than conjugate 1. As
expected, Fe(DFO) could not enter any of the cells in a
significant amount, which again proved better permeability
when CPPs were used as delivery vectors.

B DISCUSSION

Growing evidence in the past decade has inarguably established
that iron accumulation in certain brain areas, most probably due
to genetic causes, correlates with the onset of several
pathologies, viz., Alzheimer’s disease (AD), Parkinson’s disease
(PD), or Huntington’s Disease (HD), either through direct
effect on amyloid-B or a-syn aggregation or directly due to
oxidative stress.** Brain iron overload is the definitive feature of
neurode§eneration with brain iron accumulation (NBIA)
diseases.™ For these reasons, redox active iron in brain has
been a therapeutic target for AD and other neurodegenerative
diseases, and iron specific chelators have been employed for this
purpose. Although DFO has shown considerable anti-
Alzheimer activity,"®**" its low BBB permeability has forced
researchers around the world to look for alternatives, albeit with
less success. Our proposal toward conjugating DFO with a
CPP, viz,, TAT(47—57) or penetratin peptide, with proven
BBB permeability, is a suitable alternative to this problem.
Toward this end, we successfully conjugated DFO with two
CPPs via an N-succinyl linker while bound to a resin. This
Fmoc strategy is widely employed for solid-phase peptide
synthesis.>>* All the possible pathways were explored, and the
best one was employed. The synthetic route chosen was
straightforward, with no practical surprises. To the best of our
knowledge, no such conjugation of any iron chelator to a CPP
has been reported previously. Beyond any doubt, the use of
CPPs has become the most popular and efficient strategy for
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intracellular cargo delivery preferably using a covalent linkage
between the peptide and the car 0.%* Several CPPs, including
some target specific varieties,**> have been tested for this
purpose. We have achieved a general strategy for easy coupling
of the chelator moiety by conventional amide bond formation,
using a succinyl linker, directly to the peptidyl-resin after
completing the peptide sequence. Considering the simplicity
and efficiency of our synthetic route, this strategy can be widely
applied to other CPPs and be very useful.

Ideally, derivatization of an iron chelator should be such that
the derivative retains chelation specificity, and presents
improved properties to diminish original disadvantages. In
this report, we have shown that conjugates 1 and 2 have the
same iron binding abilities and antioxidant activities compared
to DFO in physiologically relevant medium, and also in pHs
ranging from acidic to basic. Thus, any conformational change
of the peptide chain as a function of pH*” does not have a
direct impact on the iron binding of the conjugates.

Serum iron has been demonstrated as a potential target for
DFO.* Total serum iron can be subdivided into transferrin-
bound and non-transferrin-bound iron (NTBI). Our results,
confirming the inability of conjugates 1 and 2, as well as DFO,
to remove iron from transferrin, corroborates the literature

reports.*” Although DFO has higher affinity for iron than
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transferrin, the inefficiency of the chelators to demetalate
transferrin stems from kinetic factors. This is an important
positive characteristic of any chelator for the treatment of iron
overload, since it should remove excess iron without tampering
with its proper biochemical compartments.

When Fe(NTA) was used as a model of labile iron, the rate
of DHR oxidation was found to increase linearly with the
concentration of Fe(NTA). In the presence of the chelators
DFO, conjugate 1, and conjugate 2, the redox activity of the
labile iron is arrested, so that the oxidation of DHR is
diminished. This antioxidant property was similar to that of
deferiprone, which is known®® to have the capacity to suppress
the redox activity of labile iron. These antioxidant activities of
the conjugates are in synergy with their high thermodynamic
affinity for iron, confirming that the conjugates form stable,
redox-inactive complexes.

Although DFO has been very successful in removing labile
iron from plasma, its poor membrane permeability has
restricted its use for cytosolic iron overload. The results
described here indicate that CPPs can be an efficient delivery
vector for DFO within the cells. Throughout the years, CPPs
have emerged as promising tools for cargo delivery within the
cells.*® The exact mechanism of the localization of CPPs into
the cells are, however, still debated. For TAT(47—57) peptide,
the basic region of the TAT protein, a recent study®" proposed
internalization via normal endocytosis after binding to heparan
sulfate proteoglycans (HSPG). The same mechanism has also
been proposed for small cargoes like DFO attached to
TAT(47—-57). In the case of penetratin, derived from the
Drosophila antennapedia homeoprotein,*'® however, a classical
endocytosis process has been excluded."**" Alternatively, a
model of translocation by interaction with membrane lipids has
been proposed.>*™®

The use of TAT(47—57) and penetratin peptides as delivery
vectors for DFO into both HeLa and RBE4 cells has proven the
efficacy of the method. Both the metalated and demetalated
conjugates were able to permeate through the cells, and studies
have been conducted on RBE4 to explore the possibility of
delivering neuropharmaceuticals to the CNS.** Our results
proved the localization of 1 and 2 within RBE4, and also their
ability to chelate iron within the cells, indicating the possibility
of anti-neurodegenerative activity of both conjugates. Apart
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from these, recent reports> have indicated better gastro-
intestinal absorption of drugs (which are otherwise orally
inactive) when coadministered with CPPs. We believe that this
conjugation of DFO to CPPs can lead to better intestinal
absorption of DFO, and can eventually overcome one of the
major problems of DFO being orally inactive.

B CONCLUSIONS

In conclusion, we have demonstrated that the conjugation of
DFO to TAT(47—57) or penetratin peptide retained the iron
chelation abilities of DFO, but at the same time significantly
enhanced its cell penetration efficiency. Overall, the conjugates
are capable of suppressing the redox activity of iron from both
buffered solutions and sera of iron-overload patients. The
localization of the conjugates in RBE4 cells indicate their
effectiveness as chelators in neurodegenerative diseases caused
or triggered by iron overload in brain.

B EXPERIMENTAL SECTION

Materials. N-a-Fmoc-amino acids and HBTU were
purchased from ChemPep Inc. (USA). Fmoc-Lys-(Boc)-
Wang-resin (0.56 mmol/g) and Fmoc-Arg-(Pmc)-Wang resin
(0.61 mmol/g) were purchased from Advanced Automated
Peptide Protein Technologies (AAPP-TEC, USA) and
Novabiochem (USA), respectively. DFO mesylate (Desferal)
was donated by Novartis (USA). DIC was purchased from
Advanced ChemTech (USA). HOBt was purchased from
Bachem (USA). DIPEA and ninhydrin were obtained from
Applied Biosystems (USA). Piperidine, TIPS, TFA, thioanisole,
EDT, HEPES, NTA, FAS, ascorbic acid, calcein, calcein-AM
(the cell permeant form of calcein), bovine holo-transferrin, S-
DTAF, and G418 were obtained from Sigma-Aldrich (USA).
Succinic anhydride was purchased from Vetec Fine Chemicals
Ltd. (Brazil). FeCl;, Fe(acac)s, and phenol was purchased from
LabSynth (Brazil). DHR was obtained from Biotium (USA).
Deferiprone was donated by Apotex. All reagents were of
analytical grade and used as received without further
purification. The solvents DCM and MeOH (analytical
grade) were purchased from Merck (Germany), whereas
DMSO (analytical grade) was obtained from Sigma-Aldrich
(USA). DMF (analytical grade) and ACN (chromatographic
grade) were purchased from Vetec Fine Chemicals Ltd.
(Brazil). DMEM was purchased from Cultilab, Brazil.
aMEM/F10 was purchased from Vitrocell (Brazil). Unless
otherwise mentioned, HBS (NaCl 150 mM, HEPES 20 mM;
pH 7.4; treated with Chelex-100 purchased from Sigma, 1 g/
100 mL) was used throughout the experiments. Other buffer
solutions used were MES (2-N-morpholinoethanesulfonic acid
20 mM, NaCl 150 mM; pH 5.5; treated with Chelex-100, 1 g/
100 mL) and HBS 8.1 (NaCl 150 mM, HEPES 20 mM; pH
8.1; treated with Chelex-100, 1 g/100 mL).

Peptide Purification. Crude lyophilized peptides and
peptide conjugates (synthesized according to Scheme 2) were
purified by RP-HPLC using semipreparative system Model
600E consisting of a quaternary pump (Waters Delta 600
Pump), an UV detector (Waters 2487 Dual Absorbance
Detector), a manual sample injector (Rheodyne 3725i-119),
an automated gradient controller (Waters 600 Controller), a
Kipp & Zonen recorder 124 SE, and a preparative column
(Vydac C 18). The flow rate was maintained at 9.0 mL/min
using 0.1% TFA/water as solvent A and 60% AcCN/0.09%
TFA as solvent B. The absorbance was monitored at an
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wavelength of 210 nm, The following gradients were applied:
30% B to 60% B in 90 min for penetratin peptide; 10% B for 10
min, 10% B to 40% B in 75 min for TAT(47—57) peptide; 25%
B to 65% B in 65 min for conjugate 1; 20% B for 10 min, 20%
B to 60% B in 80 min for conjugate 2.

Characterization of the Purified Peptides. Identities of
the purified peptides and conjugates were confirmed by LC/
ESI-MS on a Shimadzu liquid chromatographer (Kyoto,
Japan) composed of two LC-20AD pumps, a DGU-20A,
degasser, a CTO-20A column oven, a C18 Shim-pack GVP-
ODS precolumn, a C18 Shim-pack VP-ODS column, and SDP-
20AV detector coupled to a AmaZon X electrospray mass
spectrometer (Bruker Daltonics, Fahrenheitstrasse, Germany).
The software HyStar 3.2 was used to analyze the mass spectra
obtained. The solvents and linear gradiant used for RP-HPLC
were solvent A (0.1% TFA/H,0) and B (60% ACN/0.09%
TFA/H,0), 5% B to 95% B in 30 min.

Amino acid analysis of the purified and fully hydrolyzed
peptides or conjugates (resulting from treatment with 6 M HCl
at 110 °C for 24 h) was conducted in a Dionex BioLC
Chromatography system (Dionex, USA) connected to an
AminoPac PA10 (2.0 X 25 cm) column and the electro-
chemical detector EDS0.

Competition Studies with Calcein. Aliquots of 180 uL of
calcein (2 uM in HBS, pH 7.4) were placed in flat, transparent
96-well microplates and the fluorescence was recorded at 37 °C
on a BMG FluoStar Optima instrument (de/Ae, = 485/520
nm) for 10 min. After that, 10 uL FAS (2 uM in water, final
concentration) was added to the wells, and was allowed to react
at 37 °C until the fluorescence quenching was stabilized (~10
min). The calcein-Fe (CAFe) solutions formed in the
microplates were treated with increasing concentrations of
the compounds under screening (10 uL aliquots), and
fluorescence was further recorded until stabilization (~60
min). To evaluate the effect of pH on this competitive
equilibrium, the experiment was repeated in different buffered
media, viz, MES (pH $.5) and HBS (pH 8.1).

Competition Studies with Fluorescein-Apotransferrin.
A sample of 180 uL of FITf solution (2 uM in HBS, pH 7.4)
was placed in flat, transparent 96-well microplates, and the
fluorescence was recorded at 37 °C on a BMG FluoStar
Optima instrument (A,/Aem = 485/520 nm). After 10 min, the
FITf solution was loaded with 10 uL of FAS (4 uM in water,
final concentration). After stabilization of fluorescence
quenching (~10 min), the solutions were treated with
increasing concentrations (0—20 pM) of chelators (DFO,
conjugate 1 and 2) in 10 uL aliquots. The fluorescence was
further recorded until stabilization (~60 min).

In a second experiment designed to check whether the iron
complexes of the candidate chelators were able to shuttle iron
to transferrin, Iron:DFO, iron:1, and iron:2 complexes (1:1
metal:ligand mol ratios) were prepared in HBS (pH 7.4, 200
UM in Fe) by incubation for 2 h at 37 °C. In this experiment,
180 uL of FITf solutions (2 yM) were treated with increasing
concentrations (0—20 uM) of the iron complexes (20 uL) as
described above, and FITf fluorescence quenching (indicating
iron transfer to transferrin) was recorded.

A final experiment addressed the competition of FITf with
the chelators (DFO, 1, and 2) for iron. A mixture of FITf (2
uM) with increasing concentrations (0—20 uM) of chelators
(DFO, conjugates 1 and 2) were prepared in a 96-well
microplate, and FAS (10 uL, 4 uM, final concentration) was
added. The changes in fluorescence were recorded as described.
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Antioxidant Activity. The standard Fe(NTA) complex
(1:3 Fe:NTA molar ratio) was prepared by adding FAS to a
stock solution of aqueous NTA, and allowed to react for 1 h at
37 °C. In one experiment, 180 uL of a mixture of 40 uM
ascorbate and 50 uM DHR in HBS was placed in a flat,
transparent 96-well microplate, and treated with 20 uL of
solutions of increasing concentrations (0—10 uM) of Fe-
(NTA).

In an alternative experiment, 180 uL of a mixture of 40 yuM
ascorbate, S0 uM DHR, and 20 uM chelators (DFO, 1, 2, or
deferiprone) in HBS was placed in a 96-well microplate and
treated with 20 uL of either Fe(NTA) at different
concentrations or sera from iron overloaded patients. Assays
were performed in duplicate. Sera samples were furnished by
Dr. Nelson Hamerschlak, Albert Einstein Hospital, Sdo Paulo.

Fluorescence was measured on a BMG FluoStar Optima
instrument for 60 min at 37 °C (dyo/Aem = 485/520 nm). The
slopes (indicating rate of oxidation, presented in fluorescence
units per minute) of the oxidation curve were calculated in the
time range 15—40 min and were plotted against chelator
concentration.

Cell Cultures. Hela cells were cultivated in 75 cm?® cell
culture flasks with DMEM containing 10% fetal bovine serum
(FBS) and 1% antibiotics. RBE4 was grown in aMEM/F-10
medium containing 10% FBS, 1% antibiotics, and 300 pg/mL
G418. Both cell lines were incubated at 37 °C in a humidified
incubator with a 5% CO, atmosphere. Both were subcultured
three times a week to prevent overcrowding and cell death.

Fluorescence Microscopy. Both HelLa and RBE4 cells
were trypsinized and transferred (3 X 10° cells per well) to the
wells of a 6-well microplate and kept for 24 h (HeLa) or 48 h
(RBE4) until complete adherence and confluence. The medium
was then removed and the cells were washed with warm HBS
buffer and incubated with the cell-permeant iron fluorescent
probe acetomethoxycalcein (Cal-AM, 1 uM) for 10 min at 37
°C. Then, the cells were washed and treated with 1 mL of a
mixture of 10 uM FAS and 100 M ascorbic acid in water
(iron-overloaded cells) or 1 mL buffer (iron-normal cells) and
incubated for 15 min at 37 °C. After washing, iron-overloaded
cells were treated with 20 uM chelators (DFO, 1, or 2) while
iron-normal cells were treated with 1 mL buffer for 20 min at
37 °C. The images were obtained in an Axiovert 200 (Carl
Zeiss, Germany) microscope under 100X magnification,
recorded on digital camera Canon Power Shot G10, and
analyzed using Image] 1.37c software.

Graphite Furnace-Atomic Absorption Spectroscopy
(GF-AAS) Assay. Both HeLa and RBE4 cells were trypsinized
and transferred (3 X 10° cells per well) to the plates of a 6-well
microplate and kept for 24 h (HeLa) or 48 h (RBE4) until
complete adherence and confluence. The medium was then
removed and the cells were washed with warm HBS buffer.
Cells were then incubated with 1 mL HBS (control group) or 1
mL of preformed iron:DFQ, iron:1, or iron:2 complexes ([Fe]
= 50 uM) in HBS for 30 min at 37 °C. Cells were washed (1 X
1 mL HBS; 2 X 1 mL DFO 100 M in HBS) to remove any
unbound iron left, and were dried under vacuum.

Determination of Fe concentration in each well was
performed with a ZEEnit 60, Analytikjena AG (Jena, Germany)
graphite furnace atomic absorption spectrometer equipped with
a two-field mode Zeeman effect background corrector,
integrated platform graphite tube atomizer, and a hollow
cathode lamp (wavelength = 248.3 nm, slit width = 0.8 nm, and
lamp current = 4.0 mA). Calibration curves were obtained by

2
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using aqueous standard solutions. Cells samples were digested
by adding 300 uL of HNO; (65% v/v) and 100 L H,0, (30%
v/v) to 0.4 mg of cell samples which were heated to 100 °C for
5 min. The volume was adjusted to 2 mL using deionized water.
The heating program used for iron measurement was (step:
temperature, °C/ramp (°C/s)/hold (s)): (drying 1:100, 10,
15); (drying 2:130, 10, 20); (pyrolysis: 1000, 100, 20);
(atomization: 2200, 2600, S), and (cleaning: 2500, 1200, S).

B ASSOCIATED CONTENT
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LC-MS and analytical HPLC of TAT(47—57), Penetratin,
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