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Abstract

We designed the N-methylanthranilic-desferrioxamine (MA-
DFO) as a fluorescent iron(III) chelator with improved mem-
brane permeation properties. Upon binding of iron(III), MA-
DFO fluorescence is quenched, thus allowing traceability of
drug-iron(III) interactions. MA-DFO is well tolerated by
mammalian cells in culture. Its antimalarial activity is pro-
nounced: IC,, values on in vitro (24-h) growth of Plasmodium
falciparum were 3+1 uM for MA-DFO compared with 30+8
for DFO. The onset of growth inhibition of rings or tropho-
zoites occurs 2-4 h after exposure to 13 uM MA-DFO. This
effect is commensurate with MA-DFO permeation into in-
fected cells. In a 24-h exposure to MA-DFO or DFO, tropho-
zoites take up either compound to ~ 10% of the external con-
centration, rings to 5%, and noninfected cells to < 1%. Red cells
encapsulated with millimolar concentrations of DFO or MA-
DFO fully support parasite invasion and growth. We conclude
that extracellular MA-DFO and DFO gain selective access
into parasites by bypassing the host. The rate-limiting step is
permeation through the parasite membrane, which MA-DFO
accomplishes faster than DFO, in accordance with its higher
hydrophobicity. These views are consistent with the proposed
duct, which apparently provides parasitized cells with a window
to the external medium. (J. Clin. Invest. 1993. 91:218-224.)
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Introduction

The family of hydroxamate siderophores of which desferrioxa-
mine (DFO)! is a most prominent member has provided use-
ful therapeutic agents for the management of pathological con-
ditions associated with metal inbalances and versatile tools for
studying iron metabolism and toxicity in mammalian cells (1).
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Recently it was shown that DFO congeners display effective
antimalarial activity both in vitro (2-5) and in vivo (4, 6-9),
but as with many other drugs, their mode of action has re-
mained elusive (1). The information available indicates that
DFO acts without affecting serum (4, 10) or normal red cell
iron pools (3, 10), that it gains a restricted access to infected
cells (11), and that its antimalarial action is manifested only in
the advanced stages of parasite development and only after
prolonged exposure of cells to drug (3, 12). All this evidence
implies that DFO gains a slow and limited access to the mature
stages of erythrocytic parasites where it exerts cytotoxic action
on still unidentified parasite targets. Interestingly, unlike its
cytostatic effect on various mammalian cells in culture (13-
15), the antimalarial effect of DFO in vitro might be similar to
those of highly permeant reversed siderophores (RSFs) (10),
which cause irreversible inhibition of parasite growth (10).
The most hydrophobic members of this genre, when compared
with DFO as antimalarials, displayed demonstrably faster
(five-10-fold) action, 10-fold lower ICs,, multistage activity,
and no damage to mammalian cells in culture (10, 15).

In general, the antimalarial action of iron chelators, which
act by scavenging intracellular iron, is dictated by the speed
with which the agents reach the relevant intracellular pools and
extract iron from critical sources (1). Selective accessibility to
parasitized versus nonparasitized cells can be accomplished by
drug design provided the permeation routes to parasites are
identified and characterized (16, 17). In an attempt to under-
stand the mode of action of DFO as an antimalarial agent, we
have assessed in this work the pathways by which DFO accesses
the erythrocytic parasites. To accomplish the present goal we
tagged DFO at its NH, terminus with the fluorescent N-methyl-
anthranilate (MA) and obtained MA-DFO (Figure 1). This
derivatization was expected to be conservative of the iron-
binding capacity and metal selectivity of DFO, while imparting
both higher hydrophobic character for improved permeation
and fluorescent properties for tracing of the drugs. The results
of this study indicate that neither DFO nor MA-DFO permeate
to any significant level into normal red cells or egress from red
cell containers (RCCs) (which retain > 80% of their hemoglo-
bin after resealing) loaded with drug by encapsulation. RCCs
are invaded by parasites equally well as normal cells and de-
monstrably support parasite growth irrespective of whether
they contain millimolar concentrations of drugs. The data pre-
sented indicate that neither DFO nor MA-DFO can approach
the parasites from within the erythrocytes. Although both
agents gain direct access to the erythrocytic parasite by bypass-
ing the host cell cytosol (i.e., directly from the medium), MA-
DFO apparently crosses the parasite plasma membrane faster
than DFO and therefore it displays improved antimalarial ac-
tivity. This idea is consistent with the recently proposed
aqueous duct, which allows direct access of medium compo-
nents to the parasite external surface (18).



Methods

Chemicals. All biochemicals were from Sigma Chemical Co. (St.
Louis, MO) or were the best available grade. All radiochemicals were
from the Radiochemical Center (Amersham Corp., Arlington Heights,
IL). DFO was procured from Ciba-Geigy (Basel, Switzerland). MA-
DFO was synthesized from DFO (330 mg, 0.503 mmol) dissolved in 1
ml of dimethylformamide and triethylamine (73 mg, 0.730 mmol) to
which N-methylisatoic anhydride (90 mg, 0.588 mmol) was added.
The resulting mixture was stirred at room temperature overnight, was
concentrated in vacuo, and the residue was chromatographed through
silica column (63-100; Woelm Pharma, GmbH, Eschwege, FRG) us-
ing CH,Cl,/MeOH (8:2) as eluent to provide 100 mg of pure MA-
DFO. Melting point: 177-181°C; UV (methanol): 341 nm (¢ 3,410)
and 256 nm (ey 6,480); IR (KBr): 1,625/cm (CO-N); H-NMR
(trifluoroacetic acid): 8.40(m,lH,ArH), 8.25(m,l1H,ArH), 8.10-
(m,2H,ArH), 4.30(m,6H,CH,NOH), 3.95-(m,6H,CH,N), 3.70-
(s,3H,NCH;), 3.65 and 3.35(m,8H,COCH,-CH,CO), 3.0(s,3H,-
COCH;), 2.2(m,12H,CH,CH,CH,).

The spectral properties of MA-DFO (excitation and emission) are
given in Fig. 2, taken with a spectrometer (Fluorolog II; SPEX Indus-
tries Inc., Edison, NJ). MA-DFO forms stoichiometric 1:1 complexes
with iron(III) and upon metal binding its fluorescence is quenched.
The fluorescence properties can be restored by acid/EDTA treatment
followed by alkalinization of the medium. Iron(III)-DFO and
Iron(III)-MA-DFO complexes were obtained by addition of excess
drug to iron(III) aliquoted from methanolic FeCl, solutions. Complex-
ation was assessed by formation of hydroxamate-iron(II1) characteris-
tic absorption band at 430 nm or by fluorescence quenching and resto-
ration.

The partition coefficients ( P..¢) (octanol/water, 22°C) were de-
termined as previously described ( 10, 15), giving values of 3.4+0.4 for
MA-DFO, 0.7+0.2 for DFO, and 2.4+0.3 for the MA-DFO-iron(III)
complex.

Cultures. Cultures of Plasmodium falciparum (ITG-2F6 cloned
strain from Brazil, obtained from Dr. L. H. Miller) were grown in
culture flasks containing growth medium (RPMI 1640; Gibco, Labora-
tories, Grand Island, NY) supplemented with 25 mM Hepes, 23 mM
sodium bicarbonate, 10 mM glucose, and 10% heat-inactivated human
plasma (O™ or A*) and washed human erythrocytes (A*) at 2-2.5%
hematocrit. The growth medium was replaced daily and the cultures
were gassed with a mixture of 90% N,, 5% CO,, and 5% O, (19, 20).
Cells were usually harvested or subcultured when the parasitemia
reached 15-20%, as determined microscopically by thin blood smears
stained with Giemsa. Trophozoite and early schizont stages were rou-
tinely isolated by the gelatin flotation method (21) or the Percoll-ala-
nine method as described elsewhere (20, 22). Cultures of NIH
3T3 cells, HT-29 cells, and NRK cells were grown as described else-
where (10).

Encapsulated drugs. Parasite growth in resealed RCCs was ob-
tained by addition of gelatin-isolated trophozoite-schizonts to RCC
into which various materials were encapsulated. RCCs were prepared
by placing a 1 ml red blood cell suspension (70% hematocrit) in a
dialysis bag (Spectra/por 2; Spectrum Medical Industries, Los Angeles,
CA) and dialyzing for 45 min against 500 ml of 5 mM sodium phos-
phate (pH 7.0) at room temperature under vigorous stirring. At the end
of this period, the suspension was withdrawn and supplemented se-
quentially with the requisite amount of material to be encapsulated and
a concentrated mixture of agents so as to attain final concentrations
(mM) of 5 Mg-ATP, 125 KCl, 5 glucose, and 5 sodium phosphate, pH
7.0. The resulting suspension was incubated for 45 min at 37°C. For
the estimation of encapsulation efficiency we have used markers such
as *H-sucrose (1 pCi/ml, final), '“C-polyethylene glycol (1 xCi/ml
final), or preformed complexes of [ **Fe] DFO (3 X 10° cpm/ml final)
or [*Fe]MA-DFO (3 X 10° cpm/ml final) at a 5:1 ratio of drug/
Fe(II). Average entrapment efficiencies of DFO and of MA-DFO
(given as concentration in RCCs vs. concentration in medium) were
estimated after extensive washing of extracellular material. Cell con-
tents were released by hypotonic lysis and then subjected to perchloric

acid (0.1 N) precipitation and neutralization with KOH and Tris base
(pH 10.5). Determination of hydroxamate content was done by spec-
trophotometry after complexation with iron(III) and of MA-DFO by
fluorescence (pH 10.5, titrated with Tris base ). Labeled materials were
counted in a liquid (B) scintillation counter (Beckman Instruments,
Inc., Fullerton, CA). RCC hemoglobin was estimated spectrophoto-
metrically at 540 nm. Encapsulation efficiencies were 25-80% of the
external drug concentration, with > 80% retention of cell hemoglobin.
Leakage /desorption of radioactive- or fluorescent-labeled materials
from RCCs was followed over a 24-h period in culture conditions
(RPMI lacking indicator) both in the medium as well as in the RCCs
after perchloric acid precipitation and neutralization of the supernate,
as described above.

Encapsulated drugs were also assessed in terms of their capacity to
inhibit parasite growth. Release of drug from RCCs was done in aseptic
conditions by freezing RCCs (50% hematocrit in RPMI) in liquid N,
and thawing at room temperature. The suspension was centrifuged at
12,000 g for 8 min and the supernates were kept at —20°C until use.

Effect on parasite growth. Upon reaching the trophozoite stage
(10-20% parasitemia), the cells were washed with growth medium,
resuspended to 2% hematocrit and 1-2% parasitemia, and distributed
into wells of a 24-well microtiter plate (0.6 ml per well). Inhibitors
were added at the indicated concentrations in duplicate wells, the plate
was transferred to a candle jar and incubated at 37°C for the indicated
periods of time (2-24 h). After the indicated period, the supernate was
removed, the cells were washed with fresh growth medium and re-
turned to culture conditions (with or without inhibitor), so as to com-
plete a 24-h incubation period. Samples were withdrawn for micro-
scopic examination of newly formed rings or trophozoites, as applica-
ble, and [*H]hypoxanthine was added to final activity of 5 xCi/ml.
After an additional 24-h incubation period, cells were transferred in
triplicate samples to 96-well plate and harvested in a cell harvester
(Dynatech Laboratories, Inc., Chantily, VA). The filters were washed
with distilled water, dried for 2 h at 60°C, and transferred into toluene-
based scintillation fluid for counting of radioactivity. Control samples
of noninfected and infected cells exposed to DMSO alone at the same
final concentrations in the different systems were subjected to the same
treatments as those described above. The number of equivalent experi-
ments carried out on different blood samples was three to five.

Drug action. Stage and time dependence of drug action were as-
sessed by exposing either ring or trophozoite cultures (1-2% parasite-
mia, 2% hematocrit) to the drug for 1 to 18 h while following [*H]-
hypoxanthine incorporation into nucleic acids. In some cases RCC-en-
capsulated drug or lysates derived from them were added to parasite
cultures and assessed for [ *H ]hypoxanthine incorporation.

The ICs, values of drugs on parasite growth were calculated from
the profiles of parasite growth using the Dixon method (15) as pub-
lished elsewhere (10).

Permeation properties of free ligands and iron complexes in normal
and infected red cells. Ingress of DFO and of MA-DFO into normal and
infected cells (10% hematocrit, > 80% parasitemia) was measured ei-
ther with free drug (MA-DFO) or after complexation of DFO or MA-
DFO (at 40 uM) with 4 uM unlabeled iron(III)Cl, and **Fe citrate (5
X 10° cpm/ml) in RPMI. After various times of incubation at 37°C
(0-24 h), cells were thoroughly washed with isotonic NaCl containing
10 mM EDTA, pH 7.4, and lysed with distilled water. °Fe was counted
in scintillation fluid (Beckman Instruments Inc.) and fluorescent MA-
DFO was determined after perchloric acid precipitation in the presence
of EDTA followed by neutralization with KOH and alkalinization with
Tris-Base, as described above. The number of cells was obtained from
the hemoglobin absorption at 540 nm (20). Egress experiments on
RCCs were carried out after encapsulation of normal cells with drugs (4
mM DFO and 1.3 mM MA-DFO) and after the efflux at 37°C into
RPMI lacking indicator (2% hematocrit). Total egressed material and
extracellular hemoglobin were determined at different times.

Results

It is known that NH,-terminal derivatization of DFO with ni-
trobenzyl-diazole (NBD) does not reduce the iron (III)-bind-
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ing capacity of the drug (15). With the aim of obtaining a
fluorescent and generally nontoxic DFO derivative (the NBD
group conferred DFO with toxic properties to some cells in
culture; our unpublished observations) we opted for the conju-
gation of the N-methylanthranilic acid group, resulting in MA-
DFO (Fig. 1). MA conferred DFO with fluorescent properties,
relatively higher hydrophobicity (i.e., partition coefficient),
and traceability, which was manifested as iron(III)-mediated
quenching of fluorescence upon formation of the MA-DFO-
iron(III) complex (Fig. 2). Binding of iron(III) was essential
for quenching of fluorescence since iron(III) did not quench
the fluorescence of anthranilic acid conjugated to amino-dex-
tran (not shown). Moreover, unlike NBD-DFO, MA-DFO at
50 uM was demonstrably not toxic to a variety of mammalian
cells in culture (not shown).

Antimalarial activity in intact cells. The MA group con-
ferred DFO with three unique properties in terms of arrest of
Plasmodium falciparum parasite growth in in vitro conditions:
lower ICs, values, faster speed of action, and inhibition at both
ring and trophozoite stages (Figs. 3 and 4). The speed of action
of MA-DFO and DFO as antimalarial agents was examined
with synchronized cultures of rings and trophozoites while fol-
lowing [*H]hypoxanthine incorporation into nucleic acids.
The cultures consisted of midterm rings, with virtually < 1%
trophozoites. Trophozoites appeared in the control cultures of
rings ~ 10-12 h after initiation of the experiment. The cul-
tures of trophozoites consisted primarily of young tropho-
zoites. As shown, the rate of incorporation in the presence of
MA-DFO diverged within 4 to 6 h of exposure of rings and 2 to
4 h of exposure of trophozoites. In contrast, DFO acted on
rings with less efficiency and at relatively slower speeds than
MA-DFO. The ICy, values for 24 h of exposure of trophozoite
to drug (Fig. 3) were 3+1 uM for MA-DFO and 30+8 uM for
DFO with slightly higher values for rings.

MA-DFO and DFO were also tested for possible inhibitory
effects on nucleic acid and protein synthesis in various mam-
malian cell lines. Similar to studies carried out with RSFs (10),
no significant effects were observed by exposing cells to a 50
uM concentration of either drug for a 24-h period (not shown).

Permeation properties. To assess whether the faster speed of
action of MA-DFO relative to DFO reflected its higher oc-
tanol /water partition coefficient (3.4 compared with 0.7) and
therefore its access to cell compartments, we studied the perme-
ation properties of MA-DFO and DFO into noninfected and
infected cells. We assessed those properties in terms of ingress
of drug (40 uM) supplemented with traces of the respective
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Figure 1. Schematic structure of MA-DFO. The N-methylanthranilic
acid (MA) is coupled via an amide bond to the NH,-terminal end
of DFO.
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Figure 2. Fluorescence properties of MA-DFO. ( Top) Excitation (/eft)
and emission (right) spectra of a 10-uM MA solution in saline Hepes,
10 mM, pH 7.4. The nanomolar value given is for the respective
wavelength of either emission (em.) or excitation (ex.) used to obtain
the spectrum (noncorrected ). ( Bottom) Fluorimetric titration of a
10-uM MA-DFO solution with FeCl; added from a concentrated
methanolic solution (final concentrations in boxes).
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Figure 3. Continuous
monitoring of DFO and
MA-DFO effects on the
growth of P. falciparum
rings. The incorpora-
tion of [*H]-
hypoxanthine into nu-
cleic acids was followed
in the presence of the
indicated concentra-
tions of MA-DFO (top)
or DFO (bottom). All
cell cultures were 2%
hematocrit and 4%
rings. *H Incorporation
in control samples after
24 h was 1.1+0.1 x 10*
dpm/sample (n = 6).
The apparent ICs, val-
ues for 0 to 8 h exposure
were 12+3 uM (MA-
DFO) and » 30 uM
(DFO), and for 8 to 24
h exposure were 3+1
#M (MA-DFO) and
30+8 uM (DFO). The

insets show data for the first 10 h of uptake in control and comparable
concentrations of drugs used (13-16 uM, as indicated).



Figure 4. Continuous
monitoring of DFO and
MA-DFO effects on the
growth of P. falciparum
trophozoites. The incor-
poration of [*H]}-
hypoxanthine into nu-
cleic acids was followed
in the presence of the
indicated concentra-
tions of MA-DFO (top)
or DFO (bottom). All
cell cultures were 2%
hematocrit and 4% tro-
phozoites. *H incorpo-
ration in control sam-
ples after 24 h was
8.8+0.3 x 10*
. dpm/sample (n = 6).
0 15 0 The apparent IC;, val-
/ bati ( b ues for 0 to 8 h exposure
nncubalion were 103 uM (MA-
DFO) and » 30 uM (DFO) and for 8-24 h exposure were 4+2 uM
(MA-DFO) and 33+9 uM (DFO). IC,, values were calculated by
Dixon plots. The insets show data for the first 10 h of uptake in con-
trol and comparable concentrations of drugs used (13-16 and 50 M
agents, as indicated).
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3iron (IIT) complexes as well as in terms of free MA-DFO. To
the extent that the partition coefficients of the free and com-
plexed MA-DFO are very similar (3.4+0.4 and 2.4+0.3), itcan
also be assumed that uptake of labeled complexes provides a
measure for that of free chelator. Uptake studies carried out
either with radioactively labeled complexes (Fig. 5) or free fluo-
rescent chelator (MA-DFO) (not shown ) indicated that nonin-
fected cells were virtually impermeant to these agents over a
24-h period. A small and insignificant amount of label was
apparently adsorbed on the cell surface. However, in infected
cells (rings or trophozoites), time-dependent uptake was de-
tected, giving values 3-10-fold faster for MA-DFO than for
DFO. As shown in Fig. 5, the concentration of drug attained
within the infected cells after 7 h represents only 5-15% of that
in the medium. This calculation assumed no adsorption of
drug to cells and the entire infected cell volume accessible to
drug, thus representing the smallest possible concentration of
drug attained in the parasitized cell. We assume that adsorp-
tion was dismal, since it could not be removed by washing with
medium containing 10 mM EDTA.

0.8 Figure 5. Ingress of
%Fe complexes of DFO
and MA-DFO into in-
fected and noninfected
oro, cells. Uptake of pre-
formed iron complexes
(4-uM complexes
formed with 10-fold
DFo, excess of either DFO
or MA-DFO) into
noninfected cells (N),
early trophozoites (T')
Time (& ) (> ?5% parasitemia),

or rings (R) (> 90%
parasitemia) was carried out at 37°C for the indicated periods of time
as detailed in Methods.

DFo,
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Y
bk
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The complementary egress experiment was carried out on
RCCs because the impermeability of noninfected cells ren-
dered them not amenable to preloading with drug. The effi-
ciency of drug encapsulation was 20-80% of the external con-
centration. The RCCs also adsorbed or entrapped in their
membranes a saturating amount of MA-DFO, probably during
the resealing/reannealing process (Fig. 6 ). The level of adsorp-
tion was almost invariant with drug concentration attained in-
side the RCCs: 10% for MA-DFO (intracellular, 1.3 mM) and
< 3% for DFO (intracellular, 4 mM). The adsorbed MA-DFO
completely desorbed or leaked out from the RCCs in < 2 h at
37°C, after which no release of drug was observed over a 24-h
period (hemolysis was dismal and not significantly different
from that obtained with intact cells, not shown). DFO, on the
other hand, showed no detectable desorption or leak over the
same period of time.

Lack of antimalarial activity in DFO and MA-DFO encap-
sulated RCCs. RCCs are defined as hypotonically lysed/iso-
tonically reannealed cells that retain > 80% of their hemo-
globin. Drugs were encapsulated in RCCs with 25 to 80%
efficiency measured chemically, radiochemically, or by bioas-
saying RCC lysates after extensive washing of the resealed/
reannealed cells. The RCCs support parasite invasion and
growth just as well as intact cells, whether or not they are en-
capsulated with DFO (2-4 mM) or with MA-DFO (1.3 mM)
(Fig. 7). A direct proof for invasion into RCCs containing
DFO or MA-DFO (millimolar levels ) was obtained by labeling
the drug containing RCCs with traces of drug->°Fe complexes
(at micromolar levels). 24 h after addition of trophozoites to
RCCs, the newly formed rings were segregated from nonin-
fected cells by the Percoll-sorbitol method and the *°Fe/he-
moglobin ratio was compared with drug-free RCCs (Fig. 7,
bottom). As seen, very similar values were obtained for all
types of RCCs, indicating similar invasion into cells irrespec-
tive of whether they contained the drug. The inhibitory effect
of material released from RCCs was precisely the same as that
observed with free drug added to cells. This proves not only
that the drugs were indeed encapsulated but also that they were
(at least initially) available for biological action should they
become accessible to the relevant parasite compartments.
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Figure 6. Egress of MA-DFO and DFO from RCCs. Egress of DFO or
MA-DFO with time was followed from RCCs loaded with either 4
mM DFO or 1.3 mM MA-DFO by the method of encapsulation; he-
matocrit was 2.5% in RPMI lacking indicator at 37°C. Agents ap-
pearing outside were measured spectroscopically as detailed in Meth-
ods; data in inset (leakage of probe) are given in terms of percent of
material (DFO or MA-DFO) originally present in RCCs after encap-
sulation and washing of extracellular agents. The main graph shows
data of drug retained in RCCs (mM) as a function of time.
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Figure 7. Parasite growth in
RCCs encapsulated with MA-
DFO or DFO. RCCs were en-
capsulated with medium sup-
plemented with none (con-
trol), 4 mM DFO (and 5 uM
$FeCl;, 0.1 uCi/ml) or | mM
MA-DFO (and 5 uM *FeCl,,
0.1 pCi/ml) (all final concen-
trations in RCCs) and supple-
3 mented with trophozoites (gel-
atin enriched). After 24-h in-
cubation, parasitemia was
determined for the three systems (top bar graph) and the cultures
were separated by Percoll gradients into three fractions and the ratio
of *Fe/Hb was determined after lysis (bottom bar graph): fraction
3 noninfected cells, fraction 2 early rings, and fraction 1 late rings;
control RCCs (crossed hatched bars), DFO encapsulated ( filled
bars), and MA-DFO encapsulated (empty bars).

Fe/Hb (relative)
Parasitemia (%)

/ 2
FRACTION (#)

To directly demonstrate that parasites not only invaded but
also developed inside drug-containing RCCs, we followed their
growth in terms of nucleic acid synthesis (Fig. 8). At millimo-
lar concentrations, encapsulated drugs did not interfere with
the intraerythrocytic development of parasites whereas drug
added extracellularly was inhibitory even at 100-fold lower
concentrations. Any inhibitory effect found with encapsulated
drug, particularly MA-DFO, could be fully explained by the
presence of drug in the outer medium, as exogenously supple-
mented iron(III) abrogated those effects. That drug derived
most probably from RCCs by leakage or desorption, as shown
previously in Fig. 6. Moreover, if RCCs loaded with drugs were
washed and used as targets for parasite invasion and growth
after drug leak ceased (2 h incubation at 37°C; Fig. 6), no
inhibitory effect of encapsulated MA-DFO was obtained ( not
shown). Finally, a direct proof that encapsulated MA-DFO
and DFO were not neutralized by red cell cytosol components
was obtained by testing the RCC lysates on parasite growth. As
shown in Fig. 8, the inhibitory capacity of these drugs was
largely retained in the drug-containing RCCs whereas sham-
loaded RCC lysates had virtually no effect at equivalent dilu-
tions (1:100 of original lysates). The fact that inhibition was
completely eliminated by addition of exogenous iron(III) to
RCC lysates indicated that the active component of the lysates
had iron(III)-binding capacity.

Discussion

The study of the mode of action of antimalarial agents is im-
portant for the design of novel therapeutic tools, which are in
urgent demand (23). This truism also applies to iron chelators,
which have already scored success in the management of
various diseases ( 1), including malaria (9). To gain knowledge
on the mode of action of iron chelators as antimalarial agents
and to determine the basis for their specific effects on infected
cells it is necessary to delineate the routes by which they perme-
ate into cells and to identify the critical iron pools. Our limited
understanding reflects in part the lack of reliable probes for
detection of the drugs, and in the case of malaria, for tracing
their fate in a highly compartmentalized cell such as the P.
falciparum—-infected cell. We have recently undertaken the ini-
tiative to design fluorescent derivatives of iron chelators by
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Figure 8. Effect of intracellular versus extracellular MA-DFO and
DFO. (Top) The effects of extracellular DFOqyr (50 pM) and MA-
DFOgyr (6 1M) were assessed in cultures of parasites grown in red
blood cells (RBC). Gelatin-enriched trophozoites were added to
RBCs, incubated for 24 h, and subsequently supplemented with [*H]-
hypoxanthine as described in Methods. After an 18-h incubation pe-
riod, cells were harvested and incorporation of label into nucleic acids
was determined. Data are given as percent incorporation relative to
control (parasite growth rel. % ). The effect of hemolysates (HEM)
(1:100 final dilution) of RCCs encapsulated with none (Con), 4 mM
DFO, or 1.3 mM MA-DFO (all final concentrations in RCCs) were
also assessed on trophozoite cultures grown on RBC. Bars represent
systems supplemented with (hatched) or without (filled) 100 uM
FeCl,, respectively. ( Bottom) Gelatin-enriched trophozoites were also
added to RCCs containing none (Con), 4,000 uM DFOyy or 1,300
uM MA-DFOy (final internal concentrations), as described above
for RBC. After 24 h incubation, [*H]hypoxanthine was added and
the suspension was incubated for an additional 18-h period. Extracel-
lular concentrations of DFOqyr and MA-DFOgy 1 were also tested
on control RCCs as indicated above for RBCs. Data are given as for
RBCs but relatively to control RCCs. Values of parasite growth in
control RBCs and control RCCs were essentially the same (+10%).

means conservative of their iron-binding properties (15). The
classical agent DFO was previously derivatized with the NBD
group to yield NBD-DFO (15), and in this study we attached
the MA group to yield MA-DFO; in both cases the fluorescent
tags were conjugated to the NH, terminus of DFO. The parent
DFO was chosen as the backbone not only because of its re-
markable antimalarial activity in vitro (2-5) and in vivo (4,
6-9), as well as with human subjects (9), but also because it
offered the possibility of chemical and biological improve-
ments by judicious chemical modifications. DFO was specifi-
cally modified with the methylanthranilic group at its NH,-ter-
minal group, so as to confer to it a higher octanol / water parti-
tion coefficient and therefore higher permeation through



membranes without compromising the iron-binding properties
of the hydroxamate core. The resulting MA-DFO, although
less fluorescent than the NBD congener NBD-DFO (15, 24),
lacked cytotoxic activity on mammalian cells in culture
(NIH3T3 and NRK fibroblasts, HT-29 human colon carci-
noma cells, and Hep-2 human hepatoma cells; not shown).

The novel MA-DFO showed improved antimalarial perfor-
mance when compared with DFO as manifested by its 10-fold
lower IC,,, faster speed of action, and activity on both early
and mature stages of parasite growth. We attributed these im-
provements to the higher partition coefficient conferred by the
MA group, which in turn increased its permeation into infected
cells. Moreover, the structural changes in DFO did not signifi-
cantly alter the permselectivity of infected and noninfected
cells for the derivatized DFO. Although the differential perfor-
mance of MA-DFO and DFO was manifested in the speed of
action of these drugs on trophozoites, the same could not be
unequivocally said about the effects on rings shown in Fig. 3.
The possibility that a minor undetectable fraction of early tro-
phozoites or late rings might have been present in the predomi-
nantly ring culture could not be dismissed. Due to the rela-
tively higher metabolic capacity of trophozoites compared with
rings, incorporation of label into nucleic acid might have been
dominated by the contaminant population. However, the fact
that in rings the onset of drug inhibitory activity was = 2-4 h
later than in trophozoites served as an indication that the ob-
served effects were obtained on genuine rings rather than on
contaminating trophozoites.

One of the salient features of DFO and MA-DFO uptake
into infected cells is that even after hours of incubation with
drug only 15% of the external concentration is attained within
the infected cell (assuming the entire cell volume as drug avail-
able space). Similar results were previously reported in a study
involving “C-DFO (11), which demonstrated a threefold
higher permeation into infected compared with noninfected
cells. The apparent restricted permeation of DFO and MA-
DFO into infected cells raises the question of which compart-
ment(s) are accessed by DFO and MA-DFO and which are the
relevant membranes they need to cross to reach those compart-
ments. The accepted view depicts the parasite enclosed in the
red cell and bound by a parasitophorus vacuole membrane
(Fig. 9). To gain access into parasite, drugs would need to cross
several membranes and diffuse through various aqueous com-
partments. Previous biophysical analysis led to a complex pic-
ture with multiple and distinct pathways of entry into the para-
sitized erythrocyte and the enclosed parasite (16, 17). A recent
study proposed a novel pathway of access of substances into the
parasite via an aqueous duct leading to parasite outer mem-
brane (18). The validity of that pathway has been questioned
(25) but firmly defended (26). Clearly exogenous agents can
gain access to the parasitized cell as a whole by alternative or
parallel routes that might lead to different intracellular com-
partments or even to the same compartments by a combina-
tion of parallel and serial routes. From within the host cell
cytosol, the agents can gain access to the parasite compart-
ments only by sequential crossing of the parasitophorous vacu-
ole membrane (or duct membrane), diffusion in the inter-
membranous space, and crossing the parasite plasma mem-
brane (Fig. 9). Small and lipophilic molecules could
accomplish that by simple diffusion mechanisms, but less lipo-
philic molecules or macromolecules might need to be trans-

DFO DERIV.

Figure 9. Model of access routes of DFO and MA-DFO into infected
cells. The model depicts the host cell with its plasma membrane
(HPM), the parasite with its plasma membrane ( PPM) and its food
vacuole (FV'), and the duct (18) that invaginates from the red cell
membrane and surrounds the parasite forming the parasitophorous
vacuole membrane (PVM). Compounds such as DFO and MA-DFO
gain access to the parasite preferentially through the duct and the
PPM. RSFs, which are permeant or reversed siderophores, can gain
intracellular access both via the HPM and the PPM.

ported by endocytotic mechanisms, as demonstrated for hemo-
globin (27). From outside the parasitized cell, macromolecules
such as dextrans and ferritin were recently implied to be taken
up into parasites by endocytosis (18, 28), although neither the
chemical fate of such molecules nor the pharmacological rele-
vance of that uptake mechanism have been assessed. Another
study indicated that a 70-kD dextran-bound DFO encapsu-
lated in RCC:s failed to inhibit parasite growth at 100-uM con-
centrations (but was inhibitory at higher concentrations). This
agent displayed a ICs, of ~ 180 uM when applied extracellu-
larly (29), but since its chemical stability was not assessed it is
not clear whether the extracellular effect was exerted by the
macromolecular DFO or by a breakdown product. In our study
we have clearly demonstrated that DFO and MA-DFO, both of
which were inhibitory to parasites at micromolar concentra-
tions when applied extracellularly, demonstrably failed to in-
hibit parasite invasion and growth when placed in the erythro-
cyte cytosol even at millimolar concentrations. The results are
consistent with the notion that both DFO and MA-DFO enter
the parasite through the proposed duct and permeate into the
parasite. We suggest that crossing of the parasite plasma mem-
brane is diffusive in nature, in accordance with the higher per-
meation properties of MA-DFO compared with the more hy-
drophilic DFO. Entry via this pathway might not only explain
the selective admittance of DFO and its derivatives into para-
sites but also the apparently limited permeation of these com-
pounds to parasitized erythrocytes, since only the duct and/or
the parasite show accessibility to those agents. NBD-DFO and
the lipophilic RSFs, because of their higher partition coeffi-
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cients, could access the parasite either through the duct or par-
tially via the host cell.

The validity of the conclusions drawn from studies based
on RCCs loaded with DFO and MA-DFO (encapsulated
drugs) as targets for parasite invasion and growth depends also
on firm evidence that the drugs encapsulated in RCCs were
retained after 24 h in culture conditions as chemically detect-
able entities and more importantly as biologically active
agents. Both types of information are provided in this work.
Lysates of RCCs loaded with drugs display inhibitory activities
that correspond to ~ 70% of the equivalent concentrations of
free drugs. This partial reduction in biological activity might be
associated with drug interaction with hemoglobin, leading
to hydroxamate-induced formation of methemoglobin
(Loyevsky, M., and Z. 1. Cabantchik, unpublished observa-
tions), as shown in previous studies with DFO (29). Thus at
present we can not eliminate the possibility that the high hemo-
globin content of RCCs can in situ abrogate the biological activ-
ity of the drugs via reversible chemical interactions (i.e., revers-
ible upon dilution). In terms of the mode of entry of the agents
into infected cells, any DFO-like drugs that enter the host cell
cytosol would become virtually ineffective for parasite arrest as
a result of one of the following possibilities: inaccessibility to
parasites, chemical interactions with red cell components, or
chemical modifications. The results of the present study are
consistent with the proposed parasite membranous duct as the
most feasible route for access of DFO-like chelators to para-
sites. Further understanding of the permeation properties of
DFO derivatives into parasites and their intracellular fate in
parasites and in host cells can pave the road for novel antima-
larial drug design or improvement of the existing repertoire, as
shown in this work.

As the antimalarial activity of all the DFO derivatives are
abrogated by complexation with iron(III), it is implied that
extraction of iron (III') from a parasite target mediates the cyto-
toxic activity. Erythrocytic parasites might not be able to effi-
ciently restore the chelated iron and are therefore assumed to
be irreversibly damaged by iron chelators of the hydroxamate
families (30).
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