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SUMMARY
We introduce here a fluorescent derivative of desferrioxamine B
(DFO) that retains the high affinity of the parent compound and
displays a powerful inhibition of intraerythrocytic Plasmodium
falciparum growth. NBD-DFO was synthesized by coupling 7-
Nitrobenz-2-oxa-1 ,3-diazole (NBD) to the terminal amino group
of DFO. The NBD group at this position renders the DFO
molecule more lipophilic and imparts to it fluorescent properties.
The novel NBD-DFO probe displays a unique combination of
chemical and biological properties, such as 1) improved and

selective permeation properties across membranes of P. falci-
parum-infected erythrocytes, 2) improved efficacy as an inhibitor
of intraerythrocytic P. falciparum growth (including multidrug-
resistant strains), 3) demonstrable Fe3� scavenging within par-
asitized red cells, and 4) usefulness as a sensitive and versatile
analytical tool for quantitative assessment of Fe3� and for follow-
ing iron-scavenging processes, because the fluorescence of
NBD-DFO is demonstrably quenched upon complexation with
Fe3�.

Worldwide resurgence of malaria and the spread of strains

of Ptasmodium fatciparum that are resistant to quinolines and

antifolates, the drugs in most common use, have created an

urgent need for new antimalarial agents (1, 2). Because the

malaria parasite thrives inside host red cells, compounds that

induce differential iron deprivation should prove to be useful

antimalarial agents even against parasites of the most drug-

resistant nature (2). This idea gained momentum when clinical

observations suggested that iron metabolism and malaria infec-

tion are closely interrelated (3-6).

DFO, an iron-specific hydroxamate chelator, has been shown

to suppress malaria infection in vitro (7, 8) and in several

rodent and primate species in vivo (9-12). Although the drug

has been in commercial use since the late 1960s to increase

iron excretion and reduce iron overload (13-15), its poor ab-

sorption from the gastrointestinal trace, short serum half-time,

requiring continuous parenteral administration for optimal ef-

fect (15, 16), toxic side effects (17, 18), and, in particular, very

slow penetration into erythrocytes (19) have hampered its

therapeutic use as an antimalarial agent. Several studies on

desferal (11, 20) and hydroxamate-based “reversed sidero-

phores” (21) showed that they act by scavenging a vital intra-
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erythrocyte Fe(III) source, either degraded hemoglobin (22, 23)

or essential enzymes (24) or putative parasite-derived iron

carriers.

In order to overcome the major shortcoming of DFO, we

aimed at a minimal modification of its structure that would

selectively enhance permeation into parasitized erythrocytes,

without affecting the Fe�-binding properties of the parent

molecule. Because the terminal amino-group of DFO does not

participate in iron binding per se, we modified DFO by coupling

the hydrophobic fluorescent group NBD to the terminal amino-

group of DFO, resulting in a probe (NBD-DFO) (Fig. 1) with

novel features. These include increased hydrophobicity relative

to DFO, reduced basicity under physiological conditions, and

spectroscopic properties that allow tracing of Fe(III). The latter

resulted from the fact that, upon stoichiometric binding of

Fe(III), the NBD-DFO fluorescence was markedly quenched by

the bound metal. Moreover, the specificity and high binding

properties of DFO were fully retained in the NBD derivative.

In this article, we demonstrate that the improved antimalarial

activity of NBD-DFO resides in its selectively permeability into

infected red cells, by virtue of its higher lipophilicity and

capacity for chelating intracellular Fe(III). This mode of action

is consistent with the concept of reversed siderophores intro-

duced in our earlier report on synthetic ferrichromes (21), where

their antimalarial activity was reported to be highly correlated

with their membrane-permeation properties.
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Fig. 1. Molecular structure of NBD-DFO.

Materials and Methods

Synthesis of NBD-DFO. The synthesis of NBD-DFO was per-

formed according to a procedure used for the preparation of NBD-

glycine (25). Briefly, to 656 mg (10� mol) of desferrioxamine B meth-
ylsulfonate (desferal), dissolved in 10 ml of methanol and 20 ml of 0.1
N aqueous NaHCO3, were added 200 mg (10� mol) of NBD-Cl dissolved

in 7.5 ml of methanol. The mixture was heated for 1 hr in an oil bath

of 65’ . The crude reaction mixture was concentrated in vacuo and
chromatographed through a silica gel column (Woelm 63-100), using

chloroform/methanol (9:1) as eluent, and 140 mg of NBD-DFO were

collected and purified by crystallization from a mixture of methanol
and acetonitrile. This material was characterized as follows: m.p. 131-

133’; NMR (CD3OD): t5 8.530 (d, J = 8.8 Hz, 1 H, Ar-H), 6.361 (d, J =

8.9 Hz, 1 H, Ar-H), 3.57 (m, 8 H, HON-CH2 and ArNH-CH2), 3.153 (t,

J = 5.7 Hz, 4 H, NHCH2), 2.748 (t, J = 7.1 Hz, 4 H, COCH2), 2.442 (t,

J = 6.5 Hz, 4 H, COCH2), 2.082 (s, 3 H, OCOCH�3), and 1.2-1.8 ppm
(m, 18 H, aliphatic CH); IR (KBr): v 3315 (NH), 1626.5 (CONH and

CONOH), and 1589 cm� (Ar); UV (aqueous methanol): Xmas, 470 and
340 nM (M’�m 15,200 and 4,870, respectively).

NBD-DFO fluorescence spectra and quenching by metal ions.
NBD-DFO fluorescence spectra were determined in buffered saline

(150 m�e NaCl, 10 mM HEPES, pH 7.4), with 475-nm excitation and

monitoring of fluorescence intensity over a range of 500-600 nm
(maximal emission at 548 nm). The fluorescence measurements were

carried out in 1-ml plastic cuvettes (Elkay Ultra-Vu), using a SPEX
Fluorolog II (DM1B) with slit widths set to 1 mm. Quenching of NBD-

DFO (2 �sM NBD-DFO in buffered saline) by Fe(III) was detected after

additions of FeCl3 aliquots from 1 mM methanolic solutions and mon-
itoring of fluorescence intensity. The final methanol concentration was
<0.3%. NBD-DFO-Fe3� complex was dissociated by lowering of the pH
to <2 with either TCA or HC1 and addition of EDTA to a final

concentration of 500 �zM.

The effects of other metal ions on NBD-DFO fluorescence were

measured in a similar fashion, using CuNO3, ZnCl2, MnCl2, MgCl2, or
CaCI2 methanolic stock solutions. All salts except CuNO3 were directly
soluble in methanol (at 20 mM). Pure copper powder (Merck) was

dissolved in nitric acid, and methanol was added to yield a 5� nitric

acid final concentration. The metal-NBD-DFO mixtures were allowed

to incubate 30 mm in Eppendorf tubes before monitoring of fluores-

cence. Quenching due to the metal ions was analyzed by Stern-Volmer
plots.

Determination of DFO and NBD-DFO iron-binding effi-

ciency and partition coefficient. The relative iron-binding efficien-

cies of DFO and NBD-DFO were determined in aqueous methanol (0.1

N sodium acetate/methanol) by measuring the fluorescence of NBD-
DFO in the presence of equimolar mixtures of DFO and Fe3�. Equimolar

amounts of NBD-DFO and FeCI were equilibrated in methanolic
solution for 1 hr, and the fluorescence spectra were recorded (excitation

wavelength, 468 nm; emission range, 500-580 nm) and compared with

those of similar mixtures lacking Fe(III). Partition coefficients were
determined by equilibration of either the free chelator or the preformed

iron-chelator complexes between equal volumes of n-octanol and buff-

ered saline (150 mM NaCl, 10 mM HEPES, pH 7.4) for 4 hr. The NBD-

DFO concentrations in each phase were determined by absorbance in

the 470-nm range or by fluorescence, as described above. The concen-

trations of NBD-DFO-Fe complexes were determined by visible-wave-

length spectroscopy only, and those of DFO were determined by addi-

tion of excess Fe(III) and measurement of the ferric complex absorb-

ance at 430 nm. Partition coefficients were calculated as ratios of the

compound concentrations in n-octanol versus saline.

Parasite cultures and bioassay of drug antimalarial activity.
P. falciparum strains used in this study, Brazilian strain ItG2G1

(obtained from L. H. Miller) and drug-resistant strains FCR-3 (Gam-

bian, provided by J. B. Jensen) and Ki, were grown in culture flasks

of human erythrocytes by a modified version of Trager and Jensen’s

method (26) published elsewhere (27). The antimalarial activity of iron

chelators was assayed by addition of chelators from concentrated stock
solutions (in DMSO) to microcultures (24-well, Nunclon) containing

infected red cells (2.5% hematocrit and 2% parasitemia). The cultures

were synchronized by incubation in 300 mM L-alanine, 10 mM Tris-

HC1. After incubation with drug for 24 hr, the cells were supplemented

with 6 MCi/ml [tHjhypoxanthine, and parasite growth was assessed 24

hr later by harvesting of the labeled cells onto glass fiber filters (Tamar

Inc., ,Jerusalem) and counting of the radioactivity.

Uptake of NBD-DFO into normal and infected erythrocytes.
NBD-DFO uptake was assessed under parasite growth conditions de-
scribed above. Trophozoites and noninfected red cells were obtained

from synchronized cultures and separated by the alanine/Percoll
method described elsewhere (28). Percoll was removed by repeated

washes of the cells in buffer ( 150 mM NaCI, 10 mM HEPES, 50 mM

sucrose, pH 7.4) containing step-wise decrease in L-alanine concentra-

tion (1.5%, 0.75%, 0.3%, and 0%). Cells were then resuspended in

RPMI medium supplemented with 10% human plasma and NBD-DFO
was added from concentrated stock solution in DMSO (<0.1% DMSO

final concentration). Suspensions of 0.5% of 1.2% hematocrit were

incubated in culture flasks, and 6 and 12 ml, respectively, were sampled

at each time point. The cells were washed in ice-cold saline buffer

containing 50 mM sucrose, and NBD-DFO influx was monitored by

measuring fluorescence inside cell lysates.

Uptake of 59Fe-chelator complexes. Iron-chelator complexes
were preformed by the addition of �9Fe(III)Cl: (Amersham) to concen-

trated stock solutions containing NBD-DFO and DFO in DMSO and

incubation at room temperature for 1 hr. To initiate the flux, radioac-

tive complexes were added to suspensions of noninfected and infected

red cells that had been prewarmed to 37’ in saline buffer ( 150 mM

NaCl, 10 mM HEPES, 50 mM sucrose, 20 mM glucose, supplemented

with 100 MM sodium citrate and 10% bovine serum albumin to avoid

precipitation of ferric iron). Suspensions of 1.2 ml at 20� hematocrit,

20 �g/ml chelator, and 5 MM 51’Fe (final concentrations) were incubated

at 37’, with gentle shaking, in 15-ml plastic test tubes (Sarstedt). For
each time point, two 75-�sl aliquots were centrifuged at 2000 x g for 1

mm, supernatants were removed, and cell pellets (15 �zl) were washed

in 12 ml of ice-cold saline buffer containing 50 mM EDTA. Radioactive

pellets were kept on ice until lysis in distilled water and transfer to

scintillation vials for counting of ‘y emission (700-1250 KeV). The cell

number in each sample was determined from hemoglobin absorption

at 410 nm (28).

Chelation of iron from infected red cells. Extraction of chelat-

able iron from noninfected and infected red cells (trophozoites, from
Percoll gradients) was carried out on red cell suspensions (20% hema-

tocrit) by incubation for 3-4 hr at 37’ in saline buffer containing 50

mM sucrose, 25 mM glucose, and NBD-DFO at 2-10 �zg/ml. Control

samples were incubated under identical conditions without NBD-DFO.
After centrifugation at 1000 x g for 5 mm, cell pellets were washed in

12 ml of ice-cold buffer and lysed in 750 Ml of distilled water. Lysates

were sampled for hemoglobin measurements (410 nm) and then trans-
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ferred to Eppendorf tubes, where they were protein precipitated by
addition of ice-cold TCA (5% final concentration). The TCA-soluble

material was removed and stored at 4� in Eppendorf tubes for meas-

urements of fluorescence intensity. Chelated iron was released by

addition of EDTA, as shown below.

Results

NBD-DFO fluorescent properties. Addition of NBD label

to DFO imparts fluorescent properties to the free carrier.

Excitation at 475 nm and monitoring of the emission spectra

over a range of 500-600 nm reveal a single peak at 548 nm,

which is quenched upon loading of the carrier with ferric iron

(Fig. 2A). The conclusion that quenching resulted from binding

of the iron was based on the fact that the fluorescence of NBD

derivatives of various amino acids (e.g., NBD-alanine and

NBD-taurine) was not affected by addition of similar concen-

trations of iron salts. Moreover, at acid conditions (pH <5)

quenching of NBD-DFO by iron was fully retained, and at

Time (seconds)

Fig. 2. Fluorescence properties of NBD-DFO and its ferric iron complex.
A, Fluorescence emission spectra (475-nm excitation) of free NBD-DFO
(1 �M) in buffer containing 1 50 m� NaCl and 10 mr�i HEPES, pH 7.4, and
in the presence of 0.5, 1 , or 7 equivalents of FeCI3. B, Iron binding to
NBD-DFO. Fluorescence intensity is of free NBD-DFO ligand (A), after
addition of FeCI3 (7 pM final concentration) (B), after acidification with
HCI (0.1 M final concentration, pH <3) (C), and after addition of EDTA
(500 �zMfinal concentration) (D). Arrows, time points of additions. The
monitoring and measurements of fluorescence intensity are described in
Materials and Methods.

physiological pH addition of EDTA did not change the fluores-

cence intensity of the NBD-DFO-Fe complex (results not

shown). However, when pH was lowered with either HC1 or

TCA, addition of excess EDTA fully reversed the quenching,

indicating that it competed with the hydroxamate ligand and

removed the bound iron from NBD-DFO (Fig. 2B). This prop-

erty provided the analytical basis for assessing the NBD-DFO-

mediated sequestration of Fe� from intracellular sources.

Effects of metal ions on NBD-DFO fluorescence. In

order for NBD-DFO to serve as a specific probe for ferric iron,

it had to be established to what extent other biologically rele-

vant metal ions present in host cells and body fluids can affect

NBD-DFO fluorescence. For this reason, we tested the capacity

of various divalent cations, such as Ca(II), Zn(II), Cu(II),

Mg(II), and Mn(II), to act as fluorescence quenchers. Besides

Fe(III), only Cu(II) produced significant quenching (Fig. 3).

Ca2� and Mg2� had no effect on fluorescence signal, and Zn2�

and Mn2� had marginal quenching activity at concentrations

100-200-fold higher than that of Fet� (results not shown).

A However, after addition of TCA (2.5% final) to 2 �sM NBD-
Ii DFO and 10 pM Cu2� ions, quenching by the metal ion was

completely abolished (Fig. 3). These observations demonstrate

that it is possible to experimentally discern NBD-DFO-bound

Fe(III) from NBD-DFO-bound Cu(II).

Dose response of NBD-DFO versus DFO. Exposure of

P. fatciparum to DFO and NBD-DFO results in inhibition of

parasite growth (Fig. 4). Antimalarial activities of NBD-DFO

and DFO, compared at their IC�1 values (5 ± 0.62 and 26 ± 5

pM, respectively), show that NBD-DFO is 5-6-fold more potent

than DFO. NBD-DFO was also tested for its inhibitory effect

in several different strains of P. falciparum and was found to

be effective against both chloroquine-sensitive strain ItG2G1

and highly drug-resistant strains FCR-3 and Ki (Table 1).

Correlation of biological effects with physicochemical

properties. Iron-binding properties and lipid solubilities of

/Quenclierj (uAJ)

Fig. 3. NBD-DFO fluorescence quenching by metal ions. The quenching

of NBD-DFO fluorescence was assayed by addition of different salts to
a 2 �M solution of NBD-DFO in pH 7.4 buffer and measurement of the
fluorescence intensity at each concentration of metal ion quencher
shown. The fluorescence intensity in buffer alone (F0) relative to that in
the presence of metal ion quencher (Fe) �5 plotted as a function of
quencher concentration. Stern-Volmer quenching constants (!(q) obtained
from the slopes of plotted data are Fe3�, Kq 5.28 ± 0.175 X 106 (1J);
Cu2�, Kq 2.57 ± 0.413 x 106 � and Zn2�, Kq 4 ± 2 X 10’� (0); and,
in buffer containing 2.5% TCA, pH <2, Fe3�, K0 = 3.71 ± 0.64 x 106 (\;

and Cu2� (A), Kq could not be determined with accuracy.
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uptake maximum was in agreement with the equilibrium value.

The relatively low partition coefficient of NBD-DFO-Fe(III),

compared with NBF-DFO, was correlated with its poor pene-

tration into red cells (normal or infected), as measured by

NBD-DFO-�9Fe uptake. The level of uptake attained after 8 hr

of incubation with red cell suspensions was essentially the same

as that of control (<5% of the extracellular concentration of

complexed 59Fe) (Fig. 6).

Extraction of chelatable iron from infected red cells.

Because NBD-DFO can specifically complex Fe(III), we ex-

amined the possibility that the degree of iron chelation in

infected red cells might be considerably higher than that in

noninfected red cells. As shown in Fig. 7, the amount of iron

10

q� 8

-v--i t�

it
� 2 1. non -in fec/ed

NBD-DFO, DFO, and their ferric complexes were determined

(Table 2). Although the relative Fe(III)-binding efficiencies of

the uncomplexed NBD-DFO versus DFO were found to be very

close, namely 3:2, the partition coefficient of NBD-DFO in n-
octanol/saline was 5, which is at least 40-50-fold higher than

that of DFO. The partition coefficient of the preformed NBD-

DFO-Fe complex was 1.5, which is considerably lower than

that of the free NBD-DFO.

NBD-DFO and NBD-DFO-59Fe(III) uptake into in-
fected red cells. In view of the demonstrable antimalarial

activity and enhanced lipophilicity of NBD-DFO, we studied

the permeability of red cells to the free ligand. In order to

accomplish this, we took advantage of the fluorescence of the

compound and our ability to detect it in red cell lysates after

Novel Fluorescent Iron-Specific Probe and Antimalarial Agent 587

TCA precipitation. Fig. 5 shows results of NBD-DFO uptake

after exposure of noninfected and infected erythrocytes for

various time intervals. The uptake is highly selective for in-

fected cells, with no detectable uptake found in noninfected red

cells obtained from the same cultures as the 100% parasitized

erythrocytes. Uptake showed similar pseudo- first-order kinet-

ics in two independent experiments at different concentrations

of NBD-DFO. Initial rates were the same at both concentra-

tions, with small differences being apparent in the final level

of uptake. At the high concentration (experiment 1) maximum

________________________________ uptake observed was 70% of the amount expected at equilib-

� - rium, whereas at the lower concentration (experiment 2) the

0 it’ 30 � 50

[Chelator] ug/mi

Fig. 4. Effect of iron chelators on in vitro parasite growth. Growth
inhibition by NBD-DFO and desferal was assayed over a 48-h exposure
period, as described in Materials and Methods. Inset, Dixon plot shows
regression lines of four independent experiments. lC� (MM)(mean ± SD):
desferal, 26 ± 5; NBD-DFO, 5 ± 0.62.

TABLE 1
Antimalarial activity of DFO and its NBD analog in different P.
falciparum strains
The antimalarial activity was assessed over a 48-hr period of exposure, including
a 24-hr period of [3Hlhypoxanthine incorporation into nucleic acids (see Materials
and Methods). Ki and FCR-3 represent chloroquine-resistant strains of P. talcipa-
rum, whereas ItG2G1 represents a sensitive strain. Values are mean ± standard

deviation.

Parasite
stratn

IC50

DFO NBD-DFO

pg/mi

ItG2G1 31 ±11 3±1
K1 12±6 3±1
FCR-3 41 ±10 5±1

TABLE 2

Antimalarial activity and physicochemical properties of DFO and
NBD-DFO
For determination of the tabulated values of iron binding and partition coefficients
(P,,,,�,), see Materials and Methods. IC50 values are for the ltG2Gl strain, measured
as described in Materials and Methods and as shown in Fig. 4 and Table 1 , but
from two independent sets of experiments (mean ± standard deviation).

Compound Febtnding � IC50

pg/mi

DFO 1.0 <0.1 26±5
NBD-DFO 1.5 5±1 5±1
NBD-DFO-Fe <1

a No detectable inhibition of growth with 1:1 NBD-DFO-Fe complexes.

0 4 8 12

Tim e (lirs)
Fig. 5. Uptake of NBD-DFO into infected and noninfected erythrocytes.

The uptake of NBD-DFO into normal red cells (open symbols) and red
cells infected at the trophozoite stage (closed symbols) was measured
by addition of NBD-DFO to cell suspensions in growth medium and then
monitoring of the fluorescence in cell lysates at the time points indicated,
as described in Materials and Methods. The uptake values plotted (nmol/
1010 cells) were calculated from total fluorescence inside cells after lysis,
TCA addition (with or without EDTA), and references to an NBD-DFO
standard curve. The number of cells was determined by hemoglobin
absorption at 41 0 nm. Results are shown for chelator uptake in two
experiments; in experiment 1 (triangles) the hematocrit and NBD-DFO
concentrations, respectively, were 0.5% and 13 �M and in experiment 2
(circles), 1 .2% and 7 �zM. Parasitemia in both experiments was >95%.
The uptake of NBD-DFO into infected cells was analyzed by first-order
rate kinetics using the ENZFIT program. The lines represent the nonlinear
regression fits to the experimental points, using as the zero time value
the background value obtained with noninfected cells; the t,, of uptake
was 45 ± 10 mm.
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Fig. 6. Uptake of 59Fe-chelator complexes. 59Fe-chelator
complexes were preformed at 1 :5 ratio by addition of
59Fe(lll)C(3 to either NBD-DFO or desferal in DMSO. The
radioactive mixtures were then added to normal (open
symbols) and 70% infected (closed symbols) red cell sus-
pensions to give 20% hematocrit, 20 �g/ml chelator, and
5 � Fe3� (final concentrations). The radioactivity in cell
pellets of duplicate samples was counted at the time points

indicated, and the values were converted to nmol/10’#{176}
cells. Uptake is shown for NBD-DFO (triangles), desferal
(circles), and DMSO control (squares).

Fig. 7. Extraction of chelatable iron from normal (NRC)
vetsus infected red cells (IRC). The amount of chelatable
iron extracted from normal and 1 00% infected red cells
was assessed after treatment of cell suspensions with 2
,�g/ml NBD-DFO and measurement of the fluorescence
intensity in cell lysates. Iron bound to the chelator was
released with 500 �M EDTA, and the values represent
conversion of absolute change in fluorescence intensity
before and after EDTA addition to nmol of iron extracted/
1010 cells. Cells were obtained from Percoll gradients and
incubated at 20% hematocrit with NBD-DFO for 3 hr, as
described in Materials and Methods. Mean and standard
deviation represent values obtained from three experi-

ments. Inset, amount of iron extracted using three different

concentrations of NBD-DFO.

extracted from 100% parasitized red cells using 2.8 �M NBD-

DFO was approximately 2 nmol/1O’ cells, approximately

equivalent to an intracellular concentration of chelatable iron

of 2 � (without taking into consideration compartmentaliza-

tion, the water-available space of infected cells, which could

not be accurately determined). In contrast, the exposure of

noninfected red cells to the same NBD-DFO concentration

resulted in 20-fold lower iron extraction. In order to determine

how much of this difference is actually attributed to greater

accessibility of NBD-DFO to the interior of infected red cells,

extractions were performed at three different NBD-DFO con-

centrations. At an exposure of 10 j.tg/ml, the total amount of

NBD-DF’O in noninfected red cells was approximately equal to

the amount of probe in infected red cells exposed to 2 j.�g/ml.

However, a comparison of the total iron extracted clearly shows

2-3-fold higher chelatable iron in the infected red cells (Fig. 7,

inset).

P’sc�,4ssipfl

Previous studies of iron chelation and inhibition of P. falci-
parum growth showed that the major source of Fe’� used for

intraerythrocytic parasite growth resides with components of

the infected cell (11, 20, 21) and not in the serum. The possible
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intracellular donors of Fe(III) are hemoglobin degradation!

oxidation products (22-24), intraerythrocytic residual ferritin,

or parasite-derived enzymes or siderophores. Although prelim-

mary experiments with horse ferritin indicated that reversed

siderophores can indeed sequester Fe3� from this source,’ the

relevant Fe3� targets of these chelator remain to be identified.

These findings regarding sensitive Fe3� pools in infected

erythrocytes and the ostensible differences in permeability

found in membranes of parasitized cells, compared with normal

cells (29), led us to the design of the Fe34 chelator NBD-DFO

(Fig. 1), which is selectively admitted by infected cells (Fig. 5),

where it sequesters Fe�. NBD-DFO meets the major criteria

of antimalarial agents, which are efficacy as reflected in IC�0

concentrations measured over one to two generations of para-

sites exposed to drug (Table 2), inhibitory power on P. falci-

parum strains with different drug sensitivities (Table 1), and,

most importantly, a high degree of selectivity for target cells

(i.e., infected versus noninfected erythrocytes). The observed

temperature dependence of uptake of various reversed sider-

ophores into infected cells is consistent with a simple diffusion

process (21).2 An analogous approach aimed at increasing the

lipophilicity of DFO was applied to “lazaroids” for treating

ischemic conditions (30).

The introduction of the NBD residue at the amino-terminal

group of DFO was chosen because that group was shown by X-

ray crystallography not to participate in iron binding (31). The

amino-terminal-coupled NBD group confers major advantages

to NBD-DFO, relative to DFO. While fully preserving the

Fe(III)-binding properties of the parent DFO, addition of NBD

demonstrably enhances the hydrophobicity of the molecule and

reduces its basicity, thus minimizing protonation of the mole-

cule at physiological pH. Consequently, partitioning of NBD-

DFO into lipophilic phases is enhanced and permeation across

cellular membranes is facilitated, with the additional bonus of

increased selectivity for parasitized erythrocytes. Moreover,

NBD provides the hydroxamate binding moiety with a fluores-

cent marker than enables specific assay of Fe3� and monitoring

of its intracellular pathways in a variety of cell systems. This

is based on the fact that, as Fe3� binds to NBD-DFO, marked

quenching of the NBD group ensues because of the proximity

of the metal ion to the fluorophor. The addition of excess

EDTA in acidic environment dissociates the NBD-DFO-Fe’�

complex and restores the fluorescence properties of the probe.

The highly selective permeation of NBD-DFO across mem-

branes of infected red cells surpasses that of DFO and correlates

well with the demonstrable alterations in permselectivity (28,

29) and lipid composition (32) of the membrane of infected

cells. The level of NBD-DFO uptake into infected cells was

found to be 20-fold higher than that into noninfected red cells

after 40-50 mm of incubation (Fig. 5), whereas DFO, on the

other hand, showed only 3 times higher permeation in parasi-

tized cells after 4 hr of incubation (19). The enhanced anti-

malarial activity of NBD-DFO, relative to DFO (Fig. 4), is in

agreement with our earlier findings on reversed siderophores,

whose antimalarial activity was shown to be highly correlated

with the lipophilicity of the synthetic ferrichrome (21). The

antimalarial activity of NBD-DFO can be attributed to chela-

1 � D. Lytton, J. Libman, A. Shanzer, and Z. I. Cabantchik, unpublished

observations.
2 s� D. Lytton, J. Libman, A. Shanzer, and Z. I. Cabantchik, manuscript in

preparation.

tor-mediated Fe’� sequestration from infected erythrocytes.

However, the fact that the iron-NBD-DFO complex has a

considerably lower partition coefficient than the free chelator

(Table 2) might explain why the iron-bound NBD-DFO that is

formed inside parasitized cells after uptake of NBD-DFO is

retained inside the infected red cell. In previous studies based

on DFO (21, 33), it was claimed that complexation of Fe(III)

to the chelator eliminated the intracellular inhibitory activity

of DFO on parasitized cells. As shown in this work for NBD-

DFO-Fe’�, neutralization of such activity could have resulted

from the formation of membrane-impermeant (or poorly per-

meant) chelator-Fe� complexes. However, irrespective of the

mode of action of NBD-DFO as an antimalarial agent in in

vitro studies with P. falciparum-infected human erythrocytes,

its improved biological and spectroscopic properties, relative to

DFO, warrant its application as an antimalarial agent in vivo

in studies with animal models, and work on this is in progress.

In general, the specific iron chelator properties of NBD-DFO

and its unique spectroscopic properties open the possibility of

assessing the intracellular pathways of iron metabolism in both

normal and pathological states and studying the effects of other

iron chelators and siderophores on living systems.
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