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The hemolytic antimicrobial peptide dermaseptin S4 was recently shown to exert antimalarial activity. In
this study, we attempted to understand the underlying mechanism(s) and identify derivatives with improved
antimalarial activity. A number of dermaseptin S4 derivatives inhibited parasite growth with a 50% inhibitory
concentration (ICs,) in the micromolar range. Among these, the substituted S4 analog K, K,,-S4 was the most
potent (IC5, = 0.2 nM), while its shorter version, K,-S4(1-13)a, retained a considerable potency (IC5, = 6
prM). Both K, K,,-S4 and K,-S4(1-13)a inhibited growth of the parasites more at the trophozoite stage than
at the ring stage. Significant growth inhibition was observed after as little as 1 min of exposure to peptides and
proceeded with nearly linear kinetics. The peptides selectively lysed infected red blood cells (RBC) while having
a weaker effect on noninfected RBC. Thus, K,K,,-S4 lysed trophozoites at concentrations similar to those that
inhibited their proliferation, but trophozoites were >30-fold more susceptible than normal RBC to the lytic
effect of K ,K,,-S4, the most hemolytic dermaseptin. The same trend was observed with K,-S4(1-13)a. The p
isomers of K, K,,-S4 or K,-S4(1-13)a were as active as the L counterparts, indicating that antimalarial activity
of these peptides, like their membrane-lytic activity, is not mediated by specific interactions with a chiral
center. Moreover, dissipation of transmembrane potential experiments with infected cells indicated that the
peptides induce damage in the parasite’s plasma membrane. Fluorescence confocal microscopy analysis of
treated infected cells also indicated that the peptide is able to find its way through the complex series of
membranes and interact directly with the intracellular parasite. Overall, the data showed that dermaseptins
exert antimalarial activity by lysis of infected cells. Dermaseptin derivatives are also able to disrupt the

parasite plasma membrane without harming that of the host RBC.

Antimicrobial peptides are an essential defense component
of both invertebrates and vertebrates (5, 18, 39). They display
a large amount of heterogeneity in primary and secondary
structures but share common features that seem to underlie
their cytotoxic function, such as amphipathy and net positive
charge. Although the precise mechanism of their action is not
fully understood, antimicrobial peptides are believed to kill
target cells by disrupting the membrane structure. Antimicro-
bial peptides are potentially active against a large spectrum of
microorganisms, yet they are generally nontoxic to normal
mammalian cells. The molecular basis for this selectivity is also
ill defined, but it is believed to result from differences in the
membrane fluidity and negative charge density in target mi-
crobial cells versus non-target cells, which result from differ-
ences in the lipid composition (3, 4, 11, 12, 14, 16, 31, 42, 46,
53). Isomers composed of all p-amino acids display a potency
identical to that of all the L counterparts, which implies that the
mechanism of their antimicrobial activity is not mediated by
interaction with specific receptors.

The dermaseptins are a large family of antimicrobial pep-
tides of between 28 and 34 amino acids, produced by the skin
of tree frogs belonging to the genus Phyllomedusidae (32, 34,
36). The dermaseptins are linear polycationic peptides, with an
amphipathic a-helical structure in apolar solvents (33). They
have a cytolytic activity in vitro against a broad spectrum of
pathogenic microorganisms (bacteria, protozoa, and filamen-
tous fungi) and spoilage yeast (7, 8, 16, 19, 32-36). Dermasep-
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tins are also potent killers of nongrowing or slow-growing
bacteria (25), suggesting a potential use in the eradication of
bacteria placed in a dormant state and/or subject to low oxygen
tension. In contrast, most conventional bactericidal or bacte-
riostatic antibiotics are not effective against dormant bacteria
or against those under conditions of low oxygen.

The dermaseptins are known to bind avidly to the mem-
branes of model liposomes and cells. For instance, the parti-
tion coefficient (K,) of some dermaseptins in the presence of
phospholipids was calculated to be in the range of 10° M~
(53). Binding of this class of peptides is believed to represent
an early step in a series of events that ultimately leads to a
polymerization of the membrane-bound peptide that destabi-
lizes the microbial membrane structure, resulting in cell per-
meabilization and death. The selective antimicrobial action of
these peptides was demonstrated to be mediated by selective
interaction of the amphipathic a-helix moiety with the plasma
membrane phospholipids (8, 16, 19, 35, 42, 53). Thus, at anti-
microbial concentrations, the dermaseptins are essentially non-
toxic to erythrocytes, with the exception of dermaseptin S4,
which is particularly toxic to erythrocytes (16). To identify
peptides derived from dermaseptin S4 that have a reduced
hemolytic activity, a library of substitution and deletion pep-
tides derived from dermaseptin S4 was recently investigated
(12). Several dermaseptin S4 derivatives were identified as
peptides that display both enhanced antibacterial potency and
reduced hemolytic activity and hence possess a potential inter-
est as antimalarial products.

Malaria constitutes a major human health problem in most
of the tropical areas of the world. Hundreds of millions of
people, mostly in Third World countries, are affected by the
disease, and 1.5 million to 2 million children die every year in
Africa alone. The total population at risk is estimated at 2.2
billion. The efficacy of classical antimalarial drugs and insecti-
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cides is declining with increasing resistance of parasites and
their vectors, respectively. Since the hopes for an antimalarial
vaccine have not been realized as yet, it seems that control of
this fatal (for children and nonimmune adults) and debilitating
(for semi-immune adults in areas of endemicity) disease will
have to rely on chemotherapy in the foreseeable future.

The maturation of the intraerythrocytic malaria parasite re-
sults in a series of extensive and dramatic changes in the
functional and structural properties of the infected red blood
cell (RBC) (reviewed in references 6, 16, 40, 45, 48, and 50).
These changes include the loss of the normal discoid shape of
the host cell and the appearance of hundreds of electron-dense
knobs that mediate the adherence of infected cells to the walls
of blood microvessels (20). Appearance of caveola-vesicle
complexes on the surface of an infected erythrocyte character-
izes the membrane, whereas membranous clefts, vesicles, and
aggregates of membrane proteins appear in the cytoplasm of
the host cell (1). Studies on the host cell membrane, involving
spin-labeled analogs, fluorescent lipids, immunological tech-
niques, and a variety of biochemical techniques, all indicate
major disturbances in membrane structure and function (17).
These are expressed in alterations of lipid (22) and protein (2, 24,
27) composition, enhanced membrane fluidity (49, 55), increased
surface charge (21), reduced deformability (37, 38, 41), enhanced
transbilayer mobility of phospholipids (51, 56), and increased
levels of heme and lipid peroxides (52). These membrane al-
terations would predispose the host cell membrane to differ-
ential interactions with lytic compounds, such as the derma-
septins. Indeed, an antimalarial effect of dermaseptin S4 was
previously observed (16). However, due to the peptide’s high
hemolytic activity, no conclusions could be drawn as to the
mechanism of the antimalarial effect.

In this study, we investigated the antimalarial activities of
various dermaseptin S4 derivatives, since their interaction with
the altered membranes of the infected cells and their supposed
ability to penetrate these cells could constitute specific means
for affecting the intraerythrocytic parasite. This research’s ob-
jective is thus twofold: (i) to assess the effect of dermaseptin S4
and its analogs on the malaria parasite Plasmodium falciparum
grown in culture, in order to find the most active antimalarial
peptide, and (ii) to investigate the mechanism of antimalarial
action.

MATERIALS AND METHODS

Synthesis of dermaseptin S4 derivatives. Peptides were synthesized by the
solid phase method, applying Fmoc (9-fluorenylmethoxycarbonyl) active ester
chemistry as described previously (12). After removal of the Fmoc from the
N-terminal amino acid, the peptide was cleaved from the resin with an 85:5:5:5
mixture of trifluoroacetic acid, para-cresol, H,O, and thioanisole (10 mg of
resin-bound peptide in 1 ml of mixture). The trifluoroacetic acid was then
evaporated, and the peptide was precipitated with ether and then washed six
times with ether. The crude peptides were extracted from the resin with 30%
acetonitrile in water and purified to chromatographic homogeneity in the range
of 98 to >99% by reverse-phase high-pressure liquid chromatography (Alliance-
Waters) with an automatic injector, photodiode array UV detector, and Millen-
nium integration software. High-pressure liquid chromatography runs were per-
formed on a semipreparative C, column using a linear gradient of acetonitrile in
water (1%/min), both solvents containing 0.1% trifluoroacetic acid. The purified
peptides were subjected to amino acid analysis and electrospray mass spectrom-
etry in order to confirm their composition. Peptides were stored as a lyophilized
powder at —20°C. Prior to experimentation, fresh solutions were prepared in
water, vortexed, sonicated, and centrifuged, and the supernatant was diluted in
the appropriate medium.

Peptide labeling. Peptide labeling with rhodamine at the N-terminal amino
acid was performed by treating 10 mg of resin-bound peptide with 0.8 ml of
dimethylformamide (DMF) containing 20% piperidine in an Eppendorf test tube
in order to remove the Fmoc protecting group of the N-terminal amino acid of
the linked peptide. The mixture was agitated for 10 min and then centrifuged,
and the supernatant was discarded. The resin-bound peptide was rinsed 3 times
in DMF before addition of 0.3 ml of a solution of Lissamine rhodamine chloride
(10 mg/ml) in dry DMF containing 7% (vol/vol) diisopropylethylamine. After
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TABLE 1. Sequences of dermaseptin S4 and derivatives

Peptide” Amino acid sequence”

S4 ALWMTLLKKVLKAAAKAALNAVLVGANA
Substitution derivatives

D,,-S4 D

DS54 —D

D,D,,-S4 —D D

K,y—S4 K

K,-S4 —K:

K,K,,-S4 —K: |
Deletion derivatives

S4(1-20)

S4(1-16)

S4(1-12)

S4(5-16)

S4(5-28)

S4(9-28)

S4(13-28)
Substitution and deletion

derivatives

K,-S4(1-16) —K:

K,-S4(1-16)a —_K—

K,-S4(1-15)a — K 2

K,-S4(1-13)a — K

K,-S4(1-10)a —K— 2

“ a, amide.
> A dash indicates that at the specified position, the peptide contains the
amino acid identical to that of dermaseptin S4, listed above.

24 h of incubation (stirred in the dark at room temperature [RT]), the resin-
bound peptide was washed thoroughly three times with DMF and diethyl ether/
dichloromethane (1:1) and dried at 40°C (4 h). The peptide was then cleaved
from the resin, precipitated with ether, extracted, and purified as described
above.

Confocal microscopy. Confocal microscope images of samples of nonfixed cells
treated with rhodaminated dermaseptins were taken using an MRC 1024 con-
focal imaging system (Bio-Rad, United Kingdom). The microscope (Axiovert
135M; Zeiss, Oberkochen, Germany) is equipped with a 63X objective (Ap-
oplan; numerical aperture, 1,4). For rhodamine excitation, an Argon ion laser
adjusted at 514 nm (Em, 580 = 16 nm) was used.

Parasite cultivation and drug sensitivity testing. The FCR3 strain was used
throughout this investigation. Other strains (W2 and HB3) were used for some
critical experiments in order to detect possible strain-specific effects of derma-
septins. Parasites were cultivated by the Jensen and Trager technique as modified
in our laboratory (47). Cultures were synchronized by the sorbitol method (29),
and infected cells were enriched from culture by gelatin flotation (23) or by
Percoll-alanine gradient centrifugation.

Antimalarial assay. Synchronized cultures at the ring stage were cultured at
1% hematocrit and 2% parasitemia in the presence of increasing concentrations
of dermaseptins. After 18 h of incubation, [*H]hypoxanthine was added (final
concentration, 2 wCi/ml), and cells were harvested 24 h later. The cell-associated
radioactivity was determined and inhibition of growth was calculated by com-
parison with controls (without peptide). The 50% inhibitory concentration (ICs,)
was determined by nonlinear regression fitting of the data using the Sigmaplot
computer program.

To compare hemolytic and growth inhibition activities, infected cells at the
young trophozoite stage were separated from uninfected RBC using the Percoll-
alanine gradient and incubated for a 2-h recovery period in culture medium at
37°C. To assess parasite proliferation, infected cells (about 90% parasitemia,
determined on Giemsa-stained thin blood smears) were suspended at 0.2%
hematocrit in culture medium containing increasing amounts of dermaseptins.
After 2 h of incubation, [*H]hypoxanthine was added, and cells were harvested
4 h later. To assess the peptides” hemolytic activity, two additional sets of cultures
of infected (95% parasitemia) and normal RBC were pelleted after 2 and 6 h of
exposure to peptides, and the absorbance of hemoglobin in the supernatant was
determined by absorption spectroscopy at 405 nm. Full lysis was obtained by
lysing the same number of cells in an equal volume of distilled water.

For the time-dependence study, parasites at the ring stage (100% parasitemia)
or trophozoite stage (100% parasitemia) were exposed at 2% hematocrit to
K,K5(-S4 or K,-S4(1-13)a at their respective ICs, for 1, 5, 20, 60, 120, 180, and
1,440 min. At the end of the incubation, the peptide was washed off, and parasites
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FIG. 1. Antimalarial activity of dermaseptin S4 and of various derivatives.
Synchronized cultures at the ring stage were cultured at 1% hematocrit and 2%
parasitemia in the presence of increasing concentrations of dermaseptins. After
18 h of incubation, [*H]hypoxanthine was added, and cells were harvested 24 h
later. The cell-associated radioactivity was determined and inhibition of growth
was calculated by comparison with controls (without peptide). (A) Star, S4;
empty circle, K4-S4; crossed circle, K,,-S4; filled circle, K,K,(-S4; empty rect-
angle, D,-S4; crossed rectangle, D,-S4; filled rectangle, D,D,,-S4. (B) Star,
S4(5-16); empty circle, S4(1-20); crossed circle, S4(1-16); filled circle, S4(1-12);
empty rectangle, S4(5-28); crossed rectangle, S4(9-28); filled rectangle, S4(13-
28). (C) Star, K,;-S4(1-16); empty circle, K,-S4(1-16)a; filled circle, K,-S4(1-
15)a; empty rectangle, K4-S4(1-13)a; filled rectangle, K,-S4(1-10)a.

returned to culture conditions with [*H]hypoxanthine; parasite-associated radio-
activity was measured after 6 h and compared to the control (28).

Measuring the dissipation of parasite membrane potential by the peptides.
Whole culture at the trophozoite stage in modified growth medium (10 mM
bicarbonate and 7% plasma) at 0.5% hematocrit was incubated in the presence
of 1 wuM rhodamine 123 (R123) for 30 min at 37°C. R123 accumulates inside cells
in proportion to the membrane potential (A¢) and has been shown to respond to
the dissipation of A¢ in P. falciparum (54). Aliquots of this culture were then
exposed to different peptides and to a mixture of nigericin (K*:H" exchanger)
and monensin (Na*:H™" exchanger) to dissipate the ion gradients across mem-
branes (positive control), and samples were taken at different time intervals.
Cells were pelleted by centrifugation, washed in phosphate-buffered saline
(PBS), and resuspended in PBS (original volume of the sample). Aliquots of 150
wl were placed in a 96-well plate, and the fluorescence was read in a Bio-Tek
FL600 microplate fluorescence reader (excitation wavelength [\ ] = 530 nm;
emission wavelength [\.,,] = 585 nm). Relative fluorescence (as a percentage of
that of the untreated control at the same time) was plotted against the time of
incubation.

RESULTS

To identify peptides with an improved antimalarial activity,
substitution, deletion, and combined substitution and deletion
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peptides derived from dermaseptin S4 were investigated (Ta-
ble 1). These included a set of substitution derivatives in which
Asp (D) replaced Met (M) in position 4 and replaced Asn (N)
in position 20 or both positions and where the same positions
were substituted with Lys (K), i.e., six substitution derivatives
in total. A second set of deletion derivatives of dermaseptin S4
was prepared, wherein the primary structure of dermaseptin S4
was sequentially shortened from the N and/or C termini. A
third set of substitution and deletion dermaseptin S4 deriva-
tives, composed of substituted shortened versions of derma-
septin S4, was also prepared.

Antimalarial activity of the dermaseptin S4 derivatives
against the FCR3 strain. Antimalarial activity was assessed by
measuring the incorporation of [*H]hypoxanthine into the par-
asite’s nucleic acids of P. falciparum-infected human RBC.
Synchronized cultures at the ring stage were cultured in the
presence of peptide and [*H]hypoxanthine. Then the cell-as-
sociated radioactivity was determined and inhibition of growth
was calculated from controls (without peptide).

As shown in Fig. 1, various dermaseptin S4 derivatives in-
hibited parasite growth with an ICs, in the micromolar range.
Dermaseptin S4 and its substituted analogs were among the
most active. Inhibition of growth was found to depend on the
nature of the peptide, in that the highly charged species were
the most active. Thus, analogs whose positive charge was in-
creased were more potent (K,K,,-S4 was the most potent),
while analogs whose positive charge was decreased were less
potent.

Similarly, among the active derivatives from the set of C-
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FIG. 2. Antimalarial activity of three dermaseptins on three different malar-

ial strains. The experimental procedure was as described for Fig. 1. Star, FCR3
strain; circle, HB3 strain; rectangle, W2 strain.
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FIG. 3. Time and stage dependence of the antimalarial effect of K, K,,-S4
(A) and K,-S4(1-13)a (B). Parasites at the ring (white columns) or trophozoite
(black columns) stage were exposed to either K,;K,-S4 or K,-S4(1-13)a at their
respective ICss for the indicated time periods. At the end of the incubation, the
peptide was washed off, and parasites returned to culture conditions with [H]hy-
poxanthine. Parasite-associated radioactivity was measured after 6 h and com-
pared to the control.

terminal deletions, S4(1-20) and S4(1-16) were respectively 2-
and 20-fold less active than dermaseptin S4, while S4(5-28)
was 10-fold less active. All other deletions resulted in inactivity
up to the highest concentration assayed (30 pM).

Among the last set of derivatives (set of substitution and
deletion) K,-S4(1-16) was 50-fold less active than dermaseptin
S4. Interestingly, however, amidation of the C-terminal car-
boxyl of K,-S4(1-16) resulted in an increase in potency of
more than 10-fold. Further truncation of the C-terminal resi-
due while preserving the C-terminal amide did not affect po-
tency, since K,-S4(1-15)a was as active as K,-S4(1-16)a. Fi-
nally, K,-S4(1-13)a was two- to threefold more active than
K,-S4(1-16), but K,-S4(1-10)a displayed no activity up to a 30
wM concentration.

Antimalarial activities against other malarial strains. In
order to detect possible strain-specific effects, the potencies of
three dermaseptin peptides (54, K,K,(-S4 and D,D,-S4) were
assessed simultaneously against three different parasite strains:
the chloroquine-sensitive HB3, the partially resistant FCR3,
and the chloroquine-resistant W2. No major strain specificity
could be observed. The dose-response profiles obtained (de-
picted in Fig. 2) were practically identical.

Kinetic studies. The time dependence of the antimalarial
effect of two dermaseptin S4 derivatives was investigated using
synchronized cultures that were essentially at the ring stage.
Parasites were exposed either to K,K,,-S4 or to K,-S4(1-
13)a—at their respective 1Cs,s—for various incubation peri-
ods. In addition, to verify a possible stage-dependent suscep-
tibility to the peptides, the experiment was repeated using
synchronized cultures at the trophozoite stage.

Both K,K,,-S4 and K,-S4(1-13)a inhibited growth of the
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parasites more effectively at the trophozoite stage than at the
ring stage, as shown in Fig. 3. Significant growth inhibition was
observed after as little as 1 min of exposure to these peptides
and proceeded with nearly linear kinetics, whereas the growth
of ring stage parasites was inhibited by 50% only after over-
night exposure, and the growth inhibition of trophozoites ex-
ceeded 50% after less than 20 min of exposure and reached
>80% inhibition after overnight exposure. While the differ-
ence in inhibition rates may simply reflect the fact that tropho-
zoites are more sensitive to the peptides’ effect, the mutual
progressive aspect of the inhibition may be the consequence of
the gradual loss of the parasites’ viability due to membrane
permeabilization and the ensuing leakage of essential solutes.
This may also be indicative of the peptides’ ability to transfer
from one cell to another and affect it, as previously observed
(16).

Hemolytic activity versus antimalarial activity. To probe the
mechanism of antimalarial activity, K,K,,-S4 and K,-S4(1-
13)a were investigated simultaneously for their ability to in-
duce hemolysis and to inhibit growth of infected cells. Infected
cells at the young trophozoite stage were separated from nor-
mal RBC using a Percoll gradient. Infected (90% parasitemia)
and noninfected cells were resuspended in culture medium
containing increasing amounts of dermaseptins. After 2 h of
incubation, [?’H]hypoxanthine was added to one set of infected
cultures, and cells were harvested 4 h later. Hemolysis was
determined in two additional sets of cultured infected and
normal RBC by measuring the specific absorptions of hemo-
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FIG. 4. Hemolytic and growth inhibition activities of K;K,(-S4 (A) and K-
S4(1-13)a (B). Infected cells at the trophozoite stage were isolated by Percoll
gradient and resuspended in culture medium containing increasing amounts of
dermaseptins for 2 h of incubation. To assess lytic activity, cells were pelleted,
and the absorbance of hemoglobin in the supernatant was determined by ab-
sorption spectroscopy (405 nm). Full lysis was obtained by lysing the same
number of cells in an equal volume of distilled water. To assess parasite growth,
[*H]hypoxanthine was added after 2 h of exposure to peptides. Parasite-associ-
ated radioactivity was measured after 4 h of incubation. Stars, inhibition of
trophozoites growth; rectangles, lysis of trophozoite-infected RBC; circles, lysis
of normal RBC.
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FIG. 5. Fluorescence microscopy of a treated malaria sample. Parasite cultures at the young trophozoite stage were exposed to rhodaminated K;-S4(1-13)a (1 wM;
1 to 2 min; RT), washed twice in culture medium, and observed unfixed under a microscope. Images were taken within 5 min. The upper left picture is an optical section
(rhodamine filter) of a field of treated RBC. The upper right picture is the light transmission of the same field. Each white rectangle defines the zone enlarged, shown

in the corresponding lower pictures.

globin in the supernatants after 2 and 6 h of exposure to
peptides.

As shown in Fig. 4, both K,K, -S4 (panels A) and K,-S4(1-
13)a (panels B) selectively lysed infected RBC while having a
weaker effect on noninfected RBC after 2 h of exposure. Ex-
posure to peptides for 4 h yielded a slightly increased effect
that paralleled the results for 2 h (not shown). Thus, tropho-
zoites were >30-fold more susceptible than normal RBC to the
Iytic effect of K,K,,-S4. The same trend was observed with
K,-S4(1-13)a.

As is also shown in Fig. 4, an excellent correlation was found
between the concentrations of K,K,,-S4 that inhibit parasite
proliferation and those that induce lysis of infected cells.
Moreover, the data suggested that K,-S4(1-13)a is more se-
lective than K,K,,-S4, although both peptides fully inhibited
parasite growth at concentrations at which no substantial he-
molysis of uninfected cells could be observed.

D versus L isomers. To verify the possibility that antimalarial
activity may depend upon specific interactions of the derma-
septins with a chiral molecule (receptor, enzyme, etc.), the

p-amino acid isomers of K,K,,-S4 and K,-S4(1-13)a were as-
sayed in parallel to their L-amino acid counterparts.

The D isomers of K,K,,-S4 and K,-S4(1-13)a displayed a
profile identical to that shown in Fig. 4 with respect to their
ability to induce lysis of normal or infected cells or inhibition of
parasite growth. This indicated that both activities are not
mediated by specific peptide interaction with a chiral center.

Confocal microscopy. Towards the visualization of the pep-
tides’” interaction with the intracellular parasite, trophozoites
were exposed to rhodaminated K,-S4(1-13)a and analyzed un-
der a confocal fluorescence microscope. Figure 5 shows both
low- and high-magnification images of a microscope field dis-
playing a typical labeling pattern after a brief exposure to the
peptide. A Z series of slices of two labeled infected cells are
shown in Fig. 6. These pictures show that in infected cells,
parasites are clearly labeled by the rhodaminated peptide. The
peptide is not seen in the host cell cytosol, probably due to
collisional quenching of the fluorescence by hemoglobin. Con-
trol cells analyzed under similar conditions after treatment
with free lissamine rhodamine mixed with unlabeled peptide
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FIG. 6. Fluorescence confocal microscopy analysis of two labeled infected RBCs. Parasite cultures at the young trophozoite stage were exposed to rhodaminated
K,-S4(1-13)a (1 wM; 1 to 2 min; RT), washed twice in culture medium, and observed unfixed under the microscope. Images were taken within 5 min. Images 1 to 5,
Z series images (rhodamine filter) taken with 1-wm steps between each focal plane. Image 6, light transmission image.

(1:1) did not label the cells (not shown). These results indi-
cated that K,-S4(1-13)a is able to find its way through the
complex series of host cell and parasite membranes and inter-
act directly with the intracellular parasite. This also suggested
that the peptide may affect the parasite’s viability by disrupting
its plasma membrane integrity, which is believed to be the
general mechanism of antimicrobial action of such peptides.
Dissipation of the parasite plasma membrane potential. To
assess whether the peptides can gain access to the parasite
membrane, the dissipation of R123 fluorescence was moni-
tored. It was first ascertained that fluorescence measurement
does indeed dissipate Ag, as measured by reduced accumula-
tion of the dye, using the ionophores nigericin and monensin
(Fig. 7A). Then it was found that both K,-S4(1-13)a and
K,K,(-S4 depolarize the parasite membrane in a dose- and
time-dependent manner. These results were obtained under
conditions at which hemolysis that was measured in parallel
was minimal (data not shown). These results clearly demon-
strate that the peptides can cross the host cell membrane and
interact with the parasite plasma membrane to permeabilize it.
Observation of the treated cells under a confocal microscope

confirmed the results obtained by fluorescence spectroscopy.
As shown in Fig. 7B to E, addition of 10 to 20 uM K,-S4(1-
13)a resulted in a progressive yet rapid reduction of the num-
ber of fluorescent cells.

DISCUSSION

The development of new antimalarial drugs is presently an
urgent goal, since the available armamentarium of drugs is
rapidly dwindling due to the evolution of drug resistance. In
developing new drugs, one should aim at compounds that
specifically and selectively affect the parasite while having min-
imal toxicity to the host. Peptide drugs are currently being
actively developed and tested against various infectious dis-
eases. There is no reason why antimalarial peptides could not
be developed as well. In this respect, native dermaseptins may
be regarded as lead compounds whose structure we attempted
to modulate in order to optimize their action. Moreover, the
fact that intravenous injection of high doses (up to 10 mg/kg of
body weight) of the 13-residue dermaseptin, K,-S4(1-13),
seems to be well tolerated by rats (unpublished results) sug-
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FIG. 7. Dissipation of the membrane potential resulting in leakage of R123 from infected cells, as analyzed using fluorescence spectroscopy (A) and confocal
microscopy (B to E). (A) Trophozoites (0.5% hematocrit) that were preincubated with R123 were exposed to peptides or to a mixture of nigericin and monensin to
dissipate the ion gradients across membranes. Samples—taken at the indicated time intervals—were washed and resuspended in PBS, and their fluorescence was read
(Nex = 530 nm; N, = 585 nm). Relative fluorescence (as a percentage of that of the untreated control at the same time) was plotted against the time of incubation.
Panel B shows the light transmission image of a microscope field of the R123 treated infected cells. Panels C, D, and E show single optical sections (rhodamine filter)
of the same field, 1 to 2 min after addition of 0, 10, and 20 pM K,-S4(1-13)a, respectively.
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FIG. 8. Potency of dermaseptin S4 and various derivatives in inducing inhi-
bition of growth of P. falciparum-infected RBC (A) (from this study) compared
with their ability to induce hemolysis of normal RBC (assessed in PBS) and
growth inhibition of Escherichia coli (B and C, respectively) (from reference 12).
LCs is the lowest peptide concentration that induced 50% lysis of erythrocytes.

gests grounds for some optimism as to their potential toxicity
in vivo.

Native dermaseptin peptides were recently shown to exert
antimalarial activity. In this study, we attempted to understand
the mechanism(s) underlying this activity. Interestingly, export
and targeting of parasite proteins is reminiscent in some func-
tional details of that of gram-negative bacteria, with which
some proteins are retained in the periplasmic space, some are
inserted into the outer membrane, and others are exported
outside the cell altogether (9). Bacteria are extremely sensitive
to dermaseptins (46). While it is surmised that dermaseptins
act by lysing the bacterial membrane(s), the first question that
comes to mind is, could dermaseptin induce parasites’ death by
lysing their membranes?

It appears from the reported results that antimalarial activity
of dermaseptins obeys many of the rules governing their ability
to disrupt biological membranes (these rules are discussed
extensively in reference 12). This type of interaction is believed
to be acutely influenced by the respective charges and am-
phipathies of the reactants. In fact, a comparison drawn be-
tween the peptides’ ability to inhibit growth of malaria para-
sites and their ability to lyse RBC (Fig. 8A and B, respectively)
demonstrates a remarkable parallelism in the way each modi-
fication affects both activities. Thus, S4 and all substitution
derivatives are the most active, successive truncation of four
residues from the C terminus leads to a gradual loss of activity,
all N-terminal deletions result in inactivity except for S4(5-28),
which retains partial activity, amidation of the C-terminal car-
boxyl increases potency of K,-S4(1-16), and successive C-ter-
minal deletions of the substituted short derivatives gradually
lead to inactivity.

Additional support of this view can be drawn from the re-
sults obtained with the kinetics experiments and the dissipation
of the membrane potential experiments as well as from the fact
that activity is rapid and is independent of a chiral center.
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The parallelism in activity may furthermore be extended to
the peptides’ antibacterial activity (Fig. 8C), with the exception
of five peptides (native S4, D -S4, D,,-S4, D,D,-S4, and K-
S4) that display high hemolytic and antimalarial activities but
weak to no antibacterial activities. However, this may be due to
the peptides’ high aggregation state in solution, which was
demonstrated to hamper their action against gram-negative
bacteria. Indeed, peptides whose aggregation state was re-
duced (such as K,-S4, K,K,,-S4, and all the substitution and
deletion derivatives) recovered good to excellent antibacterial
activity (12).

Thus, despite the fact that the parasite’s membrane is well
hidden within its host cell, we propose that the mode of anti-
malarial activity of these peptides might be based on selective
membrane disruption. We speculate that due to differences in
membrane composition, dermaseptins have a higher affinity to
the membranes of infected RBC than to those of normal RBC
(hence the higher hemolysis of infected cells) but have a still
higher affinity to the parasite’s membrane (hence the labeling
of intracellular parasites in nonlysed infected RBC). Thus,
when dermaseptin binds the membrane of a hosting RBC, the
peptide somehow is able to transfer to the parasitic membrane
in an affinity-driven manner and exerts its membrane-lytic ac-
tivity upon the pathogen. How could such a transfer physically
occur?

During their pathogenic stage, malaria parasites thrive and
propagate inside the RBC of their host (15, 26). In correlation
with parasite development, new permeability pathways (NPP)
appear in the membrane of the host RBC. A wide variety of
solutes, including sugars, polyols, amino acids, anions, cations,
pyrimidines, and purines, as well as some peptides (44), pen-
etrate rapidly into malaria-infected RBC through NPP which
are induced by the parasite in the membrane of the host RBC.
Since the evolution of the NPP is stage dependent, it could
explain the greater sensitivity of the trophozoite stage com-
pared to that of the ring stage. As the parasite is completely
engulfed within a parasitophorous vacuole membrane (PVM),
solutes which leave or enter the parasite must therefore tra-
verse three membranes: that of the host RBC, the PVM, and
the parasite membrane. An alternative (or parallel) pathway
that has recently received attention and some (though contro-
versial) experimental support consists of either a juxtaposition
of the host RBC and the PVM or an extension of these two
membranes in the form of a duct, which provides a “metabolic
window” or direct access of the parasite to the extracellular
milieu (30, 43). A tubovesicular membrane network extending
from the PVM with Golgi-like properties has been described
(10) and suggested as serving as an intermediary compartment
for exported parasite proteins. It must, however, be stressed
that the tubovesicular membrane-PVM system is absent from
the ring stage, thus casting doubts about the functionality of
this pathway in mediating the uptake of peptides.

From this description, it seems that dermaseptins could gain
access to the parasite in malaria-infected cells. Experimental
evidence for this was provided in the present study, using
confocal microscopy analysis of labeled dermaseptins. The
data showed that in infected cells, the labeled peptide reached
and concentrated in internal compartments (parasite’s mem-
brane?). The resulting dissipation of potential is consistent
with the view that direct peptide interaction damaged the par-
asite’s membrane and hence parasite viability, as evidenced by
the incorporation of hypoxanthine. Nevertheless, the differen-
tial distribution of rhodaminated peptides may also be due to
an experimental artifact: the fluorescence may be collisionally
quenched by hemoglobin, which is present only in the host cell
compartment.



2450 KRUGLIAK ET AL.

In conclusion, this study has identified potent antimalarial
peptides of various compositions that may be useful in the
design of new antimalarial drugs. In addition, this study pro-
vided experimental data—including direct and indirect evi-
dence—that support the view that antimalarial activity of
dermaseptin-based peptides proceeds via direct interaction
between the peptide and the intracellular parasite. Future ex-
periments will attempt to verify the hypothesis by exploring
whether the driving force enabling the direct interaction is
affinity based or not, namely by measuring the peptides binding
to isolated parasites.
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