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ABSTRACT A novel fungal metabolite, apicidin [cyclo(N-
O-methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-L-2-
amino-8-oxodecanoyl)], that exhibits potent, broad spectrum
antiprotozoal activity in vitro against Apicomplexan parasites
has been identified. It is also orally and parenterally active in
vivo against Plasmodium berghei malaria in mice. Many Api-
complexan parasites cause serious, life-threatening human
and animal diseases, such as malaria, cryptosporidiosis,
toxoplasmosis, and coccidiosis, and new therapeutic agents
are urgently needed. Apicidin’s antiparasitic activity appears
to be due to low nanomolar inhibition of Apicomplexan histone
deacetylase (HDA), which induces hyperacetylation of his-
tones in treated parasites. The acetylation–deacetylation of
histones is a thought to play a central role in transcriptional
control in eukaryotic cells. Other known HDA inhibitors were
also evaluated and found to possess antiparasitic activity,
suggesting that HDA is an attractive target for the develop-
ment of novel antiparasitic agents.

Protozoan parasites of the subphylum Apicomplexa remain
significant threats to human and animal health worldwide.
With respect to human health, malaria remains one of the
leading causes of death in the world, resulting in the loss of over
1.5 million lives per year (1). Widespread multidrug resistance
to malaria has developed, and few, if any, new therapeutic
agents will be available in the foreseeable future. Another
Apicomplexan parasite, Cryptosporidium parvum, was recently
identified by the World Health Organization as an emerging
global health problem (2). The rapid spread of cryptosporidi-
osis has been reported in urban slums (3), and there have been
several major water-borne outbreaks in developed countries in
which thousands of individuals were infected (4). In immune
compromised individuals, such as AIDS patients, Cr. parvum
infections are incurable and lead to chronic diarrhea and
wasting disease. Despite its medical importance, there is
currently no therapy for treating cryptosporidiosis. Another
important apicomplexan infection in immune-compromised
patients is Toxoplasma gondii, which is becoming a relatively
common problem in AIDS patients (5). Although methods of
treating toxoplasmosis exist, better therapeutic agents are
clearly needed.
In animal health, the Apicomplexan parasites cause major

economic losses in livestock and poultry throughout the world.
Eimeria parasites are responsible for coccidiosis in poultry and
many other domesticated animals. Infection of the gut epithe-
lium by these intracellular parasites results in severe morbidity
and mortality, particularly in chickens. Poultry producers

worldwide routinely employ chemical prophylaxis to prevent
serious coccidiosis outbreaks. Resistance to currently available
coccidiostats is prevalent, and new anticoccidial agents are
needed. T. gondii is an important cause of abortion and
morbidity in livestock, especially sheep and goats (6), and
species ofCryptosporidium cause widespread and rapidly trans-
mitted diarrheal illness in several mammalian hosts, especially
calves, neonatal lambs and goats, and young foals (7).
In this paper, a novel natural product, apicidin [cyclo(N-O-

methyl-L-tryptophanyl-L-isoleucinyl-D-pipecolinyl-L-2-amino-
8-oxodecanoyl)], that has broad spectrum activity against the
Apicomplexan parasites is described, and experimental evi-
dence that demonstrates that this compound kills parasites by
inhibiting histone deacetylase (HDA), a key nuclear enzyme
involved in transcriptional control, is provided.

MATERIALS AND METHODS

Source of Compounds and Organisms. [3H]Apicidin A
(2-N-desmethoxy[3H]apicidin, specific activity 18.7 mCiymg; 1
Ci5 37 GBq), Ac-Gly-Ala-Lys(«-[3H]Ac)-Arg-His-Arg-Lys(«-
[3H]Ac)-Val-NH2 (specific activity 3.8 Ciymmol), b-hydroxy-
HC-toxin, and trichostatin were prepared at Merck Research
Laboratories, Rahway, NJ. Sodium [14C]acetate (60 mCiy
mmol) was purchased from Amersham. Sodium butyrate and
HC-toxin were from Sigma. Organisms for in vitro studies were
obtained from a variety of sources: Plasmodium berghei (strain
KBG 173), A. Ager (University of Miami, Miami); Plasmo-
dium falciparum (Dd2 strain), D. Chakraborti (University of
Florida, Gainesville, FL); Neospora caninum (strain NC-1-2C)
and Caryospora bigenetica, D. Lindsay and C. Sundermann
(Auburn University, Auburn, AL). Human blood products
were from the North Jersey Blood Center.
Determination of in Vitro Antiprotozoal Activity.Conditions

for the in vitro culture of parasites and determination of
minimal inhibitory concentrations [defined as the lowest con-
centration (nanograms per milliliter) at which parasite growth
was fully inhibited] for compounds were conducted according
to previously described methods. For Eimeria tenella, the 48-hr
assay as described by Schmatz et al. (8) was used; for T. gondii,
Besnoitia jellisoni, and N. caninum, the method of Roos et al.
(9) was used; for Ca. bigenetica, the 7-day assay as described by
Sundermann et al. (10) was used; for P. falciparum [chloro-
quine-resistant strain Dd2, grown according to Trager and
Jensen (11)], drug sensitivity was determined over 48 hr
visually by light microscopy of stained blood smears; and
activity against Cr. parvum was determined according to
Woods et al. (12) with rat serum at a 1:1000 dilution. Test
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compounds were dissolved in 100% dimethyl sulfoxide
(DMSO), and working dilutions were prepared in growth
media to deliver a final concentration of compound in #0.5%
(volyvol) final DMSO concentration.
Mouse Malaria Studies. An acute strain of P. berghei (KBG

173) was maintained by routine passage in BALByC mice. To
evaluate compounds, BALByc mice (female, 20–22 g) were
injected i.p. with 106 infected erythrocytes obtained from mice
with acute infections. This dose routinely resulted in 100%
mortality of control mice at 6–10 days post infection (p.i.). All

treatments were initiated 2 hr p.i. Compounds were dissolved
in 100% DMSO and diluted to the required concentrations in
10% DMSOy90% mouse serum. Groups of five infected mice
each were dosed twice a day orally by gavage (0.25 ml) or by
i.p. injection (0.2 ml) for 3 consecutive days. Control mice were
treated for the same period with vehicle alone. The percent
infected erythrocytes per 1000 cells was determined on day
6 p.i. by microscopic examination of thin smears of venous
blood.
E. tenella Parasites. Chickens were infected orally with 7.53

104 E. tenella LS18 sporulated oocysts. The unsporulated
oocysts were harvested from the ceca 7 days p.i. and purified
according to the method of Schmatz et al. (13), and then
sporulated by continual agitation for 36 hr at 298C.
Apicidin A Binding Assay. Soluble extracts for binding

studies were prepared by vortexing 2 3 109 E. tenella sporu-
lated oocysts with 4-mm glass beads (4 ml) and 50 mM Hepes
(pH 7.4) containing 0.1 mM phenylmethylsulfonyl f luoride (5
ml) for 20 min. The resulting homogenate was centrifuged
(100,000 3 g, 1 h), and the supernatant (S100) was used
directly. Test compounds were added to assay tubes containing
1.3 ngyml [3H]apicidin A, 950 ml of buffer A (50 mM Hepes,
pH 7.4y0.02% Triton X-100), and 200 mg of E. tenella S100 (50
ml). Samples were incubated for 1 hr at 258C and filtered
through Whatman GFyB glass fiber filters (presoaked in 0.6%
polyethyleneimine for 1 hr at 258C), and the filters were
washed with buffer A (3 3 2.0 ml at 48C) by vacuum filtration

FIG. 1. (A and B) The structures of apicidin and trichostatin (A), and structurally related tetrapeptides (B). Pip, Pipecolic acid; Aib,
aminoisobutyric acid.

Table 1. In vitro antiprotozoal efficacy of apicidin and
related compounds

Parasite

Minimal inhibitory concentration, ngyml

Apicidin Apicidin A HC-toxin
b-Hydroxy
HC-toxin

E. tenella 62 31 16 .1000
T. gondii 8 15 15 .1000
P. falciparum 125 125 31 .1000
Cr. parvum 30 70 180 .1000
N. caninum 15 30 15 .1000
B. jellisoni 4 1 8 .1000
Ca. bigenetica 8 — — —

In vitro minimal inhibitory concentrations for apicidin and other
compounds against a panel of Apicomplexan parasites were deter-
mined as described in Materials and Methods.
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and dried. The radioactivity associated with filters was deter-
mined by scintillation counting using Ready-SAFE (Amersham).
HDA Enzyme Assay. Soluble extracts of HDA were pre-

pared by vortexing 13 109 E. tenella unsporulated oocysts with
glass beads (5 ml; 0.3–3.0 mm in diameter) and 2 ml of buffer
B (25 mM Hepes-Na, pH 7.4, with 1.0 mM MgCl2) for 7 min.
The homogenate was removed, the beads were washed with
buffer B (10 ml), and the pooled homogenate was centrifuged
(at 100,000 3 g for 0.5 hr). The pellet was resuspended in
buffer B (4 ml), incubated at 48C for 19 hr, and centrifuged (at
100,000 3 g for 0.5 hr). The supernatant was concentrated
(centricon 10) to yield an HDA extract (1.5 mly8.3 mg/ml
protein). The standard assay (200 ml) contained 10 mM
Hepes-Na (pH 7.4), 1 M sucrose, 0.1 mgyml BSA, 0.01%
(volyvol) Triton X-100, 0.5% (volyvol) DMSO, 280 nM Ac-
Gly-Ala-Lys(«-[3H]Ac)-Arg-His-Arg-Lys(«-[3H]Ac)-Val-NH2
(specific activity 3.8 Ciymmol; '0.05 3 Km), and E. tenella
extract (0.42 mgyml) with or without inhibitor (delivered in
100% DMSO). The reaction mixture, minus substrate, was
preincubated at 258C for 30min. The substrate was then added,
and the mixture was incubated for a further 30 min at 258C and
then stopped by addition of a solution of 0.1 M acetic acidy0.5
M hydrochloric acid (20 ml). Released [3H]acetate was ex-
tracted with ethyl acetate (1 ml), an aliquot of the ethyl acetate
layer (0.9 ml) was removed, and mixed with Aquasol 2
scintillation cocktail (6 ml), and the radioactivity was counted.
Uninhibited HDA-catalyzed product formation ('1500 dpm)

was calculated by subtracting the radioactivity obtained in zero
enzyme controls.
Histone Hyperacetylation Assay. Approximately 5 3 108 P.

falciparum-infected erythrocytes were preincubated in RPMI
1640 medium with 10%A1 human serum with test compounds
for 2 hr at 378C. The infected erythrocytes were then centri-
fuged (at 1000 3 g for 5 min), resuspended in RPMI 1640
medium containing 250 mCi sodium [14C]acetate (60 mCiy
mmol; Amersham) and the same level of test compounds as in
the pretreatment, and incubated an additional 2 hr at 378C.
The cells were then washed three times in PBS, a parasite
nuclear fraction was prepared (14), and protein was precipi-
tated with 0.4 M H2SO4. Acid soluble proteins were then
precipitated with acetone and fractionated by electrophoresis
on acid urea triton (AUT) gels according to Alfageme et al.
(15) with modifications as described by Lennox and Cohen
(16). Gels were fixed in methanolyacetic acid for 16 hr, treated
with Enlighten (NEN) for 30 min, dried, and exposed to film
(Fuji RX medical x-ray film) at 2708C.

RESULTS AND DISCUSSION

Apicidin (see Fig. 1, 1) is a novel cyclic tetrapeptide isolated
from fermentations of Fusarium spp. (ATCC 74289; ATCC
74322) obtained from Costa Rica. It irreversibly prevents the
in vitro development of intracellular Apicomplexan parasites at
low nanograms per milliliter levels (Table 1). Apicidin repre-
sents a new antiprotozoal agent that operates through a unique
mode of action against drug-resistant human malaria in vitro
(Table 1). Furthermore, apicidin demonstrates parenteral and
oral efficacy against an acute strain of P. berghei in mice (see
Fig. 2). The potential of apicidin as a broad spectrum antip-
rotozoal is exemplified by its potent in vitro activity against Cr.
parvum, an invasive opportunistic pathogen in humans and
animals, for which there is currently no therapy (17). The
antiparasitic spectrum of apicidin is unique in that it appears
specific for the Apicomplexans and is inactive against several
of the f lagellated protozoa, including Giardia lamblia,
Tritrichomonas foetus, Leishmania major, Trypanosoma cruzi,
and Trypanosoma brucei (data not shown).
Several naturally occurring cyclic tetrapeptides have been

reported in the literature and are structurally related to
apicidin, including HC-toxin (18), trapoxin A (19), WF-3161
(20), cly-2 (21), and chlamydocin (22) (Fig. 1). These related
cyclic tetrapeptides display potent low nanomolar antineoplas-
tic activity, but their antiprotozoal properties are unknown.
We have also evaluated HC-toxin for antiprotozoal activity
and discovered that it has comparable in vitro and in vivo
efficacy to apicidin (Table 1 and Fig. 2A). Additionally,
apicidin was found to inhibit mammalian (HeLa) cell prolif-
eration in vitro (50% inhibitory concentrations, 50–100 nM).
The antiproliferative activity of trapoxin A (Fig. 1), has been

reported to occur as a result of potent, irreversible inhibition
of mammalian HDA (23). In addition, trapoxin A exhibits a
variety of biological properties similar to those of another

FIG. 2. Evaluation of apicidin and HC-toxin against acute P.
berghei malaria. BALByC mice were injected i.p. with 106 P. berghei-
infected erythrocytes and then treated twice a day for 3 days with
HC-toxin or apicidin at various doses starting at 2 hr p.i. Results are
expressed as the percent of parasitized erythrocytes at 6 days p.i. (A)
Parenteral (i.p.) treatment with HC-toxin (50 mgykg), apicidin, or
chloroquine (10 mgykg). (B) Oral treatment with apicidin. Error bars
represent SEM. Each group consisted of five mice.

Table 2. The effects of apicidin and other compounds on
[3H]apicidin A binding and HDA activity

Compound

IC50

Binding Enzyme Activity

Apicidin 4 nM 0.7 nM
Apicidin A 4 nM 1.0 nM
HC-toxin 50 nM 30 nM
b-Hydroxy-HC-toxin .1000 nM .1000 nM
Trichostatin 40 nM 3.8 nM
Butyrate 1.5 mM 38 mM

[3H]Apicidin A binding and HDA activity in E. tenella homogenates
were assayed as described in Materials and Methods.
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known HDA inhibitor, trichostatin (24), including 10-fold
cross-resistance to a trichostatin-resistant cell line at both the
cellular and the enzymatic level. More recently, HC-toxin and
chlamydocin also have been shown to inhibit partially purified
HDA from maize, Physarum, and chicken (25). Because
histones play a key role in transcriptional regulation, and the
continuous acetylationydeacetylation of the «-amino group of
specific histone lysine residues is required for this process, it is
believed that the inhibition of histone deacetylation interferes
with transcriptional control and thus cell proliferation. Simi-
larities in the biological effects of apicidin to those described
for structurally related HDA inhibitors prompted us to explore
HDA inhibition as the potential mechanism of action of
apicidin against protozoan parasites.
Initially, a binding assay was developed (see Materials and

Methods) to identify the molecular target of apicidin and to
follow structure–activity relationships of related analogs.

[3H]Apicidin A was chosen as the radioligand because it is an
equipotent congeneryanalog of apicidin (Figs. 1 and 2, and
Table 1). Sporulated oocysts of the Apicomplexan parasite
E. tenella were chosen as the source of parasite extracts
because they are available in large quantities and are free
from host contamination. Approximately 90% of the specific
binding of [3H]apicidin A was present in the 100,000 3 g
supernatant (S100) from oocyst homogenates, with a Kd of
4 nM. Apicidin, apicidin A, and known HDA inhibitors
HC-toxin (25) and trichostatin (24) (Fig. 1) competed with
[3H]apicidin A binding with IC50 values in the 4–50 nM
range, whereas an inactive analog, b-hydroxy-HC-toxin (Fig.
1), which lacked antiparasitic activity, also lacked binding
activity (Tables 1 and 2).
Apicidin and several known HDA inhibitors were also

evaluated as inhibitors of partially purified E. tenella HDA
activity. E. tenella HDA catalytic activity was measured as

FIG. 3. The effect of apicidin and other compounds on histone acetylation in P. falciparum. Treatment of P. falciparum-parasitized erythrocytes
with vehicle only, control: 1.6–400 ngyml apicidin (A), or vehicle only, control; 100 ngyml of apicidin, HC-toxin, or trichostatin, or 500 ngyml
b-hydroxy-HC-toxin or chloroquine (B). Histones were extracted from parasites and visualized by AUT gel electrophoresis and autoradiography.
Labeled species on the AUT gels are identified as histones as (i) they comigrate with HeLa cell histones on SDSypolyacrylamide gels, (ii) they
bind antisera raised against acetylated histones (28) (a generous gift from B. Turner, University of BirminghamMedical School, Birmingham, AL),
(iii) [14C]acetate incorporation increases as a result of treatment with diverse inhibitors of HDA, and (iv) acetylated histone species show slower
rates of migration than nonacetylated histones (28). Uninfected erythrocytes processed under similar conditions did not show any labeled bands
on AUT gels (data not shown).
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[3H]acetate release from the radiolabeled octapeptide [Ac-
Gly-Ala-Lys(«-[3H]Ac)-Arg-His-Arg-Lys(«-[3H]Ac)-Val-
NH2], a known substrate of mammalian HDA (26). Apicidin,
HC-toxin, trichostatin, and another known HDA inhibitor,
sodium butyrate (27), all inhibited the E. tenella HDA activity
at levels comparable to those seen in the binding assay (Table
2). b-Hydroxy-HC-toxin, which lacked binding and antipara-
sitic activities, did not inhibit E. tenella HDA enzyme activity.
Enzyme activity and [3H]apicidin A binding activity co-eluted
on both gel filtration and ion-exchange chromatographies
(data not shown).
Inhibition of mammalian HDA by sodium butyrate (27),

trapoxin A (23), and HC-toxin (25) results in the accumulation
of hyperacetylated histones. This effect can be visualized by
AUT gel electrophoresis of histones extracted from treated
cells. Increased acetylation results in decreased mobility of
histones in AUT gels, and the appearance of multiple bands
corresponding to histones with 1, 2, 3, and 4 acetylated lysine
residues. P. falciparum-infected human erythrocytes were used
to explore parasite histone hyperacetylation because this sys-
tem is free of host cell histones. As shown in Fig. 3A, apicidin
induces hyperacetylation of parasite histones in a dose-
dependent manner. Moreover, apicidin, HC-toxin, and tricho-
statin all induce hyperacetylation of parasite histones (Fig. 3B)
at 100 ngyml, whereas neither b-Hydroxy-HC-toxin nor the
antimalarial agent chloroquine induce hyperacetylation of
parasite histones at 500 ngyml.
The results presented here clearly show that apicidin as well

as the known mammalian HDA inhibitors, HC-toxin and
trichostatin, are potent inhibitors of parasite HDA. The 2-ami-
no-8-oxo-decanoic acid moiety of apicidin is unique relative to
related tetrapeptides where an epoxide is required for biolog-
ical activity. The 2-amino-8-oxo-decanoic acid presumably
mimics the «-amino acetylated lysine residues of histone
substrates, resulting in potent reversible inhibition of HDA.
The recent molecular characterization of human HDA (29)
and histone acetyltransferase from Tetrahymena (30) has pro-
vided novel insights into their roles in the regulation of
chromatin structure and gene transcription in eukaryotes.
Apicidin and its analogs are tools that can be used to dissect
the components of the regulatory pathways, mediating these
critical processes, and in turn, they will enhance understanding
of the intricacies of transcriptional regulation. The antiproto-
zoal properties of apicidin resulting from inhibition of HDA
implies pathways of similar importance and probable complex-
ity exist in protozoa. The enzymatic machinery involved in
gene expression in Apicomplexans therefore represents a
novel target for antiprotozoal therapy. The antiproliferative
activity of apicidin against mammalian cells implies that issues
of selectivity of inhibitors for parasite versus host enzyme will
need to be addressed, but based on the spectrum of antipar-
asitic activity displayed by HDA inhibitors and their in vivo
efficacy against malaria, HDA appears to be a viable target for
the development of antiparasitic agents.
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