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Hsp90 Inhibitors as New Leads To Target Parasitic Diarrheal Diseases

Anjan Debnath,a Dea Shahinas,b Clifford Bryant,c Ken Hirata,d Yukiko Miyamoto,e Grace Hwang,d Jiri Gut,a Adam R. Renslo,c

Dylan R. Pillai,b Lars Eckmann,e Sharon L. Reed,d James H. McKerrowa

Center for Discovery and Innovation in Parasitic Diseases, University of California, San Francisco, San Francisco, California, USAa; Department of Pathology and Laboratory
Medicine, University of Calgary, Alberta, Canadab; Small Molecule Discovery Center, University of California, San Francisco, San Francisco, California, USAc; Department of
Pathology, University of California, San Diego, San Diego, California, USAd; Department of Medicine, University of California, San Diego, San Diego, California, USAe

Entamoeba histolytica and Giardia lamblia are anaerobic protozoan parasites that cause amebiasis and giardiasis, two of the
most common diarrheal diseases worldwide. Current therapy relies on metronidazole, but resistance has been reported and the
drug has significant adverse effects. Therefore, it is critical to search for effective, better-tolerated antiamebic and antigiardial
drugs. We synthesized several examples of a recently reported class of Hsp90 inhibitors and evaluated these compounds as po-
tential leads for antiparasitic chemotherapy. Several of these inhibitors showed strong in vitro activity against both E. histolytica
and G. lamblia trophozoites. The inhibitors were rescreened to discriminate between amebicidal and giardicidal activity and
general cytotoxicity toward a mammalian cell line. No mammalian cytotoxicity was found at >100 �M for 48 h for any of the
inhibitors. To understand the mechanism of action, a competitive binding assay was performed using the fluorescent ATP ana-
logue bis-ANS (4,4=-dianilino-1,1=-binaphthyl-5,5=-disulfonic acid dipotassium salt) and recombinant E. histolytica Hsp90 pre-
incubated in both the presence and absence of Hsp90 inhibitors. There was significant reduction in fluorescence compared to the
level in the control, suggesting that E. histolytica Hsp90 is a selective target. The in vivo efficacy and safety of one Hsp90 inhibi-
tor in a mouse model of amebic colitis and giardiasis was demonstrated by significant inhibition of parasite growth at a single
oral dose of 5 mg/kg of body weight/day for 7 days and 10 mg/kg/day for 3 days. Considering the results for in vitro activity and
in vivo efficacy, Hsp90 inhibitors represent a promising therapeutic option for amebiasis and giardiasis.

The protozoan intestinal parasites Entamoeba histolytica and
Giardia lamblia are the agents of human amebiasis and giar-

diasis, respectively. Infections by these parasites are major causes
of morbidity and mortality in tropical countries and a significant
public health problem in the United States. Amebiasis is respon-
sible for 50 million cases of invasive disease (1) and about 70,000
deaths annually in the world (2). Giardiasis has an estimated
worldwide prevalence of 280 million cases annually. In developed
countries, G. lamblia infects about 2% of adults and 6 to 8% of
children (3–5). The prevalence of G. lamblia infection is generally
higher in developing countries, ranging from 3% to 90% (6–12).
Furthermore, giardial infections contribute substantially to the
2.5 million annual deaths from diarrheal disease (13, 14). In Asia,
Africa, and Latin America, about 500,000 new giardiasis cases are
reported each year. Both E. histolytica and G. lamblia have been
listed by the NIH as category B priority biodefense pathogens due
to their low infectious doses and potential for dissemination
through compromised food and water supplies in the United
States. Because of its link with poverty, Giardia was included in the
WHO Neglected Diseases Initiative in 2004 (15).

Despite the prevalence of amebiasis and giardiasis, there are no
vaccines or prophylactic drugs. The first-line drugs for amebiasis
and giardiasis chemotherapy are nitroimidazoles, with the proto-
type, metronidazole, being the drug of choice, particularly in de-
veloping countries (16). The standard treatment with metronida-
zole requires at least 10 days at a high dosage (750 mg 3 times a day
[t.i.d.]) to eradicate intestinal amebae and 3 to 5 days of 250 mg
t.i.d. for Giardia (3, 17–19). In addition, follow-up treatment with
a second drug, such as paromomycin, is recommended for ame-
biasis to prevent prolonged retention and excretion of cysts (20).
Newer metronidazole derivatives, such as tinidazole (21) and ni-
tazoxanide, a nitrothiazoly-salicylamide derivative (22), have
fewer side effects and shorter treatment courses. Other drugs, such

as furazolidone, albendazole, and paromomycin, are used for gi-
ardiasis to a lesser extent, with similar or lower success rates. Met-
ronidazole has been shown to be both mutagenic in a microbio-
logical system and carcinogenic to rodents (23–25). In addition,
this drug has several adverse effects, the most common being gas-
trointestinal disturbances, especially nausea, vomiting, and diar-
rhea or constipation (26). Potential resistance of E. histolytica to
metronidazole is an increasing concern as, in vitro, E. histolytica
trophozoites adapt to therapeutically relevant levels of metroni-
dazole (27, 28). In spite of the efficacy of nitroimidazole drugs,
treatment failures in giardiasis occur in up to 20% of cases (29).
Clinical resistance of G. lamblia to metronidazole is proven, and
cross-resistance occurs to the newer drugs, tinidazole and nitazox-
anide, so drug resistance is a concern with all commonly used
antigiardial drugs (14, 29, 30). Therefore, it is critical to search for
effective and better-tolerated antiamebic and antigiardial drugs.

Hsp90 is a highly conserved molecular chaperone that assists
protein folding and participates in the regulation of the cell cycle,
as well as in signal transduction pathways in eukaryotes. Hsp90 is
implicated in growth and development in many protozoan spe-
cies, including Dictyostelium, Leishmania, Plasmodium, Trypano-
soma, and Giardia species (31–35). Inhibition of parasite Hsp90
activity by geldanamycin resulted in lethality in Plasmodium fal-
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ciparum (36), but this compound has not been pursued for clinical
development due to unacceptable toxicity. The recent develop-
ment of orally bioavailable and druglike Hsp90 inhibitors (37)
inspired us to synthesize and evaluate several of these compounds
as antiamebic and antigiardial agents. In this study, we demon-
strate strong in vitro activity of several of these novel inhibitors
against both E. histolytica and G. lamblia trophozoites. We used
one such inhibitor, SNX-2112, and its orally bioavailable prodrug,
SNX-5422, to investigate its efficacy in vivo against infection with
E. histolytica and G. lamblia.

MATERIALS AND METHODS
Chemicals and reagents. White, solid-bottom, tissue culture-treated 96-
well microplates were purchased from E&K Scientific (Santa Clara, CA).
The CellTiter-Glo luminescent cell viability assay was purchased from
Promega (Madison, WI); dimethyl sulfoxide (DMSO), 4,4=-dianilino-
1,1=-binaphthyl-5,5=-disulfonic acid dipotassium salt (bis-ANS), cyano-
gen bromide (CNBr)-activated Sepharose 4B, and metronidazole were
purchased from Sigma-Aldrich (St. Louis, MO). SNX-5422 was pur-
chased from Selleck Chemicals (Houston, TX).

Maintenance of E. histolytica, G. lamblia, and Jurkat T lympho-
cytes. Trophozoites of E. histolytica strain HM1:IMSS and G. lamblia
strain WB were axenically maintained in TYI-S-33 medium supple-
mented with penicillin (100 U/ml) and streptomycin (100 �g/ml) (38).
Jurkat T lymphocytes (clone E6-1) were maintained in RPMI 1640 me-
dium with HEPES, supplemented with penicillin (100 U/ml), streptomy-
cin (100 �g/ml), and 10% heat-inactivated fetal bovine serum, and cul-
tured according to ATCC specifications (ATCC, Manassas, VA) (39). E.
histolytica and G. lamblia trophozoites and Jurkat cells were counted using
a particle counter (Beckman Coulter, Fullerton, CA). The logarithmic
phase of growth of the human cell line was determined by counting the
cells using the particle counter, and the cells were maintained in this
growth phase by routine passage every 2 days. All experiments were per-
formed using trophozoites and human cells harvested during the logarith-
mic phase of growth.

Synthesis of Hsp90 inhibitors and evaluation of their activity
against E. histolytica, G. lamblia, and Jurkat lymphocytes. A novel class
of Hsp90 inhibitors, indol-4-one and indazol-4-one-derived 2-aminobenz-
amides, was synthesized following the methods described by Huang et al.
(37). The benzonitrile intermediates involved in the synthesis of the benz-
amides were also evaluated for activity. The compounds were screened for
activity against E. histolytica and G. lamblia using an ATP-biolumines-
cence-based assay for cell growth and survival (40, 41). Briefly, 2.5 �l of 5
mM stock compounds were diluted with 17.5 �l sterile water to yield 625
�M working concentration of compounds. A 3-fold serial dilution was
then performed, yielding a concentration range of 0.25 to 625 �M. From
this dilution plate, 4-�l amounts were transferred into the 96-well screen
plates, followed by the addition of 96 �l of trophozoites (5,000 parasites)
to yield a final 8-point concentration range spanning 0.01 to 25 �M. Assay
plates were incubated for 48 h at 37°C in the GasPak EZ gas-generating
anaerobe pouch system (VWR, West Chester, PA) to maintain an anaer-
obic condition throughout the incubation period. The assays were per-
formed in triplicate using the CellTiter-Glo luminescent cell viability assay (40).

For cytotoxicity assays, 4-�l amounts from the compound dilution
plates were transferred into a 96-well screen plate, followed by the addi-
tion of 96 �l of Jurkat cells (10,000 cells) to yield different compound
concentrations, with a final DMSO concentration of 0.5%. The negative
control contained the final 0.5% DMSO, and the positive control con-
tained a final concentration of 40 �M staurosporine (BioVision, Moun-
tain View, CA). The assay was performed in triplicate using the CellTiter-
Glo luminescent cell viability assay (42).

Morphological studies. To evaluate the impact of Hsp90 inhibitor on
trophozoite morphology, E. histolytica and G. lamblia trophozoites were
incubated with different concentrations of SNX-2112 in 12-well tissue
culture plates (Corning, NY) and incubated for 48 h at 37°C in the GasPak
EZ gas-generating anaerobe pouch systems. After incubation, live tropho-
zoites were imaged under an Axiovert 40 CFL phase-contrast microscope
(Carl Zeiss, Germany).

Effect of Hsp90 inhibitors on recombinant E. histolytica Hsp90
ATP-binding domain. The gene segment coding for the E. histolytica
Hsp90 ATP-binding domain (amino acids 1 to 210) (Gene ID no.

FIG 1 Chemical structures of Hsp90 inhibitors tested against E. histolytica and G. lamblia trophozoites.
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EHI_102270) was amplified from genomic DNA extracted from the E.
histolytica HM1:IMSS strain using forward (5=-CCGGGATCCATGGGA
AATAGAAAA-3=) and reverse (5=-GCGCGGTTCGAAATATTGAATAA
ATTC-3=) primers cloned into the pET28a vector and was transformed in
BL21(DE3) CodonPlus cells. Protein expression was induced with 0.4
mM isopropyl-�-D-thiogalactopyranoside (IPTG) overnight at 24°C, the
pellet was resuspended in lysis buffer (20 mM HEPES, pH 7.5, 10% glyc-
erol, 20 mM imidazole, 500 mM NaCl, 0.5% NP-40) supplemented with
bacterial protease inhibitor cocktail (Sigma-Aldrich), and the protein was
purified by Ni-nitrilotriacetic acid (NTA) affinity chromatography (Qia-
gen, Germany) (43). The fluorescent probe 4,4=-dianilino-1,1=-binaph-
thyl-5,5=-disulfonic acid dipotassium salt (bis-ANS) was used for binding
assays with the E. histolytica Hsp90 ATP-binding domain. Briefly, the
recombinant purified E. histolytica Hsp90 (final concentration 1 �M) was
preincubated for 45 min at 37°C with DMSO control or in the presence of
Hsp90 inhibitors to a final concentration of 100 nM. bis-ANS was then
added to a final concentration of 5 �M in binding buffer (20 mM Tris, pH
7.5, 10 mM MgCl2, 50 mM KCl) and incubated at 37°C for 30 min. Flu-
orescence emission data were collected on an EnVision fluorescent mono-
chromator spectrophotometer (Perkin-Elmer, Waltham, MA). The exci-
tation wavelength for bis-ANS was set at 372 nm, and emission was
captured at 490 nm (43).

Hsp90 inhibitor-Sepharose 4B generation and in vitro Hsp90 inhib-
itor pulldown assay. For pulldown assays, Hsp90 inhibitors were coupled
to cyanogen bromide (CNBr)-activated Sepharose 4B (Sigma-Aldrich).
Briefly, the CNBr-activated Sepharose was oversaturated with inhibitor to
maximize coupling by nucleophilic attack. The conjugation was allowed
to take place overnight at room temperature with agitation. The active
groups were blocked with ethanolamine for 3 h. The conjugated bead
slurry, as well as unbound control beads, were incubated with 100 �g of E.
histolytica protein extract for 4 h at 4°C under agitation. After centrifuga-
tion, the unbound solution was discarded and the beads were washed four
times with 1% SDS, 5 mM EDTA, pH 8. The beads were boiled in Laemmli
sample buffer for 5 min, and the denatured proteins and the control were

run on a SDS-PAGE gel and immunoblotted with a rabbit polyclonal
anti-P. falciparum Hsp90 antibody (which cross-reacts with Hsp90 in E.
histolytica) (44).

Efficacy of Hsp90 inhibitor in animal models of E. histolytica and G.
lamblia infection. One million cecal-passed E. histolytica HM1:IMSS tro-
phozoites were injected into the cecum of 6-week-old C3H/HeJ male mice
(The Jackson Laboratory, Bar Harbor, ME) (45). The mice were treated
for 7 days by oral gavage with 5 mg/kg of body weight/day of SNX-5422
(Selleck Chemicals), a prodrug of the Hsp90 inhibitor SNX-2112. The
severity of amebic infection was determined by histopathology and quan-
tification of trophozoites in the cecum by real-time PCR (46). The num-
ber of trophozoites/g of cecum was determined by quantitative PCR
(qPCR) and graphed as the percentage of the mean of the control, calcu-
lated as the number of trophozoites/g of cecum divided by the mean
number of trophozoites in control mice times 100.

For Giardia infections, adult C57BL/6 mice (The Jackson Laboratory)
were bred at the University of California, San Diego (UCSD). To infect
suckling mice (5 to 7 days old), G. lamblia trophozoites were grown to
mid-logarithmic phase and administered by oral gavage at 107/mouse in a
50-�l volume in Giardia growth medium (41). After 5 days of infection,
mice were treated by oral gavage with 5 mg/kg/day or 10 mg/kg/day of
SNX-5422 for 3 days. At the end of the treatment, the entire small intestine
was removed, opened longitudinally, placed into 2 to 5 ml of phosphate-
buffered saline (PBS), and cooled on ice for 10 min. Live trophozoites
were counted in a hemocytometer. All animal studies were reviewed and
approved by the UCSD Institutional Animal Care and Use Committee.

RESULTS
Effect of Hsp90 inhibitors against E. histolytica, G. lamblia, and
Jurkat lymphocytes in vitro. We synthesized and tested SNX-
2112 and several analogues (SMDC-304198, SMDC-304200,
SMDC-304201, SMDC-304203, SMDC-304205, and SMDC-
304209) (Fig. 1) for efficacy against E. histolytica and G. lamblia.
The benzonitrile intermediates involved in their preparation
(SMDC-304199, SMDC-304202, SMDC-304204, and SMDC-
304208) (Fig. 1) were also tested for their activity against E. histo-
lytica and G. lamblia. In our system, the 50% effective concentra-
tions (EC50s) for metronidazole, defined as the concentration of
compound necessary to reduce cell growth and survival to 50% of
that in DMSO-treated controls, were 5 �M for E. histolytica and
8.5 �M for G. lamblia. We found that SNX-2112, SMDC-304198,
SMDC-304201, SMDC-304203, SMDC-304205, and SMDC-
304209 were active against both E. histolytica and G. lamblia, with
EC50s better than those of metronidazole (Table 1). SMDC-
304200 failed to show potency, possibly due to the presence of a

TABLE 1 Hits obtained after screening the Hsp90 inhibitors

Hsp90 inhibitor

EC50 (�M) for:

E. histolytica G. lamblia Jurkat cells

SMDC-304198 0.7 0.2 �100
SMDC-304201 2 �1 �100
SMDC-304203 4.6 0.3 �100
SMDC-304205 3.5 0.1 �100
SMDC-304209 1.3 0.06 �100
SNX-2112 1.6 0.8 �100

FIG 2 Effect of SNX-2112 on E. histolytica morphology. Trophozoites were treated with 3 �M SNX-2112 for 48 h. (A) E. histolytica trophozoites treated with
0.5% DMSO. Arrow indicates live trophozoite. Magnification, �10. (B) E. histolytica trophozoites treated with 3 �M SNX-2112. Treatment caused complete lysis
of trophozoites (arrow). Magnification, �10. Trophozoites were imaged under phase-contrast microscope.
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larger group in the C-2 position of the indazolone. The nitrile
intermediates SMDC-304199, SMDC-304202, SMDC-304204,
and SMDC-304208 were not active against E. histolytica and G.
lamblia. Lack of activity for the nitrile compounds supports the
hypothesis that the carboxamides are targeting parasite Hsp90.

A mammalian cell line toxicity assay was performed with Jur-
kat T cells, an established model for in vitro compound toxicity
(39). No cytotoxicity was seen at inhibitor concentrations of �100
�M for 48 h (Table 1).

Effect of Hsp90 inhibitor on E. histolytica and G. lamblia
morphology. Morphological studies clearly showed the lethal ef-
fect of SNX-2112 at low concentrations. The examination of tro-
phozoites incubated for 48 h in the presence of 3 �M SNX-2112
showed complete lysis of E. histolytica (Fig. 2B). The same concen-
tration of SNX-2112 caused significant growth inhibition and
morphological defects of G. lamblia (Fig. 3B), and at 6 �M SNX-
2112, there was death of G. lamblia trophozoites (Fig. 3C).

Effect of Hsp90 inhibitors on recombinant E. histolytica
Hsp90. To understand the mechanism of action of Hsp90 inhib-
itors in E. histolytica, we used the established technique (47) of a
bis-ANS binding assay with recombinant E. histolytica Hsp90
ATP-binding domain in the presence of Hsp90 inhibitors
SNX-2112, SMDC-304198, SMDC-304201, SMDC-304203, and
SMDC-304209. This assay relies on competitive inhibition of bis-
ANS, which is known to compete with ATP for ATPase domain
binding and emits fluorescence upon hydrophobic pocket bind-
ing (47). SNX-2112 caused a significant reduction in fluorescence
at 100 nM compared to the fluorescence in the DMSO control
(P � 0.0187), suggesting competitive inhibition of E. histolytica
Hsp90 ATP binding (Fig. 4). To determine whether SNX-2112,
SMDC-304198, SMDC-304201, SMDC-304203, SMDC-304205,
and SMDC-304209 exhibit specificity for Hsp90 relative to any
binding of other cellular proteins of E. histolytica, the denatured E.
histolytica protein extract for the drug pulldown and the control
were run on a SDS-PAGE gel and immunoblotted with polyclonal
anti-P. falciparum Hsp90 antibody, which we had shown cross-
reacts with E. histolytica Hsp90. For both the extract and the SNX-
2112 pulldown, a band of the expected size (81 kDa) was seen with
the anti-P. falciparum Hsp90 antibody but not with other inhibi-
tors (Fig. 5).

In vivo efficacy of SNX-5422, a prodrug of SNX-2112, in ame-
bic colitis and giardiasis models. Because SNX-2112 was found
to be selective for binding to the E. histolytica Hsp90 ATP-binding

domain and also showed specificity for the E. histolytica Hsp90
protein, we tested the in vivo efficacy of SNX-5422 (Fig. 1), the
prodrug of SNX-2112, in mouse models of amebiasis and giardia-
sis. As the crystalline form of SNX-2112 was not orally bioavail-
able, we improved the kinetic solubility and bioavailability for oral
dosing by using a glycine ester prodrug, SNX-5422, for animal
studies (37, 48). The advantage of using SNX-5422 in the mouse
models is that full toxicological and pharmacokinetic profiles are
available for this compound. The parameters calculated for a sin-
gle 50 mg/kg dose in female mice were as follows: half-life (t1/2) �
3.3 h, maximum concentration of drug in serum (Cmax) � 4,015
ng/ml, time to Cmax (Tmax) � 2 h, and area under the concentra-
tion-time curve to infinity (AUC�) � 25,153 h · ng/ml (37). No
adverse effects related to SNX-5422 were observed for the mice
dosed at 50 mg/kg 3 times a week for 3 weeks (37). A single oral
dose of 5 mg/kg/day of SNX-5422 for 7 days significantly de-
creased the burden of E. histolytica compared to the burden in
control mice (P � 0.0058) (Fig. 6A). For Giardia infections, mice
were treated at the peak of infection, that is, after 5 days of infec-
tion; a single oral dose of 10 mg/kg/day for 3 days significantly

FIG 3 Effect of SNX-2112 on G. lamblia morphology. Trophozoites were treated with 3 �M and 6 �M SNX-2112 for 48 h. (A) G. lamblia trophozoites treated
with 0.3% DMSO. Arrow indicates live trophozoite. Magnification, �20. (B) G. lamblia trophozoites treated with 3 �M SNX-2112. Treatment caused significant
growth inhibition and morphological defects of trophozoites (arrow). Magnification, �20. (C) G. lamblia trophozoites treated with 6 �M SNX-2112. Treatment
caused death of trophozoites (arrow). Magnification, �20. Trophozoites were imaged under a phase-contrast microscope.

FIG 4 Results of competitive binding assay using the fluorescent ATP ana-
logue bis-ANS. To identify E. histolytica Hsp90-specific inhibitors, bis-ANS
was used for binding assay with the E. histolytica Hsp90 ATP-binding domain
preincubated in the presence of DMSO or 100 nM Hsp90 inhibitors (SMDC-
304198, 304201, 304203, 304209, and SNX-2112). Values represent means and
standard errors of the means of duplicate readings. *, P � 0.0187, Student’s t
test.
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reduced the number of G. lamblia trophozoites compared to the
number in control mice (P � 0.0112), but a single oral dose of 5
mg/kg/day did not have this effect (Fig. 6B).

DISCUSSION

In the past decade, pharmacologic inhibition of Hsp90 has re-
ceived significant attention, and the development of Hsp90 inhib-
itors as therapeutic agents has progressed rapidly. Currently, at
least 13 Hsp90 inhibitors are being evaluated in clinical trials as a
treatment for different malignancies (49). Hsp90 inhibitors target
the N-terminal domain of Hsp90. Following inhibition, Hsp90
client proteins cannot attain their active conformation, leading to
their proteasomal degradation (50, 51). Degradation of these pro-
teins disrupts critical cellular functions, such as cell growth and
proliferation, and results in cell death.

Hsp90 is essential for the development of several parasites and
is an emerging drug target in parasitic infections. P. falciparum
Hsp90 is induced in response to environmental changes following
the transit from insect vector to human host and plays a role in the

adaptation and survival of the parasite in the human host. P. fal-
ciparum Hsp90 may also play a role in the development of drug
resistance in the malaria parasite (52). In Leishmania donovani,
Hsp90 plays a key role in the differentiation of the promastigote
stage to the pathogenic mammalian amastigote stage (31). Hsp90
is also implicated in the development and survival of other intra-
cellular parasites, such as Eimeria tenella (53), Toxoplasma gondii
(54), and Trypanosoma cruzi (55). Hsp90 was found to be essential
in the filarial nematode Brugia pahangi; exposure of B. pahangi to
geldanamycin, a specific inhibitor of Hsp90, killed adult worms
and microfilariae in vitro (56, 57). Geldanamycin also inhibited P.
falciparum Hsp90 (36), T. gondii Hsp90 (54), and T. cruzi Hsp90
(55), leading to the arrest of parasite growth. But geldanamycin
shows hepatotoxicity, is metabolically and chemically unstable,
and has very low solubility in aqueous media (58). Therefore,
geldanamycin was not pursued for clinical development but,
rather, was studied to validate the concept of targeting Hsp90.

Despite Hsp90’s importance, research on its role in protozoan
parasitic diseases is still in its infancy. Hsp90 function in E. histo-
lytica and G. lamblia was shown to be essential by the inhibition of
the growth of E. histolytica and G. lamblia after treatment with the
geldanamycin analogue 17-allylamino-17-demethoxygeldanamy-
cin (17-AAG) (59). Recently, using molecular modeling and
docking methods, geldanamycin was shown to have binding af-
finity for E. histolytica Hsp90 (60), indicating that Hsp90 is an
attractive molecular target for drug development in E. histolytica
and that Hsp90 inhibitors can be used as potential drug candi-
dates. Most drug discovery efforts targeting Hsp90 come from
anticancer drug development programs, which we used to obtain
compounds to test as antiamebic and antigiardial drugs. Based on
a previous study by Huang et al. (37), we hypothesized that pri-
mary benzamide and indol-4-one carbonyl groups may bind to
the E. histolytica or G. lamblia Hsp90 ATP-binding domain. This
scaffold was prioritized over others because of its reported drug-
like properties, including oral bioavailability and selectivity for
binding to Hsp90 (37). We validated our hypothesis by demon-
strating the potency of inhibitors containing this scaffold against
both parasites (Table 1). Since the benzamide function is known
to form important hydrogen bonding interactions in the ATP-
binding site of Hsp90s, we also evaluated benzonitrile analogues

FIG 5 Interaction of Hsp90 inhibitor with E. histolytica protein extract in
pulldown assay. Denatured proteins for Hsp90 inhibitor (SMDC-304198,
304201, 304203, 304205, 304209, and SNX-2112) pulldowns and E. histolytica
extract were run on a SDS-PAGE gel and immunoblotted with polyclonal
anti-Plasmodium falciparum Hsp90 antibody. M indicates protein marker;
molecular weights (kDa) are shown to the right.

FIG 6 Effect of SNX-5422, the prodrug of Hsp90 inhibitor SNX-2112, in mouse model of amebic colitis and giardiasis. (A) At 24 h postinoculation, mice infected
with E. histolytica were administered 5 mg/kg of SNX-5422 or PBS alone (Control) by gavage once a day for 7 days. On day 8, the number of trophozoites/g of
tissue was determined by qPCR, and the results are graphed as the percentages of the mean of the control, calculated as the number of trophozoites/g of cecum
divided by the mean number of trophozoites in control mice times 100. (B) At 5 days postinoculation, mice infected with G. lamblia were treated once daily with
5 mg/kg and 10 mg/kg of SNX-5422 for 3 days. Control mice received PBS. Error bars show standard errors of the means. The dashed horizontal line represents
the detection limit of the assay.
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that lack the crucial hydrogen bond donors. The nitrile derivatives
entirely lacked activity against parasites, strongly suggesting that
the activity of the benzamides is at least partially due to inhibition
of parasite Hsp90.

SNX-5422 has completed a phase I clinical trial in adult pa-
tients with recurrent, refractory hematologic malignancies (61).
Every-other-day oral dosing of SNX-5422 at 74 mg/m2 for 21 days
of a 28-day cycle was found to be well tolerated, and phase II
studies are under consideration for patients with multiple my-
eloma and lymphoma (61). In our study, SNX-5422 showed in
vivo efficacy in a mouse model of amebic colitis and giardiasis at
single oral daily doses of 5 mg/kg/day for 7 days (Fig. 6A) and 10
mg/kg/day for 3 days (Fig. 6B). This represents a human equiva-
lent dose of 0.4 mg/kg or 0.8 mg/kg, which is 1/5 or less than 1/2 of
the dose that was considered well tolerated in the phase I clinical
trial (61). Considering the low effective dose and shorter treat-
ment schedule for amebiasis and giardiasis, the Hsp90 inhibitor
should be well tolerated by patients suffering from these diseases.
Moreover, protozoan Hsp90 differs in biochemical characteristics
from Hsp90 of the mammalian host. For example, Hsp90 from P.
falciparum exhibits about six times higher ATPase activity than its
human counterpart (34, 62). Furthermore, the ATP-binding
pocket of E. histolytica Hsp90 may mediate unique ligand interac-
tions, based on the presence of Cys49 and Arg109 relative to the
corresponding Ser52 and Lys112 in the human Hsp90 ATP-bind-
ing domain. These features can be exploited for future lead opti-
mization.

In conclusion, we have shown that Hsp90 is a viable target for
E. histolytica and G. lamblia therapeutics. We also evaluated an
Hsp90 inhibitor prodrug (SNX-5422) in animal models for proof
of principle that an oral drug could be effective. This study repre-
sents a solid starting point for future medicinal chemistry optimi-
zations using Hsp90 inhibitors as therapeutic options for amebi-
asis and, possibly, for giardiasis.
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