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The trypanocidal agents nifurtimox and benznidazole both function as prodrugs and must undergo enzymemediated activation, a reaction catalyzed by type I nitroreductase (NTR). In the search for new parasitic
therapies, we have utilized this finding to investigate whether aziridinyl nitrobenzamide derivatives have
activity against bloodstream-form Trypanosoma brucei and Trypanosoma cruzi amastigotes, parasite stages that
replicate in the mammalian host. For T. cruzi drug screening, we generated trypanosomes that expressed the
luciferase reporter gene and optimized a mammalian infection model in a 96-well plate format. A subset of
compounds having a 5-(aziridin-1-yl)-2,4-dinitrobenzyl structure was shown to be metabolized by purified T.
brucei NTR and when screened against both parasite life cycle stages displayed significant growth-inhibitory
properties: the most potent compounds generated 50% inhibitory concentrations of <1 M. The trypanocidal
activity was shown to be NTR specific, since parasites overexpressing this enzyme were hypersensitive to the
aziridinyl dinitrobenzyl agents. We conclude that members of the aziridinyl nitrobenzamide class of nitroheterocycles provide new lead structures that have the potential to treat trypanosomal infections.
The protozoan parasites Trypanosoma brucei and Trypanosoma cruzi are the causative agents of African and American
trypanosomiases, respectively. Both diseases predominately afflict people living in the developing world, infecting an estimated 10 million individuals. Over the past 15 years, coordinated surveillance, treatment, and vector control programs
against both trypanosomiases have led to a dramatic reduction
in the number of new cases in regions of endemicity (3, 49).
However, for African trypanosomiasis, localized epidemics can
rapidly arise following political and socioeconomic disruption,
killing tens of thousands of people (3, 5). In the case of Chagas’
disease, while infection rates are falling in areas of endemicity,
migration, tourism, illicit drug usage, and modern medical
practices have all contributed to it becoming a problem elsewhere, with an estimated 300,000 patients now living in the
United States (4, 18, 46). The only available treatments for
Chagas’ disease are the nitroheterocyclic compounds nifurtimox and benznidazole, which have been in use for nearly 40
years. Their use is controversial, since both are toxic, may be
carcinogenic, and have poor efficacy against the chronic stage
(16, 34, 46). Additionally, some T. cruzi strains are reported to
be refractory to treatment (17, 37). Despite these problems,
nifurtimox, in cotherapy with eflornithine (NECT), has recently been added to the WHO’s Essential Medicines List for
treatment of West African trypanosomiasis (8, 42–44), and it is

currently being subjected to clinical trials as a treatment for
pediatric neuroblastoma (47, 48).
In common with other nitroheterocyclic compounds, nifurtimox and benznidazole are characterized by a nitro group
linked to an aromatic ring (19). Both function as prodrugs and
must undergo activation prior to mediating their cytotoxic effects, a process catalyzed by nitroreductases (NTRs). Based on
oxygen sensitivity and flavin cofactors, NTRs can be broadly
divided into two groups (41). The activity of type I NTRs is
oxygen insensitive, with the enzyme containing flavin mononucleotide (FMN) as a cofactor. They utilize NAD(P)H as an
electron donor, transferring reducing equivalents to the substrate in a series of sequential two-electron reduction events.
This class of NTR is associated mainly with bacteria and is
absent from most eukaryotes, with a subset of protozoan parasites, including trypanosomes, being major exceptions (36, 38,
39, 54). In contrast, the activity of the ubiquitous type II NTRs
is oxygen sensitive, with the enzyme containing flavin adenine
dinucleotide (FAD) or FMN as a cofactor. These function by
catalyzing a one-electron reduction of the nitro group to generate a nitro radical. In a futile cycle, this radical reacts with
oxygen to produce superoxide anions, with the subsequent
regeneration of the original nitro compound (14, 35). Although
some mammalian enzymes, such as NAD(P)H quinone oxidoreductase 1 and nitric oxide synthase, can mediate a twoelectron reduction reaction under aerobic conditions, type II
NTR activities predominate in most cell types (7, 9).
Recently there has been a renaissance in the use of nitroaromatic compounds, with several undergoing evaluation in the
treatment of infectious diseases. This includes use of the nitric
oxide-generating prodrug PA-824 against Mycobacterium tuberculosis and nitazoxanide against Giardia, Cryptosporidium,
and viral hepatitis (1, 32, 51). Others, such as nitrobenzamides,
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TABLE 1. Structures of aziridinyl nitrobenzamide compounds

Group

Structure

CB1954
NH1

Ia
Ia

NH2

Ia

NH3
NH4
NH5

Ib
Ib
Ib

NH6
NH7

II
II

NH8

II

R1 ⫽ NO2; R2 ⫽ CONH2; R3 ⫽ H
R1 ⫽ NO2; R2 ⫽ CONH(CH2)2N morpholide;
R3 ⫽ H
R1 ⫽ NO2; R2 ⫽ CONH(CH2)2CO2Me;
R3 ⫽ H
R1 ⫽ H; R2 ⫽ R2 ⫽ CONH2; R3 ⫽ H
R1 ⫽ SO2Me; R2 ⫽ CONH2; R3 ⫽ H
R1 ⫽ SO2Me; R2 ⫽ NHCH2CH(OH)CH2OH;
R3 ⫽ H
R1 ⫽ NO2; R2 ⫽ H; R3 ⫽ CONH2
R1 ⫽ NO2; R2 ⫽ H; R3 ⫽
NHCH2CH(OH)CH2OH
R1 ⫽ NO2; R2 ⫽ H; R3 ⫽ CONH(CH2)2N
morpholide

nitrobenzylcarbamates, and nitroindolines, have shown promise as anticancer therapies (10, 13). The best characterized of
these is the aziridinyl nitrobenzamide (ANB) compound
CB1954 [5-(aziridin-1-yl)-2,4-dinitrobenzamide] (see Table 1).
Two distinct systems have been developed to promote preferential activation of this nitroheterocycle in tumors. In one
system, CB1954 is coadministered with the synthetic enhancer
substrate nicotinamide riboside (NRH), a therapy evaluated in
clinical trials under the trade name Prolarix (11, 40). The
reducing equivalents supplied by NRH augment the ability of
NAD(P)H quinone oxidoreductase 2 to convert the prodrug to
its toxic forms (31, 55). The alternative activation system is a
two-step strategy termed gene-directed enzyme prodrug therapy (10, 13). In the first phase, a gene encoding a type I NTR,
usually Escherichia coli nfsB, is introduced and expressed in the
tumor using a selective vector. This is then followed by administration of CB1954, which subsequently undergoes nitro reduction in NTR-expressing cells, leading to the formation of
hydroxylamine and amine derivatives (22, 23, 28–30, 52). For
both activation pathways, the NTR-generated derivatives mediate their cytotoxic effects through alkylation of target substrates or by formation of DNA adducts (22, 23, 52).
CB1954 has recently been reported to have activity against
bloodstream-form (BSF) T. brucei (50). However, its mechanism of action has not been established, and its efficacy against
T. cruzi has not been addressed. Here we report the activities
of nine ANB prodrugs against BSF T. brucei and amastigote T.
cruzi, the parasite stages that replicate in the mammalian host.
To facilitate screening of the compounds against T. cruzi, a
transgenic cell line constitutively expressing the luciferase reporter was generated. This work identifies three structurally
related ANBs, including CB1954, that display trypanocidal activity against both parasites.
MATERIALS AND METHODS
Chemicals. Aziridinyl nitrobenzamide structures are shown in Table 1. Their
synthesis is described elsewhere (21).

Cell culturing. T. brucei brucei BSF (2T1), which constitutively expresses the
tetracycline repressor protein and permits targeted integration at a specific
ribosomal DNA (rDNA) locus (2), was grown at 37°C under a 5% CO2 atmosphere in modified Iscove’s medium containing 1 g ml⫺1 phleomycin (24).
Transformed 2T1 parasites overexpressing T. brucei NTR (TbNTR) were maintained in this medium containing 2.5 g ml⫺1 hygromycin (54).
T. cruzi (clone Cl-Brener) epimastigotes were grown in RPMI-1640 medium
supplemented as described previously (27). Epimastigotes constitutively expressing luciferase were maintained in the medium containing 100 g ml⫺1 G418. T.
cruzi epimastigote cultures in the stationary phase of growth (8- to 10-day-old
cultures) were used to infect African green monkey kidney (Vero) cells. The T.
cruzi-infected monolayers were incubated overnight at 37°C under a 5% CO2
atmosphere. Cultures were then washed with RPMI 1640 medium to remove
residual parasites and incubated at 37°C under a 5% CO2 atmosphere. Every 3
to 4 days, the growth medium was changed. Ten to fourteen days after the initial
infection, bloodstream trypomastigotes were microscopically observed. These
were collected and used to infect fresh Vero cell monolayers.
The Vero cell line was grown at 37°C under a 5% CO2 atmosphere in RPMI
1640 medium supplemented with 10% fetal calf serum, 20 mM HEPES (pH 7.4),
2 mM sodium glutamate, 2 mM sodium pyruvate, 2.5 U ml⫺1 penicillin, and 2.5
g ml⫺1 streptomycin.
Plasmids. A DNA fragment from the 3⬘ region of the ribosomal spacer was
amplified from T. cruzi CL-Brener genomic DNA and cloned into the KpnI site
of the vector pTEX (26). The resultant plasmid was taken, and the 5⬘ untranslated region of glycosomal glyceraldehyde-3-phosphate dehydrogenase
(gGAPDH) plus the adjacent multiple cloning site (MCS) was replaced with the
T. cruzi ribosomal promoter/spacer sequence plus the MCS from pRiboTEX
(33). This produced the integrative expression vector pTRIX. The luciferase
gene from pGEM-Luc (Promega) was then inserted into the MCS of pTRIX.
The construct was linearized prior to electroporation into T. cruzi epimastigotes
(53).
Antiproliferative assays. All assays were performed in a 96-well plate format.
T. brucei BSF parasites were seeded at 1 ⫻ 103 ml⫺1 in 200 l growth medium
containing different concentrations of ANB. Where appropriate, protein expression was induced by adding tetracycline (1 g ml⫺1). After incubation at 37°C for
3 days, 20 l Alamar Blue (Invitrogen) was added to each well, and the plates
incubated for a further 16 h. The fluorescence of each culture was determined
using a Gemini fluorescent plate reader (Molecular Devices) at an excitation
wavelength of 530 nm, emission wavelength of 585 nm, and filter cutoff at 550
nm. The change in fluorescence resulting from the reduction of Alamar Blue is
proportional to the number of live cells. The 50% inhibitory concentration (IC50)
for each compound was then established.
Growth inhibition of T. cruzi amastigotes was monitored as follows. Vero cells
were seeded at 1.5 ⫻ 104 ml⫺1 in 100 l in growth medium and allowed to adhere
to the well for 6 h. T. cruzi trypomastigotes (10,000 in 100 l growth medium)
were then added to each well, and infections were performed overnight at 37°C
under 5% CO2. The cultures were then washed twice in growth medium to
remove noninternalized parasites, and the supernatant was replaced with fresh
growth medium containing drug. Drug-treated infections were incubated for a
further 3 days at 37°C under a 5% CO2 atmosphere. The growth medium was
then removed, and the cells were lysed in 50 l cell culture lysis reagent (Promega). Activity was then measured using the luciferase assay system (Promega),
and light emission was measured on a ␤-plate counter (Wallac). The luminescence is proportional to the number of live cells. The IC50 for each compound
was then established.
To assess mammalian cell cytotoxicity, Vero cells were seeded at 1 ⫻ 104 ml⫺1
in 200 l growth medium containing different concentrations of compound. After
incubation at 37°C for 6 days, 20 l Alamar Blue (Biosource UK Ltd.) was added
to each well, and the plates were incubated for a further 8 h. The cell density of
each culture was determined as described above, and the IC50 was established.
Protein purification and enzyme assay. Recombinant TbNTR was purified
from E. coli extracts as previously described (20). Enzyme activity was measured
by following the NTR-mediated reduction of ANB. The nitroaromatic substrate
(100 M) was incubated with 200 M NADH, 3 mM glucose, and 1 U glucose
dehydrogenase in 50 mM NaH2PO4 (pH 7.5) at 37°C. The reaction was initiated
by the addition of TbNTR (50 g). At appropriate time intervals (20 to 600 s),
aliquots (100 l) were removed, the reaction was stopped by addition of 400 l
ice-cold methanol, and the mixture was diluted in water (50:50). Samples were
immediately transferred to ⫺20°C to precipitate proteins and then upon thawing
were clarified. Fractions were examined by reversed-phase high-performance
liquid chromatography (HPLC) analysis. Samples (20 l) were injected onto a
Hypersil 5 m column preequilibrated at 4% acetonitrile. Elution was carried
out with a gradient of 4 to 56% acetonitrile over 30 min. Absorbance was
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monitored at 254, 340, and 450 nm, and the disappearance of the substrate peak
over time was quantified by comparison with a standard (50 M nifurtimox).
TbNTR-generated CB1954 metabolites were isolated and analyzed as described previously (22). CB1954 (400 M) was incubated with 400 M NADH
and 10 g ml⫺1 TbNTR in 50 mM NaH2PO4 (pH 7.5) at 37°C for 30 min.
Reactions were then examined by using reversed-phase HPLC. Aliquots (100 l)
were injected onto a Kromasil C18 column preequilibrated at 4% acetonitrile.
Elutions were then carried out as described above using a 4 to 56% acetonitrile
gradient, and absorbance was monitored at 260 nM. The 2- and 4-hydroxylamine
peaks, identified by their molecular weights and absorption spectra, were collected. Concentrations of both metabolites were then determined using ε260
(molar extinction coefficient at 260 nm) ⫽ 7,880 M⫺1 cm⫺1 for 4-hydroxylamine
and 5,420 M⫺1 cm⫺1 for 2-hydroxylamine (45). Trypanocidal activity against T.
brucei was carried out as described above using freshly isolated 2- and 4-hydroxylamines (0-1 M).

Construction and evaluation of luciferase-expressing
Trypanosoma cruzi. To develop an assay suitable for highthroughput screening of nitroheterocycles, we constructed a T.
cruzi line that constitutively expresses luciferase: other systems,
such as those based on ␤-galactosidase or DNA staining, are
unsuitable for colored compounds, or their use cannot be
readily extended to monitor real-time in vivo mammalian infections (6, 15). The integrative vector pTRIX was generated
by sequentially cloning DNA fragments containing the 5⬘ and
3⬘ T. cruzi Cl-Brener rRNA promoter/spacer sequences on
either side of the expression/neomycin resistance cassettes derived from pTEX (26). The luciferase gene was then cloned
into this construct, and the reporter/drug cassette containing
the DNA fragment was excised and introduced into T. cruzi
CL-Brener epimastigotes by electroporation (53). After selection with G418, the luciferase activity from 4 clones was determined and shown to be ⬎10,000-fold higher than that of the
parental line (Fig. 1A). The effect of luciferase expression on
various T. cruzi life cycle stages was then evaluated. This
showed that the reporter did not influence the following: (i)
growth of epimastigotes parasites, (ii) the ability of epimastigote cells to differentiate into infective metacyclic trypomastigotes, (iii) invasion of mammalian cells by metacyclic trypomastigotes, (iv) growth of intracellular amastigote parasites, (v)
differentiation of amastigote cells into infective bloodstream
trypomastigotes, or (vi) the ability of bloodstream trypomastigotes to infect mammalian cells. Therefore, it is implicit that
luciferase has no effect on trypanosome growth, differentiation,
and infectivity.
When serially diluted amastigotes from lysed Vero cells
were used, the relationship between luciferase activity and the
trypanosomal load was shown be linear with use of 10 to 10,000
parasites (Fig. 1B). With this established, we then evaluated
whether the intracellular recombinant T. cruzi forms could be
used in drug screens. Mammalian cells infected with parasites
were treated with either nifurtimox or benznidazole. Initial
studies, performed in 24-well plates, demonstrated the validity
of the approach, and this was subsequently adapted for use in
a 96-well plate format. In the latter growth inhibition experiments, IC50s for nifurtimox and benznidazole were calculated
(0.24 ⫾ 0.04 M and 2.88 ⫾ 0.27 M, respectively) (Fig. 1C).
Metabolism of aziridinyl nitrobenzamides by the trypanosomal NTR. CB1954 is the archetypal ANB, consisting of a
2,4-dinitrobenzylamide ring linked at position 5 to an aziridinyl

FIG. 1. Luciferase expression in insect- and mammalian-stage T.
cruzi. (A) The luciferase activity, in relative light units (RLU), of four
recombinant T. cruzi Cl-Brener epimastigote clones was determined
and compared to that of the parental line. Twenty thousand cells were
used in each analysis. (B) Correlation between amastigote load (between 10 and 10,000 cells) and luciferase activity. Two of the clones
noted in part A were analyzed in parallel. (C) Vero cells infected with
recombinant T. cruzi Cl-Brener amastigotes were grown in the presence of different concentrations of nifurtimox, and the luciferase activity was determined (see Materials and Methods). The concentration
of nifurtimox that inhibited parasite growth by 50% (IC50) was established. The data are the means from three experiments ⫾ SDs.

substituent (Table 1). Using purified recombinant T. brucei
type I NTR (Fig. 2A), CB1954 and eight related ANBs were
screened to determine whether they could function as substrates for the parasite enzyme. Initial assays monitored the
change in absorbance at 340 nm, corresponding to NADH
oxidation. However, many of the nitro compounds themselves
undergo a considerable change in absorbance at this particular
wavelength. Instead, enzyme activity was assayed by following the disappearance of the nitroaromatic over time, with
residual substrate levels monitored using reversed-phase
HPLC. Of the nine compounds screened, only CB1954,
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NH1, and NH2 were metabolized by TbNTR, with the preference being NH2, followed by NH1, followed by CB1954
(Fig. 2B). These three compounds all contain the same
common features, namely, an amide or related substituent
at position 1, two nitro groups at positions 2 and 4, and an
aziridinyl ring at position 5.
The major CB1954 reduction products generated by TbNTR
metabolism were identified by liquid chromatography-mass
spectrometry (Fig. 2C) and confirmed as the 2- and 4-hydroxylamine derivatives by the mass spectral and absorbance properties of peaks 2 and 3 in Fig. 2C, respectively. Under the
conditions used here, other minor peaks were observed but
could not be identified based on published data, and the amine
forms were not detected.
Trypanocidal activity of aziridinyl nitrobenzamides. To
evaluate whether the differences in biochemical activity exhib-

ited by ANBs translated into trypanosomal killing, all compounds were screened against T. brucei BSF and luciferaseexpressing T. cruzi amastigote parasites. Out of the nine
compounds screened, five had no effect on T. brucei growth
while six had no effect on the growth of intracellular-form T.
cruzi at concentrations up to 10 M. These were not analyzed
further. For the remaining compounds, inhibition assays were
performed to determine their IC50s (Table 2). Against both
parasites, the most potent trypanocidal compounds corresponded to the structures previously shown to be substrates for
TbNTR. In the case of CB1954, the two reduction metabolites
identified and isolated by HPLC were screened for parasite
killing activity. Intriguingly, only 2-hydroxylamine showed significant levels of cytotoxicity against BSF T. brucei (IC50 of 0.31
⫾ 0.10 M): no toxicity for the 4-hydroxylamine derivative was
observed in the range tested (up to 1 M). This is in marked
contrast to mammalian systems, where both derivatives display
killing properties (22, 52).
To conclusively show that the most potent ANBs are activated by the trypanosomal NTR in the parasite itself, the
susceptibility of BSF T. brucei induced to overexpress the enzyme was investigated (20, 54). For CB1954, NH1, and NH2
(Fig. 3A), cells with elevated levels of TbNTR were ⬎10 fold
more sensitive to the aziridinyl compounds than controls (Fig.
3B). This phenotype was limited to nitroaromatic prodrugs:
parasites overexpressing TbNTR had the same susceptibility to
melarsoprol, a nonnitroheterocylic drug, as controls. Additionally, the TbNTR-mediated activation was shown to be specific
to this enzyme, since parasites induced to overexpress other
trypanosomal proteins postulated to interact with nitroheterocyclic prodrugs, namely, prostaglandin F2␣ synthase and two
cytochrome P450 reductases, exhibited the same susceptibility
profiles for CB1954, NH1, and NH2 as the parental cells (data
not shown).
Cytotoxicity of aziridinyl nitrobenzamides to mammalian
cells. The three compounds shown to have trypanocidal activity against both T. brucei BSFs and T. cruzi amastigotes were
assayed for cytotoxicity against mammalian cells (Table 2). In
all cases, CB1954, NH1, and NH2 had a no growth-inhibitory
effect on Vero cells at concentrations up to 250 M, whereas
nifurtimox had an IC50 of 64.11 ⫾ 0.57 M. Previous cytotoxicity studies of these compounds against other mammalian
cells have been carried out (Table 2) (21). Comparison of these
data with the parasitic killing activities reported here clearly
indicates that the three ANBs display selectivity in vitro toward
the parasite.
DISCUSSION
To facilitate high-throughput drug discovery against the
medically relevant, intracellular stage of T. cruzi, we have generated parasite lines expressing the luciferase reporter. Initial
constructs designed to target and replace one of the gGAPDH
loci produced luminescent epimastigotes. However, these cells
failed to develop into invasive parasites, consistent with a previous report suggesting gGAPDH levels are critical for T. cruzi
differentiation (56). To circumvent this problem, we integrated
the luciferase construct into the parasite’s ribosomal array.
Characterization of the resultant lines established that expression of luciferase at this genomic site had no effect on trypano-
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FIG. 2. Activity of trypanosomal NTRs toward different aziridinyl
nitrobenzamides. (A) SDS-PAGE gel (10%) stained with Coomassie
blue. Lane 1, size standards. Lane 2, recombinant protein eluted from
a nickel-nitrilotriacetic acid (Ni-NTA) column using 500 mM imidazole–0.5% Triton X-100. (B) Activity of purified His-tagged TbNTR
was followed by monitoring of the reduction of each ANB by HPLC.
Each substrate (100 M) was incubated with enzyme (50 g) in the
presence of NADH (200 M), glucose (3 mM), and glucose dehydrogenase (1 U). The ANBs shown are CB1954 (diamonds), NH1
(squares), and NH2 (triangles). All other substrates showed no or little
reduction by TbNTR, as typified by NH3 (circles). (C) HPLC chromatogram of CB1954 reduction products following TbNTR metabolism. The parental compound CB1954 (peak 1) and the 2- and 4-hydroxyalmine derivatives (peaks 2 and 3, respectively) were detected.
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TABLE 2. Susceptibilities of T. brucei bloodstream-form, T. cruzi amastigote, and mammalian cells to aziridinyl nitrobenzamidesa
IC50 (M) ⫾ SD for:

Compound

Nifurtimox
NH3 to -6, NH8
CB1954
NH1
NH2
NH7

Therapeutic indexb

T. brucei

T. cruzi

Vero

V79

V79/T. brucei

V79/T. cruzi

2.06 ⫾ 0.09
⬎10
2.97 ⫾ 0.25
0.89 ⫾ 0.04
1.45 ⫾ 0.05
6.40 ⫾ 0.40

0.24 ⫾ 0.04
⬎10
0.57 ⫾ 0.05
1.59 ⫾ 0.10
0.69 ⫾ 0.11
⬎10

64.11 ⫾ 0.57

35

17

146

⬎250
⬎250
⬎250
ND

543
624
634
ND

183
701
437
ND

953
392
919
ND

a
Growth inhibition data for Chinese hamster fibroblast (V79) cells were taken from the work of Helsby et al. (21) (CB1954, NH1, and NH2) or De Conti et al. (12)
(nifurtimox). ND, not determined.
b
The therapeutic index of a compound was calculated as a ratio of the IC50 against V79 cells to the IC50 against the parasite.

displayed considerable trypanocidal activity against T. brucei
BSF and T. cruzi amastigote parasites, the two stages that
replicate in the mammalian host (Table 2). Modification of the
amide group generated the derivatives NH1 and NH2, which
behaved similarly to CB1954 in both screens. To categorically
link trypanocidal activity with TbNTR metabolism, the sensitivity of parasites overexpressing the enzyme to group Ia ANBs
was examined. For all three compounds, trypanosomes with
elevated levels of TbNTR were ⬎10-fold more susceptible to
the agents than controls (Fig. 3), mirroring observations made
for other trypanocidal, NTR-activated nitroaromatic prodrugs
(20, 54).
Alteration of the group Ia structure by removal of the nitro
group found at the para position relative to the aziridinyl ring,
replacement of this nitro group with a SO2Me substituent, or
changing of the position of the amide group on the benzyl ring
generated compounds that were not metabolized by TbNTR
and, in most cases, did not display trypanocidal activity. NH7
did kill T. brucei, but because it failed to have an effect on T.
cruzi and was not metabolized by TbNTR, it was not analyzed
further. These findings are consistent with observations made
using mammalian cells expressing the E. coli type I NTR, NfsB,
and highlight the important contribution 2-nitro reduction
products make in mediating cytotoxicity (21, 22).

FIG. 3. Susceptibility of bloodstream-form T. brucei overexpressing TbNTR to aziridinyl nitrobenzamides. (A) Structures of the ANBs with
highest trypanocidal activity (Table 2). (B) Growth-inhibitory effect (IC50s in M) of CB1954, NH1, and NH2 on T. brucei cells overexpressing
TbNTR (TbNTRRV). Data are means from 4 experiments ⫾ SD, and the differences in susceptibility were statistically significant (P ⬍ 0.01), as
assessed by Student’s t test. Melarsoprol and nifurtimox were used as drug controls.
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some growth, differentiation, and infectivity. The system has
now been standardized in a 96-well plate format, where we can
reproducibly detect as few as 10 parasites in a mammalian cell
infection. Although the experiments conducted here assessed
only small number of compounds, the system can be readily
scaled up to permit high-throughput compound library
screening.
Nitrobenzamide-based compounds containing substituent
groups, such as an aziridinyl ring or a mustard chain, are being
evaluated as treatments for hypoxic cancers (25, 40). A key
step in their activity involves reduction of the nitro group(s) to
its hydroxylamine derivatives, a reaction mediated by type I
NTRs (10, 13). This conversion results in a rearrangement of
electrons around the aromatic ring that facilitates presentation
of cytotoxic moieties to the cell. Since trypanosomes are one of
a few eukaryotic organisms to express a type I NTR (54), it is
envisaged that such nitroheterocyclic anticancer compounds
may have potential in treating African sleeping sickness and
Chagas’ disease.
Several classes of ANBs have been developed, differing in
the number and positioning of nitro groups on the benzyl ring
(Table 1) (21). CB1954, the archetypal ANB, has two nitro
groups located at the 2 and 4 positions of a benzamide ring
with an aziridinyl ring at position 5 (designated group Ia). This
compound was readily metabolized by TbNTR (Fig. 2B) and
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For CB1954, both nitro groups can be reduced by bacterial
type I NTR to produce 2- or 4-hydroxylamine metabolites (30):
a 2,4-dihydroxylamine derivative can never be formed because
of an unfavorable electronic configuration. In mammalian
cells, both hydroxylamine forms are cytotoxic either directly or
through formation of downstream amine or acetoxy products
(22). Controversy surrounds which of these is the major killing
factor. Following studies using DNA cross-link repair-defective cells, it had been proposed that 4-hydroxylamine and its
acetoxy derivative were the most cytotoxic, acting as DNADNA cross-linking agents (28, 29). However, this has been
questioned given the superior bystander effects displayed by
the 2-amine form coupled with it showing potency similar to
that of the 4-hydroxylamine derivative in DNA cross-link repair-competent cells (22). Metabolism of CB1954 by TbNTR
produced both the 2- and 4-hydroxylamine forms (Fig. 2C), but
we could not detect either of the amine derivatives. When
HPLC fractions were screened for trypanocidal activity against
T. brucei BSF cells, only samples containing the 2-hydroxylamine displayed any growth-inhibitory effect. The reason for
this is unclear, but it may reflect differences in uptake of the
two forms, inability of the parasite to further process the 4-derivative to cytotoxic metabolites, variation in repair mechanisms displayed by the pathogen compared to the host, or
differential instability in the two hydroxylamine forms.
We have now identified three new NTR-activated trypanocidal agents based on CB1954 with the most potent showing
IC50s of ⬍1 M. Comparative toxicity studies have shown that
these compounds display selectivity in vitro toward the parasites (Table 2) having therapeutic indices of ⬎700-fold when
targeting BSF T. brucei and ⬎900-fold against T. cruzi amastigotes. The basis for this difference relies on the presence of a
type I NTR activity in parasites, a property that can be exploited in the development of new antiparasitic agents. Since
nitroheterocyclic compound-resistant parasites can be readily
selected for in the laboratory (50, 54), it is envisaged that such
compounds would be best suited for combinational therapies.
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