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Glucose 6-phosphate dehydrogenase (G6PDH) catalyzes the first step of the pentose-phosphate pathway
which supplies cells with ribose 5-phosphate (R5P) and NADPH. R5P is the precursor for the biosynthesis
of nucleotides while NADPH is the cofactor of several dehydrogenases acting in a broad range of biosyn-
thetic processes and in the maintenance of the cellular redox state. RNA interference-mediated reduction
of G6PDH levels in bloodstream-form Trypanosoma brucei validated this enzyme as a drug target against
Human African Trypanosomiasis. Dehydroepiandrosterone (DHEA), a human steroidal pro-hormone and
its derivative 16a-bromoepiandrosterone (16BrEA) are uncompetitive inhibitors of mammalian G6PDH.
Such steroids are also known to enhance the immune response in a broad range of animal infection mod-
els. It is noteworthy that the administration of DHEA to rats infected by Trypanosoma cruzi, the causative
agent of Human American Trypanosomiasis (also known as Chagas’ disease), reduces blood parasite lev-
els at both acute and chronic infection stages. In the present work, we investigated the in vitro effect of
DHEA derivatives on the proliferation of T. cruzi epimastigotes and their inhibitory effect on a recombi-
nant form of the parasite’s G6PDH (TcG6PDH). Our results show that DHEA and its derivative epiandros-
terone (EA) are uncompetitive inhibitors of TcG6PDH, with Ki values of 21.5 ± 0.5 and 4.8 ± 0.3 lM,
respectively. Results from quantitative inhibition assays indicate 16BrEA as a potent inhibitor of
TcG6PDH with an IC50 of 86 ± 8 nM and those from in vitro cell viability assays confirm its toxicity for
T. cruzi epimastigotes, with a LD50 of 12 ± 8 lM. In summary, we demonstrated that, in addition to host
immune response enhancement, 16BrEA has a direct effect on parasite viability, most likely as a conse-
quence of TcG6PDH inhibition.

Crown Copyright � 2010 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The pentose-phosphate pathway (PPP) converts glucose-phos-
phate to pentose-phosphates, essential precursors of nucleotides,
and produces NADPH as reducing equivalents for biosynthetic pro-
cesses and maintaining the redox balance. The pathway is orga-
nized in two parts, an irreversible oxidative decarboxylation of
glucose 6-phosphate (G6P) to ribulose 5-phosphate (Ru5P) and a
reversible non-oxidative interconversion of phosphorylated pen-
toses to glycolysis/gluconeogenesis intermediates (Fig. 1). Phos-
phoribosyl pyrophosphate (PRPP) formed from R5P is used in the
biosynthesis of histidine and nucleotides. Alternatively to the
PPP, most organisms have a ribokinase (EC 2.7.1.15) that allows
cells to produce R5P by phosphorylation of internalized ribose
units.1 Moreover, NADPH might also be produced by different cyto-
solic enzymes, like malic enzyme (EC 1.1.1.40) or isocitrate dehy-
010 Published by Elsevier Ltd. All r
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drogenase (EC 1.1.1.42). Redundancy in pathways producing R5P
and NADPH points to the importance of such metabolites to cellu-
lar viability. Although PPP might be dispensable for basal growth of
mammalian cells under culture conditions, G6PDH-deleted mouse
embryonic stem cells present a reduced cloning efficiency that can
be reverted by reduction of the oxygen pressure in the medium.2 In
humans, G6PDH deficiency is a hereditary metabolic disorder
which in the most severe cases results in hemolytic anemia, usu-
ally triggered by contact of red blood cells with oxidative agents.3

The NADPH produced by G6PDH and 6PGLDH is used by two
opposing processes involved in the maintenance of the redox bal-
ance in mammalian cells. In phagocytosing cells, NADPH supplies
electrons for the production of nitric oxide (NO) and reactive oxy-
gen species (ROS), a process known as ‘oxidative burst’ that is cat-
alyzed by the NADPH-dependent inducible NO synthase (EC
1.14.13.39) and NADPH-oxidase (EC 1.6.3.1).4 To control the oxida-
tive burst and neutralize the excess of NO and ROS, cells rely on
glutaredoxin and thioredoxin systems,5 where glutathione reduc-
tase (EC 1.8.1.7) and thioredoxin reductase (EC 1.8.1.9), both
ights reserved.
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Figure 1. Overview of the pentose-phosphate pathway (PPP) and its connection to glycolysis. PPP begins with the oxidation of glucose 6-phosphate (G6P) to 6-phospho-
gluconolactone (6PGL) with concomitant reduction of NADP+ to NAPDH, catalyzed by the glucose 6-phosphate dehydrogenase (G6PDH, EC 1.1.1.49). In the following two
steps of the oxidative branch, lactonase (EC 3.1.1.31) catalyzes the hydrolysis of 6PGL to 6-phosphogluconate (6PG), and 6-phosphogluconate dehydrogenase (6PGDH, EC
1.1.1.44) promotes the oxidative decarboxylation of 6PG to ribulose-5-phosphate (Rub5P), with reduction of an additional NADP+ to NAPDH. The PPP non-oxidative branch
starts with the isomerization and epimerization of Ru5P to ribose 5-phosphate (R5P) and xylulose 5-phosphate (Xu5P), catalyzed by ribulose 5-phosphate epimerase (Ru5PE,
EC 5.1.3.1) and ribose 5-phosphate isomerase (R5PI, EC 5.3.1.6), respectively. Then it proceeds through the alternated action of transketolase (TK, EC 2.2.1.1) and
transaldolase (TA, EC 2.2.1.2) producing glyceraldehyde 3-phosphate (G3P) and fructose 6-phosphate (F6P). Alternatively to the PPP, most organisms have a ribokinase (RK,
EC 2.7.1.15) that allows cells to produce R5P by phosphorylation of internalized ribose (Rib) units.
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NADPH-dependent enzymes, play pivotal roles. Parasites belong-
ing to the protist Trypanosomatidae family, which includes Trypan-
osoma brucei, Trypanosoma cruzi and Leishmania spp. also rely on
PPP to supply their oxidative defence system with reducing equiv-
alents. Nevertheless, trypanosomatids lack thioredoxin reductase
and instead of gluthatione its thiol redox component is the trypa-
nothione (N1,N8-bis-glutathionyl-spermidine). The NADPH-depen-
dent trypanothione reductase is exclusively found in
trypanosomatids and is essential for parasite proliferation and
neutralization of the host oxidative burst.6

T. cruzi is the causative agent of Chagas’ disease, which is esti-
mated to affect 18 million people in American tropical and sub-
tropical areas. Chagas’ disease progresses from an early and often
asymptomatic acute phase to a chronic and usually symptomatic
disease. One third of the people living with chronic Chagas’ disease
are expected to develop heart insufficiency and half of them are
not expected to live more than two years after the onset of cardiac
complication symptoms.7 There is no effective treatment for Cha-
gas’ disease. The available anti-trypanosome drugs, Nifurtimox
and Benznidazole are highly toxic to mammalian cells and conse-
quently provoke undesired side effects. Their mechanism of action
is not precisely understood, but both drugs are known to release
reactive nitrogen species that kill the parasites but are also toxic
to the mammalian host cells.8

T. cruzi G6PDH (TcG6PDH) was demonstrated to play a promi-
nent role for parasite survival when submitted to oxidative stress
conditions.9 In T. brucei bloodstream forms, the RNA interference
(RNAi)-mediated reduction of G6PDH levels affected normal cell
proliferation, killing parasites within 48 h after induction of the en-
zyme’s depletion.10 Additionally, it was shown for the first time
that the pro-hormone dehydroepiandrosterone (DHEA) is also able
to inhibit non-mammalian G6PDHs by an uncompetitive mecha-
nism identical to that observed for human G6PDH11 and, in the
case of TbG6PDH, with an inhibition constant in the low micromo-
lar range. Moreover, in vitro growth of bloodstream-form T. brucei
was interrupted by the addition of DHEA to the medium. Together,
these data provided both a genetic and chemical validation of
TbG6PDH as target for the development of new drugs against Hu-
man African Trypanosomiasis. In the work presented here, we (1)
describe the kinetic mechanism of TcG6PDH; (2) the mechanism
through which it is inhibited by DHEA and EA; (3) evaluate, by a
quantitative assay, the effect of DHEA, Epiandrosterone (EA), 16-
a-bromo-dehydroepiandrosterone (16BrDHEA) and 16-a-bromo-
epiandrosterone (16BrEA) on TcG6PDH activity; and (4) determine
the effect of these steroids on the in vitro growth of T. cruzi epim-
astigotes (i.e., the form of the parasite present in the insect vector).

2. Results

2.1. T. cruzi G6PDH purification and kinetic mechanism

N-Terminally His-tagged TcG6PDH was expressed in Escherichia
coli BL21 transformed with recombinant pET28 plasmids contain-
ing the gene encoding the long form of the enzyme, and purified
to homogeneity by a single nickel affinity chromatographic step.
Approximately 5 mg of pure TcG6PDH were recovered per liter of
E. coli culture. Enzyme kinetic analyses were performed with His-
tagged TcG6PDH. Reaction velocities, expressed as nmoles of
NADPH produced per second, were obtained by varying the G6P
concentration at different concentrations of NADP+. The conver-
gence of Lineweaver–Burk lines (Fig. 2) is consistent with a
sequential mechanism.12 Linear fit of secondary plots (1=Vapp-g6p

max

vs 1/[NADP+] and (Km/Vmax)app-g6p versus 1/[NADP+]) allowed the
calculation of kinetic constants using Cleland’s velocity equation:

m ¼ V1½A�½B�=ðKiaKb þ Kb½A� þ Ka½B� þ ½A�½B�Þ;

where Ka and Kb are the Michaelis constants for substrates A (G6P)
and B (NADP+), respectively; and V1 and Kia are the maximum veloc-
ity and a constant, respectively. The kinetic constants derived for
TcG6PDH are shown in Table 1.

2.2. Inhibition mechanism of T. cruzi G6PDH by steroids

TcG6PDH is uncompetitively inhibited by DHEA and EA. For en-
zymes with a sequential mechanism, the uncompetitive inhibition
is distinguishable from a competitive mechanism due to propor-
tional changes in apparent Km and Vmax values, calculated from data
obtained in assays with enzyme in the presence of different inhibitor
concentrations. Uncompetitive inhibitors can be readily identified
by inspection of Lineweaver–Burk plots, in which proportional



Figure 2. (A) Dehydroepiandrosterone (DHEA) and (B) epiandrosterone (EA) inhibition of T. cruzi G6PDH. Inhibitors were assayed against each substrate in separate
experiments. First, G6P was varied from 1250 to 9.77 lM with NADP+ fixed at a saturating concentration (250 lM), then NADP+ was varied from 250 to 1.95 lM while G6P
was kept at a saturating concentration (1.25 mM). The parallel lines in the Lineweaver-Burk plots confirm that DHEA and EA are uncompetitive inhibitors of TcG6PDH.

Table 1
Kinetic and inhibition constants of recombinant T. cruzi G6PDH

T. cruzi G6PDH

Kinetic constants
Mechanism Sequential
KG6P (lM) 206.0 ± 4.2
KNADP (lM) 22.5 ± 1.2
V1 (nmoles of NADPH s�1) 77.7 ± 2.5
kcat (s�1) 57.1 ± 1.9
KiG6P (lM) 105.3 ± 4.6

Inhibition constants
Mechanism Uncompetitive

G6P NADP
K 0i_DHEA (lM) 21.5 ± 0.5 22.3 ± 0.5

K 0i_EA (lM) 4.8 ± 0.3 4.8 ± 0.3
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changes of apparent Km and Vmax result in a family of parallel lines
(Fig. 3). DHEA and EA Ki values were independently calculated for
both TcG6PDH substrates and are reported in Table 1.

2.3. Quantitative TcG6PDH inhibition by DHEA derivatives

In the established quantitative G6PDH inhibition assay, the ef-
fect of different concentrations of inhibitors, varying from 0.0048
to 40 lM, was measured at fixed concentrations of the substrates
for the forward reaction (G6P and NADP+). IC50 values for DHEA,
EA, 16BrDHEA, and 16BrEA corresponding to the inhibitor concen-
trations that reduce the reaction velocity by 50%, were calculated
from the respective dose–response curves (Fig. 4) and are shown
in Table 2.

2.4. In vitro toxicity assays of DHEA derivatives against cultured
T. cruzi epimastigotes

The reduction of 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxy-
methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt
(MTS) to formazan was used as a measure of viable cells grown
in the presence of different concentrations of DHEA, EA, 16BrDHEA,
and 16BrEA. LD50 values, corresponding to the concentration of
each compound that reduces the number of viable cells by 50%,
were calculated from dose–response fitted curves (Fig. 5) and are
shown in Table 2.

3. Discussion

3.1. T. cruzi G6PDH as metabolic target for DHEA derivatives

The characterization of the TcG6PDH enzymatic mechanism
indicates that it follows a sequential mechanism (Fig. 2), in which
a ternary complex is established between the enzyme and both
substrates, G6P and NADP+. Such a ternary complex is required
for binding of uncompetitive inhibitors, like we demonstrated here
to be the case for DHEA and EA, against both substrates (Fig. 3).
True uncompetitive inhibition of a bireactant system is relatively
unusual. Frequently, an inhibitor may be uncompetitive with re-
spect to one substrate, but competitive to the other substrate.
Although rarely found in metabolism, true uncompetitive inhibi-
tion is claimed as the better choice for the discovery of more effec-
tive drugs and pesticides. That is because the effect of a
competitive inhibitor in a metabolic pathway can be reversed by
the accumulation of substrates of the targeted enzyme, while in
the case of an uncompetitive inhibitor the blockage can only be
overcome by the increase of the enzyme to inhibitor ratio13 and
consequently it would be necessary to increase the enzyme expres-
sion level. The metabolic effect of an uncompetitive inhibitor,
either the substrate accumulation or the product depletion, might
compromise the viability of a living organism before the cells may
be able to raise an effective response. Inhibition of TcG6PDH will
cause a reduction in the parasite’s cytosolic NADPH content. With
reduced NADPH levels, several biosynthetic processes necessary
for normal parasite growth might be affected. Since its trypanothi-
one system will also be indirectly affected by the reduced NADPH
production, the parasite might become more susceptible to the



Figure 3. Lineweaver–Burk and secondary plots for TcG6PDH. Velocity (V) is
expressed in nmoles of NADPH produced per second. In Lineweaver–Burk plots,
each curve was obtained at a fixed concentration of NADP+ (as indicated aside of the
plots) while the G6P concentration was varied from 1250 to 39 lM (resulted of a
twofold serial dilution).

Figure 4. Quantitative inhibition of T. cruzi G6PDH activity by DHEA (filled circle),
EA (filled square), 16BrDHEA (open circle), and 16BrEA (open square). Data for each
compound were adjusted to a dose–response curve. IC50 values, corresponding to
inhibitor concentrations that reduce the reaction velocity by 50%, were retrieved
from the curves shown in this figure and are given in Table 2.
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oxygen pressure of its environment. In this respect it is noteworthy
that in T. brucei the conditional knockout of trypanothione reduc-
tase arrested in vitro parasite growth, increased its susceptibility
to hydrogen peroxide and reduced its virulence.14

In general, a criterion used to select a promising target against
infectious diseases is the absence of a host homologous molecule,
or a homologue that is very different. Pairwise sequence align-
ments (data not shown) among T. cruzi, T. brucei, and L. mexicana
G6PDHs returned values around 62% of amino-acid identity. These
values drop to 48% when trypanosomatid enzymes are compared
to human G6PDH. Due to the uncompetitive inhibition mechanism,
planarity, and hydrophobicity, DHEA should bind to a hydrophobic
tight caveat present exclusively in the enzyme–substrates com-
plex. Visual inspection of human G6PDH crystallographic struc-
tures superposed with TcG6PDH homology based model does not
provide insights into the location of the putative DHEA binding ca-
veat. The characterization of the DHEA binding site will allow
chemistries to explore structural differences between the human
and trypanosomatid G6PDHs to produce selective inhibitors
against the parasite enzyme. Even if DHEA derivatives designed
to target the TcG6PDH present a residual inhibitory effect on the
human homologous enzyme, it is worth noting that humans can
live with reduced G6PDH levels, as observed in people with a mild
to moderate G6PDH deficiency due to a genetic disorder. Indeed, it
has been demonstrated that G6PDH-deleted mammalian stem
cells can grow in usual Dulbecco’s Modified Eagle’s medium, but
display an impaired cloning efficiency.2 In unmodified stem cells,
isocitrate dehydrogenase and malic enzyme also contribute to
the cytosolic production of NADPH, but only G6PDH is overexpres-
sed in response to oxidative stress conditions.15 Together these
findings suggest that TcG6PDH can be considered a promising tar-
get for the design of modern drugs against Chagas’ disease.

3.2. In vitro toxicity of DHEA derivatives to T. cruzi epim-
astigotes

According to Igoillo-Esteve and coauthors, among the four life
forms of T. cruzi, the epimastigote presents the lowest G6PDH levels,
most probably because inside the insect’s digestive tract the parasite
is not exposed to an oxidative environment and consequently, it
seems logical not to need an elaborate oxidative defense system.
The susceptibility of T. cruzi epimastigotes to DHEA derivatives, like
EA, 16BrDHEA, and 16BrEA, suggests that even in the absence of oxi-
dative agents the parasite requires a basal G6PDH activity to sustain
normal growth. That was also observed for T. brucei bloodstream
forms cultured in the presence of DHEA or EA at non-oxidative con-
ditions.10 Although, recombinant TcG6PDH is uncompetitively
inhibited by DHEA, we could not detect a relevant toxic effect of
DHEA against T. cruzi epimastigotes. Probably, the intracellular
DHEA concentration is lower then the extracellular one, perhaps ex-
plained by a possible enzymatic conversion of DHEA into andro-
stenediol and androstenedione,16 which are known to have no
effect on human G6PDH activity.17 Modification of the DHEA for-
mula, by halogenation of position C-16 provided 16a-fluor-epian-
drosterone18 and 16BrEA19,20 which are better inhibitors of human
G6PDH and are not converted to androgens. EA, 16BrDHEA, and
16BrEA were here demonstrated to be better inhibitors of TcG6PDH
than DHEA. Indeed, they are also toxic to T. cruzi epimastigotes, with
LD50 values in the low micromolar range (Table 2).

3.3. DHEA interaction with immune system and parasite
toxicity in different infectious diseases

DHEA and DHEA-sulfate (DHEAS) are inactive precursor ste-
roids synthesized from cholesterol in adrenal glands and further
converted into potent androgens and estrogens in peripheral tis-



Table 2
Quantitative inhibition (IC50) of T. cruzi G6PDH and toxicity for cultured epimastigotes (LD50) by DHEA and derivatives

No. Compound IC50 (lM) LD50 (lM)

1

DHEA (5a-androsten-3b-OL-17-one)

25.0 ± 3.5 nda

2

EA (5a-androstan-3b-OL-17-one)

5.6 ± 1.2 36.5 ± 3.6

3

16BrDHEA (5a-androsten-16a-bromo-3b-ol-17-one)

0.216 ± 0.024 20.6 ± 2.2

4

16BrEA (5a-androstan-16a-bromo-3b-ol-17-one)

0.086 ± 0.008 12.4 ± 1.2

95% confidence interval.
a nd, not detected within the inhibitor concentration range assayed.

Figure 5. T. cruzi epimastigote viability at different concentrations of DHEA (filled
circle), EA (filled square), 16BrDHEA (open circle), and 16BrEA (open square). Data
for each compound were adjusted to a dose–response curve. LD50 values,
corresponding to inhibitor concentrations that reduces the viable cells by 50%,
were retrieved from the curves shown in this figure and are given in Table 2.
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sues.21 DHEA and DHEAS secretion declines with age resulting in
the reduction of circulating androgen and estrogen hormones.
Although inactive as a hormone, DHEA is a potent inhibitor of
mammalian G6PDH, without activity on yeast or plant homologous
enzymes.22 G6PDH inhibition by DHEA lowers cytoplasmic levels
of NADPH and reduces the NADPH-dependent free radicals produc-
tion. The effective control of the oxidative burst during inflamma-
tory processes plays an important role in prevention of
autoimmune diseases, cancer23 and the general aging process.24
In adipocytes, the adenovirus mediated overexpression of G6PDH
leads to expression of pro-oxidative enzymes and inflammatory
cytokines associated with several obesity-mediated diseases like
insulin resistance, type-2 diabetes and arteriosclerosis.25 In such
cells, it was found that G6PDH inhibition by DHEA leads to reduc-
tion of expression of pro-oxidative enzymes, like iNOS and NADPH-
oxidase, and inflammatory cytokines like tumor necrosis factor al-
pha (TNF-a) and interleukine-6 (IL-6). Together, these data suggest
that control of G6PDH activity might protect mammalians cells
from an exacerbated immune reaction.

In addition to controlling the inflammatory process, DHEA and
16BrEA have been demonstrated to reduce parasitemia in animal
models for different infectious diseases and to impair parasite via-
bility in in vitro experiments (Table 3). The available data can be
arranged in two distinct groups, one that suggests DHEA to act as
a modulator of the host immune response26–31 and another that
demonstrates its toxic effect on cultured parasites.10,27,32–35 DHEA
efficacy on the immune system is supported by the increase of
cytokine levels associated with a type-1 immune response, trig-
gered by infection with Mycobacterium tuberculosis28 and T. cru-
zi.29–31 Contrary to these findings, prophylactic DHEA
administration to mice causes a reduction in Taenia crassiceps load
without altering Th1 cytokine levels.35 These conflicting data show
that one has to be prudent in generalizing the DHEA immune mod-
ulation properties to all infectious diseases and in assuming that
the enhancement of the host immunity is the unique cause of par-
asitemia reduction and disease control. In vitro DHEA toxicity has
been demonstrated against parasites from distinct phylogenetic
branches, like protozoa10,27 (Trypanosoma, Plasmodium) and meta-



Table 3
Examples of the efficacy of DHEA (and its derivatives) in the treatment of bacterial, protozoan, and metazoan infectious diseases

Parasite Experimental measure Action mechanism (experimental evidence) Ref.

Active through the host immune response modulation
Cryptosporidium parvum – Fecal oocyst shedding

– Parasite colonization in mouse intestine
Unclear 26

Plasmodium berghei – Parasitemia of infected rats treated with 16BrEA Unclear 27
Mycobacterium tuberculosis – Number of colony-forming units in lungs of

infected mice treated with 16BrEA
– Effect of 16BrEA on expression of iNOS, IFN-c,

TNF-a, IL-2, and IL-4

Enhancement of Th1 immune response
(increased levels of IFN-c, TNF-a and iNOS)

28

Trypanosoma cruzi – Parasitemia of infected rats
– IFN-c, IL-2 levels

Enhancement of Th1 immune response
(increased levels of IFN-c and IL-2)

29

– Parasitemia of infected rats during acute and
chronic infection stages

– IL-12 and NO levels

Enhancement of Th1 immune response at both
stages (increased levels of IL-12 and NO)

30

– Parasitemia of infected rats
– TNF-a and NO levels
– In vitro parasite growth inhibition

– Enhancement of Th1 immune response
(increased levels of TNF-a and NO)

– Low parasite toxicity (LDDHEA
50 ¼ 1064 lM)

31

Parasite toxicity independent of host immune system
P. falciparum In vitro parasite growth Plasmodial cytotoxicity (LD16BrEA

50 ¼ 7:5 lM) 27

Schistosoma mansoni In vitro assessment of parasite viability and
oviposition

Reduction of parasite viability and oviposition 32

P. berghei (CQ resistant) – DHEAS effect on parasitemia in mice
– Intra parasite GSH level and G6PDH activity

G6PDH inhibition and reduction of GSH levels 33

Entamoeba histolytica – In vitro parasite growth
– Measurement of DNA synthesis and putative

G6PDH and HMGR activities in parasites extracts

HMGR inhibition (ICDHEA
50 ¼ 89 lM) 34

Taenia crassiceps – In vivo parasite growth and reproduction
– Measure of IL-2, IL-4, IL-10 or IFN-c mRNA levels

from treated mice
– In vitro parasite growth

In vivo protection to parasite infection and
in vitro parasite growth inhibition, without
alteration on cytokine levels

35

T. brucei – In vitro parasite growth
– RNAi-mediated reduction of G6PDH expression
– Inhibition of recombinant TbG6PDH by DHEA

– In vitro parasite toxicity
(LDDHEA

50 ¼ 43:8 lM)
– TbG6PDH inhibition (K 0DHEA

i ¼ 1:7 lM)

10

T. cruzi – In vitro parasite growth
– Inhibition of recombinant TcG6PDH

– In vitro parasite toxicity (LD16BrEA
50 ¼ 12 lM)

– TcG6PDH inhibition (K 016BrEA
i ¼ 0:08 lM)

Present work
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zoa32,35 (Schistosoma and Taenia). Such parasites will grow in dif-
ferent host environments, with different nutritional resources
and, consequently, will depend on different metabolic routes. It
would be rather unlikely to identify a common metabolic target
for DHEA in all these parasites. In fact, two metabolic targets were
already identified in different parasites. In the bloodstream form of
T. brucei, the RNAi-mediated reduction of G6PDH levels impaired
parasite growth. The recombinant T. brucei G6PDH was inhibited
by DHEA and EA, and both compounds were toxic to the parasites
cultured in vitro.10 In Entamoeba histolytica, which lacks the oxida-
tive branch of the PPP, DHEA inhibited a putative hydroxymethyl-
glutaryl-CoA reductase (HMGR) activity, which is a key enzyme for
the biosynthesis of isoprenes.34 Based on the reviewed data, we
suggest that the in vivo DHEA efficacy in treatment of infectious
diseases might often be a combination of modulation of the host
immune response with a direct toxicity to the infectious agent,
through interference with its metabolism. Indeed, to support any
DHEA anti-parasite therapy, its effect on both the host immunity
and parasite viability should be independently evaluated.

4. Conclusion

In the presented work, It is shown that TcG6PDH is uncompet-
itively inhibited by DHEA and EA. A quantitative assay confirmed
that halogenification of DHEA (and EA) at position 16 resulted in
better TcG6PDH inhibitors; with IC50 values for 16BrEA below
100 nM. In vitro parasite viability assays showed that DHEA deriv-
atives, like EA, 16BrDHEA, and 16BrEA are toxic to T. cruzi epim-
astigotes. Although DHEA inhibits recombinant TcG6PDH, it does
not have a detectable toxic effect on parasite viability below the
highest tested concentration (100 lM). The parasite tolerance to
DHEA might be consequence of its conversion to androstenediol
and androstenedione.16 Despite the stimulation of the immune
system, DHEA derivatives were toxic to a broad range of parasites
in in vitro experiments. Our data support the inclusion of T. cruzi in
the list of parasites susceptible to DHEA derivatives and necessi-
tates the investigation of the TcG6PDH–DHEA complex structure
for its use in the development of new drugs against Chagas’
disease.

5. Experimental

5.1. TcG6PDH expression, purification, and steady-state kinetics

The cloning of the TcG6PDH gene in the pET28 expression vec-
tor has been described elsewhere.9 TcG6PDH was overexpressed in
E. coli BL21 transformed with the recombinant pET28 constructs
and incubated in ZYM-5052 autoinduction medium for 48 h at
25 �C. Cells were harvested by centrifugation at 4000 g during
20 min and disrupted in a French press cell at 13,000 psi. His-
tagged TcG6PDH was purified to homogeneity by metal affinity
chromatography on columns containing 4 ml Ni-NTA resin (Invit-
rogen) following the manufacturer’s recommended procedure.
TcG6PDH was eluted with 50 mM triethanolamine pH 7.6 and
0.4 M imidazole. In order to determine the reaction mechanism
of TcG6PDHs, the rates of NADPH formation were measured at
340 nm in a SpectraMax Plus384 spectrophotometer (Molecular De-
vices), using a 96 well titer plate and a final reaction volume of
0.2 ml per well. All pipetting steps were performed automatically
in a Biomek3000 robot (Beckman Coulter). Initially, 5 ll of differ-
ent G6P stock solutions were loaded into wells of the first four col-
umns. The reaction was started simultaneously in all wells of each
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column by addition of a solution mixture containing the enzyme
(1.4 nM TcG6PDH) and NADP+ (200, 100, 50, 25, 12.5, and
6.25 lM) in RB reaction buffer (50 mM triethanolamine pH 7.6,
2.5 mM MgCl2). The robot took less then 20 s to load solutions into
the four columns of the plate. The concentration of TcG6PDH in the
solution mixture was chosen in order to allow the measurement of
constant NADPH formation rates for a minimum of 60 s. In wells in
each plate’s row, the reaction occurs at different G6P ranging from
1250 to 39 lM (resulted of a twofold serial dilution) and a unique
NADP+ concentration. The procedure was repeated for the different
NADP+ concentrations. The Kapp-g6p

m and Vapp-g6p
max for different NADP+

concentrations were calculated from Lineweaver–Burk plots, In
‘1=Vapp-g6p

max versus 1/NADP+’ secondary plots, the y-intercept (when
x = 0) and x-intercept (when y = 0) correspond to 1/V1 and �1/K
NADP, respectively; and in ‘(Km/Vmax)app-g6p versus 1/NADP+’ second-
ary plots, the y-intercept (when x = 0) and x-intercept (when y = 0)
correspond to KG6P/V1 and �KG6P/(KNADP. KiG6P), respectively. The
parameters V1, KG6P, KNADP, and KiG6P are the kinetic constants from
Cleland’s18 equation.

5.2. DHEA and EA inhibition mechanism

Twenty-fold DHEA and EA stock solutions were prepared in 50%
DMSO. In the final reaction volume, the DMSO concentration was
reduced to 2.5%, which had no effect on TcG6PDH activity.
TcG6PDH was assayed in the presence of concentrations of EA
varying between 50 and 6.25 lM and DHEA between 100 and
12.5 lM of DHEA. A Biomek3000 robot was used to pipette assay
solutions into 96 well plates and NADPH formation rates were re-
corded in SpectraMax Plus384 (Molecular Devices). The final reac-
tion volume was 0.2 ml per well. TcG6PDH inhibition was
assayed separately for G6P and NADP+. For G6P as varying sub-
strate, 5 ll of G6P stock solutions were loaded into wells of four
plate’s columns, each plate row received a different G6P concentra-
tion varying from 1250 to 9.77 lM. The reaction was initiated by
addition of a solution mixture containing the enzyme (1.4 nM),
inhibitor and NADP+ (0.25 mM) in RB reaction buffer. For NADP+

as varying substrate, 5 ll of NADP+ stock solutions were loaded
into wells of four plate’s columns, each plate row received a differ-
ent NADP+ solution. The final NADP+ concentration varied from 250
to 1.95 lM. The reaction was initiated by addition of a solution
mixture containing the enzyme (2 nM), inhibitor and G6P
(1.25 mM) in RB reaction buffer. Linear absorbance rates were re-
corded for 80 s.

5.3. Quantitative inhibition assays

Each tested compound was initially prepared at 4 mM in 100%
DMSO. Stock solutions were obtained applying a 50% serial dilution
in 100% DMSO. Five microliters of each inhibitor stock solution
were placed in the bottom of a 0.5 ml quartz cuvette. Next,
245 ll of RB containing 0.4 mM NADP and 2 mM G6P was added
to each cuvette. The reaction was started by addition of 250 ll
RB containing TcG6PDH (4 nM). The NADPH production rates from
six different cuvettes were measured simultaneously at 340 nm in
a Cary100Bio spectrophotometer (Varian). Data obtained from
three independent experiments were normalized and fitted to a
sigmoidal curve.

5.4. T. cruzi viability assay

2 � 106 cells of T. cruzi (Y strain) epimastigotes were incubated
in 1 ml LIT medium with 1% DMSO and DHEA, EA, 16BrDHEA or
16BrEA at concentrations of 3.12, 6.25, 12.5, 25, 50, and 100 lM
for 72 h at 28 �C. Next, 80 ll of MTS (5% PMS) from the CellTiter96�
AQueous One Solution Cell Proliferation Assay (Promega) was added
to 400 ll of each T. cruzi culture; the suspensions were distributed
over a 96 well plate (100 ll per well) and incubated at 28 �C for an
additional 3 h. Soluble formazan, produced by viable cells by
reduction of MTS, was measured at 490 nm in a Cary50 microplate
reader (Varian). Data obtained from three independent experi-
ments were normalized and fitted to a sigmoidal curve.
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