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In the search of molecules that can serve as leads in the design of a new drug for the treatment of Chagas’
disease, we found that some brevifolin carboxylate derivatives isolated from Geranium bellum Rose, inac-
tivate triosephosphate isomerase from Trypanosoma cruzi (TcTIM) in a species-specific manner. After
spectroscopic characterization, these compounds were identified as methylbrevifolin carboxylate (1),
ethylbrevifolin carboxylate (2), butylbrevifolin carboxylate (3) and the methylated derivate methyl tri-
O-methylbrevifolin carboxylate (4). The concentrations required to inactivate fifty percent the activity
of TcTIM were 6.5, 8 and 14 lM of 1, 2 and 3, respectively, while compound 4 had no inhibitory effect.
Molecular docking simulations of 1 on the structure of TcTIM showed that residues of both monomers
interact with the compound. These compounds are very selective with respect to the parasite enzyme,
since they showed no effect on the activity of human TIM at concentrations as high as 1 mM. In conclu-
sion, the brevifolin carboxylate derivatives described here are excellent leads in the search of a new che-
motherapy for the treatment of this disease.

� 2009 Elsevier Ltd. All rights reserved.
Trypanosomatids are the causative agents of a number of com-
promising diseases affecting not only humans but also domestic
animals. Chagas’ disease caused by the parasite Trypanosoma cruzi
is widely disseminated in Central and South America, representing
an endemic disease in 21 countries of this geographic region. It has
been estimated that this disease affects 9.8–11 million people, and
60 million are at risk.1,2

The nitrofuran, nifurtimox and the nitroimidazole, Benznidaz-
ole are the current drugs employed for treatment of Chagas’ dis-
ease. However, not only the adverse effects promoted by both
drugs but also the failure to clearance parasites result in a frequent
interruption of treatment.3 On the other hand, Gentian Violet con-
stitutes the only alternative for eliminating T. cruzi from blood dur-
ing transfusions.4 Therefore, there is an urgent need to develop
new and efficient drugs against T. cruzi.

An important characteristic in the metabolism of trypanoso-
matids is their dependence on glycolysis as an energy source for
cellular work. Thus, enzymes of this pathway represent excellent
All rights reserved.
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targets for the search of selective molecules to inhibit them and af-
fect their metabolic function.

In this context, several groups have proposed triosephosphate
isomerase (TIM) as a target for drug design against parasitic dis-
eases.5–7 TIM catalyzes the isomerization of glyceraldehyde-3-
phosphate and dihydroxyacetone phosphate in the fifth step of
the glycolytic pathway. Structurally, most of the known TIMs are
homodimers, each monomer consisting of eight parallel b-strands
forming a barrel, surrounded by eight a-helices. The interface be-
tween monomers occupies a significant portion of the molecular
surface area of each monomer, around 1496 Å in TIM from T. cruzi
(TcTIM).8 Interestingly, TIM is active only in its dimeric form;9,10

therefore, the targeting of small molecules to the interface of TIM
may potentially induce structural modifications and alter the di-
mer integrity may provoke enzyme inactivation.

Products isolated from nature represent an important and vast
source of new leads for drug design. In fact, around 40% of all
new chemical entities approved from 1981 to 2006 had a nature
origin; in reference to antiparasite drugs, this figure is close to
50%.11 Of particular interest for this study, it has been reported that
several plant derived compounds posses anti-trypanosomal
activity.12,13
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Figure 1. Structure of brevifolin carboxylate derivatives. Methylbrevifolin carbox-
ylate (1), ethylbrevifolin carboxylate (2), buthylbrevifolin carboxylate (3) and
methyl tri-O-methylbrevifolin carboxylate (4). Carbon numbering for compound 3
is showed.

Table 1
I50 of compounds 1–4 on TcTIM and hTIM

Compound I50 (TcTIM) n I50 (hTIM)

1 6.5 lM 0.81 >1 mM
2 8 lM 0.87 >1 mM
3 14 lM 0.90 >1 mM
4 >1 mM ND >1 mM

The I50 and n value were obtained from the fitting of concentrations curves to
equation V i ¼ ðV0 � In

50 þ InÞ were Vi indicates activity at a given concentration of
the inactivating agent, V0 is the initial activity, I50 the concentration of the com-
pound that induces half-maximal inactivation, I the concentration of the tested
agent, and n is a measure of cooperativity.16 ND no determined.

Figure 3. Inactivation of TcTIM at different enzyme concentrations. Specific activity
of the enzyme in absence (solid squares) and presence (open circles) of 50 lM of
compound 1. The assay conditions were as described before14 except that at higher
protein concentrations, dilutions were made to measure activity with 5 ng of
enzyme.
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In this work, we studied the inactivation of TcTIM14 by four
brevifolin carboxylate derivatives (Fig. 1), three of them (com-
pounds 1, 2 and 3) were isolated from the plant Geranium bellum
Rose and one (compound 4) was obtained by alkylation of 1.15

Compounds 1, 2 and 3 inactivate TcTIM in the low micromolar
range (Table 1); these compounds differ on the substituent at the
Figure 2. Inactivation of TcTIM by compound 1. (A) Effect of different concentrations of m
constants at different concentrations of 1; these were determined from measurements of
carboxyl group, with methyl, ethyl, and butyl for compounds 1, 2
and 3, respectively. The concentration that induces the half-maxi-
mal inactivation of the enzyme (I50) as well as the n value for each
compound was calculated from concentration curves and fitting
the data to equation described in Table 1. Figure 2A shows the con-
centration curve obtained from compound 1, for compounds 2 and
3 the curves were similar (data not show). The n value obtained
was close to one for the three compounds, suggesting that only
one molecule of them is necessary to inactive TcTIM16 (Table 1).
Furthermore, the results indicated that as the carbonated chain is
enlarged, inactivation decreases (Table 1). We also explored the
role of the three hydroxyl groups in the brevifolin ring; to this
end, the protons of the –OH groups in brevifolin ring of compound
1 were replaced by methyl groups to obtain compound 4. At 1 mM
concentration this molecule had no effect on TcTIM (Table 1). This
result suggests that at least some of the hydroxyl groups of brevif-
olin ring play a crucial role in the effect of these molecules.

Inactivation of TcTIM by compounds 1, 2 and 3 increased with
the incubation time. The plots of ln of remaining activity versus
time were linear, indicating that inactivation was a pseudo-first-
order reaction. The first-order rate constants of inactivation at
several concentrations of 1, 2, and 3 were obtained from the
ethylbrevifolin carboxylate on TcTIM activity. (B) Plot of the pseudo-first-order rate
activity at different times of incubation with the indicated compound concentration.



Figure 4. Binding of compound 1 into the TcTIM dimer interface. (A) 2D diagram of interaction between compound 1 and TcTIM. (B) Molecular surface of residues around
compound 1 colored by hydrofobicity as follows: acceptors or hydrogen bond donors (purple), mild polar (blue) and hydrofobic (green). The local secondary structure is
represented by red ribbons and cyan strands for helices and loops, respectively.
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exponential decay of activity; these values were plotted against the
compound concentration. The plots were not linear, instead they
level off at relatively high concentrations as can be seen for com-
pound 1 (Fig. 2B). This pattern is characteristic of a process in
which initial ligand binding is followed by enzyme inactivation
in the enzyme–ligand complex.17 From this plot an apparent disso-
ciation constant and an apparent maximum rate constant for bind-
ing and inactivation of 10.4 lM and 0.014 min�1 respectively, for
compound 1 were obtained (Fig. 2B).

We further investigated whether the compounds described in
this work selectively inactivate TcTIM. To this end, the effect of
compounds 1–4 on the activity of human TIM (hTIM) was deter-
mined. As shown in Table 1, none of the four compounds employed
at concentrations as high as 1 mM, affected the activity of hTIM.

In order to investigate the mechanism by which these com-
pounds inactivate TcTIM, a more detailed study of the most effec-
tive molecule (i.e., compound 1) was made. Thus, we first
determined if compound 1 acts on the TcTIM dimer, by interfering
with the association and dissociation of the monomers. As gov-
erned by the dissociation constant between oligomeric proteins,
the ratio between monomers and dimers depends on the protein
concentration. As shown in Figure 3, the detrimental effect of com-
pound 1 on TcTIM decreased as the concentration of the enzyme
increased. This result suggests that compound 1 acts on the inter-
face of the TcTIM dimer interfering with association and dissocia-
tion process of the monomers.

To better investigate this notion, a molecular docking simula-
tion of the binding of 1 into TcTIM interface was made.18 The re-
sults of this analysis predict that compound 1 interacts with
residues of both TcTIM monomers, establishing hydrogen bonds
with Asn67, Glu78 of monomer A and Glu78, Arg99 of monomer
B (Fig. 4A). Furthermore, compound 1 had a p–p and a p-cation
interactions with Tyr103 of monomer B and Arg99 of monomer
A, respectively (Fig. 4A). The amino acids residues that are located
at a distance lower than 4.5 Å of the ligand are: Asn67, Ala68, Ile69,
Glu78, Arg99, Tyr103, Gly104, Glu105, Ile109 and Lys113 of mono-
mer A; as well as Glu78, Arg99 and Tyr103 of monomer B (Fig. 4A).
Thus, it is likely that the hydroxyl groups and the brevifolin car-
boxylate nucleus are instrumental in the binding of compound 1
to the enzyme and that its effect is modulated by the substituent
at the carboxyl group. An interesting observation is that the methyl
group of compound 1 binds in a hydrophobic patch at the TcTIM
interface (Fig. 4B). This information will prove to be important dur-
ing search of different substituents for designing new brevifolin
carboxylate derivatives.

Although there are previous reports describing pharmacological
properties of compound 119–24 there are no currents reports
describing the antiparasitic action of this compound. As demon-
strated here, compounds 1, 2 and 3 are highly selective inhibitors
of TcTIM; therefore, they are excellent leads for the synthesis of
more potent molecules in order to obtain new drugs in the chemo-
therapy against Chagas’ Disease.
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