
Abstract A theoretical docking study on the active sites
of trypanothione reductase (TR) and glutathione reduc-
tase (GR) with the corresponding natural substrates, try-
panothione disulfide (T[S]2) and glutathione disulfide
(GSSG), is reported. Molecular dynamics simulations
were carried out in order to check the robustness of the
docking results. The energetic results are in agreement
with previous experimental findings and show the
crossed complexes have lower stabilization energies than
the natural ones. To test DOCK3.5, four nitro furanic
compounds, previously designed as potentially active 
anti-chagasic molecules, were docked at the GR and TR
active sites with the DOCK3.5 procedure. A good corre-
lation was found between differential inhibitory activity
and relative interaction energy (affinity). The results pro-
vide a validation test for the use of DOCK3.5 in connec-
tion with the design of anti-chagasic drugs.
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Introduction

Trypanosomatids, protozoa belonging to the order Kine-
toplastida, suborder Trypanosomatina, are the causative

agents of a number of infectious diseases that pose seri-
ous medical and economic problems for many millions
of people. In particular, Chagas’ disease, caused by Try-
panosoma cruzi (T. cruzi), is very prevalent in Latin
America. [1] Although these infectious diseases have
been the targets of extensive scientific research, the c
urrent therapies for trypanosomal infection are far from
adequate; the low efficacy and high toxicity of current
drugs help explain this failure. [2] The situation is aggra-
vated by the ability of trypanosomatids to develop drug
resistance rapidly. Therefore, there is a great need for
new and improved drugs.

One possible approach to the problem is knowledge
based drug development. [3, 4, 5] In effect, after identifi-
cation and structure and function characterization of a
given metabolic pathway or enzyme, the resulting infor-
mation can be utilized to search for appropriate drugs,
acting, for instance, as enzyme inhibitors. In this respect,
the catalytic enzyme couple glutathione/trypanothione
reductase offers one possible target for therapy develop-
ment. Glutathione reductase (GR) in humans and try-
panothione reductase (TR) in trypanosomatids ensure
high thiol levels inside the cells by acting specifically on
their cognate disulfide substrates, GSSG (L-γ-glutamyl-
L-cysteinylglycine) and T[S]2 (N1,N8-bis(glutathionyl)
spermidine), respectively. The structural formulae of
GSSG and T[S]2 are detailed in Scheme 1. GR catalyzes
the NADPH-dependent reduction of GSSG to yield the
thiol form, GSH. It is this species that plays a significant
role in cell metabolism. [6] Among its numerous func-
tions, the scavenging of free radical derivatives stands
out. TR, in trypanosomatids, acts in a similar fashion 
to its mammal counterpart, converting T[S]2 to the 
dithiol form, T[SH]2, again using NADPH as coenzyme.
Trypanosomes contain low levels of GSH, but no GR.
Rather, T[SH]2 helps reduce GSSG by means of thiol–
disulfide exchange. [7] In this way, GSH is also respon-
sible for the neutralization of highly reactive species 
in trypanosomatids. Thus, selective inhibition of TR 
has been considered by many authors to be a possible 
solution.
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Over the past few years, a great deal of work has been
devoted to the elucidation of the three-dimensional struc-
tures of GR and TR. As a result, the crystal structures
from a variety of sources, including the complex with the
substrate, are now available. [8, 9, 10, 11, 12, 13] GR
and TR belong to the family of flavin-containing disul-
fide oxido-reductases. They are active as homo-dimers
of about 52 kDa per subunit mass and display an overall
40% sequence homology. [14, 15, 16, 17, 18] The cata-
lytic site is rather complex, comprising two separate 
regions, i.e., the NADP site (N-site) and the active site
(G-site), connected to each other by the flavin ring of
FAD and a redox active disulfide bridge. Besides, the 
dimer interface region defines a putative binding site
known as the allosteric site. There is evidence that suit-
able ligands, such as menadione (2-methyl-1,4-naphto-
quinone), bound at this site, can elicit molecular pertur-
bations capable of being transmitted onto the catalytic
region. [19] This site is not studied here.

The structural catalytic elements in GR and TR are
conserved: namely, the redox active isoalloxazine ring of
FAD, a disulfide bridge, and two couples of proton relay
residues at the G-site (active site) and N-site (NADP

site), respectively. The proton relay function acts during
the electron transfer step. [20, 21] The electrons from the
nicotinamide are thought to flow successively along the
isoalloxazine and the disulfide bridge, finally reducing
the substrate disulfide. [20, 21] The crucial feature in 
relation to therapeutic strategies is the fact that each 
enzyme is specific for its cognate substrate; the crossed-
complexes, GR–T[S]2 and TR–GSSG, have proven to be
non-catalytic. [22] This supports the possibility for a 
selective inhibition of the parasite enzyme, thus leaving
the host GR unaffected. Given the key role of TR in 
relation to the survival of the parasite, [23, 24, 25] it is
clear that the selective inactivation of the enzyme would
render the trypanosome susceptible to massive oxidative
stress resulting in rapid cellular decay. Hence, TR appears
to be an optimal target for rationally based drug design.

In the past, a fair number of candidates for selective
inhibition have been proposed. [26, 27, 28, 29, 30, 31,
32, 33] In particular, it is well known that nitrofuran
compounds are active as enzyme inhibitors of trypano-
thione reductase. In fact, one such compound, Nifur-
timox, has been widely used in the treatment of acute
Chagas’ disease. Nevertheless, a truly selective inhibitor
of the parasite enzyme has turned out to be elusive.

It is widely accepted that productive binding, usually
implying a molding work of the substrate, is a key step
in enzyme catalyzed reactions. [34] This process has to
be fulfilled before the actual chemical steps at the active
site take place. In this sense, ligands (e.g. inhibitors) that
are able to occupy the active site readily at low molding
intramolecular energy expenses, would form the most
stable complexes with the catalytic receptor and eventu-
ally would undergo chemical reaction. [34and references
therein] Therefore, an accurate energy measure of the
binding step is desirable if one is to assess the relative
inhibitory capacity of a given set of molecules towards
particular enzyme or receptor sites.

Theoretical docking procedures [35, 36, 37] are suit-
able tools to adjust ligands at target sites and to estimate
interaction energy (affinity) of the binding step by means
of rigid energy minimization methods of the molecular
interactions involved. Alternatively, one can resort to
more elaborated approaches such as molecular dynam-
ics, [38, 39] which provide more accurate and detailed
energetic measurements on ligand–receptor molecular
interactions, as solvation effects and accessible configu-
rational space related components can be taken into 
account. From these data, an affinity, obtained as inter-
action energy, can easily be extracted.

Here, we present a theoretical docking study on the
substrates GSSG and T[S]2 at the active sites of glutathi-
one reductase and trypanothione reductase in order to
provide structural and energetic clues on the above men-
tioned ligand specificity. Four different complexes were
obtained, namely, GR–GSSG and TR–T[S]2 and the
crossed complexes GR–T[S]2 and TR–GSSG. To evalu-
ate the robustness of the docking results, molecular 
dynamics simulations are performed on the ligand–
enzyme complexes. A word of caution is necessary. The
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Scheme 1 Molecular formulae for I: glutathione disulfide (GSSG)
and II: trypanothione disulfide (T[S]2)



purpose in using MD calculations is to get a measure of
the affinity of the ligand towards the active site. A calcu-
lation of solvation energy (docking energy) is not 
required; this quantity demands heavy computing. The
data reported here can eventually be used in connection
with statistical mechanical methods developed by Åqvist
and coworkers (see for instance [40]). However, we do
not use their approach because, at this point in time, the
focus is on the comparison with DOCK results and not
on a methodology designed to get binding free energies.
The affinity results obtained here show that the
DOCK3.5 program is successful in predicting relative 
interaction energies (affinities). This situation prompted
a docking test on a set of nitro-compounds [41] with 
anti-chagasic activity although they do not have in vitro
specificity for the parasite enzyme.

Methods

The docking calculations at the active sites were carried
out with the crystal structures of human glutathione reduc-
tase and trypanothione reductase from T. cruzi [9, 13] and
the available crystallographic information for the natural
substrates. The program DOCK3.5 was used in all the
cases reported. [35, 36] Prepared ligand molecules were
docked using the contact and force field scoring scheme
and subsequent output minimization. The filtering and
analysis of output data were done with the o6.1 program
[37] taking into account the best force field scores and the
orientation of ligands with respect to the redox active
group, i.e., the disulfide bridge at the G-site.

The crystal structures for the complexes GR–GSSG
and TR–T[S]2, along with the theoretical docking con-
formation of GSSG in TR, were used to seed the molec-
ular dynamics (MD) simulations. For T[S]2 in GR, the
starting point came from a graphical docking since
DOCK could not position the ligand properly at the 
corresponding site (see below). (Systems for the free
(unbound) substrates were also studied.)

All MD simulations, performed with the program
GROMOS87, [38] were carried out with spherical sys-
tems of 28 Å radius, centered on the ligand disulfide
bridge. Water was added to fill the spheres using the
SPC (simple point charge) potential in all cases. For the
complexes, spheres comprised some 3,500 solute atoms
and nearly 1,500 water molecules while there were as
many as 3,000 solvent molecules for the unbound ligand
spheres. All protein atoms and/or water molecules out-
side a radius of 13 Å were fixed (extended wall region
method). The twin range scheme was used to treat the
non-bonded interactions; van der Waals and electrostatic
interactions were evaluated at every time step within a
10 Å shell. Electrostatic interactions alone were updated
every 50 time steps for those atoms in the spherical shell
found between 10 Å and 15 Å. Prior to the MD simula-
tion itself, each system was energy minimized using the
“steepest descent” algorithm to allow relaxation of the
solvent molecules. The system was coupled to a heat
bath [39] with τ=0.05 where the simulation temperature
was held at 300 K except during the initial heating phase
when the temperature was slowly raised in steps by a
20 ps scheme. During this phase, solute atoms were re-
strained to their initial positions by strong harmonic re-
straints, which were successively weakened and finally
removed at the end of the scheme. Trajectories (extended
wall mode) were continued for an additional 250 ps.
Non-bonded energy data were collected throughout the
last 50 ps. The SHAKE algorithm was enabled to speed
up simulations. Structure and energy data from the simu-
lations were processed with the NICE package. [42]

Molecular surface and volume for T[S]2 and GSSG,
and the enzyme active sites, were obtained by means of
GRASP. [43]

Results

In Table 1, the GROMOS and DOCK results for the non-
bonded interaction energy (total, electrostatic and van
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Table 1 DOCK and GROMOS electrostatic (el), van der Waals
(vdw) and total (el plus vdw) non-bonded energies of T[S]2 and
GSSG docked at trypanothione reductase and glutathione reduc-
tase active sites. Output for the non-bound substrates is also in-
cluded. For the docking results, energies correspond to the best

score orientation which is also the closest to the redox active di-
sulfide bridge (see Table 4). MD results represent averages over
the last 50 ps of the simulations (standard deviations are given).
Values in kcal mol–1

System Energy

Molecular dynamics Docking

Solute–protein Solute–solvent Solute–protein+solute–solvent el vdw Total

el vdw Total el vdw Total el vdw Total

GSSG – – – –537±20 –4±1 –541±21 –537±20 –4±1 –541±21 – – –
T[S]2 – – – –401±15 –21±4 –422±19 –401±15 –21±4 –422±19 – – –
GR–GSSG –414±18 –49±4 –463±22 –193±12 10±2 –183±14 –607±30 –39±6 –646±36 –43 –31 –74
TR–T[S]2 –321±18 –58±4 –379±22 –243±12 3±1 –240±13 –563±30 –56±5 –619±35 –12 –38 –50
GR–T[S]2 –224±17 –75±5 –299±22 –84±9 –3±1 –87±10 –308±26 –78±6 –386±32 –8 –13 –21
TR–GSSG 129±20 –48±3 81±23 –372±12 14±2 –358±14 –243±32 –34±5 –277±37 2 –25 –23
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Table 2 Solvent accessible areas (Sas) and volumes of T[S]2 and
GSSG. Enzyme active sites volumes are also included. Values in
Å2 (Sas) and Å3 (volume)

Compound Sas Volume

GSSG 511.5 520.4
T[S]2 561.6 636.3
GR active site 1917.0 2422.5
TR active site 2193.3 2608.1

Table 4 Geometric distance of closest conformation of the natural
substrates and synthetic compounds to the redox active moieties of
trypanohione reductase and glutathione reductase (i.e. S53 and S58
respectively). Data were measured from the disulfide bridge (SI)
in the natural substrates and the nitro group in the synthetic com-
pounds. Values in Å

Distance

GR TR

4.0 4.1
18.0 5.2

4.1 5.6
4.0 5.9
4.1 5.8
6.2 5.4

Table 3 DOCK and GROMOS electrostatic (el), van der Waals
(vdw) and total (el plus vdw) non-bonded energies of various
T(S)2 fragments docked at trypanothione reductase active site.

Sper=spermidine, cys=cysteine, gly=glycine. Values in kcal mol–1.
MD values are shown in parentheses and correspond to the final
output of simulation

Fragment Energy Weighted energya

el vdw Total el vdw Total

sper –9.7 (–144) –12.9 (–34) –22.6 (–178) –1.0 (–14.4) –1.3 (–3.4) –2.3 (–17.8)
gly–sper–gly –8.9 (–174) –15.7 (–23) –24.6 (–197) –0.6 (–9.7) –1.0 (–1.3) –1.6 (–11.0)
cys–gly–sper–gly–cys –7.4 (–181) –21.7 (–42) –29.1 (–223) –0.3 (–6.0) –0.6 (–1.4) –0.9 (–7.4)
T[S]2 –11.7 (–330) –38.3 (–58) –50.0 (–388) –0.2 (–6.9) –0.8 (–1.2) –1.0 (–8.1)

a Energy/number of heavy atoms in moiety

Scheme 2 Synthesized 5-nitrofuranic derivatives

Table 5 Electrostatic (el), van der Waals (vdw) and total (el plus
vdw) non-bonded energies of ligands docked at glutathione 
reductase and trypanothione reductase active sites. Energies 
correspond to the docked conformation closest to the redox active
site disulfide bridge, respectively (see Table 4). Values in
kcal mol–1

Compound Energy

GR active site TR active site

el vdw Total el vdw Total

GI01 (1) –2.1 –26.6 –28.7 –1.7 –21.3 –23.0
GI03 (2) –2.3 –25.1 –27.4 –1.6 –21.5 –23.1
RD06 (3) –1.0 –26.4 –27.4 –1.2 –22.1 –23.3
HC05 (4) –4.9 –23.6 –28.5 –1.4 –22.0 –23.4

last 50 ps of simulation. Table 2 includes information on
active sites molecular surfaces and volumes. Table 3 
displays the docking and MD energies of some T[S]2
molecular fragments. The distances between the sulfur
atoms, one in the (rigid) docked molecule and the other
from the active site disulfide, can be found in Table 4.
We include in this table the distances from the nitrogen
atom of the synthetic compounds (1) to (4) (shown in
Scheme 2, see the Discussion section) to the proximal
catalytic sulfur. Finally, Table 5 includes DOCK non-
bonded interaction energy results for compounds (1) 
to (4). 

der Waals contributions) are shown for GSSG and T[S]2
at the active sites of GR and TR. GROMOS energies for
the free solvated substrates are also included. DOCK
values correspond to the best score orientations, which
are also the closest to the enzyme disulfide bridge in
each case. MD values represent time averages over the



Figures 1, 2 and 3 report an analysis of the MD trajec-
tories where overall energy and structure time evolutions
are monitored, respectively. Both the energy measures
and the root mean square deviations (RMSD, see Appen-
dix 2) show that the systems attain equilibrium early.
These results show the starting solvated systems were
reasonably well constructed. The output from the heating
step prior to the MD run is not included in the analysis.
Since the motion of all solute atoms was restricted dur-
ing this stage, the energetic and structural properties are
not fully comparable to those of the full dynamics run
(see the Methods section for more details). 

The energy results derived from the docking study
must be treated with caution. It is well known that energy
values calculated with Molecular Mechanics strongly de-
pend on the size (number and type of atoms) of each par-
ticular molecule and the functional form or parameteriza-
tion of the force field. Thus, absolute energy values are
meaningless, the discussion is restricted to energy differ-
ences between bound and free states of a ligand or with
respect to two or more different receptor sites. This type
of theoretical method only provides information on rela-
tive ligand affinities. On the other hand, the molecular
dynamics approach is much more accurate than the scor-
ing methods, such as DOCK itself. Because of their in-

trinsic static nature, DOCK results lack accessible config-
urational space contributions (represented by the confor-
mational space sampling in MD); hence the docking 
values should be pictured as plain potentials. In addition,
MD allows for an explicit treatment of the solvent, e.g.
water, thus providing a closer representation of reality.
The comparison between the two methods is limited to
relative affinities. Therefore, no attempt is made here to
calculate a docking (binding) energy; such a quantity re-
quires supplemental information (new MD simulations of
the protein in water without ligands). For this reason, the
solvent–solvent energy is not reported. The energy entries
are then to be used to estimate active site affinities that
are comparable with those obtained with the DOCK pro-
gram.

During the physiological catalytic reaction occurring
in GR and TR, it is accepted that a charge transfer com-
plex, involving the proximal sulfur atom of the enzyme
disulfide (S53 in the crystal of TR and S58 in the crystal
of GR) and SI in the disulfide substrate, forms. Figure 4
shows the orientations of GSSG in the active site of GR
both as in the crystal complex and as a result of the
docking (best score conformation, see Tables 1 and 4).
The same information for T[S]2 in TR is depicted in
Fig. 5. The RMSDs of 0.3 Å and 0.9 Å between the said
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Fig. 1 Energy results in
kcal mol–1 for the complexes
TR–T[S]2 and GR–GSSG, 
and the corresponding crossed
complexes TR–GSSG and
GR–T[S]2, along 250 ps of MD
simulation. Data from the pre-
liminary heating phase are not
included. For all cases, values
are given for the whole solva-
ted system. V(total)=potential
energy, K(total)=kinetic energy,
H(total)=total energy (V+K)



orientations of GSSG and T[S]2, respectively, are evi-
dence of the quality of the docking results compared to
the experimental data, thus supporting the theoretical
procedure followed here. Note, however, that the final
position assigned to T[S]2 in TR is not as accurate as
compared with the docking of GSSG in GR. The latter is
virtually the same as the experimental data. 

The docking results in Table 1 (columns 11, 12 and
13) show the substrate–protein interaction energies in the
crossed complexes to be well above (less stabilization)
those for the natural complexes; the energies for the for-
mer are three (GSSG) and two (T[S]2) times larger than
the latter. For GSSG, in particular, it is apparent that the
electrostatic potential varies quite a lot when bound to
GR or TR (see the entry in Table 1, column 11). This, in-
deed, is the major component for the energy discrepancy
and indicates that the electrostatic factor is dominant as
far as selectivity is concerned. In fact, the natural sub-
strates possess different electrostatic traits: GSSG carries
a negative net charge (–2) and T[S]2 has a positive
charge of +1. This is due to the replacement of the gly-
cine’s carboxylate groups in GSSG by the amide linkage
with the protonated spermidine arm in T[S]2 (see
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Fig. 2 Potential energy results
in kcal mol–1 for the complexes
TR–T[S]2 and GR–GSSG, 
and the corresponding crossed
complexes TR–GSSG and
GR–T[S]2, along 250 ps of MD
simulation. Data from the pre-
liminary heating phase are not
included. For all cases, values
are given for the solute (pro-
tein+ligand). V(total)=total 
potential energy, V(ang)=angle
energy, V(died)=dihedral 
energy, V(imp)=improper 
dihedral energy, V(el)=electro-
static energy, V(vdw)=van der
Waals energy

Scheme 1). Accordingly, the GR active site is rich in 
basic residues, while in TR, neutral and acid residues
prevail. Therefore, the result obtained confirms the 
simple electrostatic expectation.

The simulations support the docking results with 
respect to the relative affinities of GSSG and T[S]2 to GR
and TR, the crossed complexes again displaying interac-
tion energies above those of the cognate couples (compare
columns 2, 3 and 4 with 11, 12 and 13, respectively, in 
Table 1). In an even more marked fashion, the difference
in electrostatic energies between the natural and crossed
complexes is substantial (Table 1, column 2). The only
disagreement occurs with the van der Waals contributions
for the crossed complexes. In this context, the distances in
Table 4 indicate that the spatial position assigned to GSSG
by DOCK3.5 is very similar in GR and TR. For trypano-
thione, on the contrary, the parasite ligand ends up at very
different positions: near the enzyme disulfide in TR (5 Å),
but far away (18 Å) in the human enzyme. In fact, T[S]2 is
barely docked inside the active site of GR. This remark-
able outcome clearly suggests that there is an important
steric hindrance for T[S]2 to accommodate at the active
site of the human enzyme, hence the rather low value for
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Fig. 3 Root mean square devi-
ations (RMSDs) in nanometers
for the complexes TR–T[S]2
and GR–GSSG, and the corre-
sponding crossed complexes
TR–GSSG and GR–T[S]2,
along 250 ps of MD simula-
tion. For each complex, the 
initial optimized structure was
taken as reference to calculate
the geometric deviations. Data
from the preliminary heating
phase are not included.
ALL=all atoms, CA=Cα
atoms, SID=side chain atoms

the van der Waals contribution to the interaction energy of
this substrate in GR. This could also suggest that
DOCK3.5 encounters some difficulties when trying to ad-
just large substrates, e.g. T[S]2, in rather narrow molecular
cavities such as the GR active site. Remember that, not
without considerable graphical effort, we were able to ad-
just T[S]2 at GR and use the resulting complex as a seed
for the MD trajectory (see the Methods section).

The steric factor, then, should be also taken into 
account when analyzing substrate specificity. This idea is
further supported by the information on molecular sur-
faces and volumes presented in Table 2. In effect, the TR
active site is some 180 Å3 larger than the corresponding
site in GR. This is in agreement with the size difference
between the natural substrates, T[S]2 and GSSG (see also
Table 2). It is clear then that the parasite enzyme is 
designed to make the entry of larger groups easier. In the
same vein, Marsh and Bradley [44] concluded that the
access to the active site of TR by large aromatic groups
seems to be tolerated readily.

The solvent–ligand energy interaction in Table 1 
further attests to this idea (see columns 5–7 therein). In
particular, for the electrostatic contribution (which repre-
sents almost exclusively the total solvent–ligand interac-
tion for all four complexes), it is apparent that the energy
values are in agreement with the number of water mole-
cules in the neighborhood of the substrates at the active
site. In the case of the TR–GSSG complex, where 
solvent molecules easily accommodate at the ligand’s
whereabouts, the value for the interaction reaches its
maximum. In contrast, the lowest contribution takes
place in the GR–T[S]2 complex where the scenario is
quite the opposite; this time the ligand displaces the 
solvent molecules as it fills the active site cavity.

Active site interaction energies (affinities) can be 
obtained readily by subtracting the non-bonded ligand–
solvent energy of the free substrate system from the total
(substrate–enzyme plus substrate–solvent) non-bonded
energy of the corresponding complex. This can be seen
from the entries in columns 8, 9 and 10 from Table 1.
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Scheme 3 T[S]2 molecular
fragments. Spe=spermidine,
cys=cysteine, gly=glycine,
E=binding energy of fragment,
Ew=E/number of heavy atoms
in fragment

Fig. 5 T[S]2 in complex with TR as in the crystal structure (light
colored) and according to DOCK3.5 (dark colored). Some neigh-
bor residues defining the active site are also included. Hydrogen
atoms are not shown for the sake of clarity

Fig. 4 GSSG in complex with GR as in the crystal structure (light
colored) and according to DOCK3.5 (dark colored). Some neigh-
bor residues defining the active site are also included. Hydrogen
atoms are not shown for the sake of clarity



Result: the relative affinity energies of GSSG and T[S]2
to the GR and TR active sites follow a similar trend to
that verified when considering the interaction (non-bond-
ed) energies of the substrate–enzyme complexes alone,
namely, the physiological complexes are far more stable
than the crossed pairs. The corollary is that the rigid and
solvent void DOCK3.5 calculations can be taken to re-
produce relative affinity energies of substrates towards
different receptors’ sites approximately.

The results reported in Table 3 give evidence for the
crucial role of the spermidine arm in T[S]2. In effect, we
were able to demonstrate that it is indeed the substrate
moiety that proportionally contributes the most (i.e. inter-
action energy averaged over the number of heavy atoms)
to binding in TR (compare the results in Table 3 for dif-
ferent fragments of T[S]2). The agreement between
DOCK and GROMOS trends is striking here. The struc-
ture of the dissected T[S]2 fragments is shown in more
detail in Scheme 3. As the successive fragments increase
in size, the averaged interaction energy systematically be-
comes lower, even when considering the full substrate.
This must be taken into account when envisioning the de-
sign of a potential selective inhibitor of TR. In other
words, this result supports the seminal notion that spermi-
dine-like side chains should be included in the molecular
design as a way to enhance the binding specificity 
towards the parasite enzyme. Fairlamb and coworkers
[25, 26, 32] have already hinted at this idea from the 
experimental side.

In order to complement the energetic and structural
approach, a study of molecular contacts (at less than 
4.0 Å) was conducted along the MD trajectory estab-
lished between the substrates and the enzyme active site
residues in TR and GR. The details are not shown here.
However, it is worth mentioning that they agree some-
what with the results presented herein. For the TR active
site, the averaged number of contacts detected for GSSG
(92) is significantly less than for T[S]2 (135). In particu-
lar, contacts with key residues such as Glu15, Trp18 and
Ser109 are either missing or hardly present along the
simulation. On the other hand, the overall number of
contacts in TR is fairly sustained for GSSG and T[S]2
(156 and 160, respectively). The reason for these results
becomes clear when one considers the different molecu-
lar sizes of the ligands and active sites (see above). In
other words, for the crossed complexes, a smaller ligand
(GSSG) is placed in a large site (TR) while a larger 
ligand (T[S]2) is adjusted in a narrow cavity. Neverthe-
less, most of the contacts with the positively charged res-
idues (Arg37 and Arg347) present in the GR–GSSG
complex, are absent in the GR–T[S]2 complex. This ac-
counts for the rather low electrostatic contribution to the
interaction energy in the latter (see Table 1, column 2).

Discussion

In the literature, the mutually exclusive substrate speci-
ficity displayed by GR and TR has been ascribed to a

proper balance between steric and electrostatic effects,
which would optimize substrate binding at the corre-
sponding active site. [9, 10, 12, 13, 18, 44, 45] The re-
sults presented here agree with these hypotheses. How-
ever, there is a factor not considered so far: the energy
required to mold the substrates GSSG and T[S]2 from
their minimal energy conformation to the form adapted
to the shape of the active site. Observe that the large neg-
ative interaction energy of these substrates will be com-
pensated by the (positive) molding energy. Molecular
Mechanics (MM) calculations yield +42 kcal mol–1 of
the molding energy for GSSG; using DOCK3.5 values,
the GR–GSSG complex will have about –32 kcal mol–1

(–74+42), and the complex TR–GSSG becomes unstable
(+19 kcal mol–1). For trypanothione, MM calculations
give a molding energy of about +10 kcal mol–1. Then,
docking T[S]2 to TR leads to –40 kcal mol–1 stabilization
energy as opposed to –11 kcal mol–1 when docked at GR.
The cross-complex TR–GSSG would not only have the
smallest binding energy but in fact would be unstable.
This is, of course, a simulation of the molding effect, but
might well illustrate the role of this factor in actual situa-
tions.

The electrostatic nature of a given inhibitor is indeed
a key feature to attain selectivity. It follows that an ap-
propriate inhibitor should carry a positive net charge,
preferably within a spermidine-like side chain, as a way
to mimic the real substrate. This would favor docking in
the parasite enzyme. On the other hand, the presence of a
massive functional group (certainly larger than the sub-
stitutes previously studied) would be necessary to confer
more binding affinity to the putative active site of TR.
Thus, a truly selective inhibitor should not be able to en-
ter the active site of GR. This is shown by the docking
result of T[S]2 in the glutathione reductase active site.
Although these are not new notions, to the best of our
knowledge, there has not been previous work where
quantitative or semi-quantitative theoretical measures
were presented to rationalize this idea for these systems.

DOCK3.5 and molecular dynamics results are consis-
tent. Although, in the long run, this type of scoring 
methods cannot substitute for the more complex and ac-
curate dynamics schemes, the work presented here sup-
ports DOCK3.5 as a powerful tool for reasonably and
rapidly assessing the selectivity of theoretically designed
potential drugs towards particular active sites or recep-
tors.

It is, therefore, interesting to use the docking facility
to study other molecules that might have potential 
anti-chagasic action. In fact, potential inhibitor mole-
cules have been reported recently. [41] They are four 
nitrofuranic molecules where the residue -(5-nitrofur-
furilidene)semi-carbazide is bound to the functional
groups 4-hexyl-1-, 4-(2-methoxyethyl)-1-, 4-butyl-1-,
and (2-phenylethyl)-1-, respectively. These molecules
were designated by the symbols GI01 (1), GI03 (2),
RD06 (3) and HC05 (4) in the original paper. [41] In
Scheme 2 their chemical formulae are depicted. Their
docking suggests that orientations where the nitro group
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can interact with the active disulfide bridge of both TR
and GR are easily accessible (see Table 4). The interac-
tion energy found there is reported in Table 5. The re-
sults indicate that these nitro compounds would form
more stable complexes in GR than in TR putative active
G-sites. Furthermore, the molding work for these com-
pounds is probably independent of the differences in ac-
tive sites because there is plenty of room there. From
the numbers in Table 5, one may expect a better binding
to GR than to TR. In a recent study from our laboratory,
[46] a marginal preference (in vitro) of these com-
pounds for the human enzyme was found. It is apparent
that these compounds have poor specificity for the TR
enzyme. None of them has a positive charge center in its
structure. The agreement found between DOCK3.5 and
the experiments is therefore a rewarding result. To con-
clude, the results discussed here can be used as a valida-
tion test to use this method in designing anti-chagasic 
ligands.
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Appendix 1. Force field scoring in DOCK3.5

Force field scores are approximate molecular mechanics
interaction energies, consisting of van der Waals and
electrostatic components:

(1)

The double sum is over ligand (lig) and receptor (rec) at-
oms. The coefficients Aij and Bij are the van der Waals
repulsion and attraction parameters; rij is the distance 
between atoms i and j; qi and qj are the point charges on
atoms i and j. D is a dielectric function. The numeric 
factor is needed to convert the energy into kcal mol–1.

DOCK 3.5 performs a grid calculation using a 
geometric mean approximation for the van der Waals 
parameters:

(2)

The single-atom-type parameters are derived from the
van der Waals radius, R and well depth, ε, according to:

(3)

The ligand–receptor interaction energies are calculated
for every grid point in the particular molecular surface.
A more in-depth description of the calculation procedure
can be found in. [47, 48]

The Gromos force field [38, 39] includes standard
contributions:

(4)

Vbond, Vbend, and Vimp-dih are the harmonic potentials for
bond vibrations, bendings, and improper dihedral mo-
tions, respectively; the Vtor term corresponds to dihedral
torsions. These short-range potentials in Eq. (4) arose in
the 1930s for the quantitative analysis of molecular in-
frared spectra. The improper dihedral potential corrects
for the fact that the α-carbon effective atom model does
not include explicitly the corresponding hydrogen. The
last two terms in Eq. (4) correspond to the nonbonded
pair potential (or van der Waals potential, modeled by a
Lennard-Jones 6–12 function), and the electrostatic in-
teraction between point charges, respectively. In the
model used for protein in water, protonated groups have
net positive charge, while carboxylated groups may have
a net negative charge depending upon pH. For instance,
at low pH, a protein may have all lysine, histidine, and
arginine groups protonated, while aspartic and glutamic
residues remain neutral.

Dock and Gromos potential functions share the
VLJ+Velec terms, although the actual parameters differ.
Comparisons of trends are then meaningful.

Appendix 2. Root mean square deviations

Root mean square deviations (RMSDs) for one or a set
of structures (i.e. during an MD simulation) with respect
to a reference structure, can be calculated using the for-
mula: [49]

(5)

where N is the number of atoms, Xi, Yi and Zi are the co-
ordinates of atom i from a particular structure and Xi,ref,
Yi,ref and Zi,ref the coordinates of atom i in the reference
structure.
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