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Interactions of antimony-oxide clusters with trypanothione 
have been modelled to understand their inhibitory activity 
against leishmaniasis. Trypanothione is essential for the 
survival of leishmania parasites because it is responsible for 
maintaining their cellular thiol-disulfide redox regulation. 
Density functional theory (DFT) calculations show that the 
SbV oxide clusters form hydrogen bonds from the oxygens to 
the amine and carboxyl group of the trypanothione. The 
reaction between trypanothione and the SbV oxide cluster 
does not break the S-S bond of trypanothione, whereas the 
reaction with antimony-oxide clusters containing at least 
one SbIII atom leads to dissociation of the S-S bond of both 
the oxidized and the reduced form of trypanothione 
suggesting that antimony-oxide clusters with at least one 
SbIII atom may destroy trypanothione that is vital for the 
parasite metabolism.  

 

Introduction 

Leishmaniasis is a neglected tropical disease caused by 
protozoan parasites of genus Leishmania. The disease 
occurs mainly in regions with poverty, population 
displacement, poor housing, and lack of resources. 
According to the World Health Organization, 98 
countries and territories are endemic for 
leishmaniases1. Annually, the number of new 
leishmaniasis cases is 700 000 – 1 200 000 of which 14 
000-40 000 are fatal, making the disease the second 
major mortality cause among all tropical diseases2–8. 
Despite the development of new ways to treat the 
decease, antimony-based drugs that was proposed by 
Vianna9 more than a century ago are still the most 
important remedy for all types of leishmaniasis10–18. 
Leishmaniasis is characterised by a unique thiol-based 

metabolism involving the trypanothione reductase 
system protecting the parasites from oxidative stress 
and damage in the mammalian host cells. The action 
mechanism of antimony-based drugs is either due to 
interactions of SbV with ribonucleosides or due to 
reduction of  SbV prodrugs into SbIII compounds15–19, 
which then react with sulfur-containing biomolecules 
such as trypanothione in the cytosol or with cysteine in 
the lysosomes6,7. 
Trypanothione is a dipeptide linked via a disulfide 
bridge. It is synthesized from glutathione and 
spermidine by trypanothione synthetase and is further 
reduced by trypanothione reductase (TR) 8,12,14–17,20. 
Trypanothione acts as a reducing agent, and it is 
responsible for maintaining the parasite’s cellular thiol-
disulfide redox balance.  
Fairlamb et al. have shown that pentavalent antimony, 
which is the main drug used against Leishmaniasis in 
vivo, interferes with the trypanothione metabolism by 
inducing a rapid efflux of intracellular reduced 
trypanothione (T(SH)2) and by inhibiting the TR in intact 
cells8. They also found that SbIII induces a rapid efflux of 
intracellular trypanothione and glutathione as well as 
inhibits the TR, which is known as one of the key 
enzymes in Leishmania infection8,12,17. Although this 
enzyme is thought to be a potential drug target, 
development of accurate TR inhibitors is still needed8,12. 
Several metal complexes have been tested on a variety 
of trypanosomiasis and were shown to be active on 
different molecular targets14,17,20. However, despite 
those findings the exact mechanisms for the interaction 
of antimony-based drugs with trypanothione and the 
inhibition of trypanothione reductase are not well 
understood3–5. 
Another important aspect of antimonial therapy of 
leishmaniasis is connected to the severe side effect of 
the drugs as well as the development of the parasite’s 
resistance to Sb drugs13,14. To mitigate the problem by 
enhancing the drug efficiency and to reduce its 
toxicity21,22, one of us proposed treatments using 
Sb2O5

.nH2O nanoparticles (SbNP), whose surface was 
modified with N-methylglucamine23,24.  
Antimony is often considered as a semimetal, with the 
most common oxidation states being trivalent SbIII and 
pentavalent SbV. Different mechanistic theoretical 
studies have been reported, where small organic 
molecules and antimony were used for assessing the 
inhibition activity25–29.  
In this work, we computationally model hydrated 
antimony-oxide clusters at the density functional theory 
(DFT) level using the Gaussian 16 30 and Turbomole 7.3 
31,32 programs. Interactions with the SbNP were 



simulated by performing calculations on antimony-oxide 
cluster models coordinated to trypanothione. The aim is 
to elucidate how antimony-oxide clusters react with 
trypanothione and how antimony clusters may 
participate in the inhibition process against Leishmania 
parasites. 
 
Computational methodology 
 
The molecular structures and thermodynamic 
properties of the studied molecules were calculated at 
the density functional theory (DFT) level using the TPSS 
functional33, def2-TZVP basis sets34, and the D3(BJ) 
semi-empirical dispersion correction35. The Stuttgart 
effective core potential was used for Sb36. The molecular 
structures were optimized in the gas phase as well as 
using the SMD continuum solvation model37,38 that 
considers interactions of hydroxylated antimony oxides 
clusters with the trypanothione dipeptide in aqueous 
solution. The initial cluster structure was taken from the 
X-ray data of Sb2O5 39,40. The Cartesian coordinates of 
the molecular structures optimized in the gas phase are 
given as Supporting Information (SI) 

                                                                                                                                                    
Figure 1: The optimized molecular structure of 
[Sb7O28H21] (A). The Sb atoms are lilac, the O atoms are 
red, and the H atoms are light grey. 
 

The cluster neutrality was maintained by adding protons 
to the terminal oxygens of the cluster model [Sb7O28H21] 
(A) shown in Figure 1. The trypanothione/cluster 
complexes were constructed by adding the molecules to 
different sides of the cluster. In the initial molecular 
structure, the trypanothione molecule was coplanar 
with its main axis parallel to the long axis of the cluster. 
The complex was optimized at the TPSS/def2-
TZVP/D3(BJ) level. The calculated harmonic frequencies 
were positive verifying that the obtained stationary 
points are minima on the potential energy surface. A 
singlet spin state was assumed, and no symmetry 
constraints were imposed. 

 

 
Results and discussion 
 

Calculations on [Sb7O28H21]  

The inhibitor effect of antimony oxide was studied by 
performing DFT calculations at the TPSS/def2-
TZVP/D3(BJ) level on the [Sb7O28H21] and trypanothione 
in vacuum as well as in water medium. The octahedral 
environment of the antimony centres was preserved in 
the optimization. The Sb-O bond distances of the cluster 
were in the range of 1.913-2.085 Å and the O-Sb-O 
angles are 110°-116°, which agree well with X-ray 
data41. The Mulliken charges of the antimony atoms 
were 2.13-2.26 e and -0.78 to -1.8 e for the oxygen 
atoms. The HOMO/LUMO energies of (A) in the gas 
phase and in water solution were -8.01/-3.91 eV and -
8.82/-4.27 eV, respectively. The HOMO and the LUMO 
energies are stabilized by the surrounding polar medium 
leading to a HOMO-LUMO gap that is about 0.5 eV larger 
in water than in the gas phase. The polar medium also 
increases the dipole moment of (A) from 7.02 D in the 
gas phase to 8.52 D in solution. 
 
Calculations on trypanothione 
 
The HOMO/LUMO energies of trypanothione (B) shown 
in Figure 2 are -6.02/-2.57 eV in the gas phase. The 
aqueous medium stabilizes the LUMO energy by about 
1 eV, whereas the HOMO energy is less affected by the 
polar medium. The HOMO/LUMO energies of (B) are -
6.28/-3.61 eV in aqueous solution. The Cartesian 
coordinates of the optimized molecular structure of 
trypanothione (B) are given in the SI. 
 

               
                                                              

Figure 2. The optimized molecular structure of 
trypanothione (B). The O atoms are red, the N atoms are 
blue, the S atoms are yellow, the C atoms are grey, and 
the H atoms are light grey. 
 
 
 



 
Calculations on the [Sb7O28H21]/trypanothione 

 
To understand the inhibition mechanism, we studied 
the [Sb7O28H21]/trypanothione complex (C) shown in the 
Figure 3. The molecular structure was constructed from 
the X-ray structure of antimony oxide cluster by adding 
the trypanothione. The complex was then optimized at 
the TPSS/def2-TZVP/D3(BJ) level. The Cartesian 
coordinates of the complex C are given in the SI. The 
main features seen in the cluster structure are the short 
intermolecular hydrogen bonds between trypanothione 
and the cluster suggesting that they are bonded 
strongly41.Thus, the complex is formed by a partial 
deprotonation of the amine and hydroxyl groups of 
trypanothione. The N-H and O-H bonds of trypanothione 
stretch from the typical bond distances of about 1 Å, 
they become longer than for the isolated trypanothione 
molecule by 0.4 Å and 0.7 Å, respectively. The 
trypanothione is bound to the cluster via several 
hydrogen-bond bridges where the hydrogen is roughly 
halfway between the oxygen of the cluster and the 
nitrogen or the oxygen of trypanothione, suggesting 
that the hydrogen bonds are strong. The S-S bond of 
trypanothione is 0.17 Å shorter in the complex. Thus, the 
main structural change upon complexation is the partial 
deprotonation of the trypanothione towards the 
antimony oxide surface without breaking the S-S bond.  

 

                                       
Figure 3: The optimized molecular structure of the 
[Sb7O28H21]/trypanothione complex (C). The Sb atoms 
are lilac, the O atoms are red, the N atoms are blue, the 
S atoms are yellow, the C atoms are grey, and the H 
atoms are light grey. 
 

The deprotonation was confirmed by changes in the 
Mulliken charges. The Mulliken charges of N and C are 

negative, and the charge of Sb is less positive in the 
complex. The population analysis suggests that 0.3-0.5 
electrons are transferred to the Sb atoms when 
trypanothione binds to the cluster. The frontier orbitals 
play an important role in the inhibition reaction. The 
highest occupied molecular orbital (HOMO) and the 
lowest unoccupied molecular orbital (LUMO) of the 
complex are localized on the cluster in water medium. In 
gas phase, the LUMO of the complex is delocalized on 
the trypanothione moiety and corresponds to the 
HOMO of trypanothione. The HOMO of the complex is 
localized to the antimony oxide cluster as shown in 
Figure 4. Upon complexation, the HOMO of 
trypanothione is on the lone pairs of the sulfur atoms 
and the CO and NH2 moieties donate electron charge to 
the LUMO of the antimony oxide cluster. 

 
 

                     

      
Figure 4: The upper part shows the HOMO (left)-LUMO 
(right) of the complex (C) in gas phase. The lower one is 
obtained when considering the surrounding water. The 
Sb atoms are lilac, the O atoms are red, the N atoms are 
blue, the S atoms are yellow, the C atoms are grey, and 
the H atoms are light grey. 
 
The HOMO/LUMO energies of the [Sb7O28H21]/ 
trypanothione complex are -6.4/-1.4 eV in the gas phase 
yielding a HOMO-LUMO gap of 5 eV, whereas in 
aqueous solution the HOMO/LUMO energies are -5.7/-
4.3 eV yielding a smaller HOMO-LUMO gap of 3.6 eV. 
The frontier orbitals are located on the cluster in the 
aqueous solution, whereas in the gas phase, the HOMO 
is located on trypanothione and the LUMO is on the 
cluster. The binding free energy (ΔG) of the complex is -
70 kcal/mol and -65 kcal/mol in gas phase and water 
medium, respectively. 



The SbV oxide cluster forms a strongly hydrogen bonded 
complex with the trypanothione without dissociating 
the disulfide group. Due to the strong hydrogen bonds 
between the amine and hydroxyl groups of 
trypanothione and the oxygens of the cluster it could 
promote an inhibition process without dissociating the 
dipeptide. However, it may lead to a complete 
trypanothione coverage on cluster preventing further 
reactions. 
We also investigated the reaction between the cluster 
and a reduced form of trypanothione T(SH)2. The 
molecular structure of the reduced trypanothione 
optimized at the TPSS/def2-TZVP/D3(BJ) level is shown 
in Figure 5. 
In the experimental studies, there is N-methylglucamine 
on the surface of the antimony-oxide nanoparticles, 
which can remove a proton from the cluster surface or 
from the dipeptide adsorbed on the cluster surface. The 
deprotonation may change the oxidation state of 
antimony to SbIII 15–18. In the calculations, we manually 
removed a proton from the cluster surface and 
modelled  

                                                                    
Figure 5: The molecular structure of the reduced form of 
trypanothione. The S atoms are yellow, O atoms are red, 
N atoms are blue, C atoms are grey, and the H atoms are 
light grey. 
 
the reaction with the deprotonated negatively charged 
cluster. We also considered a modified cluster A 
containing one SbIII atom and its interaction with both 
the oxidized and the reduced forms of the 
trypanothione. 

The cluster surface was modified by removing oxygen 
species coordinated to the antimony on the active 
surface, which also formally changed the oxidation state 
of one Sb atom from SbV to SbIII. The SbIII site is then 
available for reactions with the sulfur atoms of 
trypanothione. The carbohydrate was not added to the 
model since we already considered the deprotonation 
step when constructing the cluster with one SbIII atom. 
The trypanothione reactions with the cluster containing 
SbV atoms only and the one bearing one SbIII atom were 
completely different. When all Sb atoms on the surface 

are in the oxidation state SbV, the trypanothione binds 
strongly to the cluster surface forming hydrogen bonds 
between trypanothione and the oxygens of the cluster, 
whereas the cluster containing SbIII leads to a reaction 
that breaks the S-S bond of trypanothione 
independently of whether it is in the oxidized or reduced 
form. The reaction with the reduced trypanothione 
breaks the disulfide bridge forming two thiol moieties. 
The reaction product is bound to the cluster with dipole-
dipole interactions. The reaction with trypanothione 
also breaks the S-S bond and forms a new S-Sb bond 
between the modified trypanothione and the cluster. 
The reaction products are shown in the Figure 6.  
Experimental observations support the proposed 
reaction mechanism15,17. Breaking the S-S bond of 
trypanothione affects the intracellular thiol-disulfide 
redox balance of the parasite, which is essential for its 
survival in a mammalian host cell42. 

                     
Figure 6: The molecular structures of a complex of 
reduced trypanothione with [Sb7O28H21] (left) and a 
complex of trypanothione with [Sb7O28H21] (right). The 
clusters contain one SbIII atom. The Sb atoms are lilac, 
the O atoms are red, the N atoms are blue, the S atoms 
are yellow, the C atoms are grey, and the H atoms are 
light grey. 
 
Conclusions 
 
We carried out DFT calculations at the TPSS-D3/def2-
TZVP level on complexes consisting of trypanothione 
bound to antimony-oxide clusters. The calculations 
show that there is a strong interaction between 
trypanothione and the cluster. Trypanothione is linked 
to the cluster via hydrogen bonds between the amine 
and hydroxyl groups of the dipeptide and the oxygens of 
the cluster. Formation of the trypanothione complex 
with antimony oxide does not lead to any dissociation of 
the S-S bond when all Sb atoms are in the formal 
oxidation state of SbV. Mulliken population analysis 
shows that trypanothione donates electron charge to 
the antimony oxide cluster upon complexation. N-
methylglucamine on the antimony-oxide cluster can 
remove a proton from the cluster surface enabling 
formation of a reactive SbIII centre.  



Introducing one SbIII atom in the antimony-oxide cluster 
changes drastically the reaction pathway with 
trypanothione. The dissociation of the S-S bond of the 
dipeptide occurs both for the oxidized and reduced form 
of trypanothione. The present study suggest that 
antimony must be in oxidation state SbIII to break the S-
S bond of trypanothione, whereas the SbV oxide cluster 
strongly binds trypanothione to its surface. Thus, the 
surface of SbV oxide clusters will be covered by 
trypanothione molecules preventing to some extent its 
redox regulatory ability, whereas antimony clusters 
containing SbIII break the S-S bond of trypanothione. 
Since the cluster surface remains clean, the catalytic 
reaction of the SbIII containing cluster can continue and 
it can thereby perturb the redox regulation within the 
parasite cell. 
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