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Abstract

Chagas’ disease is a neglected tropical disease caused by the kinetoplastid protozoan Try-
panosoma cruzi. The only therapies are the nitroheterocyclic chemicals nifurtimox and
benznidazole that cause various adverse effects. The need to create safe and effective
medications to improve medical care remains critical. The lack of verified T. cruzitherapeu-
tic targets hinders medication research for Chagas’ disease. In this respect, cytochrome
bc1 has been identified as a promising therapeutic target candidate for antibacterial medi-
cines of medical and agricultural interest. Cytochrome bc1 belongs to the mitochondrial
electron transport chain and transfers electrons from ubiquinol to cytochrome c1 by the
action of two catalytic sites named Qi and Qo. The two binding sites are highly selective,
and specific inhibitors exist for each site. Recent studies identified the Qi site of the cyto-
chrome bc1 as a promising drug target against T. cruzi. However, a lack of knowledge of the
drug mechanism of action unfortunately hinders the development of new therapies. In this
context, knowing the cause of binding site selectivity and the mechanism of action of inhibi-
tors and substrates is crucial for drug discovery and optimization processes. In this paper,
we provide a detailed computational investigation of the Qi site of T. cruzi cytochrome b to
shed light on the molecular mechanism of action of known inhibitors and substrates. Our
study emphasizes the action of inhibitors at the Qi site on a highly unstructured portion of
cytochrome b that could be related to the biological function of the electron transport chain
complex.

Author summary

Chagas’ disease is caused by the parasite Trypanosoma cruzi, which is prevalent in low-
income African, Asian, and American countries and spread through the rest of the world
through migrations infecting about 8 million people and causing 10 000 deaths per year.
Currently, the only drugs approved for treating Chagas’ disease have various side effects.
Identifying proteins of the parasite that can limit its activity can help the development of
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new and more effective drugs. In this context, the cytochrome bcl of Trypanosoma cruzi
has been identified as a promising drug target. However, it is unclear how certain drugs
affect cytochrome bcl biological activity. Molecular dynamics simulations have been used
to analyze the impact of specific small molecules on protein conformational changes that
may be related to cytochrome bcl’s biological function. This manuscript presents a
computational approach that could identify small-molecule lead compounds and distin-
guish between true and false cytochrome b inhibitors.

Introduction

The protozoan parasite Trypanosoma cruzi causes Chagas’ disease, a neglected tropical disease
that is endemic in South and Central America. Chagas’ disease has also spread through migra-
tion across North America, Europe, and the Western Pacific region, infecting about 8 million
people worldwide and causing 10 000 deaths annually [1,2]. The treatment relies on the nitro-
heterocyclic compounds nifurtimox and benznidazole, effective in the acute phase but less so
in the chronic phase. Many treatments for Chagas’ disease cause severe toxic effects and
encounter drug resistance mechanisms [3,4]. New effective therapies in advanced clinical
development are scarce, and the need to develop safe and effective drugs to improve medical
treatment remains urgent.

Drug discovery for the treatment of Chagas’ Disease is hampered by the scarcity of validated
T. cruzi drug targets. In this context, cytochrome bc1 has been identified as a drug target for
antimicrobial agents of medical and agricultural interest [5,6] and as a promiscuous drug tar-
get candidate for T. cruzi [7]. The cytochrome bcl, also called cytochrome c oxidoreductase or
complex III, is part of the electron transport chain (ETC) and catalyzes the transfer of electrons
from ubiquinol to cytochrome ¢ and couples electron transport and proton translocation
across the inner mitochondrial membrane through the Q cycle [8-10]. In detail, cytochrome
bel is a multi-subunit dimeric protein complex consisting of cytochrome b with two b-type
hemes, cytochrome c1 with a c-type heme, and the Rieske iron sulfur protein subunit. Cyto-
chrome bcl has two binding sites called Qo and Qi, whose substrates are ubiquinol (QH2) and
ubiquinone (Q), respectively. The Q cycle consists of two half-cycles in which a molecule of
ubiquinol binds consecutively in each half-cycle to the Qo site and is oxidized, giving up an
electron to Rieske iron-sulfur (FeS) protein and an electron to low potential b heme (bL-
heme). Consequentially, two protons are transferred into the intermembrane space. In turn,
the electron arriving on the bL-heme group is used to reduce the high potential b heme (bH-
heme). At the same time, a molecule of ubiquinone binds to the Qi site and is reduced by the
bH-heme to form a semiquinone radical. In the next half-cycle, another electron reduces again
the semiquinone radical to form ubiquinol, importing others two protons from the mitochon-
drial matrix [11].

Inhibition of the activity of the bcl complex blocks the generation of ATP [12] and several
inhibitors have been investigated in the years, specific for each binding site. Among the known
inhibitors for the Qo site, myzothiazol and strobilurin A [13] block the reduction and oxida-
tion pathway of ubiquinol on the iron-sulfur protein binding in the bL-heme proximal and
bL-heme distal domain, respectively [11,14-16]. In recent years, efforts have been concen-
trated to develop new generation of inhibitors that target the Qi site. In detail, several studies
highlighted the antimycin A [17] action to block the respiratory activity targeting the Qi site.
In vitro studies showed the decrease in the consumption of O, of complex III after incubation
of GNF7686 [18] in T. cruzi epimastigotes and intracellular amastigotes. GNF7686 is one the

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010545  January 23, 2023

2/16


https://doi.org/10.1371/journal.pntd.0010545
https://mackerell.umaryland.edu/charmm_ff.shtml
https://mackerell.umaryland.edu/charmm_ff.shtml
https://www.ncbi.nlm.nih.gov/nuccore/FJ203996.1
https://www.ncbi.nlm.nih.gov/nuccore/FJ203996.1
https://zenodo.org/record/7533491#.Y8FknOTSLDs
https://zenodo.org/record/7533491#.Y8FknOTSLDs

PLOS NEGLECTED TROPICAL DISEASES Trypanosoma cruzi cytochrome bc1 molecular inhibition mechanism

most promising Qi site inhibitors, also effective against Leishmania donovani and T. brucei
[7,18]. However, recently investigation have evidenced the high mutation propensity within
the gene encoding Cytochrome b when exposed to drug, making this target more prone to
drug resistance [7,18]. Clonal lines of drug-susceptible T. cruzi epimastigotes were cultured in
vitro with GNF7686 until drug resistance appeared, finding the L197F mutation in the cyto-
chrome b Qi site [7,18]. In this context, the development of new drugs is often hindered by a
lack of information about the mechanism of action. The recent failure of posaconazole, an
established CYP51 inhibitor, in phase II clinical trials for Chagas’s Disease highlights the need
to better understand the mechanisms of action of drug candidates [19,20]. In this context,
understanding the mechanisms of binding site selectivity and the mechanism of action of
inhibitors and substrates is essential for drug discovery and drug optimization processes. The
study of molecular action faces experimental technical limitations due to the complexity and
metastable nature of the reaction complex. Computational modelling has been widely used to
complement the experimental information of the mechanism at the atomistic level [21,22].
Here, we used a comprehensive set of computational tools including homology modelling,
molecular docking, and molecular dynamics simulations to investigate the conformational
changes of the Qi site of cytochrome bcl, due to of certain specific Qi inhibitors and substrates.
Specifically, we studied and evaluated the conformational changes that cytochrome b of T.
cruzi undergoes when the Qi site is occupied by Qi inhibitors (antimycin A and GNF7686),
Qo inhibitors (myxothiazol and strobilurin A), and substrates (ubiquinol and ubiquinone),
comparing them to the apo-form.

Materials and methods
Homology modelling

The 3D structure of T. cruzi cytochrome b was not available in the literature and homology
modelling techniques were employed to address this point. First, the Cytochrome b genes of T.
cruzi were extracted from Silvio X10-1 genome (v39, tritrypDB) with maxi-circle (FJ203996.1,
NCBI)[23]. In order to obtain the amino acid sequence of T. cruzi cytochrome b, the RNA
editing within the coding region before translation was necessary [24]. The T. cruzi cyto-
chrome b homology model was built using the crystallographic structure of the avian Gallus
gallus (PDB ID: 1BCC)[25] selecting the chain C as a template as previously done in literature
[7]. The sequence alignments were performed using the T-Coffee algorithm [26] (see S1 Fig).
The two amino acids sequences exhibit the 45% of sequence identity of the Qi active site [7]
and restraint-based homology modelling was performed using MODELLER software [27].

Fig 1A shows the avian Gallus model template (PDB ID 1BCC-chain C) brings out the Qi
site in cyan and Fig 1B shows a superposition of model template of cytochrome b and the final
T. cruzi homology model built, highlighting a good match of the two structures. The quality of
the obtained structural model was evaluated by PROCHECK [28] observing the phi-psi angle
distribution by a Ramachandran plot and more than 98% of the residues were in the most
favored conformation regions, while less than 2% of residues were in disallowed regions
(S2 Fig).

Molecular docking

Molecular docking was carried out by PLANTS software [29]. The ligands and the receptor
were pre-processed by SPORES software [30]. The PLANTScygMmprp scoring function was
used in combination with search speed 1, 20 aco ants, and 25 aco evaporation factor [29]. The
Qi binding center was set at the center of mass of antimycin A of the reference PDB 3H1I
choosing a binding radius of 12 A. The docking procedure was repeated 100 times selecting
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Fig 1. Homology model and template model. A) Cartoon representation of the X-ray structure of Cytochrome b of Gallus gallus (PDBID
1BBC). The binding Qi site is shown with cyan surface on the ubiquinone natural compound. B) Cartoon representation of superposition
between the avian cytochrome b template structure (red) and the T. cruzi cytochrome b homology model (green).

https://doi.org/10.1371/journal.pntd.0010545.9001

the pose with a higher affinity of each run. The best 100 poses were clustered based on the
RMSD of the heavy ligand atoms. The final pose was the centroid with higher affinity. The
robustness of the docking workflow was evaluated on the antimycin A pose (PDB ID 3H1I),
obtaining RMSD below 2 A (S3 Fig). The docking procedure was repeated to evaluate three
ligand classes bounded in the Qi site: Qi inhibitors (antimycin A and GNF7686), Qo inhibitors
(myxothiazol and strobilurin A), and substrates (ubiquinol and ubiquinone). All molecular
systems were compared to the cytochrome b apo-form.

Molecular dynamics simulations

The cytochrome b-ligand complexes were inserted in a lipid bilayer of about 160 molecules of
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) using CHARMM-Builder with 3
nm of water thickness and 150 mM NaCl to neutralize the net charge system. Each resulting
molecular system was minimized by 1000 steps using the steep descent algorithm. Two 400 ps
position restrained simulations with decreasing force constants to all heavy atoms (2000 and
1000 kJ mol-1-nm-2) were performed under NVT ensemble at 300 K using v-rescale thermo-
stat (tp = 1.0 ps; time step = 1 fs)[31]. Then, three position-restrained simulations of 500 ps
(force constants of 1000, 400, 200 k] mol '-nm ) were performed using Berendsen semi-iso-
tropic pressure coupling scheme (time step = 2 fs; pressure time constant TP = 5.0 ps)[32] ata
reference pressure of 1 atm. Finally, 100 ns of MD production was carried out using the V-
rescale thermostat (T = 300 K; tr = 1.0 ps), together with the semi-isotropic Parrinello-Rah-
man barostat (P = 1 atm, tp = 2.0 ps)[33]. The simulation time step was set to 2 fs in conjunc-
tion with the LINCS algorithm [34]. The particle mesh Ewald (PME) method [35] was used to

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0010545  January 23, 2023 4/16


https://doi.org/10.1371/journal.pntd.0010545.g001
https://doi.org/10.1371/journal.pntd.0010545

PLOS NEGLECTED TROPICAL DISEASES

Trypanosoma cruzi cytochrome bc1 molecular inhibition mechanism

GNF7686

calculate electrostatic interactions, with a real-space cut-off of 1.2 nm and employing periodic
boundary conditions. The van der Waals interactions were calculated by applying a cut-off dis-
tance of 1.2 nm and switching the potential from 1.0 nm. The topology parameters of the bH-
heme molecules were taken from the literature [36], assigning the reduced state. The ligands
forcefield topology was taken from the CHARMM General Force Field [37]. Protein, phospho-
lipids, water, and ions topology were parametrized by the CHARMM36m force-field [38]. All
MD simulations were carried out using GROMACS 2020.4 software package [39]. The Visual
Molecular Dynamics (VMD) software was used to monitor all simulation trajectories [40].
ProLIF [41] package was used for ligand-receptor interaction analysis.

In order to increase the statistical power, three replicas of each molecular system have been
carried out. An overview of the molecular systems investigated is reported in the S1 Table. The
system analysis was carried out on the last 20 ns of each molecular system.

Results

An extensive set of computational tools was used to investigate the structural conformational
changes of the cytochrome b of T. cruzi evaluating three ligand classes bound in the Qi site: Qi
inhibitors (antimycin A and GNF7686), Qo inhibitors (myxothiazol and strobilurin A), and
substrates (ubiquinol and ubiquinone) (Fig 2). All molecular systems were compared to the
cytochrome b apo-form.

Molecular docking was used to predict the starting pose of each ligand at the Qi site. Fig 3
shows the predicted binding pose of each ligand. All the ligands are characterized by a hydro-
phobic tail distal to the bH-heme molecule. Regarding antimycin A, the planar benzene ring
interacts with Leul97 and the middle carbonyl group with Gly30 and Phe33. GNF7686 occu-
pies a smaller volume than the other ligands and is coordinated with Phe222. Myxothiazol
exposes the amine group to the residues Leul97 and Leu25 and establishes interactions
between thiazole rings and the residues Gly30 and Phe33. Strobilurin A interacts mainly with
Leu25 by oxygen atoms and with Phe33 by the benzene group. Ubiquinol and ubiquinone
have similar binding modes due to their similar chemical nature, interacting mainly with
Leu197 and Leu200.

Each molecular docking configuration was used as starting point for MD simulations. To
characterize the effect of ligand-cytochrome b interactions on protein conformational dynam-
ics and the cytochrome b dynamics itself, three independent MD replicas have been performed
for each molecular system. During the MD simulations, the cytochrome b’s Qi pocket

OH

OH
Myxothiazol Ubiquinol

Strobilurin A Ubiquinone

Fig 2. Chemical structures of Qi inhibitors (left), Qo inhibitors (middle), and substrates (right).
https://doi.org/10.1371/journal.pntd.0010545.g002
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Qi Inhibitors Qo Inhibitors Substrates
A37 ~ / 37 ~

6
A
Myxothiazol

37~

Strobilurin A

Fig 3. Best ligand centroids in terms of PLANTS scoring function of each ligand, divided in Qi inhibitors, Qo inhibitors and substrates.
Each ligand is shown in green, the bH-heme molecule in blue, the cytochrome b in orange cartoon, and the main residues of the Qi pocket
receptor in gray.

https://doi.org/10.1371/journal.pntd.0010545.g003

undergoes deep conformational changes, and each ligand interacted with the Qi site in a differ-
ent way. Fig 4 shows the bond probability between each ligand and the amino acids residues of
the Qi pocket in the residues range 10 to 44 and 190 to 235. Overall, each ligand interacts with
the residues of the Qi site mainly via hydrophobic interactions (blue lines, Fig 4). Antimycin
A, myxothiazol, and the natural substrates can interact with a greater number of residues than
other ligands, suggesting a greater compactness of the binding site. All ligands, except strobi-
lurin A, form hydrogen bonds (yellow and green lines, Fig 4), mainly with residue Leul6 while
antimycin A with Asp15. In addition, the Qi and Qo inhibitors also form Pi-stacking interac-
tions (red lines, Fig 4) with phenylalanine residues: antimycin A with His202 and Phe222,
myxothiazol and strobilurin A with Phe33 and GNF7686 with Phe194.

Each class of ligands generates a conformational response of the Qi pocket that affects the
conformation of a specific area of the protein. Fig 5 shows the root mean square fluctuation
(RMSF) evaluated on the Co. atoms of the cytochrome b and has been calculated for each sys-
tem, for each replica, and then reported as mean and standard deviation. The RMSF investiga-
tion highlights the largest change in dynamics of the cytochrome b receptor bounded with
three classes of ligands and compared with the apo-form. Overall, approximately 92% of the
residues of ligand-receptor complexes have a fluctuation comparable to the apo-form. The
most important difference in term of RMSF is located within the protein domain L200-D230.
When Qi inhibitors and the substrate ubiquinone are located at the binding site, the receptor
residues exhibit fluctuation amplitudes similar to those of the apo-form. In contrast, when Qo
site-specific inhibitors or the ubiquinol substrate are present at the Qi site, the residues range
L200-D230 under investigation became more flexible, achieving RMSFs of 0.37 nm and 0.77
nm respectively. The analysis highlights a marked decrease of conformational fluctuations
between the residues L200 and D230, when specific inhibitors of the Qi site and ubiquinone
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Fig 4. Bond probabilities between each ligand investigated and Qi receptor residues in the ranges F10 to 144 and 1190 to F235.
https://doi.org/10.1371/journal.pntd.0010545.9g004

are bounded compared to the Qo inhibitors class and ubiquinol. The conformational changes
to which the receptor is subjected may be related to the biological functioning of cytochrome
bcl.

In order to highlight the large-scale and low frequency modes of cytochrome b, we per-
formed the Principal Component Analysis (PCA). First, the Ca atoms of the cytochrome b
were aligned, then the covariance matrix of the atomic fluctuations was calculated and diago-
nalized for each molecular system. The molecular trajectories were filtered along the first
eigenvector obtaining the low frequency protein motion. Fig 6A shows an enlargement of the
portion of cytochrome b under investigation and the average configurations representative of
the phenomenon of interest obtained from the PCA analysis. The residues affected by these
conformational changes are located near the Qi site, exposed to the mitochondrial matrix (Fig
6A) and their secondary structures are mainly random coils with a small portion of beta-sheet.
During MD simulations, the highly unstructured portion of cytochrome b undergoes confor-
mational changes by moving from a ’closed’ to an "open’ state under the effect of thermal fluc-
tuation (from black to white representation in Fig 6A). This mechanism is specific to the
ligands present at the Qi site as highlighted by the mean RMSF (Fig 6B). The presence of Qi
inhibitors favors the *closed’ state in a similar way to the apo form and the ubiquinone sub-
strate (black representation in Fig 6A). In contrast, Qo inhibitors and the ubiquinol substrate
favor a more frequent transition from closed to open state.

The combined analysis of the RMSF and PCA suggests that the Qi inhibitors’ presence
changes the rigidity in the proximity of the active site triggering the conformational changes of
the cytochrome b of T. cruzi.
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Fig 5. Root mean square fluctuation of cytochrome b backbone in presence of Qi inhibitors (panel A), Qo inhibitors (panel B), and two
substrates (Ubiquinol in panel C and Ubiquinone in panel D) compared to the apo-form. The upper left zoom plot highlights the root mean
square fluctuations between residue L200 and residue D230.
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Fig 6. A) Heterodimeric cytochrome b structure representation. The three regions occupied by the receptor are the
intermembrane space (IM), the transmembrane space (TM), and the matrix space. The residues from L200 to D230
near the Qi site are shown enlarged highlining the conformational changes by dynamically moving from a ’closed’
(black cartoon) to an ’open’ state (from gray to white cartoon). B) Root mean square fluctuations of the residues from
A208 to E218.

https://doi.org/10.1371/journal.pntd.0010545.g006

Discussion

In the last decade, there has been renewed attention on Chagas’ disease caused by T. cruzi due
to the lack of well-validated molecular targets that limits the medical treatment [18,42-45].
Cytochrome bcl is a key component of the mitochondrial respiratory chain and a proven tar-
get for antimicrobial agents of medical and agricultural interest [12]. Recent experimental and
computational screening have identified the cytochrome bcl and the production pathway of
ubiquinone, through which cytochrome bcl is highly dependent, as a prospective therapeutic
target against T cruzi [7,46,47]. The cytochrome bcl contains two catalytic sites (Qi and Qo),
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which are responsible for redox reactions that occur during the Q-cycle [11]. Overall, a Q-
cycle consumes two quinol molecules at the Qo site, creates one at the Qi site, and translocates
four protons to the positive side of the mitochondrial membrane. Using a wide range of
computational tools, we have investigated the mechanism of action of well-validated inhibitors
for cytochrome bcl by focusing on the Qi site. In detail, through homology modelling, molec-
ular docking, and molecular dynamics simulations, we studied the impacts of four known
inhibitors on cytochrome b conformational changes of T. cruzi. Two Qi-site inhibitors (anti-
mycin A and GNF7686), two Qo-site inhibitors (myxothiazol and strobilurin A) were chosen
and compared with two forms of substrate (ubiquinone and ubiquinol). Membrane proteins
are the most accessible targets for therapies in receptor-based techniques, although structural
information is limited. In this context, no crystal structure for the cytochrome bcl of T. cruzi
is available and homology modelling techniques have been employed. We have considered the
cytochrome b heterodimer in order to focus on the Qi site. In particular, the homology model
was built starting from the crystallography of Gallus gallus. In order to reproduce the physio-
logical environment and dynamics of the receptor, the bL-heme and bH-heme molecules of
the Qo and Qi catalytic sites were modelled, and the complex was placed in a neutral lipid
bilayer model of POPC. The starting configuration of each ligand was predicted by molecular
docking and the pose of the antimycin A ligand was used as a control for the docking protocol,
obtaining RMSD values of less than 2 A compared to the pose present in the crystallography
with PDB ID 3H1I[25]. The binding pocket and ligand reorganize during MD simulations,
causing each ligand to interact with the receptor in a different way, affecting cytochrome b
conformation. Overall, each ligand interacts by forming hydrogen bonds with residues Asp15
and Leul6 and through hydrophobic interactions due mainly to the hydrophobic nature of the
binding pocket [7]. Furthermore, all compounds under investigation maintain hydrophobic
interactions with residue Phe33 and, with the exception of ubiquinone, with residue Phe222,
as previously observed for other putative inhibitors [7]. The Qo inhibitors coordinated via pi-
staking iterations the residue Phe33 while antimycin A the residues His202 and Phe222 and
GNF7686 the residue Phel94. Several structures containing quinone analogs showed the bind-
ing site to have several different configurations, and likely have different coordinating residues
[48-50]. The analysis of protein conformational changes revealed that the region between resi-
due L200 and residue D230 has fluctuations specific to the type of ligand present at the Qi
binding site. Overall, the investigated Qi inhibitors are capable of making this region more
rigid than ligands related to Qo inhibitors and the same behavior is observed in the receptor
apo form. The receptor’s apo form can in principle be considered as the receptor in an inacti-
vated form. In light of this, we can hypothesize that the increased fluctuations of the highly
unstructured portion under investigation may be due to the mechanism in which the cyto-
chrome b works. Over time, computational studies have focused on understanding the mecha-
nisms of drug action and resistance at the Qo site in order to shed light on the structure-
activity relationship and improve drug design [21,22]. The inhibitor stigmatellin binding at
the Qo site near the ISP cluster [2Fe-2S] results in a decrease in the flexibility of the cyto-
chrome bcl complex [11,16]. Furthermore, experimental studies highlighted the inhibitors’
action on the Qo and Qi sites changed the b-heme spectroscopic properties in cytochrome b
[51-55] and coordination between the Qi and Qo sites influenced by Qi inhibitors has been
hypothesised [56]. We have schematized this movement as a fluctuation between a ’closed’ and
an ’open’ state. The two substrates ubiquinone and ubiquinol exhibit opposite behavior. When
ubiquinone occupies the Qi site, the average fluctuations are similar to those of the apo form,
whereas ubiquinol causes large fluctuations up to 0.77 nm. In the last phase of the Q cycle, the
ubiquinol substrate is produced by the reduction of ubiquinone at the Qi site, and in the last
phase of the reduction process, two protons enter the intermembrane space. Within this
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framework, we propose that the fluctuation between a ’closed’ and an ’open’ state detected
between residues L200 and D230 may enhance the protons’ entry into the intermembrane
space. Moreover, these molecular fluctuations are strongly reduced when true inhibitors (anti-
mycin A and GNF7686) or the substrate ubiquinone are present at the Qi site or when the pro-
tein is in the apo form. The apo protein is a model of the inactive receptor and the enhanced
oscillations of its unstructured domain may be related to the biological activity of cytochrome
b. The considered inhibitors are specific for a particular binding site [14] by competing with
substrates and decreasing the biological activity of the cytochrome bcl complex [11,16]. In this
context, the observed fluctuations might be an important dynamic fingerprint of the stability
of the binding site associated with a given molecule, emphasizing the inhibitors’ competitive
effect against substrates and that Qo inhibitors are not suitable for inhibiting cytochrome bcl
activity by binding at the Qi site. However, several theories have been proposed to explain the
mechanism of bcl functions as well as its inactivation by respiratory inhibitors. The role of
membrane cardiolipins in enhancing protons’ access in the reaction site during the redox reac-
tion has been hypothesized using MD atomistic simulations, indicating that several molecular
components may contribute to the functional mechanisms of cytochrome b [57]. Experimental
x-ray structure has emphasized the involvement of the highly conserved residue Arg218 in
providing a proton during ubiquinone reduction and then retrieving it from the matrix [48].
A similar hypothesis was made about a possible pathway of proton conduction out of the Qo
site, that through a water channel in the cytochrome bcl involved the bL-heme and connected
the lobe near the bL-heme to the solvent [21]. To summarize, the mechanism of action of
inhibitors and receptor function is quite complex and involves numerous variables. Future
studies, especially those aimed at identifying new inhibitors for the Qi site of cytochrome b,
will be able to assess the validity of this model for developing more effective drugs.

Conclusions

In recent years, there has been growing interest in discovering new pharmacological treat-
ments for diseases caused by the T. cruzi parasite. However, the lack of verified T. cruzi phar-
macological targets is a major roadblock in the development of new treatments for Chagas’
disease. In this context, the cytochrome bcl is a promiscuous drug target candidate for T. cruzi
and has been identified as a target for antibacterial drugs of medicinal and agricultural interest.
As part of the electron transport chain (ETC), cytochrome bcl connects electron transport
and proton translocation across the inner mitochondrial membrane via the Q cycle. Cyto-
chrome b has two catalytic sites, the Qo site and the Qi site, and numerous hypotheses have
been made on the mechanism of cytochrome bcl inhibition by drugs targeting the Qo binding
site [58]. The cytochrome b gene encoded by the maxi-circle DNA of the kinetoplast is sub-
jected to a high mutation rate and therefore the development of new molecules against a target
with an intrinsic mutation risk could result in the development of a panel of drugs that trigger
resistance [7]. For this reason, it is essential to understand the molecular mechanism of action
of active inhibitors against cytochrome bcl. In this study, we used forcefield-based in-silico
approaches to understand the molecular mechanisms behind the inhibition of the Qi site in
cytochrome b of T. cruzi that could be used to aid drug discovery. In particular, we have
highlighted the molecular action of six ligands belonging to three classes of compounds capa-
ble of triggering conformational changes of cytochrome b of T. cruzi. The observed fluctua-
tions might be a clear sign of the stability of the binding site associated with a given molecule,
emphasizing the inhibitors’ competitive effect against substrates and that Qo inhibitors are not
suitable for inhibiting cytochrome bc1 activity by binding at the Qi site. Providing detailed
mechanistic information about the mechanism of action of inhibition of the Qi site is
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important if we consider that development of new drugs is often hindered by a lack of infor-
mation about the mechanism of action. The recent failure of posaconazole, an established
CYP51 inhibitor, in phase II clinical trials for Chagas’s Disease highlights the need to better
understand the mechanisms of action of drug candidates [19,20]. Understanding the binding
site selectivity of T. cruzi cytochrome b and the influence of inhibitors and substrates is critical
for drug development and optimization. Our work allows to observe the conformational
changes occurring near the Qi site when occupied by true and false inhibitors. We propose
that the fluctuation between a ’closed’ and an open’ state detected between residues L200 and
D230 is responsible for enhancing the protons’ entry into the intermembrane space. The con-
sidered inhibitors are specific for a determined catalytic site [14] and act by competing with
substrates and decreasing the biological activity of the cytochrome bcl complex [11,16]. In
conclusion, the computational approach presented in this manuscript could be used in the
final drug screening stage to confirm that potential inhibitors of the Qi site of T cruzi cyto-
chrome b induce the same molecular changes in the protein target described in the present
manuscript.
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