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Abstract

Plasmodium falciparum (P. falciparum) is the main parasite known to cause

malaria in humans. The antimalarial drug atovaquone is known to inhibit the

Qo-site of the cytochrome bc1 complex of P. falciparum, which ultimately blocks

ATP synthesis, leading to cell death. Through the years, mutations of the P.

falciparum cytochrome bc1 complex, causing resistance to atovaquone, have

emerged. The present investigation applies molecular dynamics (MD) simula-

tions to study how the specific mutations Y279S and L282V, known to cause

atovaquone resistance in malarial parasites, affect the inhibition mechanism of

two known inhibitors. Binding free energy estimates were obtained through

free energy perturbation calculations, but were unable to confidently resolve

the effects of mutations due to the great complexity of the binding environ-

ment. Meanwhile, basic mechanistic considerations from the MD simulations

provide a detailed characterization of inhibitor binding modes and indicate

that the Y279S mutation weakens the natural binding of the inhibitors, while

no conclusive effect of the L282V mutation could be observed.
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Introduction

Plasmodium falciparum (P. falciparum) is one of the six parasites known to cause

malaria in humans (1). Malaria is a serious disease which unfolds in one of two main

degrees: uncomplicated malaria with symptoms of the common flu and complicated

malaria with symptoms such as reduced consciousness, acute lung and kidney injuries

and, if not treated in time, possibly death. P. falciparum is responsible for the vast

majority of malarial incidents, which in 2018 accounted for 228 million cases (2).

Atovaquone is the active molecule in the antimalarial drug Malarone®, which

is used to treat uncomplicated malaria and as prophylactic medication for travellers

(3). Unfortunately, an emergence of P. falciparum resistance to atovaquone and other

antimalarial medicaments is seen globally (1). Investigations of the precise inhibition

mechanism of antimalarial drugs, such as atovaquone, and the cause of resistance

in known resistant P. falciparum mutants will be a crucial aid in antimalarial drug

development to combat the increasing drug resistance in malarial parasites.

Several antimalarial drugs, including atovaquone, interfere with the adenosine

triphosphate (ATP) synthesis in the mitochondria of the parasite cells, which relies

on the electron transport chain (ETC) proteins. The ETC is built of four protein

complexes that through a series of electron transfers effectively pump protons across

the inner membrane, which creates an electrochemical potential across the membrane.

This potential is vital for ATP synthesis (4), and a disturbance of the ETC complexes

can be fatal to the cell. Therefore, the ETC complexes are often used as drug targets

for example in medical treatments of parasitic diseases like malaria (5).

The molecule atovaquone, illustrated in Fig. 1A, targets the third complex of

the ETC, namely the cytochrome bc1 complex, of P. falciparum (3, 6). The bc1

complex is a dimeric protein complex; it is composed of two identical monomers (A
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Figure 1: Comparison of the two bc1 complex inhibitors A) atovaquone and B) stig-

matellin and C) the molecule ubiquinone. The dashed lines indicate that the tail of

ubiquinone continues.

and B), each consisting of at least three protein subunits: cytochrome b (Cyt b),

the Rieske iron-sulfur protein (ISP) and cytochrome c1 (Cyt c1). Furthermore, each

monomer contains an iron-sulfur cluster (Fe2S2) in the ISP and three heme groups

(4). Monomer A and its components are illustrated in Fig. 2.

The bc1 complex transfers protons across the inner membrane of the mitochondria

through the so called Q-cycle, see Fig. 2. The two binding sites, the Qi-site and

the Qo-site, of the bc1 complex and the substrate molecules ubiquinol (QH2) and
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Figure 2: One monomer of the simulated cytochrome bc1 complex. The monomer consists

of three subunits: cytochrome c1 (Cyt c1), the iron sulfur protein (ISP) containing the

iron sulfur cluster (Fe2S2) and cytochrome b (Cyt b) containing the Qi binding site. The

Qo binding site is located between Cyt b and the ISP. The arrows illustrate the Q-cycle

in which two ubiquinol molecules (QH2) are oxidized at the Qo-site and each releases two

protons to the intermembrane space and two electrons into the bc1 complex. Two of the

four electrons go to a reduction of one ubiquinone (Q) at the Qi-site, where also an uptake

of two protons from the mitochondrial matrix takes place to complete the reduction.
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ubiquinone (Q), illustrated in Fig. 1C, are key components of the Q-cycle (7–9).

During a Q-cycle, two QH2 molecules bind sequentially next to Fe2S2 at the Qo-site,

where, through redox reactions, they transfer two electrons to the bc1 complex and

two protons into the intermembrane space. Two electrons move through the Cyt c1

and attach to a carrier molecule in the intermembrane space (10), while two other

electrons move to the Qi-site, where they reduce one Q molecule to QH2 through

uptake of two protons from the mitochondrial matrix (7).

If another molecule is able to bind at the Qo-site of the bc1 complex it could poten-

tially block the binding site for the QH2 molecules and thereby stop the Q-cycle. This

paper investigates, through computational modelling, the binding mechanism of two

known inhibitor molecules; atovaquone (C22H19ClO3) and stigmatellin (C30H42O7),

illustrated in Fig. 1A and Fig. 1B, respectively.

Currently, no crystal structure of the bc1 complex from P. falciparum exists.

However, a comparison of the primary amino acid sequence of the bc1 complex of P.

falciparum to that of bakers yeast, Saccharomyces cerevisiae (S. cerevisiae), see Fig.

3, shows a high degree of similarity around the Qo-sites, indicated with green squares

(12). Furthermore, atovaquone inhibits the bc1 complex of S. cerevisiae like in P.

falciparum and point mutations related to atovaquone resistance in P. falciparum,

in particular the mutations investigated here, are also found to lead to atovaquone

resistance in the S. cerevisiae bc1 complex (6, 13), which makes the bc1 complex of

S. cerevisiae a favoured model for that of P. falciparum in multiple computational

and experimental investigations (14–18), including the present study. An alternative

approach would be to construct a homology model of the P. falciparum bc1 complex

(12). However, as homology models also constitute an additional source of uncertainty

and the main focus of the present study is the methodological aspects of characterizing

ligand binding thorough simulations, the simplicity of using the unmodified crystal
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Figure 3: Amino acid sequence alignment of the bc1 complex proteins related to the Qo-

sites of P. falciparum and S. cerevisiae (Cyt b and the ISP). Colour indicates similarities in

the two sequences: dark blue indicates a perfect amino acid match, while dark red indicates

no similarity between the amino acids. Green squares encircle the sequences within which

the amino acids composing the Qo-sites of the bc1 complexes is found (11) and orange

squares indicate the mutated amino acids.
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structure of the S. cerevisiae bc1 complex (PDB ID: 3CX5) (19) was preferred.

The bc1 complex of S. cerevisiae includes a total of 9 subunits in each monomer.

However, only six of those (three in each monomer) are relevant directly for the

study of inhibitor binding. Thus, only the transmembrane subunits were included

in the studied models, which substantially reduces the computational complexity.

In the crystal structure the termini of the transmembrane subunits extend into the

ancillary subunits, which are omitted in the studied model, so the modelled termini

are artificially free to move around. If the interactions of the bc1 complex with its

surroundings were to be investigated it likely would be important to also include the

ancillary subunits in the model. However, here interactions within the core parts of

the bc1 complex are investigated, and the omission of the ancillary subunits and the

resulting loose termini are considered to have insignificant influence. We find that the

overall stability of the abstracted core of the bc1 complex is not adversely affected

by the exclusion of the 12 subunits during the timescale of the simulations as will be

discussed later.

Two point mutations of the bc1 complex in S. cerevisiae were investigated. One

mutation substitutes a tyrosine at position 279 of Cyt b by serine (Y279S), corre-

sponding to an equivalent mutation at position 268 of Cyt b in the P. falciparum

bc1 complex (Y268S); Y268S is the most common mutation related to atovaquone

resistance in the P. falciparum parasite (6) and has also been shown to lead to consid-

erable atovaquone resistance in S. cerevisiae (17). The second mutation is of leucine

at amino acid position 282 of Cyt b substituted by valine (L282V), corresponding to

the L271V mutation in the P. falciparum bc1 complex. L271V is a less prevalent mu-

tation that seemingly causes atovaquone resistance in other malaria parasite species

(14, 20).

Here, we are exploring the efficacy of computational modelling to predict the rela-
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tive potency of inhibitors by establishing the effect of different bc1 complex mutations

on atovaquone and stigmatellin binding at the Qo-site of the bc1 complex. Interaction

energies and bonding networks of atovaquone and stigmatellin with the bc1 complex

are established, while free energy perturbation (FEP) simulations are used to further

quantify the binding free energy of atovaquone in the bc1 complex, including the

effects of mutations in the complex.

Methods

Simulated systems

The investigated model includes the transmembrane subunits of the wild type (WT)

structure of the dimeric bc1 complex from S. cerevisiae that are directly involved in

the Q-cycle and include the Qo binding site. Specifically, Cyt b, Cyt c1 and the ISP

including the Fe2S2-cluster, and the three heme groups of each bc1 complex monomer

are included. One monomer of the simulated dimer is illustrated in Fig. 2. The

subunits are obtained from a complete S. cerevisiae bc1 complex structure (PDB ID:

3CX5) (19) in which the inhibitor stigmatellin is bound at the Qo-site.

The lipid bilayer and the water box were reused from an earlier investigation (21,

22) studying the bc1 complex of R. capsulatus. The lipid bilayer was originally con-

structed as a randomly distributed mixture of 102 cardiolipins (CL 18:2/18:2/18:2/18:2),

406 phosphatidylcholines (PC 18:2/18:2) and 342 phosphatidylethanolamines (PE

18:2/ 18:2) lipids (7) and was extracted for the present work after extensive equili-

bration and simulation (21, 22). The bc1 complex from S. cerevisiae was merged into

the membrane, such that it entirely replaced the R. capsulatus protein complex from

the earlier investigation, by means of the TopoTools plugin for VMD (23). Finally,
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the system was neutralised and a concentration of 0.05 mol/L of NaCl was added to

the water part of the system. The final system consists of 496,378 atoms.

The structure of the atovaquone molecule was taken from the PubChem database

(24) (Compound CID: 74989), and the corresponding force field parameters were

generated using the SwissParam service (25). The atovaquone molecule has two tau-

tomeric forms, i.e. it exists both as a neutral 3-hydroxy1,4-naphthoquinone (3H14N),

which appears to be the most studied tautomer in relation to bc1 complex inhibition

(3, 6, 18, 26, 27), and as a neutral 4-hydroxy1,2-naphthoquinone (4H12N) (28) which

is studied here (see Fig. 1A). Additionally, both atovaquone tautomers could take

anionic form, depending on the environment. A study by Birth et al. (17) indicates

that atovaquone is bound to the bc1 complex in its anionic state. Ideally, all four

combinations of tautomer and protonation states should be modelled separately. As a

starting point in the present study, we model the neutral 4H12N variant as it appears

in the PubChem database (24). The force field parameters used for stigmatellin were

generated using the CHARMM General Force Field program (29) and stigmatellin

was, like atovaquone, considered neutral.

The Y279S and L282V mutant structures were constructed from the structures

of the WT bc1 complexes taken after 73 ns and 54 ns of production simulations (see

Table 1), with the atovaquone and stigmatellin inhibitors bound, respectively.

Molecular dynamics simulations

All MD simulations were performed with NAMD 2.12 (30) and the CHARMM36 force

field with CMAP corrections (31–33) from which parameters for proteins, water and

ions were available. The force field parameters used for the membrane lipids were

taken from previous studies (7, 21). VMD 1.9.3 (34) was used for visualisation and
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Table 1: Simulation protocols for the MD simulations of the WT, Y279S and L282V bc1

complexes, containing either stigmatellin or atovaquone as the inhibitor. The left column

notes the simulation type and the parts of the system kept restrained.

Stigmatellin Atovaquone
WT Y279S L282V WT Y279S L282V

Equilibration 1 (NPT)
Protein and cofactors 5 ns none none none none none
restrained
Equilibration 2 (NPT)
Protein backbone 5 ns none none none none none
restrained
Equilibration 3 (NPT)
No restraints 5 ns 3 ns 2 ns 5 ns 3 ns 2 ns

Production (NVT) 150 ns 200 ns 150 ns 150 ns 150 ns 150 ns

analysis of the simulations. All simulations were carried out with the integration

time step of 1 fs with periodic boundary conditions. The temperature, T , was kept

constant at a value of 310 K by using the Langevin thermostat (35). Equilibration

simulations were performed in the NPT statistical ensemble, i.e. maintaining a con-

stant pressure value of 1 atm through employing the Nosé-Hoover Langevin Barostat

(36, 37). The production simulations were carried out in the NVT ensemble. The

temperature damping coefficient was set to 1/ps and the oscillation and the decay

times for the Langevin piston were assumed 200 fs and 50 fs, respectively. Van der

Waals (vdW) and short-range electrostatic interactions were calculated with a cut-

off distance of 12 Å and particle mesh Ewald summation was used to calculate the

long-range electrostatic interactions (38).

The employed simulation protocols are summarised in Table 1. In order to stabilize

the initial WT bc1 complex with stigmatellin, the water, ions and the membrane

went through a 5 ns equilibration simulation including 10,000 conjugate gradient
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minimization steps. Subsequently, a 5 ns equilibration simulation was performed to

relax the protein side chains, while the protein backbone was restrained. The final

equilibration simulation was done for 5 ns, where all the system components were

free to move. After the three equilibration stages, 150 ns production simulation was

performed, where all atoms were allowed to move without restraints.

The WT bc1 complex with atovaquone was constructed from the equilibrated WT

bc1 complex with stigmatellin and, therefore, a single 5 ns equilibration simulation of

the entire system after replacing the ligand was used here before the production sim-

ulation of 150 ns. The bc1 complex mutants were constructed from the corresponding

WT complexes taken after more than 50 ns of production simulation. In the case of

the mutated structures, a single 2-3 ns equilibration simulation of the entire system

was considered sufficient. The production simulation duration for the mutants was

150 ns, except for the Y279S mutant with stigmatellin which was simulated for 200

ns.

Free energy perturbation calculations

Free energy perturbation (FEP) was used to determine a series of free energy changes,

∆Gi, that in the end were used to reconstruct the binding free energy, ∆G0, between

(i) the state with atovaquone bound at the Qo-site and (ii) the state with atovaquone

and the bc1 complex separately solvated. Note that the FEP calculations were only

carried out for atovaquone, but not for stigmatellin.

The employed free energy calculation method relies on the so-called alchemical

transformation approach (39), where each state of the system is described by a unique

value of a parameter λ (0 ≤ λ ≤ 1). The forward simulation (λ : 0 → 1) describes

the gradual annihilation of atovaquone, while the backward simulation (λ : 1 → 0)
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describes the gradual creation of atovaquone at the Qo-site or in water. Both the

forward and backward simulations are performed through a series of intermediate

and unphysical λ-states, determined by the parameter 0 < λ < 1. The gap between

two adjacent λ-states is called as the λ-window. For further information on the free

energy perturbation theory, we refer to the classical textbooks (40, 41) as well as to

the supplementary material (SM).

The Bennett acceptance ratio (BAR) method (42) was used to obtain an estimate

of the ∆Gi values from a combination of the forward and backward data. Using the

BAR method, the accumulated free energy change at the i’th λ-window, λi, can be

approximated as (43):

∆GBAR
0→λi

=
1

β
ln

N∑
j=1

1 + exp
[
−β(∆U i

j −∆GBAR
0→λi−1

)
]

1 + exp
[
−β(∆U i+1

j −∆GBAR
0→λi−1

)
] + ∆GBAR

0→λi−1
, (1)

where the summation is taken over all N frames sampled in the i’th λ-window.

∆U i
j is the potential energy difference between the i’th and i+ 1’th λ-window and

β = 1
kBT

, with kB being the Boltzmann constant. Equation (1) is used iteratively

across all calculated λ-windows.

In order to keep atovaquone from drifting around in the bc1 complex, once the

interactions are disabled in the course of the FEP calculations, five harmonic restraints

were used, which imposed an artificial potential between certain atoms, having the

form:

Ui =
1

2
k(ri − ri,0)2. (2)

Here k = 20 kcal/(mol Å2) is the force constant, ri is the distance between two

restrained atoms and ri,0 is the reference distance. Figure 4 illustrates the imposed
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Figure 4: Illustration of the harmonic atom restraints used in the FEP calculations.

Dashed lines indicate the distances, r0-r4, in monomer B of the WT bc1 complex, that were

used to keep atovaquone at the Qo-site, once the interactions between atovaquone and its

surroundings were disabled. Spheres of identical colour indicate the pairs of atoms in the

restrains and the corresponding ri,0 values are the reference distances used in the applied

harmonic potential, as described in Eq. (2). Identical choices of atom pairs were used

in both WT and mutants and in both monomers, but the reference distance of restraint

r2 is slightly different between monomer A and monomer B due to small conformational

differences. The C180 residue is positioned in the ISP while the remaining residues used to

tether atovaquone are positioned in Cyt b.

atomic restraints used in all simulations. A harmonic restraint on the root mean

square displacement (RMSD) of atovaquone was additionally implemented to keep
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the atovaquone conformation close to its natural conformation in the system. The

force constant for the RMSD restraint was set to 10 kcal/(mol Å2).

Implementation of restraints leads to a loss of entropy which must be accounted for

in the evaluated ∆G0 estimates (43). For this purpose, a separate set of simulations

determining the free energy contributions from the applied restraints were performed.

Here, the restraints are gradually enabled or disabled while sampling the free energy

contributions using the colvars module of NAMD (44). The thermodynamic cycle in

Fig. 5 illustrates the entire transformation of the studied molecular system from the

unbound state (upper left corner) to the bound state (upper right corner), and lists all

the interactions, including artificial restraints, enabled at each stage. Starting from

the atovaquone unbound state, the considered FEP transformations were as follows:

1. The RMSD restraint is imposed on atovaquone in water with the related free

energy change ∆G1.

2. The electrostatic and the vdW interactions between atovaquone and the water

are decoupled with the related free energy change ∆G2.

3. Atom restraints are imposed to the non-interacting atovaquone (atovaquone in

vacuum) with the related free energy change ∆G3. Because the atom restraints

are defined partly from atoms of the bc1 complex, the simulation is carried out

with atovaquone positioned at the Qo-site but with all vdW and electrostatic

interactions between atovaquone and the surroundings decoupled.

4. Energetically, there is no difference between atovaquone in vacuum and ato-

vaquone positioned at the Qo-site with no interactions with its surroundings,

both affected by atom and RMSD restraints. The latter argument allows to

follow from the bottom left corner of the thermodynamic cycle in Fig. 5 to the
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Figure 5: The thermodynamic cycle illustrates the sub-transformations, described in

points 1-6 of the main text, utilized to determine the free energy, ∆G0, related to binding

of atovaquone at the Qo-site of the bc1 complex. The free energy changes related to each

transformation are denoted as ∆Gi (i = 1-6). Arrows illustrate the direction of the forward

simulations. ‘bc1+atovaquone’ indicates that the bc1 complex and atovaquone are consid-

ered as two separate systems, while ‘bc1:atovaquone’ indicates that the bc1 complex and

atovaquone is one system with atovaquone positioned at the Qo-site. ‘vdW+Coulomb’ states

that the non-bonding vdW and Coulomb interactions are present between atovaquone and

its surroundings, likewise ‘Atom restraints’ and ‘RMSD restraints’ indicate that the given

restraints are active.

16



bottom right corner, with a zero free energy change, ∆G4 = 0.

5. With atovaquone positioned at the Qo-site, the interactions between atovaquone

and its surroundings are recoupled with the related free energy change ∆G5.

6. Finally, the RMSD and atom restraints are decoupled, with the free energy

change ∆G6, to obtain the physical atovaquone bound state.

The direction of arrows in Fig. 5 illustrates the directions of the forward simu-

lations. With the convention of forward simulations, the final ∆G0 is computed by

following the path described by 1 → 6 and adding energy contributions when a cor-

responding arrow follows the path and subtracting it once the corresponding arrow

points against the path, therefore:

∆G0 = −∆G1 + ∆G2 −∆G3 −∆G5 + ∆G6. (3)

The FEP simulations used to determine ∆G2 and ∆G5 were performed using 50

evenly distributed λ-windows, each with 30,000 equilibration steps and 50,000 sam-

pling steps. The restraint free energy simulations used to determine ∆G1, ∆G3 and

∆G6 used 14 unevenly distributed λ-windows with 40,000 equilibration steps and

160,000 sampling steps; see the SM for more information on the applied λ-windows.

Except for the oscillation and decay time for the Langevin piston, both set to 100

fs, all parameters in the FEP simulations were identical to the parameters used in

the MD simulations, introduced previously. The system used for the simulations of

atovaquone in water (needed for steps 1-2 of the thermodynamics cycle in Fig. 5),

was constructed as a 43 Å × 33 Å × 34 Å large water box with 1675 water molecules

and a single atovaquone molecule.

The bc1 complex in the present study is modelled with Fe2S2 in the oxidized form
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Figure 6: The Qo-site of the equilibrated simulation system of the A: WT and the B:

Y279S and C: L282V mutated bc1 complexes. Besides the residues involved in the muta-

tions, also the atovaquone molecule, Fe2S2 and the H181 residue of the ISP are shown in

the figure.

to model the state before initial biding of ubiquinol. By repeating the free energy

simulations with Fe2S2 in its reduced state, the differential binding free energy of

atovaquone inhibition in the bc1 complex between the reduced and oxidized forms of

Fe2S2 could be computed and compared to experimental data (8, 9, 18).

Results

The results include an investigation of the binding modes of the inhibitors (atovaquone

and stigmatellin) at the Qo-site of the WT and mutated bc1 complexes followed by a

presentation of the computed interaction energies between the studied inhibitors and

the three bc1 complex variants. The section is completed with a FEP analysis aimed

at determining the binding free energy of atovaquone binding at the Qo-site of the

WT and mutated bc1 complexes.
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The two investigated mutations, Y279S and L282V, are referred to by the amino

acid positions of the S. cerevisiae bc1 complex. Figure 6A shows an atovaquone

molecule at the Qo-site of the WT bc1 complex as well as the two residues involved in

the mutations, Y279 and L282, jointly with H181 which is found to be the main par-

ticipant in hydrogen bonding between the investigated inhibitors and the bc1 complex.

Figures 6B-C illustrate the Qo-sites of the Y279S and L282V mutants, respectively.

Prior to energy analysis, we have also performed an extended analysis of the

system’s stability. The overall stability of the membrane, the bc1 complex proteins

and the transmembrane protein helices in the simulated system is analyzed in detail

and presented in the SM. The analysis suggests that all of the simulated systems are

well equilibrated and stable enough for the purpose of the presented investigation.

Characterizing binding modes

The impact of the Y279S and L282V mutations on the binding modes of the inhibitors

at the Qo-site could be characterized through analysing the hydrogen bonds between

the residues in the bc1 complex proteins and the inhibitors. Figure 7 shows the

percentage of simulation time (occupancy) where hydrogen bonds are present between

the inhibitor and the three main residues involved in inhibitor binding in the WT

and mutant simulations. The wide bars in Figure 7 show the total hydrogen bond

occupancy between the inhibitor and the bc1 complex, i.e. the sum of occupancies

for all residues that could take part in inhibitor binding. The involved residues are

illustrated in Fig. 8 for the Y279S mutant.

The H181 residue of the ISP is the dominant hydrogen-bonding partner of the

inhibitors and forms a bond more than 50% of the time in both the WT and the L282V

simulations, except in the case of atovaquone in monomer B of the L282V mutant.
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Figure 7: Bar diagram displaying the occupancy of hydrogen bonds between the inhibitors

(atovaquone and stigmatellin) and the WT, Y279S and L282V variants of the bc1 complex

(dark yellow) and more specifically between the inhibitors and the residues H181 (green)

and C180 (blue) of the ISP and V146 (yellow), Y132 (red), L282 (white) and S279 (orange)

of Cyt b. The two rows illustrate each of the two monomers of the simulated bc1 complex

(A and B). Labels below the bars indicate the simulations, while the ligands used are noted

above the bars.

Therefore, H181 is assumed to be an important participant in both atovaquone and

stigmatellin binding at the Qo-site, as was also concluded earlier (17, 18) in the case

of atovaquone. Only in case of stigmatellin bound in monomer A of the Y279S bc1

complex is H181 not the main residue holding the inhibitor in place; here, the S279

residue of Cyt b is taking this role with a hydrogen bond occupancy around three
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times that of H181.

The Y279S mutant generally leads to a reduced occurrence of hydrogen bonds for

both atovaquone and stigmatellin, hinting weaker inhibitor binding at the Qo-site for

this known drug resistant mutant. Meanwhile, except for the case of atovaquone in

monomer B of the bc1 complex, no significant decrease in hydrogen bond occupancy

is seen in the L282V mutant.

Birth et al. identified the V146 residue as an important stabilising contact for

atovaquone binding in the bc1 complex (17). Similarly, the present investigation

finds that V146, next to the H181 residue, is the most involved residue in atovaquone

binding in the bc1 complex, see Fig. 7. The present study further indicates that

the hydrogen bond occupancy between atovaquone and the V146 residue is consis-

tent across the WT and mutated bc1 complexes, hinting that the contact between

atovaquone and the V146 residue might be affected insignificantly by the Y279S mu-

tation.

In monomer B of both the Y279S and L282V mutants hydrogen bonding between

the studied inhibitors and the Y132 residue is evident. To the best of our knowledge

the interaction between the Y132 residue and atovaquone has not been identified

in previous studies and may be a consequence of the modelled tautomeric form of

atovaquone (see Fig. 1A) compared to that in the previous studies (3, 6, 18, 26, 27).

Figure S7 of the SM illustrates the distances d1 and d2 between the donor and

acceptor atoms of the hydrogen bonds between the inhibitors and the H181 and S279

residues, respectively. Figure S7 reveals that the increased hydrogen bond occupancy

of the S279 residue in monomer A of the Y279S mutant is related to a displacement of

stigmatellin away from the H181 residue and towards the S279 residue, approximately

40 ns into the simulation.
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Figure 8: A: atovaquone and B: stigmatellin at the Qo-site in monomer B of the Y279S

mutated bc1 complex with the residues H181 (green) and C180 (blue) of the ISP and V146

(yellow), Y132 (red), L282 (white) and S279 (orange) of Cyt b, participating in hydrogen

bonds between the inhibitors and the Qo-site, highlighted. d1 and d2 are the distances

between the donor and acceptor atoms of the hydrogen bonds between the inhibitors and

the H181 and S279 residues, respectively. Time evolutions of d1 and d2 are illustrated in

Fig. S7 of the SM.

Interaction energies

To investigate how the Y729S and L282V mutations could possibly affect the inter-

actions between the molecular inhibitors (atovaquone and stigmatellin) and the bc1

complex, the total non-bonded interaction energies between the inhibitors and the

bc1 complex were sampled for each of the simulated trajectories. The resulting prob-

ability distribution functions, P (E), of the total interaction energy, E, are shown in

Fig. 9. The average interaction energies and the corresponding standard deviations

are listed in Table 2. Time evolution of specific interaction energies as well as their

vdW and Coulomb contributions are shown in Fig. S6 of the SM.

The interaction strength between the inhibitors and the bc1 complex is consistently
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Figure 9: Probability distributions of the total interaction energies between the inhibitors

(atovaquone and stigmatellin) and the WT (red), Y279S (blue) and L282V (green) variants

of the bc1 complex. Each column represents one of the two inhibitors and each row one of

the two monomers of the bc1 complex (A and B). Peak shifts indicate weaker interaction

energies for both atovaquone and stigmatellin in the Y279S mutant compared to the WT.

Table 2: The average and standard deviations of the total interaction energies between

the inhibitors and the WT and mutant bc1 complexes, see Fig. 9.

Energy (kcal/mol)

complex
ligand Stigmatellin Atovaquone

Monomer A Monomer B Monomer A Monomer B
WT -90.8 ± 4.5 -91.7 ± 4.2 -67.2 ± 3.7 -66.5 ± 3.3
Y279S -76.7 ± 6.2 -81.9 ± 6.3 -60.9 ± 4.6 -60.8 ± 3.6
L282V -91.9 ± 4.0 -90.9 ± 3.8 -66.3 ± 3.5 -64.1 ± 4.3
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Figure 10: Probability distributions of the total interaction energy between stigmatellin

and the H181 residue of the ISP in the WT (red) and Y279S (blue) variants of the bc1

complex. Each row represents one of the two monomers (A and B) of the bc1 complex. The

energy probability distributions are clearly shifted towards higher energies in the Y279S

mutant than in the WT case implying weaker inhibitor binding.

weaker in the Y279S mutant than in the WT with a shift of ∼6 kcal/mol in the case

of atovaquone and ∼12 kcal/mol in the case of stigmatellin. The peak shift and the

broadening of the energy distribution seen for the Y279S mutant compared to the

WT suggest that the Y279S mutation weakens the binding of the inhibitors at the

Qo-site, which could explain the observed drug resistance in the mutant (6, 45). The

situation is different in the case of the L282V mutant: here, no significant changes

are seen in the interaction energies due to the mutation.

Because the inhibitors mainly bind to the H181 residue, it was found relevant
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to investigate the interaction energies specifically between H181 and the inhibitors

in detail. Figure 10 shows the probability distribution functions, P (E), of the total

interaction energy, E, computed between stigmatellin and the H181 residue in the

WT and the Y279S mutated bc1 complexes, specifically. For monomer A of the

Y279S mutant, the energy distribution significantly broadens and has a clear peak

shift of ∼12 kcal/mol, compared to the WT case. Figure S8 of the SM shows the time

evolution of the interaction energies between the ligands and the H181 residue. Here

it can be seen that the change in interaction energy for stigmatellin in monomer A of

the Y279S mutant occurs approximately 40 ns into the simulation, which coincides

with an observed displacement of stigmatellin in the binding site to form a hydrogen

bond with the S279 residue instead of with the H181 residue, as can be observed

in Fig. S7 of the SM. A similar binding position displacement is hinted at multiple

occasions for stigmatellin in monomer B of the Y279S mutant, especially about 150

ns into the simulation. However, stigmatellin returns closer to the H181 residue after

a few nanoseconds, which explains the significantly distorted probability distribution

in Fig. 10. It is highly probable that the change of binding mode from the H181

to the Y279 residue is a main contributor to the weaker inhibition observed in the

Y279S mutant compared to the WT bc1 complex.

The observed weaker interaction energies between stigmatellin and the bc1 com-

plex, and specifically the H181 residue, in the Y279S mutant compared to the WT,

as well as the shift of hydrogen bond occupancy from H181 to S279, Y132 and L282

(Fig. 7) and the stigmatellin displacement in the same mutant strongly indicate

that the Y279S mutation has a significant influence on the natural binding mode of

stigmatellin at the Qo-site of the bc1 complex.
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Free energy perturbation

In an attempt to more thoroughly quantify inhibitor binding in the bc1 complex,

taking entropic effects into account, a FEP analysis of atovaquone at the Qo-site of

the bc1 complex was conducted. The binding free energy of atovaquone in the WT,

Y279S and L282V variants of the bc1 complex, ∆G0, was determined by the FEP

method and following the thermodynamic cycle shown in Fig. 5. Here, the individual

free energy contributions, ∆Gi, needed to compute ∆G0 for atovaquone inhibition in

monomer B of the WT and mutated bc1 complexes are presented. The calculated ∆Gi

values are listed in Table 3 together with the final ∆G0 values. Identical calculations

performed for atovaquone bound in monomer A are presented in the SM.

The free energy change related to the RMSD restraint on atovaquone in water,

∆G1, was computed by integrating over the free energy change due to the decoupling

of the RMSD restraint in water in each λ-window. The free energy changes are

illustrated in Fig. S10 of the SM. The solvation free energy of the RMSD restrained

atovaquone in water, ∆G2, was determined through FEP simulations. Using the VMD

ParseFep toolkit (46), a BAR-estimate of ∆G2 was computed based on combined data

from forward and backward simulations. Illustrations of the ∆U distributions and

the accumulated free energy change of each transformation are found in Figs. S14-

S25 of the SM. The ∆U distributions show good overlaps, indicating adequate energy

sampling in each λ-window.

The free energy contributions from the atom restraints on atovaquone in vac-

uum, ∆G3, was determined from only a forward simulation, due to the complexity of

bringing atovaquone back to its restrained position after having the atom restraints

decoupled. ∆G3 was computed in the Y279S mutant, but is assumed to be the same

across the same monomers, regardless of mutations. ∆G3 was calculated by inte-
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Table 3: The free energy contributions, ∆Gi, and the final binding free energy change,

∆G0, of atovaquone inhibition at the Qo-site in monomer B of the WT, Y279S and L282V

bc1 complex variants. ∆G2 and ∆G5 are determined by a BAR-estimate. ∆G1 and ∆G6

are determined by an average of the results from forward and backward simulations, while

∆G3 is determined from only a forward simulation. The errors of ∆G1-∆G6 represent the

differences in the result found in the forward and backward simulations. The error estimate

of ∆G0 is computed as the quadrature of the errors of ∆G1-∆G6.

∗It was not possible to obtain an error estimate for ∆G3, therefore, it is taken to be the average of

the errors of ∆G6 which also represent free energy changes due to the implementation of restraints.

Energy (kcal/mol)
WT Y279S L282V

∆G1 −2.4± 0.1 −2.1± 0.0 −2.5± 0.1
∆G2 18.2± 0.6 17.9± 0.1 18.0± 0.3
∆G3 −13.3± 1.5∗ −13.3± 1.5∗ −13.3± 1.5∗

∆G5 45.0± 4.6 40.0± 3.1 40.1± 4.1
∆G6 −5.1± 0.7 −8.4± 2.9 −8.6± 0.9
∆G0 −16.2± 4.9 −15.0± 4.5 −14.9± 4.5

grating over the free energy change due to the decoupling of the atom restraints in

vacuum in each λ-window. The free energy changes are illustrated in Fig. S11 in the

SM.

The free energy change related to the vdW and Coulomb interactions between

atovaquone and its surroundings at the Qo-site, ∆G5, was determined from forward

and backward FEP simulations using the BAR-estimator. The accumulated free ener-

gies related to the alchemical transformations are presented in Fig. 11. Illustrations

of the energies and the ∆U distributions of each λ-window can be found in Figs.

S26-S37 in the SM. Even though the ∆U distributions show great overlaps for the

simulations conducted in monomer B, the free energy still does not perfectly converge

as it can be seen in Fig. 11 when comparing the forward and the backward simulation

results. The discrepancies between forward and backward results are indicative of the
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Figure 11: Accumulated free energy change during the annihilation and creation of ato-

vaquone in monomer B of the WT (orange), Y279S (green) and L282V (blue) variants of

the bc1 complex plotted against the λ parameter. The left side of the plot represents the

forward simulation and the right side shows the results of the backward simulation.

uncertainties of the free energy estimates and are used as error-estimates in Table 3.

The free energy change related to the RMSD and atomic restraints on atovaquone

at the Qo-site, ∆G6, was calculated by integrating over the free energy change due to

the decoupling of the restraints in the bc1 complex in each λ-window. Illustrations of

the free energy changes can be seen in Figs. S12 and S13 in the SM.

The obtained ∆Gi values permit calculating ∆G0 through using Eq. (3); the ob-

tained values are compiled in the bottom row of Table 3. The binding strength is

reduced by 1.2-1.3 kcal/mol in both the Y279S and L282V mutant as compared to

the WT, suggesting a weaker inhibition. However, considering the large uncertainties

of ∼5 kcal/mol, it is unreasonable to conclude that the mutations weaken the binding

free energy based on a free energy change of 1.2-1.3 kcal/mol. The relatively large free

energy uncertainties are likely a result of the complexity of restraining atovaquone

appropriately in the binding pocket inside the bc1 complex. Therefore, the sophisti-
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cated FEP simulations might not be able to add significant information on the effect

of mutations on the binding mechanism as compared to the simpler MD simulation

analysis.

Kessl et al. (6) found a reasonable agreement between experimental and compu-

tational studies of different point mutations on the atovaquone inhibition of the yeast

bc1 complex. The only exception was the L282V mutation which showed a much

smaller computationally determined change in binding energy than expected from

experiment. The authors (6) argued that the deviation between the experimental

and computational results might be due to negligence of entropic effects in the the

computational studies, i.e. not being the free energies. The presented FEP analy-

sis suggests that the L282V and Y279S mutations affect the binding free energy of

atovaquone the same, while the interaction energies determined from standard MD

simulations (Fig. 9) showed virtually no effect of the L282V mutation, i.e. the anal-

ysis arguably supports the hypothesis by Kessl et al. and underlines the importance

of free energies in binding mechanisms studies.

Conclusion

From computational modelling, the Y279S mutation of the bc1 complex seems to

significantly weaken both atovaquone and stigmatellin binding at the Qo-site; the

strength of the interactions between the ligands and the entire bc1 complex is reduced

by ∼9 kcal/mol, and the occupancy of hydrogen bonds drops by ∼20% compared to

the WT case. Meanwhile, no consistent effect of the L282V mutation is observed.

The H181 residue of the ISP is found to be the main residue responsible for

binding both atovaquone and stigmatellin in the WT bc1 complex, with hydrogen

bonds between the ligands and the H181 residue observed in more than 50% of the
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simulation time. The Y279S mutation greatly affects the ligands’ binding with H181,

which can be seen by a large reduction in hydrogen bonds involving H181. Especially

for stigmatellin in the Y279S mutant, significant occupancy increases to residues

S279, Y132 and L282 are observed instead and in monomer A clear binding between

stigmatellin and the S279 residue is observed. Stigmatellin binding to the S279 residue

is noticeably weaker and less stable than to the H181 residue.

The FEP investigation of atovaquone inhibition in the bc1 complex shows that

the binding free energy of the atovaquone inhibition is 1.2 kcal/mol weaker in the

Y279S mutant than in the WT bc1 complex, supporting the findings that the Y279S

mutation weakens the atovaquone inhibition. A reduction in binding strength of

1.3 kcal/mol for atovaquone at the Qo-site is also observed for the L282V mutant.

However, the uncertainties of the FEP calculations are significantly larger than the

obtained binding free energy differences between the WT and the mutants. There-

fore, no clear conclusion on the mutations’ effect on the binding free energy can be

made based on the conducted analysis. These large uncertainties are a result of the

complexity of the system and of artificially restraining atovaquone deep inside the

bc1 complex. It is, therefore, the conclusion that the more advanced FEP simulations

are not necessarily able to contribute with significant knowledge on inhibition mech-

anisms compared to standard MD simulation analysis for this particularly complex

binding site environment.
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