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Mechanism of rotenone binding
to respiratory complex | depends
on ligand flexibility

Caroline S. Pereira’, Murilo H. Teixeira?, David A. Russell?, Judy Hirst?** &
Guilherme M. Arantes*™

Respiratory complex | is a major cellular energy transducer located in the inner mitochondrial
membrane. Its inhibition by rotenone, a natural isoflavonoid, has been used for centuries by
indigenous peoples to aid in fishing and, more recently, as a broad-spectrum pesticide or even a
possible anticancer therapeutic. Unraveling the molecular mechanism of rotenone action will help

to design tuned derivatives and to understand the still mysterious catalytic mechanism of complex .
Although composed of five fused rings, rotenone is a flexible molecule and populates two conformers,
bent and straight. Here, a rotenone derivative locked in the straight form was synthesized and found
to inhibit complex | with 600-fold less potency than natural rotenone. Large-scale molecular dynamics
and free energy simulations of the pathway for ligand binding to complex | show that rotenone is
more stable in the bent conformer, either free in the membrane or bound to the redox active site in
the substrate-binding Q-channel. However, the straight conformer is necessary for passage from the
membrane through the narrow entrance of the channel. The less potent inhibition of the synthesized
derivative is therefore due to its lack of internal flexibility, and interconversion between bent and
straight forms is required to enable efficient kinetics and high stability for rotenone binding. The
ligand also induces reconfiguration of protein loops and side-chains inside the Q-channel similar to
structural changes that occur in the open to closed conformational transition of complex I. Detailed
understanding of ligand flexibility and interactions that determine rotenone binding may now be
exploited to tune the properties of synthetic derivatives for specific applications.

Respiratory complex I is a fundamental oxidoreductase enzyme that generates much of the electrochemical
gradient used to power oxidative phosphorylation in mitochondria. It catalyses electron transfer from reduced
nicotinamide adenine dinucleotide (NADH) to ubiquinone (Q) coupled to transmembrane proton pumping'?.
The process is fully reversible and may also produce reactive oxygen species that damage cells and contribute to
ischemia-reperfusion injury, neurodegenerative pathologies and ageing®~>.

Mammalian complex I has 45 subunits arranged in an L-shaped structure (Fig. 1A), divided into a trans-
membrane domain and a hydrophilic arm. The natural substrate Qo (ubiquinone with a tail of 10 isoprenoid
units) binds in a narrow, 35 A-long cavity formed by subunits ND1, NDUFS2 and NDUFS? at the interface of
the two domains, connecting the membrane to the redox-active iron-sulfur (FeS) clusters®'°. This so-called
Q-channel has three distinct regions (Fig. 1G): the hydrophobic and narrow channel entrance (or “doorway”)
between the membrane and residues ND1 Alal8, Ala52 and Phe220 (numbering from complex I of Mus musculus
is used throughout), the hydrophilic and highly hydrated central region between NDUFS7 Trp56, Arg87 and
ND1 Arg274, and the amphipatic redox active site from NDUFS7 Met70 and up to NDUFS2 His59, Tyr108 and
FeS cluster N2. The substrate Q-headgroup binds to the hydrophilic central region and to the redox active site
(Fig. 1G)*"-13, The binding mode(s) and exact contacts adopted by the Q-headgroup are variable and depend
on the enzyme conformational state, Q-tail length and catalytic conditions®™°.

Two major conformational states of mammalian complex I have been structurally characterized by cryo-
electron microscopy (cryoEM), differentiated by domain reorientations and reordering of loops around the
Q-channel: a “closed” state with a tight and sealed channel, and an “open” state with more relaxed and disordered
loops®!*15. Their interpretation as either on-pathway catalytic intermediates®!® or off-pathway resting states [the

!Department of Biochemistry, Instituto de Quimica, Universidade de S&o Paulo, Av. Prof. Lineu Prestes 748, Sdo
Paulo, SP 05508-900, Brazil. 2MRC Mitochondrial Biology Unit, University of Cambridge, Cambridge Biomedical
Campus, Hills Road, Cambridge CB2 0XY, UK. *Department of Chemistry, University of Cambridge, Lensfield Road,
Cambridge CB2 1EW, UK. **email: jh@mrc-mbu.cam.ac.uk; garantes@iq.usp.br

Scientific Reports | (2023) 13:6738 | https://doi.org/10.1038/s41598-023-33333-6 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-023-33333-6&domain=pdf

www.nature.com/scientificreports/

A

Dihedral / °

Rotenone Dehydrated

rotenone
y

l lw

T T 30 — Rotenone
° ° — Dehydrated rotenone
£ £ 20
40 v v
~ ~ 101
30 > >
(@) (o)}
o o 0
20 = C
() (0]
10 o o —10
(0] (O]
— 1
0 L W 201 : : . :
-0.4 0.0 0.4 0.8 1.2 1.0 1.5 2.0 2.5 3.0
Reaction coordinate (RC1) / nm Reaction coordinate (RC2) / nm

Figure 1. Mechanism of rotenone binding into respiratory complex L. (A) Structure of complex I is shown with
subunits ND1, ND4, NDUFS2 and NDUFS7 colored respectively in pink, purple, peach and green, with the
membrane in gray. Three rotenone binding modes (ROT1, ROT2 and ROT3) observed in cryoEM models®® are
displayed in cyan spheres. (B) Chemical structures of rotenone (left) and dehydrated rotenone (right), with a red
arrow indicating C1=C12 double bonding. Rotenone is shown in cyan (carbon) and red (oxygen) spheres on the
(C) membrane, (D) narrow entrance and (E) ROT2 binding mode along the entry process. (F) Two-dimensional
free energy profile for the entry process (corresponding to panels C — D — E). Rotenone structures in bent
(dihedral x, ~ 465°) and straight (x2 ~ —65°) conformations are shown on the left. (G) The Q-channel, with
rotenone in binding modes ROT2 and ROT1. Two molecules are displayed here for visualisation, but only one
was present during simulations. (H) Free energy profile for ligand transit from channel central region (ROT2) to
Q-redox site (ROT1) for rotenone (blue) and dehydrated rotenone (orange). Uncertainties are shown in colored
shadows. Arrows from panels (C-E and G point to the corresponding reaction coordinate in panels (F) (RC1)
and (H) (RC2).

“ready-to-go” active resting state (closed) or pronounced “deactive” resting state (open) observed for mammalian
complex I]'%7-1 js still a matter of debate’. Yet, it is agreed that closed enzyme conformations are catalytically
relevant and, therefore, the closed form is the focus of this study.

A plethora of small molecules with diverse composition and physico-chemical properties inhibit the activity
of complex I?°. Recent structural data mainly from cryoEM have shown that many of these molecules bind into
the amphipathic Q-channel”?!-%*. For instance, short-tail substrate analogs such as piericidin A, a piridinone
with antibiotic activity, and 2-decyl-4-quinazolinylamine respectively bind to the Q-redox site with poses similar
to the substrate”!'*? or slightly displaced towards NDUFS2 His59*!. Acetogenins, amphiphilic natural products
containing a y-lactone linked to a bis-tetrahydrofuran group by an aliphatic chain, bind with these hydrophilic
moieties respectively in the Q-redox site and central channel region**. Compound IACS-2858, a derivative of
TACS-010759 which is under clinical trials as an anticancer agent, binds with its oxadiazole and pyridone moie-
ties in the hydrophilic central region and competitively inhibits complex I by a “cork-in-bottle” mechanism?.
The biguanide IM1761092, a more hydrophobic and potent derivative of the widely used metformin antidiabetic
drug, also binds in the Q-channel central region®. Even detergent molecules used for protein purification, such as
n-dodecyl B-D-maltoside (DDM), have been observed with their polar heads in the hydrophilic central region®.

Rotenone is one of the most widely used and most potent inhibitors of complex I (Fig. 1B)?’. This lipophilic
natural product has been used for centuries by indigenous peoples in South America to aid in catching fish and,

Scientific Reports |

(2023) 13:6738 | https://doi.org/10.1038/s41598-023-33333-6 nature portfolio



www.nature.com/scientificreports/

more recently, broadly employed as a pesticide® or a candidate anticancer lead compound because it selectively
inhibits proliferation of neoplastic cells?**°. The rotenone molecule contains five fused rings divided in two nearly
flat regions (rings A+B and rings C+D+E). X-ray crystallography of pure rotenone shows two conformations,
bent and straight (Fig. 1F), depending on the orientation of the flat regions about the B/C ring junction®"%.
CryoEM structures have identified three rotenone binding-modes in mammalian complex I: ROT1, ROT2 and
ROT3 (Fig. 1A). ROT1 overlaps with the Q-redox site®®, ROT2 occupies the Q-channel central and entrance
regions®, and ROT3 is located in the ND4 subunit®. Rotenone binds in the ROT1 mode in both the closed and
open conformational states, but has been observed in the ROT2 and ROT3 modes only in open states. Strikingly,
rotenone binds in the bent and straight conformers in the ROT1 and ROT2 modes®, respectively (Fig. 1G). These
observations, combined to an early suggestion that the bent form is necessary for binding™®, raise the possibility
of a role for rotenone intramolecular flexibility for binding into complex I.

Here, a dehydrated rotenone derivative (Fig. 1B) locked in the straight conformation was synthesized. This
molecule still inhibits complex I catalysis but in concentrations much higher than rotenone. To understand the
lower potency of this derived inhibitor, molecular dynamics (MD) and free energy simulations with enhanced
sampling were used to probe the complete mechanism of rotenone binding into the narrow Q-channel of com-
plex L. Results indicate that rotenone binds to the Q-redox site (ROT1) with higher stability in the bent form.
But, efficient kinetics for passage through the narrow entrance and inside the channel relies on interconversion
between bent and straight ligand conformations.

Materials and methods
Experimental section. Rotenone was obtained from Molekula Fine Chemicals (Darlington, UK, 90-95%)
and was crystallized from EtOH three times®’. Dehydrated rotenone was prepared from rotenone in two steps
according to the method of Biichi et al.*, using acetyl chloride as the dehydrating agent in place of phosphorous
oxychloride.

Inhibitor ICs( values were measured from catalytic activity measurements on complex I in Bos taurus (bovine)
heart mitochondrial membranes as described previously*’. Normalized kinetic data were fit in Prism version 7.0e
using a log(inhibitor) x normalized response fit with variable slope and presented with 95% confidence intervals.

Set-up of protein model for molecular dynamics simulations. The simulation model employed
here is based on complex I from Mus musculus in the closed state (PDB 6ZR2)*. It was assumed that the com-
plete rotenone binding process occurs in this conformational state. The model is the same as used recently to
simulate Q) substrate binding'’. Further details on model set-up are described in the Supporting Information
(SI). All cofactors and post-translational modifications present in the PDB model were included. High confi-
dence phospholipids were retained. Protonation states of side-chains were adjusted to neutral pH, but NDUFS2
His59 was double-protonated (Hsp)®. The FeS$ cluster N2 was simulated in the reduced state™.

The protein complex was embedded in a solvated bilayer mimicking the inner mitochondrial membrane with
a composition of 47% DLPC (1,2-dilinoleoyl-sn-glycero-3-phosphatidylcholine), 38% DLPE (1,2-dilinoleoyl-sn-
glycero-3-phosphatidylethanolamine), 12% CDL (1’-3’-bis[1,2-dilinoleoyl-sn-glycero-3-phospho]-sn-glycerol,
cardiolipin dianion), and 3% of ubiquinone Q. This simulation model was relaxed and equilibrated during
molecular dynamics (MD) simulations of 360 ns'®. We note as a correction to our previous work'? that force
constants are in units of k] mol~! nm—2.

An unbound Q-channel was produced by erasing the bound Q from our previously equilibrated mode
and one rotenone was added manually to each binding mode ROT1, ROT2 and ROT3, accordingly to previous
cryoEM models (PDB 6ZKM)?3. Water molecules were added in the Q-channel and adjusted accordingly to previ-
ous experimental structures (PDB 6YJ4)*. The ND4 backbone near ROT3 was manually adjusted to fit the geom-
etry observed in the cryoEM structure (PDB 6ZKM). No adjustments were used for protein centers near ROT1
and ROT?2 sites, so their geometry corresponds to the equilibrated model' of the closed conformation®. The
resulting simulation model contained 862,234 atoms. Single rotenone models used for canonical and enhanced
sampling MD simulations were obtained by erasing the other two rotenones and replacing by water molecules,
with additional 200 ns of MD for equilibration. Simulations of dehydrated rotenone started by replacing the
ligand in ROT2 and were further equilibrated by a MD run of 70 ns. Pair interaction energies were calculated
for residues within 0.5 nm of rotenone in the Q-channel using the last 50 ns of MD simulations with rotenone
at the binding modes identified. Residues with average pair energy with modulus greater than 10 kJ mol~! were
considered in Fig. 2.

All simulations were conducted with GROMACS (version 2020.3)*” at constant temperature of 310 K, pressure
of 1 atm and a time step of 2 fs. Long-range electrostatics were treated with the Particle Mesh Ewald method™.
Interactions of protein, cofactors, lipids and ions were described with the all-atom CHARMM36m force field
(charmm36-mar2019.ff)*. Water was represented by the standard TIP3P model*. FeS centers were described
using the Chang & Kim parameters*! with corrections*2. Our calibrated parameters were used for Q;¢*>*%. The
force field for rotenone and its derivative was initially generated with CGenFF*. Energetics for torsion around
dihedrals C2-C1-C6-07 and C1-C6-C5-04 (Fig. 1B), herein respectively dihedrals x; and x», were checked
and fitted to B3LYP/6-31+G** torsion profiles in the gas-phase?®=*. These rotenone parameters are included in
Tables S1 and S2 (SI) and complete force-field files are available online®.

110

Reaction coordinates and free-energy calculations. The complete rotenone binding process, with
ligand entry from the membrane phase into the Q-channel central region (ROT2) and up to the Q-redox posi-
tion (ROT1), had to be described in two separate sets of simulations, each employing a different definition of
reaction coordinate (RC). Rotenone entry from the membrane to ROT2 was described by RC1, corresponding
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Figure 2. Rotenone contacts to residues in complex I with high interaction energies at binding modes (A)
ROT2, (B) pre-redox and (C) ROT1. Residue names are colored as their subunits in Fig. 1.

to the Z-component of the distance between the center of mass (COM) of C2, C3, C7, C8, C9, C10 in rotenone
and the COM of Ca from Alal8, Ala52 and Met225 in the NDUFS7 subunit (Fig. 1G). These residues form
the narrow entrance of the Q-channel in contact with the membrane. Rotenone transit inside the Q-channel
(ROT2—ROT1) was described by RC2, corresponding to 4 nm minus the distance between the COM of the
same rotenone atoms as in RC1 to the COM of Ca from the following residues located near the FeS N2 cluster:
Leul06, Asp107, Tyr108, Val109, Ser110, Met189, His190, Ala191, Val424, Gly426 and Glu427 in the NDUFS2
subunit. These two RC were defined so that binding proceeds from the membrane into the Q-channel, from
lower to higher RC values.

Dihedrals x; and y, were used to describe the rotenone internal bent = straight transition. For instance,
X2 & +65° in the bent conformer and x, ~ —65° in the straight form. To increase sampling, well-tempered
metadynamics™ was activated in x; and x, with Gaussians deposited every 250 time steps (0.5 ps), at initial height
of 1.2 kJ mol~!, widths of 0.2 and a bias factor of 15. Umbrella sampling was performed along the range RC1
=[-0.4, 1.2] nm in 6 equally spaced windows plus 3 extra windows to increase RC1 overlap, centered at RC1
={0.18, 0.72, 0.82} nm. RC2 was sampled along the range RC2 = [0.9, 3.2] nm, in 24 windows equally spaced,
with kymp = 1000 kJ mol~! nm™2. In both simulation sets, each window was sampled for 170 ns. Umbrella and
metadynamics potentials were included with the PLUMED plugin (version 2.6.1)*!. The metadynamics bias was
removed by re-weighting the distribution of RC in each window and free energy profiles were generated using
WHAM?>?, with statistical uncertainties estimated by bootstrap analysis with 95% confidence intervals. Steered
MDs were performed to generate configurations for umbrella sampling with a moving harmonic restraint of
Krest = 1000 kJ mol~! nm~2 along the reaction coordinate from ROT2 to ROT1 in a total duration of 5 ns and
from membrane to ROT2 in 1.5 ns.

Results and discussion

The NADH:O2 oxidoreductase activity of respiratory complex I from bovine heart mitochondria was measured
and half-maximal inhibitory concentrations (ICsq values) of rotenone and dehydrated rotenone were determined
as 6.9 nM* and 4 uM, respectively.

Both ligands have comparable hydrophobicities (estimated using MarvinSketch®) so they are expected to
partition similarly in the membrane phase. However, dehydrated rotenone is locked in the straight conformation
due to the double bond introduced in C1=C12 (Fig. 1B). We conjectured that the 600-fold difference in inhibition
potency is caused by a lower stability of the straight conformer in the Q-redox site. To understand the binding
process in detail and test this proposal, molecular dynamics and free-energy simulations were used to investigate
the complete binding pathway of rotenone from the membrane into the Q-channel.

In the first set of simulations, the relative position of rotenone in the Q-channel (Fig. 1C-E) is described by
reaction coordinate RC1 (defined in “Materials and methods”). The ligand is out in the membrane when RC1
< 0 nm and progressively enters the channel as RC1 increases. RC1=1.0 nm corresponds to rotenone bound
at experimental mode ROT2. Dihedral x; is used to describe the ligand internal conformation. The bent form
has x» &~ +65° and the straight form has x, ~ —65°. The free energy surface computed for rotenone entry is
shown in Fig. 1E

In the membrane and not in direct contact with the protein (Fig. 1C,F with RC1~ —0.3 nm), rotenone is
12 kJ/mol more stable in the bent conformer. This corresponds to a population ratio of 100:1 between the two
forms. Their interconversion has a barrier of 31 kJ/mol, which is 12-fold the thermal energy at T = 310 K (kgT,
where kg is the Boltzmann constant). These values are an intrinsic property of rotenone and are retained to
within +3 kJ/mol when rotenone is embedded in a membrane with the same lipid composition but free of any
protein (Fig. S1A) or in the water phase (not shown). Thus, the relative stability and interconversion rate of the
conformers do not depend on the environment polarity.

Embedded in the membrane, rotenone ring A localizes close to glycerol groups of phospholipids (Fig. S1B),
similar to the Q-headgroup position of ubiquinone in membrane models***%. Rotenone orients almost normal
to the membrane plane, with rings D and E buried in the hydrocarbonic region. This location allows efficient
lateral diffusion and interaction of rotenone ring A with ND1 residues Ala52 and Met225 exposed to the mem-
brane (Fig. 1C,G).
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As soon as rotenone ring A binds in the narrow channel entrance (RC1 = 0.0 nm, Fig. 1F), the interconver-
sion barrier decreases by about 10 kJ/mol, speeding up conformational exchange by 50-fold. Thus, at this ligand
position, the spatially limited Q-channel catalyses the rotenone intramolecular conversion. Further ligand entry
(0.4 <RC1 < 1.0 nm) destabilizes the bent conformation by as much as 50 kJ/mol, reversing the population ratio
up to 1:10,000 for bent and straight forms.

The free energy barrier for rotenone entry into the channel is 26 kJ/mol (~10 kgT) at RC1 = 0.85 nm in
the straight conformation (dihedral x, = —65°). Passage through this point is rate-limiting for the complete
rotenone binding process from membrane to the Q-redox site (ROT1). The barrier found for entry in the bent
conformation is much higher and surpasses 50 kJ/mol, corresponding to a rate 4 orders of magnitude slower,
and precluding efficient ligand binding into complex I for the bent form. Thus, rotenone internal flexibility and
the transition from the bent (intrinsically more stable in the free ligand) to the straight conformer allows rapid
entry through the narrow Q-channel and an efficient binding kinetics (high ko).

It has been proposed that passage of the ubiquinone substrate through the narrow Q-channel entrance and
the hydrophobic bottleneck near ND1 Alal8, Ala52 and Met225 (Fig. 1G), is not possible in closed enzyme
conformations®*>*°. This suggestion is in striking contrast to our previous free-energy simulations of ubiquinone
(Qip and Q2) binding that show passage through the bottleneck in T. thermophilus complex I with a tight and
sealed Q-channel (closed-like conformer) is feasible, with low free energy cost and without significant protein
deformation'?. The ubiquinone headgroup has similar composition and molecular volume to rotenone ring A
(Fig. 1B). Simulations presented here clearly show that passage of rotenone in the straight form through the
bottleneck is also energetically feasible for the closed state of the Q-channel in mammalian complex I (Fig. S2).

Rotenone reaches a free energy minimum at RCI = 1.0 nm in the straight conformation. At this point, the
ligand hydrogen-bonds to NDUFS7 Arg87 with its carbonyl (C12=0) and to internal waters with its methoxy
oxygens. Hydrophobic contacts with ND1 Phe224 and NDUFS7 Trp56 are also formed (Figs. 1G, 2A). These
contacts, the binding mode and the ligand internal conformation match those observed for rotenone bound at
ROT?2 in the cryoEM model of complex I in open state (PDBs 6ZKL and 6ZKM)®. Moreover, this corresponds
to the binding site closest to the Q-channel central region also observed for the substrate Q-headgroup®'? and
other amphiphilic molecules?**>2¢,

In the second set of simulations, the relative position of the ligand in the Q-channel is described by reaction
coordinate RC2. It is defined so that both RC1 and RC2 are equal to 1.0 nm when the ligand is bound at ROT2.
For rotenone, the free energy profile in Fig. 1H represents the free energy pathway along RC2 integrating over
dihedral coordinates that describe its internal flexibility (x; and 2, see Methods). This allows plotting together
and comparing profiles for both rotenone and its dehydrated derivative.

At the central region, the Q-channel has a kink at 1.2 < RC2 < 1.5 nm and near NDUFS7 Arg87. Rotenone
flexibility is once again important for kinetically efficient passage through this region, but now with the straight—
bent transition. The channel cavity after the kink is broader and able to accommodate the rotenone molecule
in the intrinsically more stable bent conformation (Fig. 1G). Rotenone transit through this region shows a low
barrier (5 kJ/mol, Fig. 1H), corresponding to simultaneous ligand progress inside the channel and transition to
the bent conformation. This form is 5-10 kJ/mol more stable along the remaining Q-channel (RC2 > 2.0 nm),
corresponding to a relative population 7- to 50-fold higher for the bent form than straight. No further intramo-
lecular rotenone transitions are necessary to reach the Q-redox site.

Before ROT1, rotenone visits another free energy minimum at 2.2 < RC2 < 2.4 nm, herein denoted the “pre-
redox” binding mode. This is the lowest minimum with rotenone inside the channel: it is 13 kJ/mol and 4 kJ/
mol more stable than binding at ROT2 and ROT1 (RC2 = 2.8 nm), respectively. These free energy differences
correspond to a ratio of 1:150:30 for the relative probability of occupation by a rotenone molecule in modes
ROT2:pre-redox:ROT1.

At the pre-redox binding mode, rotenone hydrogen bonds with the charged side-chain of NDUFS2 His59 via
its methoxy oxygens (Fig. 2B). This contact and binding mode for the rotenone ring A are comparable to those
found previously for the Q-headgroup in the pre-reactive site during simulation of ubiquinone (Q; and Q3)
binding into T. thermophilus complex I'? and observed in the cryoEM model for Q19 bound into mammalian
complex I'°.

In the shallow free energy minimum found at site ROT1 (RC2 = 2.8 nm), rotenone makes strong contacts
with NDUFS7 Met70, Thr59 and NDUFS2 His59, and hydrogen bonds to internal water with its methoxy oxy-
gens (Figs. 1G and 2C). These contacts, the binding mode and the ligand conformation match those observed in
cryoEM structures of rotenone bound at the ROT1 mode for complex I in the closed state, in enzyme preparations
with (PDBs 6ZKK and 7V33) or without NADH (PDB 7V31)%’. The root mean square deviation (RMSD) for
the position of rotenone heavy-atoms between these last two cryoEM models after alignment of NDUFS2 and
NDUEFS7 backbones is only 0.03 nm, with the ligand in bent conformation in both models.

Rotenone is also bound to ROT1 in open complex I cryoEM models (PDB 6ZKL and 6ZKM)?, without sig-
nificant changes in its position or direct contacts to the protein (RMSD = 0.02 nm to rotenone in PDB 6ZKK).
Notably, the NDUFS2 1-2 loop is ordered in these open-bound cryoEM models, with conformation equivalent
to closed-unbound models and in contrast to open-unbound models, when the loop is disordered (Fig. 3C)%1°.
Besides reshaping of this NDUFS2 loop and the NDUFS7 Arg87 loop (see below), all other structural hallmarks
of the open conformation'® are retained in open-bound structures. Thus, binding of inhibitors such as rotenone
can induce local ordering around the Q-redox site, which may lead to partial reactivation of the enzyme®’. It may
be concluded that ROT1 is a stable rotenone binding mode, in both closed and open conformational states®*’,
and independent of NADH content (consequently, N2 cluster redox state) in the closed state’.

A rotenone molecule bound to ROT2 was only built in open state cryoEM models (PDBs 6ZKL and 6ZKM)?.
The NDUFS7 Arg87 loop in these open-bound models is also reshaped to a closed conformation®'s, disrupting
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Figure 3. Rotenone-induced conformational changes in (A) ND1 Phe224 and NDUFS7 Arg87 side-chains
near the ROT2 binding mode, (B) NDUFS7 Arg87 loop near the pre-redox mode, and (C) NDUFS2 p1-62
loop near the ROT1 mode. Panels (A) and (B) show a rotenone obtained from simulations in the ROT2 and
pre-redox modes, respectively. Closed-unbound corresponds to PDB 6ZKG? and is equivalent to other closed
cryoEM models without ligands inside the Q-channel, such as PDB 6ZR2? used to start the simulations here.
Open-unbound corresponds to PDB 6ZKS?, which has a disordered NDUFS2 81-82 loop similar to other open
cryoEM models™. Open-bound corresponds to PDB 6ZKL8, with rotenone bound in both ROT1 and ROT2
modes.

a cation-7 stacking®® found between Arg87 and Phe86 in open-unbound models and placing Arg87 towards the
Q-channel entrance (Fig. 3B).

In our initial simulation model (PDB 6ZR2)*, positions of side-chains that perform strong contacts with
rotenone in ROT2 (Fig. 2A) are similar to apo-ROT2 holo-ROT1 closed model (PDB 6ZKK)® and to other closed-
unbound forms', except for side-chains of Arg87, which is rotated away and not in position to hydrogen-bond
with rotenone C12=0 carbonyl, and of ND1 Phe224, that protrudes 0.2 nm into the site, slightly overlapping
with the position of rotenone rings B and C in ROT2 (Fig. 3A). During simulations, these side-chains easily
convert to configurations found in open-bound cryoEM models as soon as rotenone occupies the Q-channel
central region, showing that structural changes in side-chains with strong interactions with rotenone can be
induced by ligand binding.

Simulations also indicate that binding in the ROT2 mode is 9-13 kJ/mol less stable than binding to the
Q-redox site, corresponding to a 30- to 150-fold lower occupation for ROT2 in comparison to ROT1. This
should hinder observation of densities and the assignment of a rotenone molecule bound to ROT2 in cryoEM
models for the closed state. Nevertheless, densities were observed at the Q-channel central region of closed state
maps for preparations containing rotenone, but they were modeled as the substrate Q-headgroup (PDB 7V31
and 7V33)°. For the open state, rotenone binding to ROT2 may be stabilized through long-range or indirect
interactions (beyond those probed in the closed model here and shown in Fig. 2) that allow its clear observation
in cryoEM maps.

Although the pre-redox site is not confirmed by current rotenone-bound structures®’, a clear and continuous
density is observed near the pre-redox site (Fig. S3) for the cryoEM map in the closed state of Sus scrofa complex I
prepared with NADH and rotenone (PDB 7V33 and EMD-31651)°. This density can approximately fit a rotenone
molecule and can not be assigned to the protein chain. A similar density at the pre-redox site was not observed
for other cryoEM maps of rotenone-bound complex I. But, two molecules had to be concomitantly modeled to
fit the density observed inside the Q-channel, either two rotenones (PDBs 6ZKL and 6ZKM?®) or one rotenone
(at ROT1) and one substrate Q (at the channel central region, PDB 7V31)°. For the open state, it is probably
harder to observe rotenone binding at the pre-redox mode because it overlaps with the NDUFS7 Arg87-Phe86
cation- contact formed in the open-unbound conformation (Fig. 3B).

One of the cryoEM models of complex I in the open state (PDB 6ZKM)? indicated rotenone binding to a cavity
exposed to the membrane in the ND4 subunit (ROT3, Fig. 1A). However, the ligand built in this model is not
rotenone but an epimer, with an inverted stereochemical configuration at C6 (compare Figs. 1B and S4). Another
recent cryoEM model of complex I in the “slack” conformational state (also called state 3, PDB 7QSO)° indicated
Qy binding to the same ND4 site, with the Q-headgroup overlapping the position observed for rotenone ring
A8, After adjusting the ND4 backbone around this cavity (ROT3) to the cryoEM model and using the correct
rotenone stereoisomer, MD simulations and a linear interaction energy (LIE) analysis®® yielded a difference in
relative free energy A AGp g = +10 kJ/mol for binding to ROT3 in relation to ROT2. This unfavorable energetics
corresponds to a 50-fold lower occupation of ROT3 in relation to the already less populated ROT2, and suggests
weak rotenone binding to the ND4 cavity, only attainable in artificially high (in vitro) ligand concentrations. Yet,
the inhibitory relevance of this ND4 site (ROT3) is further disputable as it has been observed only in prounced
open states that are probably catalytically incompetent'®.

Dehydrated rotenone (Fig. 1B) has little internal flexibility and is only able to populate the straight conforma-
tion. Thus, its entrance from the membrane to the Q-channel is similar to rotenone in the straight form, with a
free energy profile following a line parallel to the x-axis with dihedral x, = —65° in the surface of Fig. 1E. How-
ever, transit inside the Q-channel is different. Moving dehydrated rotenone further into the channel from the
ROT?2 position requires it to cross a steep free energy barrier of 23 kJ/mol between 1.2 < RC2 < 1.8 nm (Fig. 1H).
This barrier is 18 kJ/mol higher for dehydrated rotenone than for rotenone, corresponding to ~ 1000-fold slower
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transit rate. This is because the kink in the Q-channel near NDUFS7 Arg87 restricts ligand movement and hinders
transit for the rigid derivative.

Dehydrated rotenone also binds in the pre-redox and ROT1 modes with a clear free energy barrier in-
between, but with a computed stability in the Q-redox site A AGoyp = 10 kJ/mol lower than rotenone (Fig. 1H).
The difference in binding free energy in the ROT2 mode between rotenone in its straight form and its derivative
was not computed here but assumed to be zero. Both profiles in Fig. 1H were set by construction to the same
free energy value at ROT2 (RC2 = 1.0 nm). However, dehydrated rotenone lacks a carbonyl at C12 and is not
able to hydrogen-bond with NDUFS7 Arg87, suggesting it will have a lower affinity to ROT2 than rotenone.
Consequently, the entire free energy profile for the dehydrated derivative (orange curve in Fig. 1H) should be
shifted up in relation to the rotenone profile, increasing the difference in stability at ROT1 between the two
ligands and approaching the difference estimated from the ratio of experimental ICsgs (see above), AAGey, =
16 kJ/mol. Therefore, the dehydrated derivative binds at the ROT2 and Q-redox sites with lower affinity than
rotenone, which accounts for its 600-fold lower inhibition potency.

The lower inhibition reported for complex I from various species can be connected to mutations in residues
identified here as strongly interacting with rotenone (Fig. 2). For instance, complex I from E. coli shows ICsg
values 2000-fold higher®® than the bovine enzyme. This can be traced to mutations at E. coli NDUFS7 Met70,
Phe86, Thr59 and Ala66 near the Q-redox site. Complex I from S. tuberosum (potato), T. brucei and P. denitri-
ficans are 200 to 1500-fold less sensitive to rotenone®**!-%3. The three enzymes have ND1 Phe224 mutated to
Tyr, Ser and Met, respectively. Complex I from T. brucei and P. denitrificans also have the NDUFS7 Phe86Pro
mutation. Similarly, mutation Met70Cys in the NDUFS7 subunit of Y. lipolytica results in a rotenone-resistant
enzyme?!.

Conclusions

Rotenone has been used for centuries as a selective and potent inhibitor of the respiratory complex I, and recently
raised interest as a lead compound for developing cancer therapeutics®*. The rotenone structure with five fused
rings populates two conformers, bent and straight. Molecular dynamics and free energy simulations presented
here indicate that interconversions between these two forms are necessary for rotenone binding in the Q-channel
of complex I. The bent form is more stable, either when free in the membrane or when rotenone is bound in the
Q-redox site. But, efficient kinetics for passage through the narrow entrance requires the straight conformation
and transit through the kink near NDUFS7 Arg87 is faster when rotenone is in bent form.

The rotenone derivative synthesized here has 600-fold lower inhibition potency towards mammalian complex
I because it has a lower affinity to the Q-redox site in comparison to natural rotenone. The derivative is locked
in the straight form (due to the introduced C1=C12 double bond) and passes through the Q-channel kink with
more difficulty, also resulting in slower binding to the Q-redox site.

Simulations reproduce both ROT1 and ROT2 experimental binding modes®, estimate their relative stabilities
and indicate a new binding mode (pre-redox) that fits to unassigned density observed in a previous cryoEM
map for the closed state’. Simulations also helped to analyze conformational changes induced by rotenone in
loops and side-chains at the Q-channel that resemble some of the structural changes observed in transitions
from open to closed states of complex I.

Internal flexibility in rotenone, and presumably other inhibitors®, is necessary for binding through the nar-
row Q-channel. This property may be exploited through synthetic efforts to selectively modulate the binding
kinetics and stability of different conformations of rotenone derivatives. The complete mechanism of rotenone
binding described here and the strong protein interactions observed in simulations may now be used to guide
these efforts.

Data availibility

Three snapshots from MD simulations containing subunits ND1, NDUFS2 and NDUFS7 and rotenone in bind-
ing modes ROT1, pre-redox and ROT2, and force-field files for rotenone and the dehydrated derivative in
GROMACS format were uploaded online (DOI: 10.5281/zenodo.7781922)*. The complete datasets generated
and/or analyzed during the current study are available from the corresponding author on reasonable request.
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