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Mutation at the entrance

of the quinone cavity severely
disrupts quinone binding

In respiratory complex |

JasonTaeYi, Panyue Wang & Alexei A. Stuchebrukhov™*

In all resolved structures of complex |, there exists a tunnel-like Q-chamber for ubiquinone binding and
reduction. The entrance to the Q-chamber in ND1 subunit forms a narrow bottleneck, which is rather
tight and requires thermal conformational changes for ubiquinone to get in and out of the binding
chamber. The substitution of alanine with threonine at the bottleneck (AlaThr MUT), associated with
3460/ND1 mtDNA mutation in human complex |, is implicated in Leber’s Hereditary Optic Neuropathy
(LHON). Here, we show the AlaThr MUT further narrows the Q-chamber entrance cross-section area
by almost 30%, increasing the activation free energy barrier of quinone passage by approximately

5 kJ mol. This severely disrupts quinone binding and reduction as quinone passage through the
bottleneck is slowed down almost tenfold. Our estimate of the increase in free energy barrier is
entirely due to the bottleneck narrowing, leading to a reduction of the transition state entropy
between WT and MUT, and thus more difficult quinone passage. Additionally, we investigate details of
possible water exchange between the Q-chamber and membrane. We find water exchange is dynamic
in WT but may be severely slowed in MUT. We propose that LHON symptoms caused by 3460/ND1
mtDNA mutation are due to slowed quinone binding. This leads to an increased production of reactive
oxidative species due to upstream electron backup at the FMN site of complex I, thus resulting in a mt
bioenergetic defect.

Respiratory complex | and the narrow bottleneck at the entrance to the Q-chamber
NADH:ubiquinone oxidoreductase, or complex I, is the first and largest respiratory enzyme within the electron
transport chain, which plays a major role in cellular bioenergetics"* It couples the oxidation of NADH and the
reduction of ubiquinone to proton translocation, which contributes to the creation of proton gradient that drives
ATP synthesis. Recent structural studies®* of the enzyme have revealed molecular details that suggest possible
molecular mechanisms of its redox-driven proton pumping'*~¢. Several models have been considered in the
literature (see, refs 114-2%), but there is no consensus yet on the complete molecular mechanism of the enzyme.
Ubiquinone binding and reduction is key for the mechanism of complex I.

In all organisms, the structure of the core part of the enzyme reveals an almost 30 angstrom tunnel-like void
for ubiquinone binding (Q-chamber) that leads from the N-edge of the membrane up to the N2 FeS cluster?'. The
Q-chamber is comprised of subunits Nqo4/NDUFS2, Nqo6/NDUFS7, and Nqo8/ND1 (T.thermophilus/Human
notation). It is believed quinone enters the cavity, migrates to the N2 cluster, and after reduction exits the cavity
as a quinol'. The structure of the enzyme shows that the entrance to the Q-chamber forms a narrow bottleneck
which is conserved in all organisms*"?2. The entrance to the Q-chamber is formed by a specific crossing of TM1,
AHI and TMS6 helixes in the ND1 subunit. Previous work has shown the bottleneck presents a high energetic
barrier for quinone’s passage of the bottleneck, indicating conformational changes are required to allow quinone
to bind to complex I?!. A squeeze-in mechanism has been proposed, where dynamic thermal conformational
fluctuations allow quinone to get in and out* (Fig. 1)

In all resolved structures, the bottleneck is too narrow to allow free quinone passage. The reason for the bot-
tleneck to be evolutionary maintained, and to impede a free binding path to catalytic chamber, in striking contrast
to other ubiquinone binding sites of the respiratory chain, remains obscure. As a hypothesis, the quinone shuttle
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Figure 1. Visualization of the Q-chamber and narrow bottleneck in complex I, with ubiquinone bound to
complex I. Quinone is shown in blue, and the donut-shaped bottleneck is shown with surface rendering using
PyMOL?. The Q-chamber was calculated using the CAVER** add-on.

model has been proposed, where one quinone molecule stays bound in the catalytic cavity without the need to
pass the narrow bottleneck?® however, there is no yet direct experimental evidence for such a mechanism and
the path for electron transfer down the chain remains unclear. Here we assume the conventional model in which
quinone is getting in and out of the catalytic cavity and further investigate the mechanism of bottleneck passage.

Previous studies have also discussed the role of water in quinone binding; it can either stabilize ionic networks
in the Q-chamber or to reduce hydrophilic-hydrophobic interactions through water expulsion®?°. Sazanov et. al.
have suggested a “domino effect” mechanism for complex I, where water exchange between the Q-chamber and
membrane assists quinone to enter and exit its binding site (see ref. *°). Individual water molecules have been
detected experimentally inside the Q-chamber of Y. Lipolytica complex I'*%, though there is yet uncertainty in
the extent of overall hydration in the Q-chamber. The bottleneck’s tight geometry may affect water exchange
upon quinone binding and thereby control overall quinone binding kinetics. Here we address some of the kinetic
issues of water exchange between the Q-chamber and the membrane.

Leber’s hereditary optic neuropathy

Leber’s Hereditary Optic Neuropathy (LHON) is a maternally inherited disease characterized by severe visual
loss” . The disease is commonly observed in males in their second or third decade of life. Complex I is impli-
cated in the pathogenesis of LHON. Symptoms are believed to arise due to a combination of bioenergetic defect
and increased production of reactive oxidative species (ROS)?*-!. Several mutations have been observed in
LHON patients, but three mutations in complex I account for almost 95% of all LHON cases. They are mito-
chondrial DNA (mtDNA) 3460/ND1, 11778/ND4, and 14484/ND6%.

The 3460/ND1 mtDNA mutation has the highest biochemical severity’®*!. Complex I is fully assembled and
active in patients with this mutation, but it has been shown to significantly increase ROS generation in neuronally
differentiated cells*>. In human complex [, this mutation results in the substitution of alanine with threonine at
position 52 in ND1 subunit?”-*%. Alanine 52 is at the Q-chamber entrance that forms the bottleneck (see Fig. 2).
Its substitution with threonine is believed to disrupt electron transfer by obstructing the Q-chamber entrance.
Hereafter, we will refer to the 3460/ND1 mtDNA mutation as AlaThr MUT, or simply MUT.

In the present study, we use computer simulations to investigate how the AlaThr MUT affects quinone binding
to complex I. We demonstrate that quinone passage through the bottleneck is slowed almost tenfold in MUT
relative to the wild type variant. We show the reduced passage rate is due to the reduced cross-section area of
the bottleneck, leading to the transition state entropy reduction and corresponding higher free energy barrier of
passage. Additionally, we explore the energetics of water exchange through the narrow bottleneck when quinone
is bound, which indicates that water passage is significantly slowed down in MUT relative to the wild type variant.
Together, our study suggests that AlaThr mutation at the bottleneck of Q-chamber results in a slowed quinone
binding, leading to the reduction of FMN which gives rise to an increased production of ROS; this explains the
nature of 3460/ND1 mtDNA mutation bioenergetic defect in humans.
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Figure 2. Narrow bottleneck of wild type T. Thermophilus (PDB: 4HEA) (left), and of the AlaThr MUT (right).
Alanine 63 (Alanine 52 in human complex I) is substituted with threonine (see ref , Ala52Thr in ND1).

T. Thermophilus is our model system for all calculations, as it is similar to the human complex I bottleneck
structure (see SI Figs. $3,54). Importantly, the human bottleneck is not obstructed by any accessory subunits in
the enzyme, so we anticipate the binding mechanism of Q to complex I to be comparable in both species. It is
visually apparent that the substitution from alanine to threonine increases obstruction of the bottleneck.

Results

Cross-section area of the bottleneck

We first performed structural analysis of the bottleneck (Fig. 3 and Table 1). We set up two molecular dynamics
(MD) simulations of the bottleneck. In the first simulation, hereafter denoted “crystal structure/rigid," atoms
were strongly restrained to keep the geometry of the bottleneck restricted to that of the PDB structure. In the
second simulation, hereafter denoted "unrestrained/relaxed," no position restraints were applied to the bottleneck
atoms. This was done to allow the bottleneck to relax and explore its entire MD-simulated conformational space.
However, we noticed the relaxed state is somewhat different from that reported in PDB structure, and obviously
represents an artifact of the force field. Normally, this does not cause much global difference, however here the
minor details become important due to the tight nature of the bottleneck. Together, these two simulation condi-
tions will allow us to capture the full range of allowed cross-section areas.
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Figure 3. The cross-section area distributions of the T. Thermophilus the wild type (a, left) and AlaThr (b, right)
variant bottlenecks from two MD simulations. The first simulation restrains all bottleneck atoms near their
positions in the crystal structure (crystal structure/rigid, red). The second simulation has zero position restraints
on the bottleneck atoms (unrestrained/relaxed, green).
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Restraint WT MUT Percent change
Crystal structure/rigid (A%) 21.2320.01 15.10£0.01 -28.9%
Unrestrained/relaxed (A2) 23.69+0.05 17.46 £0.04 -26.3%

Table 1. Summary of bottleneck cross-section area from the distributions plotted in Fig. 3, along with the
percent change between the wild type (WT) and the AlaThr (MUT) bottleneck variants.

We see the average cross-section area, A, and 95% confidence intervals of the wild type bottleneck is
Aigia=21.23£0.01 A% and A, geq=23.69 £0.05 A% The average cross-section area and 95% confidence intervals
of the AlaThr MUT are A,;54=15.10%0.01 A% and A j,,eq=16.38+0.03 A2,

Bottleneck deformation during quinone passage

To quantify the extent of deformation of the bottleneck during quinone passage, we ran several steered MD
simulations. During these simulations, Q, (ubiquinone head group with only one isoprenyl tail unit) was pulled
at a rate of 0.04 Aps~! from a position deep inside the Q-cavity of (approximately, the 2’ position, as denoted
in Fig. 3 of in Ref. ¥, see also SI Fig. $16) until dissociation. Simulations were performed in rigid and relaxed
conditions for both the wild type and AlaThr MUT. During the simulation, we monitored the bottleneck cross-
section area, and the bonded energy of the Q1 head group (to estimate the energetic cost of quinone deformation
during the passage). The cross-section area was calculated using the algorithm described in SI section b, and
the bonded energy of the head group was calculated by Gromacs energy reruns. Together, these two metrics
illustrate how the geometry of the bottleneck impacts quinone passage (see additional discussion in Methods).
Results are shown in Fig. 4. It is seen that in the rigid simulations, the passage of the bottleneck is associated
with increased strained energy of the quinone head group. In the relaxed simulations, we see the bottleneck
deforms instead, leading to increased cross-section area of the bottleneck. Together, these results demonstrate
the quinone head group and bottleneck non-negligibly interact with one another. The tighter geometry of MUT
leads to exacerbation in both deformations.

Free energy barrier of quinone bottleneck passage

To quantify the obtained results shown in Fig. 4, we calculated a modified form of free energy of quinone pas-
sage through the bottleneck. To avoid the uncertainty of evaluation of deformation energy of the whole protein
structure during the passage, we calculated the free energy excluding non-bonded potential of interaction of
quinone and protein, thus focusing only on the more reliable geometric aspect of the problem. That is, we define
the free energy of passage as follows:

G = G(£) — Ung(§) (1)

where £ denotes the reaction coordinate, G(£) denotes the Helmholtz free energy, Uy;(§) denotes the non-bonded
potential between the protein and quinone head group along £. We are interested in understanding how the
geometry (more reliable structural aspect) of the entrance bottleneck impacts quinone passage.

AlaThr MUT is a nonlethal mutation, meaning we suspect only minor differences to exist between the WT
and MUT transition state quinone binding barrier. Uncertainty in the non-bonded potential of interaction,
ONB is proportional to RT /N, where N denotes the number of atoms. Including the non-bonded potential of
interaction, and taking N = 150-200 atoms, we see ong ~ 30-35 k] mol™!. Any changes in our free energy barrier
which are below this uncertainty, such as minor changes resulting from the AlaThr MUT, will be lost in the noise.
Therefore, we subtract the non-bonded interactions as these terms to better highlight the changes in our free
energy barrier resulting from the bonded and entropic terms of free energy. In doing so, we are measuring how
the geometry of the bottleneck changes the free energy of quinone passage between the two variants. We acknowl-
edge that nonbonded interactions play a nontrivial role in defining the barrier height of the bottleneck and have
quantified these contributions previously in ref ?'; our previous studies have demonstrated large uncertainty of
such energy contributions, which we aim to avoid here. Thus, our results represent a lower boundary of the effect.

The reaction coordinate, & was chosen to be a spline representative of the path taken by the head group during
our steered MD simulations. Free energy profiles were calculated for both WT and MUT, are shown in Fig. 5.

The free energy plotted in Fig. 5 is from Eq. 1. Therefore, the free energy differences result purely from the
geometry of the entrance bottleneck (and its effect on the entropy) and head group deformation. We see there
isa 5 to 10 k] mol™ difference in the passage barrier between the two variants.

Water exchange through the bottleneck (when quinone is bound in Q-chamber)

The bottleneck’s tight geometry impacts quinone passage, and therefore we should expect water exchange—when
the quinone head or a tail occupies the bottleneck—to be impacted as well. We speculate that water exchange
may play a critical role in the binding process and thus can regulate the overall binding kinetics.

To explore our proposal, we calculated the modified free energy of water passage through the bottleneck.
Water was placed in the interior of the Q-chamber, near the bottleneck. Ubiquinone (Q,) in calculations was
bound in its binding site, with about one isoprenyl tail unit sticking out of the bottleneck (see Fig. 1). The modi-
fied free energy was calculated as the water was dragged through the bottleneck. Results are shown in Fig. 6.
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Figure 4. Bottleneck and quinone head group deformation energy during a series of steered MD simulations.
The left column is the wild type bottleneck (green), and the right column is the AlaThr MUT bottleneck (red).
The top row contains simulations performed with a rigid bottleneck, and bottom row contains simulations
performed with a relaxed bottleneck. In each quadrant, the top graph is the cross-section area of the bottleneck,
and the bottom graph is the bonded energy of the Q1 head group. Regions highlighted in blue roughly
correspond to the time in the simulation when quinone is passing through the bottleneck. For comparability,
note that the cross-section area in the top row span about 1 A2, whereas the cross-section area in the bottom row
span about 5 A%,

Discussion

The AlaThr mutation reduces the bottleneck cross-section area by approximately 30%

The present study supports our previous evaluations of the tight geometry of the Q-chamber entrance (see ref
2122) Namely, we confirm there exists a bottleneck at the entrance of the Q-chamber, and that this bottleneck is
too narrow for quinone free passage, as seen in the experimental structures. Table 1 shows that upon mutation the
bottleneck cross-section area is further reduced by approximately 25-30%. The reduction in cross-section area is
proportional to a reduction in the free volume (and number of states) at the transition state, when the quinone
head group passes the bottleneck, leading to an increase in the entropic barrier of quinone passage through the
bottleneck. We can estimate the magnitude of the transition state entropy reduction from the reduction of cross-
section area. When considering the entropic component of G, we have:

Vi

AG; = —RTIn (2)
ref

where V; denotes the free volume of species i, and V.. is the free volume available at some reference point along

the transition path. V. can be, for example, the volume inside the Q-chamber. The exact reference does not

matter, assuming the reference is the same between the WT and MUT variants. Consider the entrance to the
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Figure 5. Free energy of quinone passage through the bottleneck for the wild type WT (green) and AlaThr
MUT variant (red) with uncertainties.

35 { === Wild Type
=== Ala63Thr MUT

30

25 4

20

15 4

AG(E)(kJmol~1)

10

&(R)

Figure 6. Free energy of water passage through the bottleneck when quinone is bound for the wild type (green)
and AlaThr variant (red) with uncertainties. The free energy plotted here is from Eq. 1. We see there isa 15
kJ mol~! difference in the dissociation barrier between the two variants.

Q-chamber to be a cylinder-like object with face areas A, and width, h. At the transition state, we must reduce
the total volume of the bottleneck by excluding that of the quinone headgroup. Assuming the cross section of
the latter, Ay, we have:

Vi = (Ai = Ag)h 3)

To compare the WT and MUT, we define the entropy difference, AAG, as AAG = AGyur — AGwr. Assum-
ing h to be equal in both WT and MUT, we have:

Ayur — A
AAG = —RTln(M)

4
Awr — Aq @)
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It is seen that since the areas involved (A;—Ag) are within the error of A;, the estimates of AAG via geometry
analysis are very inaccurate and can serve only as a qualitative indicator; we therefore will have another dynamic
method to evaluate entropy changes. Nevertheless, it is interesting to see how different methods compare and we
continue the above approach. Using values of our crystal structure bottleneck areas from Table 1, and approxi-
mating Aq =~ 12-14 A2, we see, AAG = 3-5 k] mol ™. (A description of how we arrived upon this approximation,
see SI, section “Estimation of Ag) It is clear this is a very rough estimate of the barrier, as the cross-sectional
area appropriate for bottleneck passage is difficult to define accurately. In fact, 12-14 A? is a reasonable under-
estimation of A, which returns a lower bound on AAG. On the other hand, Ag = 14-15 A2 could as well be a
possible estimate, leading to an estimation of AAG =~ 5-10 k] mol™. In any case, we anticipate the AlaThr MUT
introduces a non-negligible entropic barrier increase.

To further characterize and visualize this entropic barrier, we found it useful to plot the position of the center
of mass of the quinone head group during our steered MD simulations. The entropic barriers became easy to
identify as “clusters” of points along the pulling trajectory, when the quinone head group is searching for a right
orientation to enter the constrained bottleneck, as the passage at the transition state requires almost key and
lock match. This search process in advancing to a more constrained geometry shows up as clusters of trajectory
points that form in the basins of energetic barriers. Thus, we interpret the trajectory clusters as an indication that
the system needing more time to find the correct key and lock match to allow the passage. Therefore, the more
points in a cluster, there exists less states that permit the passage of the head group over the barrier. Figure 7
shows such cluster of points along the pulling trajectory.

The number of points within each cluster is related to the (relative) number of states the quinone head group
passes through (explores) in a given position along the trajectory. Recalling that entropy is defined as

S = Rn(Q) 5)
where Q) is the number of microstates, we can calculate A AG via:
Q
AAG = RTln( MUT) )
WT

By recording the position of the head group center of mass with respect to its displacement through the
bottleneck, we can use a Gaussian kernel density estimator to obtain a crude approximation of the density of
states (DOS), p (&), with respect to our reaction coordinate. Given, Q2(§) = f p(£)d&, we obtain AAG by inte-
grating over pwr(§) and ppuT(§), and then taking the logarithm of their ratio. Discretizing these equations,
Q(&) &~ ) p(&) Ag, which simplifies to counting the number of states (points) within a cluster along an interval
AE. Equation 6 can then be used to estimate AAG . Results are shown in Fig. 8.

We see AAG =~ 3.5k] mol™! at $!, which agrees in order of magnitude with our previous estimation. Addi-
tionally, we see there are two peaks in AAG of the same magnitude. The first peak is due to the head group’s entry
to the bottleneck, and the second peak is due to the head group’s exit, which would correspond to the barrier
basin in the reverse process for the head group entering the bottleneck from the membrane.

Quinone Exit Direction

- y

Figure 7. Demonstration of “clustering” in a representative steered MD simulation. A side profile of the
bottleneck is rendered above, with the alanine 63 located at the top. Each point represents the position of the
head group center of mass when the head group is slowly pulled through the bottleneck.
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Figure 8. Graph of AAG(&) (a, top), and DOS for both the WT and MUT variants (b, bottom). § is the same
spline used for free energy calculation in Fig. 4. The DOS are approximated by projecting the position of the
head group during a steered MD simulation onto . There exist two barriers; the first peak is due to the head
groups entry to the bottleneck, and the second peak is due to the head groupss exit.

The bottleneck and head group experience non-negligible deformation during quinone
passage

In panels (a) and (c) of Fig. 2, there exists non-negligible deformation of the quinone head group and bottle-
neck during quinone passage. When the bottleneck is strongly restrained, we observe there exists a 30 k] mol™!
deformation barrier, resulting from the deformation of the quinone head group from its equilibrium position.
This barrier is present in both the wild type and AlaThr variants. Previously, we proposed all energetic barri-
ers of 30 k] mol™ or less should be considered open (which can be overcome with thermal fluctuations within
the “squeeze-in” model), whereas barriers in gross excess of this threshold are closed (see ref ?2). Our results
confirm the bottleneck is very tight and essentially closed in both the wild type and AlaThr MUT, requiring
a special mechanism such as squeeze-in mechanism of Ref. 22. However, when unrestrained, the bottleneck
cross-section area increases to allow quinone head group easier passage (Fig. 2b and d). We see Ay = 27.2 A2
and AJj{f = 19.4 A% These maximal areas each correspond to a 30% increase from the rigid/crystal bottleneck
cross-section area. Notably, the unrestrained simulations do not feature significant head group deformation. We
should mention that the total cross-section area does not capture all nuances of the tight passage through the
bottleneck. It neglects the width of the bottleneck which lends the head group an additional degree of freedom.
As aresult, despite the quinone head group and bottleneck having a kind of key-and-lock match, a 30% decrease
in bottleneck cross-section area does not prevent quinone passage through the bottleneck, but it does lead to a
severe disruption. Thus, our estimates can only serve a rough semi-quantitative purpose.

Quinone transport is severely disrupted by AlaThr MUT
The bottleneck passage rate of a quinone molecule can be estimated by the transition state theory. The rate of a
single barrier crossing of the quinone head group is given by,

D AG

o
where Dg, denotes the diffusion coefficient of quinone in membrane environment, Dq~ 10® cm?s7!, and L,
denotes the characteristic length of the barrier width. To determine the impedance effect on the rate of quinone

passage by the mutation, we will use the free energy barrier presented in the interval § ~ [-0.5,3]. We see Gy =
28 k] mol™}, and Gyt = 33 k] mol™. From Eq. 7, we see,
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We see, roughly the rate of quinone passage across the bottleneck is almost five- to tenfold slower in the
AlaThr MUT compared to WT.

Additionally, we estimated earlier AAG = 5 k] mol™!, which agrees in order of magnitude with our previous
predictions. Although 5 kJ mol™ is not an objectively large amount of energy (for scale, the strength of water
hydrogen bond is ~ 20 k] mol™), it is a reasonably large energetic barrier to arise from entropy alone. Obviously,
there exists a non-negligible entropic barrier preventing quinone’s free passage through the bottleneck. The rate
of quinone passage is slower in the AlaThr MUT due to entropy reduction indicated by the decrease in cross-
section area of the bottleneck. Although the total area cross section does not capture all the nuances of tight
passage of irregular-shaped quinone through the irregular shaped bottleneck (Fig. 1), which requires a kind of
key and lock match, qualitatively, the reduction of entropy at the transition state is a clear indication of a more
difficult (slower) passage of MUT through the bottleneck.

Slowing quinone passage five- to tenfold may have severe biochemical consequences. Slowed quinone pas-
sage can lead to slowing down electron transport in complex I, effectively inhibiting the quinone site. It has been
well established inhibition of the quinone site accelerates ROS production due to inhibition of forward electron
transfer at the FMN site'>*'*4%7, This could lead to electron back up at the upstream FMN site in complex I, which
may become over-reduced and therefore give rise to superoxide production and related oxidative stress in the cell.
Although our work cannot quantify the severity of the defect, qualitatively, ROS production in the AlaThr MUT
can be related to the decreased cross-sectional area of the bottleneck and related slowed down quinone bind-
ing kinetics. Previous experimental work with the complex I of Paracoccus denitrificans has determined kinetic
parameters for Q,, Q,, and Q,, binding for both the wild type complex I, and of the AlaThr MUT?®. It was shown
the AlaThr MUT lead to an increase in the Ky, and decrease in the V,,, of quinone reduction activity. This is a
clear indication of slowed quinone binding kinetics due to the AlaThr MUT, matching our model’s prediction.
Additional experiments have demonstrated electron transfer activity is reduced by 60-80% in MUT?!. Assuming
the entirety of electron transfer decrease is due to the slowed quinone binding kinetics, slowing quinone binding
five- to tenfold leads to electron transfer being decreased by 80%-90%. We see our model and calculations roughly
agree with experiment, though our model overestimates the decrease in electron transfer activity.

Our model likely overestimates the decrease in electron transfer activity because we studied T. Thermophilus
CI, whereas experimental studies of this mutation have primarily focused on human CI. The human CI bottle-
neck is slightly less narrow that of T. Thermophilus (Ayr=22.94+0.01 A2 see Fig. S4.) If we perform the same
calculation of AAG as we did in discussion Sect. 1 and assuming the human CI bottleneck cross-section area
is reduced by 30%, we see AAG ~2-5 k] mol™! for Aq 12-14 A2. This rough estimate of AAG corresponds to a
60%-80% decrease in electron transfer activity. All analysis involving the cross-section area of the bottleneck
should be taken as semi-quantitative as it neglects several nuances involved in the quinone head group passage.
Our findings provide evidence decreased electron transfer activity is related almost entirely to the reduced cross-
section area of the bottleneck.

Water is dynamic in wild type complex |

Comparing the free energy profiles in Fig. 6, we see AlaThr MUT presents an additional 15 k] mol™' energetic
barrier to the passage of water through the bottleneck (when quinone is bound). Using Eq. 7 with the energetic
barrier for &£~ [0.5,6], we see:

~ 400 9)

That is, the rate of water passage (i.e. exchange) through the bottleneck is approximately 400 times slower
in AlaThr MUT than in the wild type. To put a time scale to this process, we again use transition state theory to
estimate the rate of water dissociation. Taking for water in the membrane environment Dy ~107°-10° cm?s™),
and assuming our characteristic length (barrier width) to be approximately 3 A, from Eq. 8 we obtain
W = k;\,lT = 0.1 — 1.0 ps. It appears this timescale is a bit overestimated. Teixeira et. al. found water to diffuse
through the bottleneck (when quinone tail is present) on the sub-microsecond timescale”. We therefore ran a
small set of MD simulations with water placed inside the bottleneck and allowed the water to freely diffuse. We
observed water diffused on sub-microsecond timescale, agreeing with Teixeira et. al. (see SI Fig. 2). Which could
indicate that the taken diffusion coefficient 10°-107° cm? s™! for water is underestimated.

Regardless of whether water passage is on the sub-microsecond or microsecond timescale in the wild type
variant, it is still orders below that of complex I's catalytic cycle (~ms). As a result, we propose water is free to
pass across the bottleneck when quinine is bound. If, in reality, water passage across the bottleneck is at the
microsecond time scale, then a factor of 400 in the AlaThr variant will push water exchange to the low millisecond
timescale, which is the same order of magnitude as complex I's timescale. As a result, water exchange in AlaThr
MUT may be impossible when quinone is bound, which means it can severely affect (slow down) the overall
binding kinetics. If water exchange through the bottleneck is critical for quinone binding, slowing this process
may be another avenue of bioenergetic defect, potentially leading to LHON symptoms.
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Conclusions

We confirmed there exists a geometric bottleneck at the entrance to the Q-chamber. The AlaThr MUT results
in a further decrease in the cross-section area of the bottleneck, leading to transition state entropy reduction
and related increase of the transition state barrier by 5 k] mol™. We calculated the entropy reduction by three
independent methods, and all three agree within an order of magnitude. We show this entropy reduction results
in quinone passage through the bottleneck to be slowed down five- to tenfold in MUT relative to the wild type.
Additionally, we showed water is dynamic across the bottleneck in the wild type variant, but water exchange
is severely disrupted in the MUT variant. The function of the narrow bottleneck remains obscure; in no other
quinine-binding sites in ETC does a narrow bottleneck exist except in complex I.

We conclude that quinone passage is slowed in the AlaThr MUT. The tight bottleneck at the entrance of the
Q-chamber in WT complex I is the cause of the severity of the AlaThr MUT. In the mutant, the already tight
bottleneck becomes even tighter, severely disrupting quinone binding kinetics and thereby perturbing ETC. We
propose that slowed down quinone passage leads to increased ROS production by complex I, which potentially
can lead to symptoms presented in LHON patients. The measurements of quinone binding kinetics to complex
Iin both the WT and MUT variants and ROS production should further clarify the mechanism.

Materials and methods

MD simulation details

All MD simulations were performed in Gromacs® with the CHARMM36**° force field. We modified the resi-
due topology of neutral arginine (ARGN) because the atom-types used in the native distribution do not have
the correct valency. This was resolved by using the correct atom-types. Our simulations were performed using
only subunits forming the Q-chamber (Nqo4, Nqo6, and Nqo8) in vacuum in the NVT ensemble. Our protein
topology was generated using the pdb2gmx tool in Gromacs. All Q; topologies were generated using the CGenFF
webserver*!. System was electrically neutral, neutralized through protonation/deprotonation of charged residues.
During energy minimization and equilibration, protein atoms were restrained to preserve as close to the crystal
structure as possible. Equilibration simulations were 100 ps long. Protein backbone atoms were restrained with
a force constant of 50 k] mol™* A2, and protein sidechain atoms were restrained using a force constant of 25
kJ mol~! A2, Quinone atoms were restrained using a force constant of 10 kJ mol™! A2 The PDB structure was
used to define the initial/equilibrium positions of atoms. Restraints were used during equilibration and produc-
tion MD. All simulations used a time step of 0.002 ps with a leap-frog stochastic dynamics integrator. We used a
velocity rescale thermostat* with a temperature coupling time constant of 0.1 ps. Short-range Coulomb and van
der Waals interactions were cut-off at 1.2 nm. Particle Mesh Ewald summation was used to handle long-range
electrostatics. (For additional details, see related Figs. S5-S8 and S12-S15 in SI.)

During our steered MD simulations, Q, was placed near the 2’ position of ref ** in both the WT and MUT
variants (see Fig. $16 in SI for details). Q, was pulled by end carbon with a rate of 0.04 Aps~! with a force of 25
kJ mol™! A% the passage of some 12 angstroms distance required ~ 300 ps. Multiple pulling trajectories were
collected. To construct the MUT variant, Alanine 63 in Fig. 1 was substituted with a threonine in silico. The
substitution was performed using the mutagenesis tool native to PyMOL.

Umbrella sampling protocol

For all US windows, the Q1 head group was harmonically restrained with a force constant of 20 k] mol ™' A2,
The head group was restrained with a zero-mass, zero-charge, virtual site placed at the geometric center of the
head group ring. Windows were evenly spaced, with approximately 0.3 A spacing between adjacent windows,
and sampled for 5 ns. Our reaction coordinate was constructed as follows:

a. One representative MD pulling trajectory was used to track the position of the head group in space

b. A spline was fit to the positions to approximate the path the head group followed during the steered MD
simulation

¢.  During US, the displacement of the virtual site relative to its initial position was measured, and then projected
onto the spline

Windows were joined via umbrella integration. To analyze the energy, the trajectories were rerun with the
models constrained to the quinone head group. The average nonbonded energy between the head group and
protein was calculated for all points along the reaction coordinate, along with their standard deviation. A spline
was fit to the average and subtracted from the free energy profile.

The above procedure is the same for our water US simulations, except with a force constant of 80 k] mol~! A~
applied to the water oxygen.

Data availability
All data generated or analyzed during this study are included in this published article and its Supplementary
Information (SI) file.

Received: 13 August 2023; Accepted: 12 November 2023
Published online: 21 November 2023

Scientific Reports |

(2023) 13:20413 | https://doi.org/10.1038/s41598-023-47314-2 nature portfolio



www.nature.com/scientificreports/

References

1. Sazanov, L. A. A giant molecular proton pump: structure and mechanism of respiratory complex I. Nat. Rev. Mol. Cell Bio. 16(6),
375-388. https://doi.org/10.1038/nrm3997 (2015).

2. Parey, K., Wirth, C., Vonck, J. & Zickermann, V. Respiratory complex I—Structure, mechanism and evolution. Curr. Opin. Struct.
Biol. 63, 1-9. https://doi.org/10.1016/j.sb1.2020.01.004 (2020).

3. Gutierrez-Fernandez, J. et al. Key role of quinone in the mechanism of respiratory complex I. Nat. Commun. 11(1), 4135. https://
doi.org/10.1038/541467-020-17957-0 (2020).

4. Baradaran, R., Berrisford, J. M., Minhas, G. S. & Sazanov, L. A. Crystal structure of the entire respiratory complex I. Nature
494(7438), 443-448. https://doi.org/10.1038/nature11871 (2013).

5. Fiedorczuk, K. et al. Atomic structure of the entire mammalian mitochondrial complex I. Nature 538(7625), 406. https://doi.org/
10.1038/nature19794 (2016).

6. Letts, J. A., Fiedorczuk, K., Degliesposti, G., Skehel, M. & Sazanov, L. A. Structures of respiratory supercomplex I+III2 reveal
functional and conformational crosstalk. Mol. Cell 75(6), 1131-1146. https://doi.org/10.1016/j.molcel.2019.07.022 (2019).

7. Zickermann, V. et al. Structural biology. Mechanistic insight from the crystal structure of mitochondrial complex I. Science
347(6217), 44-49. https://doi.org/10.1126/science.1259859 (2015).

8. Parey, K. et al. High-resolution cryo-EM structures of respiratory complex I: Mechanism, assembly, and disease. Sci. Adv. 5(12),
eaax9484. https://doi.org/10.1126/sciadv.aax9484 (2019).

9. Agip, A. A,, Blaza, J. N., Fedor, J. G. & Hirst, ]. Mammalian respiratory complex i through the lens of cryo-EM. Annu. Rev. Biophys.
48, 165-184. https://doi.org/10.1146/annurev-biophys-052118-115704 (2019).

10. Guo, R,, Zong, S., Wu, M., Gu, J. & Yang, M. Architecture of human mitochondrial respiratory megacomplex. Cell 170(6), 1247
1257. https://doi.org/10.1016/j.cell.2017.07.050 (2017).

11. Kampjut, D. & Sazanov, L. A. The coupling mechanism of mammalian respiratory complex 1. Science 370, 6516. https://doi.org/
10.1126/science.abc4209 (2020).

12. Bridges, H. R. et al. Structure of inhibitor-bound mammalian complex I. Nat. Commun. 11(1), 5261. https://doi.org/10.1038/
$41467-020-18950-3 (2020).

13. Grba, D. N. & Hirst, J. Mitochondrial complex I structure reveals ordered water molecules for catalysis and proton translocation.
Nat. Struct. Mol. Biol. 27(10), 892-900. https://doi.org/10.1038/s41594-020-0473-xFromNLMMedline (2020).

14. Kampjut, D. & Sazanov, L. A. Structure of respiratory complex [—An emerging blueprint for the mechanism. Curr. Opin. Struct.
Biol. 74, 102350. https://doi.org/10.1016/j.sb1.2022.102350 (2022).

15. Vercellino, I. & Sazanov, L. A. The assembly, regulation and function of the mitochondrial respiratory chain. Nat. Rev. Mol. Cell
Biol. 23(2), 141-161. https://doi.org/10.1038/s41580-021-00415-0 (2022).

16. Kaila, V. R. I. Resolving chemical dynamics in biological energy conversion: Long-range proton-coupled electron transfer in
respiratory complex I. Acc. Chem. Res. 54(24), 4462-4473. https://doi.org/10.1021/acs.accounts.1c00524 (2021).

17. Kampijut, D. & Sazanov, L. A. Structure and mechanism of mitochondrial proton-translocating transhydrogenase. Nature 573(7773),
291-295. https://doi.org/10.1038/s41586-019-1519-2 (2019).

18. Kaila, V. R. L. Long-range proton-coupled electron transfer in biological energy conversion: towards mechanistic understanding
of respiratory complex . . R. Soc. Interface https://doi.org/10.1098/rsif.2017.0916 (2018).

19. Kaila, V. R., Wikstrom, M. & Hummer, G. Electrostatics, hydration, and proton transfer dynamics in the membrane domain of
respiratory complex I. Proc. Natl. Acad. Sci. USA 111(19), 6988-6993. https://doi.org/10.1073/pnas.1319156111 (2014).

20. Gu, ], Liu, T,, Guo, R., Zhang, L. & Yang, M. The coupling mechanism of mammalian mitochondrial complex I. Nat. Struct. Mol.
Biol. 29(2), 172-182. https://doi.org/10.1038/s41594-022-00722-w (2022).

21. Wang, P, Dhananjayan, N., Hagras, M. A. & Stuchebrukhov, A. A. Respiratory complex I: Bottleneck at the entrance of quinone
site requires conformational change for its opening. Biochim Biophys. Acta Bioenerg. 1862(1), 148326. https://doi.org/10.1016/j.
bbabio.2020.148326FromNLMMedline (2021).

22. Dhananjayan, N., Wang, P, Leontyev, I. & Stuchebrukhov, A. A. Quinone binding in respiratory complex I: Going through the
eye of a needle. The squeeze-in mechanism of passing the narrow entrance of the quinone site. Photochem. Photobiol. Sci. 21(1),
1-12. https://doi.org/10.1007/s43630-021-00113-yFromNLMMedline (2022).

23. Schrodinger, LLC. The PyMOL Molecular Graphics System, Version 1.8. 2015.

24. Chovancova, E; Pavelka, A.; Benes, P; Strnad, O.; Brezovsky, J.; Kozlikova, B.; Gora, A.; Sustr, V.; Klvana, M.; Medek, P; et al.
CAVER 3.0: a tool for the analysis of transport pathways in dynamic protein structures. PLoS Comput Biol 2012, 8 (10), e1002708.
DOIL: https://doi.org/10.1371/journal.pcbi.1002708 From NLM Medline.

25. Hoias Teixeira, M. & Menegon Arantes, G. Balanced internal hydration discriminates substrate binding to respiratory complex I.
Biochim Biophys. Acta Bioenerg. 1860(7), 541-548. https://doi.org/10.1016/j.bbabio.2019.05.004FromNLMMedline (2019).

26. Sazanov, L. A. From the “black box” to “domino effect” mechanism: What have we learned from the structures of respiratory
complex I. Biochem. ]. 480(5), 319-333. https://doi.org/10.1042/BCJ20210285FromNLMMedline (2023).

27. Fiedorczuk, K. & Sazanov, L. A. Mammalian mitochondrial complex I structure and disease-causing mutations. Trends Cell Biol.
28(10), 835-867. https://doi.org/10.1016/j.tcb.2018.06.006 FromNLMMedline (2018).

28. Howell, N. et al. Leber hereditary optic neuropathy—Identification of the Same Mitochondrial Ndi Mutation in 6 Pedigrees. Am.
J. Hum. Genet. 49(5), 939-950 (1991).

29. Sadun, A. A, La Morgia, C. & Carelli, V. Leber’s hereditary optic neuropathy. Curr. Treat Options Neurol. 13(1), 109-117. https://
doi.org/10.1007/s11940-010-0100-yFromNLMPubMed-not-MEDLINE (2011).

30. Hwang, J. M., Chang, B. L., Koh, H. J., Kim, J. Y. & Park, S. S. Leber’s hereditary optic neuropathy with 3460 mitochondrial DNA
mutation. J. Korean Med. Sci. 17(2), 283-286. https://doi.org/10.3346/jkms.2002.17.2.283FromNLMMedline (2002).

31. Carelli, V. et al. Bioenergetics shapes cellular death pathways in Leber’s hereditary optic neuropathy: A model of mitochondrial
neurodegeneration. Biochim Biophys. Acta 1658(1-2), 172-179. https://doi.org/10.1016/j.bbabio.2004.05.009FromNLMMedline
(2004).

32. Wong, A. et al. Differentiation-specific effects of LHON mutations introduced into neuronal NT2 cells. Hum. Mol. Genet. 11(4),
431-438. https://doi.org/10.1093/hmg/11.4.431FromNLMMedline (2002).

33. Warnau, J. et al. Redox-coupled quinone dynamics in the respiratory complex I. Proc. Natl. Acad. Sci. USA 115(36), E8413-E8420.
https://doi.org/10.1073/pnas.1805468115FromNLMMedline (2018).

34. Brand, M. D. The sites and topology of mitochondrial superoxide production. Exp. Gerontol. 45(7-8), 466-472. https://doi.org/
10.1016/j.exger.2010.01.003FromNLMMedline (2010).

35. Wright, J. . et al. Reverse electron transfer by respiratory complex I catalyzed in a modular proteoliposome system. J. Am. Chem.
Soc. 144(15), 6791-6801. https://doi.org/10.1021/jacs.2c00274FromNLMMedline (2022).

36. Bridges, H. R. et al. Structural basis of mammalian respiratory complex I inhibition by medicinal biguanides. Science 379(6630),
351-357. https://doi.org/10.1126/science.ade3332FromNLMMedline (2023).

37. Yin, Z. et al. Structural basis for a complex I mutation that blocks pathological ROS production. Nat. Commun. 12(1), 707. https://

doi.org/10.1038/541467-021-20942-wFromNLMMedline (2021).

Scientific Reports |

(2023) 13:20413 | https://doi.org/10.1038/s41598-023-47314-2 nature portfolio


https://doi.org/10.1038/nrm3997
https://doi.org/10.1016/j.sbi.2020.01.004
https://doi.org/10.1038/s41467-020-17957-0
https://doi.org/10.1038/s41467-020-17957-0
https://doi.org/10.1038/nature11871
https://doi.org/10.1038/nature19794
https://doi.org/10.1038/nature19794
https://doi.org/10.1016/j.molcel.2019.07.022
https://doi.org/10.1126/science.1259859
https://doi.org/10.1126/sciadv.aax9484
https://doi.org/10.1146/annurev-biophys-052118-115704
https://doi.org/10.1016/j.cell.2017.07.050
https://doi.org/10.1126/science.abc4209
https://doi.org/10.1126/science.abc4209
https://doi.org/10.1038/s41467-020-18950-3
https://doi.org/10.1038/s41467-020-18950-3
https://doi.org/10.1038/s41594-020-0473-xFromNLMMedline
https://doi.org/10.1016/j.sbi.2022.102350
https://doi.org/10.1038/s41580-021-00415-0
https://doi.org/10.1021/acs.accounts.1c00524
https://doi.org/10.1038/s41586-019-1519-2
https://doi.org/10.1098/rsif.2017.0916
https://doi.org/10.1073/pnas.1319156111
https://doi.org/10.1038/s41594-022-00722-w
https://doi.org/10.1016/j.bbabio.2020.148326FromNLMMedline
https://doi.org/10.1016/j.bbabio.2020.148326FromNLMMedline
https://doi.org/10.1007/s43630-021-00113-yFromNLMMedline
https://doi.org/10.1371/journal.pcbi.1002708
https://doi.org/10.1016/j.bbabio.2019.05.004FromNLMMedline
https://doi.org/10.1042/BCJ20210285FromNLMMedline
https://doi.org/10.1016/j.tcb.2018.06.006FromNLMMedline
https://doi.org/10.1007/s11940-010-0100-yFromNLMPubMed-not-MEDLINE
https://doi.org/10.1007/s11940-010-0100-yFromNLMPubMed-not-MEDLINE
https://doi.org/10.3346/jkms.2002.17.2.283FromNLMMedline
https://doi.org/10.1016/j.bbabio.2004.05.009FromNLMMedline
https://doi.org/10.1093/hmg/11.4.431FromNLMMedline
https://doi.org/10.1073/pnas.1805468115FromNLMMedline
https://doi.org/10.1016/j.exger.2010.01.003FromNLMMedline
https://doi.org/10.1016/j.exger.2010.01.003FromNLMMedline
https://doi.org/10.1021/jacs.2c00274FromNLMMedline
https://doi.org/10.1126/science.ade3332FromNLMMedline
https://doi.org/10.1038/s41467-021-20942-wFromNLMMedline
https://doi.org/10.1038/s41467-021-20942-wFromNLMMedline

www.nature.com/scientificreports/

38. Zickermann, V., Barquera, B., Wikstrom, M. & Finel, M. Analysis of the pathogenic human mitochondrial mutation ND1/3460,
and mutations of strictly conserved residues in its vicinity, using the bacterium Paracoccus denitrificans. Biochemistry 37(34),
11792-11796. https://doi.org/10.1021/bi9810555FromNLMMedline (1998).

39. Abraham, M. J. et al. GROMACS: High performance molecular simulations through multi-level parallelism from laptops to
supercomputers. SoftwareX 1-2, 19-25. https://doi.org/10.1016/j.s0ftx.2015.06.001 (2015).

40. Brooks, B. R., Brooks, C. L., 3rd, Mackerell, A. D., Jr., Nilsson, L., Petrella, R. J., Roux, B., Won, Y., Archontis, G., Bartels, C., Boresch,
S., et al. CHARMM: The biomolecular simulation program. J. Comput. Chem. 2009, 30(10), 1545-1614. https://doi.org/10.1002/
jcc.21287. From NLM Medline.

41. Vanommeslaeghe, K. et al. CHARMM general force field: A force field for drug-like molecules compatible with the CHARMM
all-atom additive biological force fields. J. Comput. Chem. 31(4), 671-690. https://doi.org/10.1002/jcc.21367FromNLMMedline
(2010).

42. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity rescaling. J. Chem. Phys. https://doi.org/10.1063/1.
2408420 (2007).

Acknowledgements
This work has been supported in part by the NIH research Grant GM054052 and BSF Grant No. 2018239 A19-
3374 (AAS).

Author contributions
JT - performed computational work and wrote the paper PW - contributed to computational work AAS -
designed and directed the project, edited the paper

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-023-47314-2.

Correspondence and requests for materials should be addressed to A.A.S.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:20413 | https://doi.org/10.1038/s41598-023-47314-2 nature portfolio


https://doi.org/10.1021/bi9810555FromNLMMedline
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.21287
https://doi.org/10.1002/jcc.21287
https://doi.org/10.1002/jcc.21367FromNLMMedline
https://doi.org/10.1063/1.2408420
https://doi.org/10.1063/1.2408420
https://doi.org/10.1038/s41598-023-47314-2
https://doi.org/10.1038/s41598-023-47314-2
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Mutation at the entrance of the quinone cavity severely disrupts quinone binding in respiratory complex I
	Respiratory complex I and the narrow bottleneck at the entrance to the Q-chamber
	Leber’s hereditary optic neuropathy
	Results
	Cross-section area of the bottleneck
	Bottleneck deformation during quinone passage
	Free energy barrier of quinone bottleneck passage
	Water exchange through the bottleneck (when quinone is bound in Q-chamber)

	Discussion
	The AlaThr mutation reduces the bottleneck cross-section area by approximately 30%
	The bottleneck and head group experience non-negligible deformation during quinone passage
	Quinone transport is severely disrupted by AlaThr MUT
	Water is dynamic in wild type complex I

	Conclusions
	Materials and methods
	MD simulation details
	Umbrella sampling protocol

	References
	Acknowledgements


