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ABSTRACT: The respiratory complex I transduces redox energy
into an electrochemical proton gradient in aerobic respiratory chains,
powering energy-requiring processes in the cell. However, despite
recently resolved molecular structures, the mechanism of this gigantic
enzyme remains poorly understood. By combining large-scale
quantum and classical simulations with site-directed mutagenesis
and biophysical experiments, we show here how the conformational
state of buried ion-pairs and water molecules control the protonation
dynamics in the membrane domain of complex I and establish
evolutionary conserved long-range coupling elements. We suggest
that an electrostatic wave propagates in forward and reverse
directions across the 200 A long membrane domain during enzyme
turnover, without significant dissipation of energy. Our findings
demonstrate molecular principles that enable efficient long-range
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proton—electron coupling (PCET) and how perturbation of this PCET machinery may lead to development of mitochondrial

disease.

B INTRODUCTION

With up to 45 subunits and a molecular mass of 1.0 MDa, the
respiratory complex I (NADH:ubiquinone oxidoreductase) is
one of the largest and most complicated membrane-bound
proteins.'~* This gigantic enzyme functions as the initial
electron acceptor in respiratory chains of mitochondria and
aerobic bacteria by transferring electrons between nicotina-
mide adenine dinucleotide (NADH, E,, = —320 mV) and
ubiquinone (Q, E,, = +90 mV), and the 0.8 V redox span is
employed to pump four protons across the membrane.” The
established proton motive force (pmf) is further used for active
transport and synthesis of adenosine triphosphate (ATP) by
the rotary motion of F,F,-ATP synthase.””

In recent years, several structures of complex I from different
organisms have been resolved,® ™" showing that the electron
transfer (eT) and proton pumping machineries are separated
into unique domains of the enzyme. The eT module in the
hydrophilic domain extends up to 100 A above the membrane
plane, whereas proton pumping is catalyzed by the 200 A long
membrane domain (Figure 1). * The complete charge transfer
(CT) process thus spans nearly 300 A, but despite its large
spatial extent, the process is fully reversible and strongly
coupled. Consistent with the principle of microscopic
reversibility, perturbations at the far end of the pumping
module result in decreased Q oxidoreduction activity.'” ™"
Although molecular principles of this remarkable long-range
proton-coupled electron transfer (PCET) process have
recently started to emerge,'~"*7'"'*7*! the overall mechanism
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still remains one of the most complex unsolved questions in
biochemistry (cf. ref 22 and references therein for definition
and discussion of both short- and long-range PCET).
Structural data in combination with computational and
biophysical experiments provide a starting point to derive a
molecular understanding of the functional principles in
complex L'™"*719%373% Recent studies suggest that proton
pumping is triggered by electrostatic and conformational
transitions resulting from the reduction of quinone,””** bound
around 20 A above the membrane plane in a protein cavity
near the N2 iron—sulfur (FeS) center (Figure 1A).*° The
thermodynamic driving force (AG = 0.8 V) for the pumping
process is likely to originate from motion and coupled
conformational transitions of the Q-species from a low
potential site near the FeS chain (—300 mV) to a second,
transient Q-binding site in the membrane domain with a redox
potential most likely close to that of Q in membranes (+90
mV),"*°~** which still remains to be experimentally validated.
The membrane domain comprises the antiporter-like
subunits Nqo12/13/14 (T. thermophilus nomenclature) that
contain a 200 A long array of buried charged residues located
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Figure 1. (A) Complex I catalyzes electron transfer from NADH to Q
in its hydrophilic domain (in white) and pumps protons across the
Nqol12 (red), Nqol3 (blue), and Nqo14 (yellow), as well as in the
Nqo8 (green) and Nqo7/10/11 (in orange) subunits of the
membrane domain. (B) An axis of conserved charged and polar
residues spans the membrane domain from the Q channel to the
terminal Nqo12 subunit. (C) Nqo13 is connected to its neighboring
subunits by charged interfaces (blue squares) that enable formation of
ion-pairs between the subunits. The lateral pT from Lys23S,; via
His292,3 to Glu377,; is marked with an arrow.

at the center of the membrane and provide key elements in the
pumping machinery (Figure 1B). Molecular simula-
tions">>**%*3 suggest that proton channels are established
around broken helix motifs TM7a/b and TM12a/b within five-
helical transmembrane (TM) bundle segments of the
antiporter-like subunits, with several residues along these
pathways indirectly supported by site-directed mutagenesis
experiments.'”~'” The proton transfer (pT) involves hydration
changes within TM4—8 and TM9—13 in Nqo12/13/14, and
indications of a fourth proton channel have been found near
Ngqo8/ N%OIO that also involves the TM2—6 bundle segment
of Nqo8.”"'”*” The proton channels start from the negatively
charged side (N-side) of the membrane and connect via a
horizontal axis along the membrane plane to output sites at the
positively charged side (P-side) of the membrane. Recent
data®*” suggest that the pumping process is mediated by a
central lysine residue (Lys216,,/Lys235,3/Lys329;,) that
pushes the protons laterally toward a terminal lysine
(Lys345,,/Lys385,,) in Nqgol2/14 or a glutamate
(Glu377,3) residue in Nqol3, with pT reactions that are
controlled by the conformational state of the conserved Lys/
Glu (Asp) ion-pair at the interface of each subunit (Figure

propagate by an electrostatic wave in forward and reverse
pulses across the membrane domain.' It was also suggested
that complex I could drive pumping by direct conformational
changes, e.g, alon§ the 100 A horizontal helix connectin
Nqol12 to Nqo14>*® or f-sheet motifs between subunits.”®”
Site-directed mutagenesis experiments**™*® do not currently
support such “steam engine/piston”-models, whereas local
conformational/electrostatic coupling between the Q_site and
Nqo8 has indirectlgf been supported by structural and
biochemical studies.””**

Our previous work has shown that complex I employs
proton pathways in symmetry-related locations™>”” to
transfer protons across the membrane, with both hydration
changes””*” and ion-pair dynamics®**’” forming important
elements for the long-range charge transfer process. Here we
elucidate how the ion-pair dynamics determines both the
wetting/ dewetting transitions and proton transfer energetics,
and vice versa, using both classical and hybrid quantum/
classical (QM/MM) free energy simulations. We show how
the hydration state of the antiporter-like subunit Nqol3
strongly modulates the protonation and ion-pair dynamics and
further validate the findings by site-directed mutagenesis
experiments, pumping measurements, and kinetic models.

B RESULTS

lon-Pair Conformation Is Determined by the Hydra-
tion State of the Proton Channels. To probe the coupling
between the hydration state and the proton transfer reactions,
we performed classical molecular dynamics (MD) simulations
on complex I from Thermus thermophilus (PDB 1D: 4HEA®)
embedded in a lipid membrane environment. Consistent with
previous simulations,””*” the membrane domain spontane-
ously hydrates on 0.2 ps time scales, and water molecules
establish quasi-one-dimensional wires that connect the N-side
bulk with buried charged and polar residues at the center of the
antiporter-like subunits (Figure S1A). In Nqol3, the water
molecules enter TM7a from the N-side solvent connecting to
Lys235,3;, from which the proton wire continues further via
His292,; to Glu377,; of TM12a and to the P-side of the
membrane (Figure S1A), with similar hydration patterns
observed also in Nqol2 and Nqol4.”>”” The simulations
support that the channel hydration strongly depends on the
protonation state of the middle Lys23S;; (Figure SIB),
consistent with previous data.”**’

On the basis of selected snapshots of the hydration
trajectory, we next computed free energy profiles for opening
the central Lys/Glu ion-pair in Nqo13 (Lys204,;/Glul23,;) in
a dry state (N < § water molecules), at intermediate channel
hydration levels (N & 10 water molecules), and in a fully
hydrated “wet state” of the channel (N > 15 water molecules)
(Figure 2). The wet/dry transition is likely to represent key
intermediate states in the pumping process of complex I, as
supported by the steady state equilibrium reached during the
MD and free energy simulations (Figures S1, S10). Rigorous
grand-canonical hydration free energy calculations®  are
outside the scope of our large complex I simulations, with
close to 1 million atoms. In the open ion-pair conformation,
formed by shifting Glul23,; to establish a new ion-pair with
Lys345,, (Figure 2B), Lys204,; is stabilized by z—cation
interactions with Tyr234,3/Trp213,; (Figure S2B), which
pushes Lys235,; closer to His292,; by ~1 A (Figure S2D) and
enabled by the flexibility of the broken helix TM?7a/b.
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Figure 2. (A) Free energy profiles for opening the Lys204,;/Glu123,5
ion-pair at the Nqol13/Nqol4 interface in the fully hydrated state
(dark blue), at medium hydration levels (light blue), and in the dry
state (gray) of Nqol3. The Glu/Lys residues were modeled in their
charged state (see Table S10). The ion-pair opening (shifting)
reaction coordinate, R, is defined as d(E123,3-K204,;) — d(E123,;-
K345,,). Closed ion-pair R ~ (=9 + 2) A and open ion pair R~ (+5
+ 2) A are marked in orange on the R-axis. Ion-pair opening is
favored by the increased hydration state of the proton channel. (B) In
the closed conformation, the ion-pair interaction is established
between Lys204,; and Glul23,;, whereas in the open conformation,
Glu123,; forms a contact with Lys345,, (in yellow).

However, despite key conformational changes at the local side-
chain level, the average (maximum) root-mean square
deviation on the protein backbone is <1.5 A (<2 A) (Figure
S2C), suggesting that subtle conformational changes are
sufficient to support the switching dynamics.

In the dry state, our replica-exchange umbrella sampling
(REUS) calculations result in a high dissociation free energy
barrier of Lys204,;/Glu123,; ion-pair of 27 kcal mol™" with an
open state free energy of >20 kcal mol™" above the closed ion-
pair configuration (Figure 2) that is both kinetically and
thermodynamically expected to be blocked during complex I
turnover on the millisecond time scale.' ™ Interestingly, the
free energy barrier drops to ~10 kcal mol™" at intermediate
hydration levels, whereas in the fully hydrated state, the ion-
pair opening barrier is only ~4 kcal mol™" (Figure 2). This
suggests that the opening dynamics becomes kinetically
accessible in the nano- to-microsecond time scales upon
channel wetting but is kinetically prevented when the proton
channels are dry.

To further validate the computed free energies, we
performed unbiased MD simulations of the fully hydrated
state, mimicking states prior to and after the pT reaction.
When Lys23S5,; is protonated, the electrostatic repulsion
between the middle lysine and Lys204,; rapidly closes the
Lys204,;/Glul23,; ion-pair. However, in stark contrast, when
the proton is moved from the middle lysine to Glu377,3, the
ion-pair remains open for at least 100 ns (Figure S3A,B),
further supporting the tight coupling between the protonation
and ion-pair dynamics.

lon-Pair Dynamics Triggers Proton Transfer. Having
established that the channel hydration controls the ion-pair
dynamics, we next probed how the pT reaction itself is affected

by the conformational state of the ion-pair. As classical
simulations cannot capture bond-formation/breaking pro-
cesses, we employed density functional theory (DFT)-based
QM/MM molecular dynamics simulations and free energy
calculations to elucidate reaction barriers and thermodynamic
driving forces for the pT reaction (see Materials and
Methods). In the QM/MM calculations, we opened up a
reactive region of nearby polar protein residues and water
molecules connecting Lys235,; via His292; to Glu377; while
electrostatically coupling the system to the surrounding protein
(Figure 3A). When the ion-pair is in the closed conformation,
we obtain an overall endergonic free energy profile for the pT
to Glu377,; with a barrier of ~10 kcal mol™!, whereas
dissociation of the ion-pair leads to an exergonic pT reaction of
approximately —2 kcal mol™, and the reaction barrier drops to
~4 kcal mol™}, making the overall reaction accessible to
nanosecond time scales (Figure 3C). This suggests that the
formation of the open ion-pair (Glul23,;/Lys204,;) con-
formation rather than pT between Lys235,; and Glu377; itself
becomes rate-limiting for the overall process. The dynamics
observed in our unbiased QM/MM MD simulations is
consistent with the calculated free energy profiles, with the
proton remaining bound to the initial Lys235,3/His292 ;3
bridge in the closed ion-pair conformation, whereas sponta-
neous pT to Glu377,; is observed in selected snapshots of the
open ion-pair state (Figure 3D). The free energy barrier for the
dry-state pT reaction is >20 kcal mol™" in both closed and
open ion-pair conformations (Figure S3D), suggesting that the
pT reaction is water-gated.

Perturbing the Proton Pumping Machinery. To
perturb the lateral pT process in Nqol3, we mutated the
bridging His292; that provides an important intermediate site
in the pT process into an alanine residue, as well as the
homologous His322), and another bridging histidine, His348),
of the NuoM subunit in E. coli complex I’° (Ser318,, in the T.
thermophilus, Figure S9; see Figure S11 and Table S11 for
comparison of structure and sequence of the two organisms).
The mutagenesis studies were feasible only for E. coli complex
I. The proton pumping subunits share a ~30% sequence
similarity but have a high structural similarity and are thus
expected to employ similar pumping mechanisms (see Table
S12 and Figure S9). His348,, stabilizes the proton wire in MD
simulations of the E. coli complex I (Figure S4C). In classical
MD simulations of the H292A,; and H322A,,/H348A,,
variants, the introduced substitution results in a long proton
wire with N > S water molecules relative to 2—3 bridging water
molecules between the lysine and glutamate in the wild type
(WT) system (Figure 4A, Figure S4A—F). The water wire is
partially disrupted by the histidine substitutions, leading to an
overall lowered hydrogen-bonded connectivity relative to wild
type model (Figure 4B, Figure S4). The substitution also
results in conformational changes that could electrostatically
modulate the proton affinity of the proton acceptor Glu377 5
(Figure 4A, Figure S4), in particular by shorter distances to
Argl63,, of Nqol2 (Argl75, in E. coli, Figure 4A,B), which
could electrostatically tune the pK, of the Glu377,5.

In QM/MM simulations of the H292A 5 variant, we do not
observe spontaneous deprotonation from Lys23S5,;, resembling
the pT behavior in the dry state (Figure 4C), with drastically
increased pT barrier in DFT models (Figure S5). The
perturbed barriers are also supported in DFT models
constructed based on the E. coli complex I simulations (Figure
§12). The simulations on the E. coli complex I support that
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Figure 3. Free energy and dynamics of lateral proton transfer in
Nqo13. Prior to the pT reaction, all Glu/Lys residues were modeled
in their charged states (see Table S10). (A) QM/MM models for the
pT reaction in the Nqol3 subunit, showing the atoms in the QM
region (inset). (B) The proton transfer (pT) reaction coordinate (Q)
is represented by a linear combination of bond breaking and bond
forming distances. (C) QM/MM free energy profiles for the lateral
pT from Lys235,; via His292,3 to Glu377,; in the fully hydrated state
with closed (in red) and open (in blue) ion-pair conformations,
respectively. (D) Unbiased QM/MM MD simulations for the pT
process. In the medium-hydrated state (red and blue dashed lines),
the pT stalls at Lys235,; in both open and closed ion-pair
conformations. In the fully hydrated state with a closed ion-pair,
the proton equilibrates between Lys235,; and His292,; within ~1 ps
(solid red line) but does not progress onward during the remaining
simulation. In stark contrast, the ion-pair opening induces full pT to
Glu377,; within ~2 ps (solid blue line). (E) Snapshots of the QM/
MM free energy profiles showing the transferred proton on Lys235,;
(top), His292,; (second panel), at an intermediate Zundel ion (third
panel), and Glu377,; (bottom). See Movie S1 for animation of the pT
dynamics. (F) Snapshots of the open ion-pair conformation (top, with
intact Glul23,;/Lys34S,, ion-pair) and the closed ion-pair con-
formation (bottom, intact Lys204,;/Glul23,; ion-pair).

both histidine residues provide important gating residues for
the pT process (Figure 4C—F, Figure S12).

To experimentally assess the effect of a perturbed pT
reaction, we introduced both single (H322A,;, H348A,,) and
the double substitutions (H322A,,/H348A,,) into NuoM of E.
coli complex I. Figure 4D and Figure 4E show pumping
experiments, where we monitored the proton translocation of
complex I reconstituted into proteoliposomes. To this end, we
used both an ACMA fluorescence assay that is quenched as a
response to pT across the membrane (ApH), as well as by
monitoring absorbance changes using the membrane-potential

13721

(AY) sensitive dye, oxonol-VI, providing an independent
measure of the pumping process. The absorbance signal is
linear to the AW, whereas the fluorescence signal has a more
complex dependence on the established ApH.** The ApH/
AY generation for both the single and double mutant variants
was measured and compared to that of wild type complex 1. All
variants were fully assembled, stable and active, and
reconstituted with similar orientations into liposomes (Figure
S6, Tables S1 and S2). On the basis of the ACMA quenching,
the histidine substitutions lead to a significant decrease in the
proton pumping activity by approximately 40% for the double
mutant (Figure 4D,E, Table 1, Table S2), whereas the
individual substitutions have a smaller effect of 10—30%. The
MD simulations suggest that the protons might take alternative
pathways in the single variants to partially rescue the perturbed
wiring (Figure 4C—F). A similar but slightly stronger effect on
the AY generation was inferred by monitoring absorbance
changes with the oxonol assay, where the double mutant is
reduced to 40% of the WT, and the single mutants show a
residual absorbance of 61% and 74%, respectively (Figure
4D,E, Table S2). Part of the difference might arise from proton
leaks in the vesicles, indicative of the initial burst phase
followed by constant decrease in the signal (Figure 4D), in
addition to the nonlinearity of the fluorescence signal with the
proton concentration. However, the proteoliposome back-
ground leak levels, assembly, and orientation of proteolipo-
somes containing the WT and mutant variants are similar. Our
data thus show that the characterized variants, with mutations
around 100 A from the electron transfer module, result in
lower electron transfer rates and reduced proton pumping
(Figure S6, Supporting Information Methods). The histidine
substitutions result in a significant decrease of the oxido-
reduction activity up to 52% for the double variant, whereas a
20—40% reduction in activity is observed with the single
substitutions (Figure 4E, Table 1). The experiments thus
support that the simulated proton transfer reactions in Nqo13
(NuoM) could affect complex I activity.

Proton Pumping Kinetics. To better understand the role
of the histidine residues in proton pumping, we constructed a
kinetic model of the pumping process using a kinetic master
equation approach, with relative barriers derived from our
atomistic simulations (Figure 4F,G, Figure S7, Tables S3 and
S4; see Materials and Methods). To this end, we modeled the
Glu/Lys ion-pair and the pumping elements in Nqol3 with
proton acceptor/donor sites, mimicking the middle lysine
residue (Lys23S,;), connected to a proton acceptor site
(Glu377,5). We coupled the ion-pair opening and the pT
transfer reaction with relative rates similar to the wet/dry states
transition and induced opening of the ion-pair by applying a
nonequilibrium external force (see Materials and Methods).
The kinetic model predicts that one proton is taken up from
the N-side and pumped across to the P-side (Figure 4F,G)
when the coupling between the ion-pair and the middle lysine
residue reaches a threshold of >5 kcal mol™. To mathemati-
cally model the effect of the histidine substitutions, we next
slowed down the pT rate along the channel (k,r).
Interestingly, when the pT rate in the channel becomes
competing with pT uptake/release rates to the bulk, we
observed a strong lowering of the proton pumping
stoichiometry, consistent with our experimental observations.
The pumping is also sensitive to the pK, of the middle lysine,
with efficient proton translocation when the pK, resides in the
10 =+ 2 range, within the optimized parameter set. The kinetic
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Figure 4. Perturbing the proton transfer dynamics in complex I. (A) Snapshots of pT wires in the WT (top) and H322A/H348A variant (bottom)
of E. coli complex I after 100 ns MD simulations (see Figure S4). (B) Substitution of the bridging histidine residues leads to perturbation in the
Glu377,5/Argl63,, (Glu407,,/Argl75,) and Lys23S,5/Glu377,5 (Lys26S,/Glu407,) distances in classical MD simulations of T. thermophilus (T)
and E. coli (E) complex 1. Additional water molecules close the gap between the lysine and glutamate residues but with a lowered occupancy
relative to the WT. (C) pT dynamics from QM/MM MD simulations of the WT and H292A variant (top) and snapshot of the H292A variant,
showing the position of the pT wire and the Lys204,5-Glul23,; ion-pair in closed conformation (bottom). (D) ACMA (top) and oxonol-VI
(bottom) assays from proton pumping experiments in E. coli complex I. The ACMA and oxonol-VI assays monitor the ApH and AW gradient
across the proteoliposome membrane, respectively (see also Figure S6D). (E) Summary of NADH:Q oxidoreduction activity, ACMA, and oxonol
quenching experiments of WT and alanine variants. All measurements were performed in triplicates, with errors given as standard deviations. All
activities were measured from the maximum level of the optical changes without extrapolation to zero time point using the plateau levels as a base.
The NADH:Q oxidoreductase activity was determined from monitoring NADH decrease at 340 nm. See Supporting Information Methods and
Figure S6 for further details. (F) Schematic representation of the proton pumping kinetic model of complex I with N- and P-side channels,
Glu377,5, Lys23S,;, and the ion-pair Glu123,;/Lys204,; (see Materials and Methods). (G) Effect of the parameters of the kinetic model on the
proton pumping across the membrane (see Materials and Methods). Left: coupling energy between ion-pair and Lys235,;. Center: the pK, of
Lys235,3. Right: the K235/E377 intrinsic pT rate. See Supporting Information Methods and Figures S7, S13 for a detailed description of the kinetic
model.

Table 1. Proton Pumping and NADH:Q Oxidoreductase
Activity of Wild Type and NuoM Variants of Complex I*

model thus further supports that the ion-pair opening
modulates both kinetically and thermodynamically the
protonation signal to effectively propagate across the

pumping activity membrane domain to achieve pumping.
NADH:Q
ACMA oxonol-VI oxidoreductase
construct (rel WT [%]) (rel WT [%]) (rel WT [%]) B DISCUSSION
WwT 100 + 3 100 + 6 100 + 2 Our combined findings suggest that proton pumping along the
H322A 92 +2 74 %2 61+7 200 A long membrane domain in complex I is established by
H348A 79+3 61+ 1 82+ 6 conformational switching of the conserved ion-pairs that
H322A/H348A 63+ 1 40 +7 48 + 11 enables lateral pT within each proton pumping module. The

“The values are shown relative to the wild type complex I. See Tables
S1 and S2 for absolute values.
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pT reactions are gated by water molecules, whereas the
channel wetting is in turn determined by the protonation state
of the middle lysine residues.'>**” We could show that the

https://dx.doi.org/10.1021/jacs.0c02789
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Figure S. Putative proton pumping mechanism in complex I. (A) Left: reduction of quinone (Q) to quinol (QH,) triggers stepwise proton transfer
and ion-pair opening steps that propagate as a forward electrostatic pulse (blue arrow) to the terminal Nqol2 edge (in red) of the membrane
domain. Right: The pumped protons are released by proton uptake from the N-side (H" in red) and ion-pair closure during the backward signal
(red arrow) to the membrane-bound Q binding site. Quinol/quinone exchange and reprotonation of the Q-site reset the pumping machinery for
the next catalytic cycle. (B) Introduced mutations in Nqo13 (black cross) perturb the lateral pT from Nqo13 onward. The electrostatic backward
pulse is reflected prematurely back from Nqo13 to the Q-channel, establishing pumping by Nqo14 (in yellow) and Nqo8/7/10/11 (green/orange)

but at perturbed timing that affects the Q oxidoreduction activity.

ion-pair dissociation is kinetically accessible only when the
proton channel is in a hydrated state but kinetically blocked in
the dry state.

Our findings provide support for a recently proposed long-
range pumping mechanism' in which pumping is established
by forward and backward propagation of a protonation signal
across the membrane domain (Figure SA). In the proposed
mechanism, the thermodynamic driving force for the pumping
originates from quinone reduction that could trigger proton
uptake and conformational changes at or near the Nqo8
subunit.***® After quinone motion to a putative second
binding site within the membrane domain,*° the free energy is
transduced to the pumping module by pushing the proton
toward the terminal end of the Nqo8/10/11 subunits, near the
first ion-pair in Nqol4. This positive partial charge
accumulates near the Nqol4 edge and triggers opening of
the Glu-Lys ion-pair in Nqol4, pushing the proton laterally
toward the Nqol3 interface. The charge imbalance further
induces sequential ion-pair opening, hydration changes, and
pT in Nqol3 and similarly in Nqol2. Upon ejection of a
proton at the terminal end of Nqol2 to the P-side, a new
proton is taken up from the N-side followed by ion-pair closure
within the same subunit. This destabilizes the proton at the
terminal edge of Nqol3, which is then ejected to the P-side.
Reprotonation from the N-side and ion-pair closure at Nqo13
ejects the pumped proton at Nqol4 and a similar event could
lead to ejection of the proton at the Nqo8/10/11 interface.
Exchange of the quinol with a new quinone and reprotonation
of the initial quinone reduction site lead to a new reaction
cycle.

13723

By partially blocking the pT elements in Nqo13, we created
a complex I variant that is unable to effectively propagate the
electrostatic pulse from the Nqol3 subunit onward, with
terminal protons most likely ejected from the Nqol3/14
interface (Figure SB). We expect that the Nqol4 and the
Nqo8/10/11 modules can, nevertheless, still pump protons at
near wild type activities in the mutant variants, thus resulting in
roughly halved pT activity observed in our pumping
experiments. The perturbed quinone oxidoreductase activity
provides possible experimental support for the proposed
electrostatic backwave' upon which the protons are ejected
to the P-side of the membrane. The reduced activity could
arise from slips in forward/reverse signals that partially
propagate in two directions or in a too rapid backwave-signal
to the putative second quinone binding site’ that results in the
uncoupling effects, although detailed experiments are still
required to fully quantify the effects. Nevertheless, we argue
that both the experimental validation and kinetic models
provide important boundaries for the computational prediction
and allow testing implication beyond the microscopic
description of the proton pumping process. Interestingly,
perturbed timing in protonation reactions has been shown to
uncouple eT and pT steps also in cytochrome oxidase (CcO),
another redox-driven proton pump in respiratory chains.” We
have demonstrated here that water molecules, although not yet
experimentally resolved in complex I, provide key elements in
gating the proton translocation process by conformational
switching and modulation of the kinetic proton transfer
barriers. Similar electrostatically driven functional elements
based on hydration dynamics*® could be mechanistically
important in charge transfer reactions of cytochrome oxidase,"'
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light-driven ion-pumps,”* photosystem IL,** or other PCET-
catalyzing enyzmes.”’ Our findings illustrate how complex I
enables an action-at-a-distance coupling of elementary electron
and proton transfer processes by combining electrostatic and
conformational switching with specific wetting-transitions of its
proton channels. The findings provide a blueprint for
understanding conserved mechanisms in the complex I
superfamily and how mutations within this charge-transfer
machinery may result in human disease.

B MATERIALS AND METHODS

Molecular Dynamics Simulations. The X-ray structure of
complex I from T. thermophilus (PDB ID: 4HEA®) was embedded
in a POPC/POPE-membrane, solvated with TIP3P water, 150 mM
NaCl (see Table S7), with protonation states based on Poisson—
Boltzmann continuum electrostatic calculations and previous
studies.”® The system was modeled using the CHARMM36m force
field,* with cofactor parameters derived from DFT calculations.””*
The FeS centers were modeled in the oxidized states except for N2,
which was kept reduced in all simulations. The simulation setups
comprised about 900 000 atoms. MD simulations were performed in
the NPT ensemble at 310 K and 1 bar pressure, using a 2 fs
integration time step and modeling long-range electrostatics using the
particle mesh Ewald (PME) method.* After initial minimization and
equilibration, the systems were simulated for 200 ns to establish
hydration of the water channels in the membrane domain.
Simulations were also carried out with His292,; substituted by an
alanine and for the WT and NuoM-variants of the membrane domain
of E. coli complex I (PDB ID: 3RKO?®), constructed using the same
conditions as for T. thermophilus complex I. All classical MD
simulations were performed using NAMD2.*” See Table S7 for a
summary of all performed classical simulations.

Classical Free Energy Calculations. Free energy profiles for the
Lys/Glu ion-pair dissociation in Nqo13 were computed using replica
exchange umbrella sampling (REUS). To this end, the center-of-mass
difference between Lys204,;/Glu 1235 (r;) and Glul23,;/Lys34S,,
(r,) headgroups was used as reaction coordinate, R. = r, — r;. To
generate initial structures for the 20 REUS windows, 10 ns steered
molecular dynamics (SMD) were performed. The SMDs were started
from a 100 ns relaxed MD simulation of complex I of the dry state or
after 200 ns MD simulations of the hydrated state. A harmonic bias
with a force constant of 10 kcal mol™" A~ was applied on the R.. The
center of the harmonic potential was scanned from —9.5 A to +9.5 A
during the SMD simulations, from which 20 windows with equidistant
values of the R. from —10 A (closed) to +8 A (open) were
equilibrated for 1 ns each. A harmonic force constant of 2.5 kcal
mol™" A~ was used for the bias, and exchange between neighboring
windows was attempted every 10 ps. Each REUS window was
simulated for 36 ns (720 ns in total for each free energy profile). Free
energy profiles were computed using the dynamic histogram analysis
method (DHAM)*® with a bin width of 0.01 A. Previously calculated
free energies27 were also remapped on the R. based on REUS
simulations performed using the complementary r, reaction
coordinate. Free energy barriers were converted into rates using
transition state theory with a standard pre-exponential factor of 0.16
ps™!, a reflection coefficient k = 1 of and at T = 310 K. See Figure S8
for convergence of free energy simulations, Table S7 for summary of
all performed classical simulations, and Table S10 for summary of key
protonation states.

QM/MM Dynamics and Free Energies. Hybrid DFT-based
QM/MM MD simulations on the pT in Nqo13 were performed based
on structures selected from the classical MD simulations in different
hydration states, with open and closed ion-pair conformations. The
system was trimmed to ~50 000 atoms, including the Nqo12, Nqo13,
and Nqol4 subunits, and lipid/water/ions in their vicinity (Figure
3A). The QM region comprised 125—137 atoms, including Lys23S,
His292, Glu377, Ser291, Ser318, Thr232, Thr322, Tyr321, Tyr40S,
Ser402 of Nqol3 and up to 10 water molecules obtained from the

MD simulations. Link-atoms were introduced between Ca and Cp
atoms of the protein residues. The QM region was described at the
B3LYP-D3/def2-SVP 1evel,49_52 and the MM region with the
CHARMM36m force field.** The classically relaxed structures were
optimized at the QM/MM level using the adopted-basis Newton—
Raphson algorithm and allowing all QM and MM atoms around 10 A
of the QM region to relax. QM/MM potential energy surfaces of the
pT reaction were computed by scanning the reaction coordinate Q,
defined as a linear combination of all breaking and forming bond
distances, between —7.0 A and +7.0 A, with a harmonic restrain of
3000 kcal mol™ A7 on Q. QM/MM free energy profiles were
calculated at the B3LYP-D3/def2-SVP level**™>? using umbrella
sampling (US)/weighted histogram analysis method (WHAM), with
58 windows spanning Q and a harmonic restraint of 100 kcal mol™
A2 Each window was simulated for 1.6 ps at T = 310 K using a 1 fs
integration time step, with total sampling of ~93 ps for each free
energy profile. The pT reaction was also studied using unbiased QM/
MM MD simulations starting from selected snapshots of wet and dry
states and for the H292A mutant. All QM/MM calculations were
performed with the CHARMM/TURBOMOLE interface.”® See
Figure S8 for convergence of free energy simulations and Table S8
for summary of all performed QM/MM simulations.

DFT Energy Profiles. DFT models were built based on MD
snapshots from the fully hydrated trajectories of the WT and the
H292A variant. The models included residues Lys23S, His292/
Ala292, Glu377, Ser291, Ser318, Thr232, Thr322, Tyr321, Tyr40S,
Ser402, Ala288, Met293, Leu314, Val399 of Nqo13 subunit and N =
10 (WT)/13 (H292A) water molecules, comprising 179—181 atoms.
Ca—Cp positions were cut and saturated with hydrogen atoms, with
Cp positions fixed during geometry optimizations to simulate the
protein framework. Geometry optimizations were performed at the
B3LYP-D3/def2-SVP level, using an implicit polarizable medium with
& = 4 to model the protein environment,* ™35 with single point
energies computed at the B3LYP-D3/def2-TZVP/e = 4 level.
Entropic effects (TAS at T = 310 K) and zero-point energies
(ZPE) were evaluated at the B3LYP-D3/def2-SVP/e = 4 level.
Reaction pathways for the pT process were optimized using a chain-
of-states method.”>*® All QM calculations were performed with
TURBOMOLE version 7.3.”

Kinetic Model and Master Equation. A five-site kinetic master
equation model®*™ was created to probe the proton pumping
kinetics in Nqo13 by modeling proton channels from the N- and P-
sides of the membrane, connected to middle (Lys235,5) and terminal
(Glu377,;) proton acceptor sites, respectively, and a switchable ion-
pair that was opened upon application of external force (Figure 4F).
The energy of each microstate was expressed as a sum of site energies
(E,™) and coupling energies (E,,,,),

Nijees Nijges) Nsies—1 )
_ intr coupl
E= Y nEM+ D XX
n=1 n>m ( 1 )

where occupied/empty (protonated/deprotonated, open/closed)
states correspond to y = 1/0, resulting in a total of 2° = 32
microstates. After parameter optimization (see below), the intrinsic
energy of all sites was scanned across a pK, range of 0—14, with E™™ =
—RT (pH-pK,) model for protonation sites, and in the range of —10
keal mol™ to +10 kcal mol™ for channel and ion-pair sites. The
coupling strengths were scanned in the range of —10 kcal mol™ to
+10 kcal mol™". Transition rates, k;, between microstates i and j, were
modeled as

ij)

(E,‘ - Ei)
2RT

kij = Kjexp

)

with optimized parameters and intrinsic rate coefficients k; given in
Tables S3 and S4. The population dynamics was described with the
master equation,
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that was numerically integrated using an ordinary differential equation
(ODE) solver as implemented in the SciPy library.®' After an initial

equilibrium distribution obtained at steady state (dp,/dt = 0), a
biasing force was applied to open the ion-pair for t time steps,

j=1

AE, = AEY sin® (27t /¢ (4)
where AEg is 400 mV and f,;,q is set to 1 ms based on the turnover
of complex I. The pumping flux from the N-side to the P-side was
measured as the net number of protons exiting (entering) the system
in one cycle during the application of the external force. See
Supporting Information Methods for more detailed description of the
kinetic model and dependence on the model parameters.

Construction of Complex | Mutants. A derivative of the E. coli
strain BW25113°” with deleted ndh gene and the nuo operon replaced
by a resistance cartridge (nptIl) was created by genomic
replacement® and used to overproduce complex I and the variants.
E. coli DHSaAnuo® and plasmid pBADnuoH,-S65 were used for
generation of the mutants (see Table SS). All mutations were
confirmed by DNA sequencing (GATC Eurofins, Konstanz,
Germany). Cells were grown at 37 °C in baffled flasks using
autoinduction medium® (Table $6). Cells were disrupted by three
passages through an EmulsiFlex (Avestin), and cytoplasmic
membranes were isolated by differential centrifugation as described
before.”” Cytoplasmic membranes were suspended in buffer A* Hes
(Table S6).

Purification and Reconstitution of Complex I. All steps were
carried out at 4 °C. 2% (w/v) LMNG (Anatrace) was added to the
membrane suspension, followed by incubation for 1 h with gentle
stirring at RT and 20 min centrifugation at 160 000g. The supernatant
was adjusted to 20 mM imidazole and applied on a ProBond Ni**-
IDA column (35 mL, Invitrogen) equilibrated in binding buffer
(Table S6). Bound proteins were eluted with 308 mM imidazole
(60% elution buffer; Table S6). Fractions with NADH/ferricyanide
oxidoreductase activity were concentrated by ultrafiltration (100 kDa
MWCO Amicon Ultra-15 centrifugal filter; Millipore) and further
applied onto a Superose 6 size-exclusion chromatography column
(300 mL, GE Healthcare) equilibrated in buffer A*\g (Table S6).
The fractions with the highest NADH/ferricyanide oxidoreductase
activity were concentrated, and the protein was either directly used for
biophysical measurements or stored at —80 °C.

Reconstitution of Complex | into Liposomes. E. coli polar
lipids (25 mg mL™" in CHCly; Avanti) were evaporated and dissolved
in a S-fold volume lipid buffer (Table S6). The suspension was frozen
in liquid nitrogen and thawed at 29 °C seven times to obtain
unilamellar vesicles, followed by extrusion (0.1 uM polycarbonate
membrane, Mini Extruder; Avanti).”" For reconstitution, 0.5—1 mg of
complex I was mixed with reconstitution buffer (Table S6) and
incubated for S min on ice. An amount of 250 uL of liposomes was
mixed with 8 uL of sodium cholate (20%, w/v) and mixed with
complex I in the reconstitution buffer and incubated for 15 min at RT.
The solution was applied onto a size-exclusion column (PD-10
desalting column, 8.3 mL, Sephadex G-25, GE Healthcare)
equilibrated in lipid buffer in order to remove the excess detergent.
The eluate was centrifuged (4 °C, 2 bar air pressure, 30 min,
150 000g, Rotor A-100, Beckman Airfuge), and sedimented
proteoliposomes were resuspended in 500 uL of lipid buffer. The
NADH/ferricyanide oxidoreductase activity of the proteoliposomes
was used to adjust an equal complex I content in the pumping assays.

Measurement of ApH and AW. The proton gradient (ApH)
generated by WT and variants was probed by monitoring the
fluorescence quenching of 9-amino-6-chloro-2-methoxyacridine
(ACMA, Sigma), with an assay containing 100 #M decylubiquinone
(Sigma), 0.2 uM ACMA, and S0 uL of proteoliposomes (with 50—
100 pg of complex I) in the ACMA buffer (Table S6). Measurements
were performed at 30 °C by starting the reaction with 130 uM
NADH. The fluorescence was detected with an LS 55 fluorescence

period)
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spectrometer (PerkinElmer) at excitation/emission wavelengths of
430 nm/480 nm. Addition of 10 uM carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) was used to dissipate ApH. The
generation of AY was determined by monitoring absorption change
at 588—625 nm of oxonol-VI (Sigma), with an assay containing 0.5
UM oxonol-VI, 50 uM Q,, and proteoliposomes in the oxonol buffer
(Table $6).°” The process was studied at 30 °C by starting the
reaction with 100 yM NADH. The absorbance changes were
measured with a diode-array spectrometer (Hellma; TIDAS II, J&M
Aalen). Addition of 2 yug mL™" gramicidin was used to dissipate the
AY. Pumping activities were characterized from the maximum level of
the optical changes without extrapolation to zero time point using the
plateau levels as a base. Exact proton pumping stoichiometry was not
characterized (cf. e.g,, refs 68—70). All measurements were performed
in triplicates for all three constructs and errors are reported as
standard deviations. See Supporting Information Methods for further
experimental details.

Activity Measurements. The NADH:decylubiquinone oxidor-
eductase activity was measured by the decrease of the NADH
concentration at 340 nm.®® The assay contained 60 uM
decylubiquinone, 2 yg of complex I, and a 10-fold molar excess (S
ug) of E. coli cytochrome bo; in buffer A*\yg. The reaction was
started by an addition of 150 uM NADH. All activity assays were
performed at 30 °C. See Supporting Information Methods for further
details.
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