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A B S T R A C T

The charge states of titratable amino acid residues play a key role in the function of membrane-bound bio
energetic proteins. However, determination of these charge states both through experimental and computational 
approaches is extremely challenging. Cryo-EM density maps can provide insights on the charge states of titrat
able amino acid residues. By performing classical atomistic molecular dynamics simulations on the high reso
lution cryo-EM structures of respiratory complex I from Yarrowia lipolytica, we analyze the conformational and 
charge states of a key acidic residue in its ND1 subunit, aspartic acid D203, which is also a mitochondrial disease 
mutation locus. We suggest that in the native state of respiratory complex I, D203 is negatively charged and 
maintains a stable hydrogen bond to a conserved arginine residue. Alternatively, upon conformational change in 
the turnover state of the enzyme, its sidechain attains a charge-neutral status. We discuss the implications of this 
analysis on the molecular mechanism of respiratory complex I.

1. Introduction

Bioenergetic enzymes such as photosystems and respiratory com
plexes catalyze charge transfer reactions by generating an electro
chemical gradient across the membrane. This gradient drives the 
production of ATP, as was first suggested by Peter Mitchell in 1961 
[1,2]. While electron transfer in the photosynthetic and respiratory 
complexes occurs via electron hopping or tunneling through protein- 
bound metal centers [3], proton transfer reactions are primarily cata
lyzed by hydrogen-bonded amino acid residues in conjunction with 
water molecules [4]. Structural and spectroscopic approaches have 
assisted in delineating electron transfer paths [5–9], however, proton 
transfer pathways are extremely difficult to characterize either by ex
periments or computationally [10]. One of the reasons for this is the 
high plasticity of hydrogen bonding networks, which depend on the 
charge states of titratable amino acids involved. This is further com
pounded by the flexibility of amino acid sidechains along with hydra
tion/dehydration effects, resulting in proton transfer pathways being 
complex and multifaceted in nature.

Recent advancements in cryo-EM have led to the high resolution 3D 
structures of membrane proteins, with several respiratory enzyme 
structures solved with a resolution better than 2.5 Å [11,12]. One key 
advantage of cryo-EM is that the density maps can provide insights on 
the charge states of amino acid residues [13]. This is because the elec
tron scattering by Coulomb potential map (cryo-EM density map) varies 
depending on whether the atom is charge-neutral or charged [14,15]. 
This allows the identification of charge states of amino acid residues in 
cryo-EM structures [13,16]. Broadly speaking, a lack of density for the 
sidechain of an acidic amino acid is reflective of its anionic state. In 
contrast, a clear density of its sidechain is reflective of its charge-neutral 
state, but in special cases, it can also be negatively charged, as discussed 
below.

Respiratory complex I is a large membrane protein that catalyzes 
redox-coupled proton translocation (Fig. 1A). The complexity of the 
proton pumping mechanism of complex I is markedly increased by the 
long-range nature of its charge transfer events. Even though there is 
convergence on some of the structural-mechanistic aspects, such as the 
presence of multiple quinone binding sites and the E channel [17], how 
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quinone reduction drives conformational and charge rearrangements to 
initiate proton pumping in its membrane arm still remains unclear. It is 
recognized that the ND1 subunit is at the heart of complex I’s mecha
nism, coupling electron transfer in the peripheral domain to proton 
pumping in its membrane arm (Fig. 1A). The loop between trans
membrane helices 5 and 6 and the region around it (TMH5–6 loop re
gion), is well-recognized as one of the functionally important regions of 
the ND1 subunit (Fig. 1B) [18–24]. The region consists of several 
conserved acidic amino acid residues that are known to be important for 
the proton pumping function based on site-directed mutagenesis studies 
[23,25–27]. Significantly, some of the amino acid positions are mito
chondrial disease mutant loci [28–30].

One of the strictly conserved residues, aspartic acid D203 of the ND1 
subunit located in the TMH5–6 loop, has been shown - among others - to 
undergo conformational changes in the cryo-EM structures. Its sidechain 
conformation has been modeled differently in the native state of Yar
rowia lipolytica complex I compared to the turnover state of the enzyme 
[23]. The native state corresponds to an enzyme prepared in the absence 
of substrates, whereas the turnover state corresponds to enzyme sample 
incubated with NADH, DBQ (decyl ubiquinone) and ubiquinol oxidase, 
undergoing catalysis [23]. In the structure of the native state, D203 
points towards R302 of the ND1 subunit, whereas in turnover state, the 
sidechain points away from the arginine. Similar conformations of the 
two residues have been modeled in the open/closed (active/resting) states 
of mammalian complex I (Fig. S1) [31–33]. Computer simulations and 
photoaffinity labeling experiments have highlighted the importance of 
D203 in proton transfer reactions as well as in the binding of quinone 
analogues [34,35]. Additionally, site-directed mutagenesis experiments 
show D203 is critical for efficient complex I catalysis [26,27]. This ef
ficiency is likely affected when D203 is replaced by glycine as part of a 
mitochondrial disease mutation [25].

By combining pKa calculations with atomistic molecular dynamics 
(MD) simulations of a high-resolution complex I structure, we suggested 
that D203 is part of a proton loading site that picks up a proton from the 
N side of the membrane, in response to the quinone reduction reaction, 
to be pumped to the P side of the membrane [23]. Accordingly, in the 
native state of the Yarrowia enzyme, D203 is likely to be in its anionic 
charge state, whereas in the turnover state it is charge neutral. However, 
a clear cryo-EM density of its sidechain observed in native complex I 
leads to an alternative conclusion that it may be charge-neutral in this 
state. Indeed, a recent high-resolution structural study of mammalian 
enzyme suggested that D203 is charge-neutral in the native-like 
conformation [31] (see also Fig. S1).

Here, we performed long time-scale atomistic unbiased MD and free 
energy simulations of high-resolution structures of complex I from 

Yarrowia lipolytica in different combinations of charge states to investi
gate D203’s behavior. By analyzing the sidechain dynamics and 
hydrogen bonding patterns, we suggest that D203 is likely anionic in the 
native state of complex I, but partly charge-neutral in the turnover state. 
This suggests that D203 could be a part of a potential proton loading site 
region that responds upon quinone binding and reduction [17]. Our 
work highlights the power of combining structural studies with com
puter simulations in obtaining detailed insights into enzyme mechanism 
at a molecular level.

2. Methods

2.1. Atomistic Molecular Dynamics (MD) simulations and pKa 
calculations

All-atom unbiased molecular dynamics (MD) simulations were per
formed on complex I structures from Y. lipolytica in the native (PDB: 
7O71) and turnover (PDB: 7O6Y) states [23]. The simulation setups 
consisted of all protein chains, a mixed lipid bilayer (50 % palmitoyl- 
oleoyl-phosphatidylcholine (POPC), 35 % palmitoyl-oleoyl- 
phosphatidylethanolamine (POPE), and 15 % cardiolipin), TIP3P 
water molecules and 100 mM of Na+/Cl− ions, using the CHARMM36 
forcefield [36,37]. The total system size was ~1.3 million atoms, and all 
minimization, equilibration and MD production steps were performed 
with Gromacs 2020 [38]. Full details of the simulation setup procedure 
can be found in previous works [23,39]. The final production simula
tions were performed in an NPT ensemble using the Nosé− Hoover 
thermostat [40,41] and Parrinello− Rahman barostat [42] at 310 K and 
1 atm, respectively. Simulations were performed with the LINCS algo
rithm at a 2 fs timestep [43]. We used a cutoff of 12 Å for particle-mesh 
Ewald [44] and van der Waals interactions, with a switching distance of 
10 Å. The simulation setups are listed in Table 1 (Unbiased).

The initial selection of charge states for simulations was based on 
pKa calculations on complex I structures in native and turnover condi
tions using the Propka tool [45] (setups NP and TP, respectively, see 
Tables 1 and S1). All aspartic acids, glutamic acids, and histidine resi
dues were modeled as protonated if their pKa was more than 7 (Asp/Glu 
charge neutral and histidine with charge +1), while Lys was modeled as 
deprotonated (sidechain charge of zero) if its pKa was less than 7. In 
states NS and TS, all Asp/Glu/Lys were kept charged. Neutral His was 
modeled with its protonation on the δ‑nitrogen in all simulations. The 
Propka tool was also applied on simulation snapshots to obtain the pKa 
of selected residues. Note, only protein atoms were considered in the 
pKa calculations.

Fig. 1. (A) Respiratory complex I of Yarrowia lipolytica (PDB: 7O71) outlined with surface representation. The iron-sulphur (FeS) clusters in the hydrophilic arm of 
complex I are shown as spheres represented by atoms in orange (iron) and yellow (sulphur). The structurally resolved flavin mononucleotide (FMN) molecule is also 
shown in stick representation. The blue arrow represents the electron transfer path via FMN and FeS clusters, and the black arrow represents the transfer of four 
protons through the membrane arm. The three key subunits at the interface of the membrane and hydrophilic domains of complex I are represented as ribbons: ND1 
in magenta, NDUFS2 in green, and NDUFS7 in blue. (B) The glutamic acids from the TMH5–6 loop in ND1 subunit are shown in stick representation together with 
D203. The positively charged arginine residues in the vicinity are also displayed. The colours of the subunits are as in panel A. The directional view of panel B is 
marked with an observer’s eye in panel A. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Potential of mean force (PMF) calculations using the accelerated 
weight histogram (AWH) method

Truncated model systems of complex I from Y. lipolytica consisting of 
subunits ND1, ND3, NDUFS2 NDUFS7 and NDUFS8 were prepared. The 
setup protocol described above was used and the details for the systems 
simulated are shown in Table 1 (AWH). First, a 4 × 200 ns unbiased MD 
simulation was performed for each state. The last frame of each of these 
simulations was used as the starting coordinates for the AWH simulation 
replicas, which were simulated using the multiple walker method (four 
walkers, Table 1, AWH) as implemented in Gromacs (awh-multi) [46]. 
The dihedral angle of D203 using atoms C-Cα-Cβ-Cγ was used as the 
reaction coordinate with a force constant of 1000 kJ mol− 1 rad− 2, and 
the defined sampling was between − 180◦ and + 180◦. Each AWH replica 
was run for 950 ns until the PMF plots showed minimal changes 
(Fig. S2).

3. Results and discussion

3.1. Protonation state of D203 based on MD simulations

Our MD simulation data show that the sidechain conformation of 
D203 maintains the original orientation as observed in the cryo-EM 
structure of native Yarrowia complex I when simulated in its anionic 
charged state (simulation setup NP, Table 1 and Fig. 2). D203 is 

stabilized by hydrogen bonding to conserved R302 from the ND1 sub
unit in the simulation of this charge state (78 % occupancy, Table 2). To 
test if the charge states of other residues affect the stable D203-R302 ion- 
pair interaction, we next analyzed MD simulations with all titratable 
residues modeled in their standard charged states (setup NS, Fig. 2). We 
find that the sidechain of D203 deviates by ~120◦ from the structural 
position with a partial loss of D203-R302 hydrogen bonding interaction 
(47 % occupancy, Table 2). Similarly, when the calculated charge states 
of the turnover structure are introduced (setup NP2), making the D203 
sidechain charge-neutral, a drastic loss of D203-R302 interaction is 
observed (9 % occupancy, Table 2) combined with a partial change in its 
sidechain conformation (Fig. 2).

When the RMSF (root mean square fluctuation) of the sidechain of 
D203 is analyzed in these states, a similar conclusion is obtained that its 
sidechain shows lower fluctuations in the NP charge state compared to 
the NS and NP2 states (Fig. 3). Given that arginine is likely to be posi
tively charged at neutral pH, the close interaction between the two 
residues, as also observed in structures [23,31–33] (Fig. S1), can be 
maintained if D203 is negatively charged as part of the charge state NP. 
Additionally, pKa calculations on MD simulation snapshots show that 
there is an upshift in pKa of D203 (Figs. 2 and S3) when the hydrogen 
bonding interaction with R302 is broken, also as part of a change in its 
sidechain dihedral (setup NS and NP2, see also Fig. 3).

Table 1 
List of simulation setups, with the coordinates used and charge states listed.

Setup Coordinates/PDB id Charge states Simulation lengths

Unbiased NP Native/7O71 Propka-based 3 × 1000 ns
NS Native/7O71 Standard 3 × 1000 ns
TP Turnover/7O6Y Propka-based 3 × 400 ns
TS Turnover/7O6Y Standard 3 × 400 ns
NP2 Native/7O71 Propka-baseda 3 × 400 ns

AWH A_NP Native/7O71 Propka-based 4 × 950 ns
A_NP3 Native/7O71 Propka- 

basedb
4 × 950 ns

A_TS Turnover/7O6Y Propka-based 4 × 950 ns

Simulation replicas and lengths are listed in the last column.
a Charge state is calculated based on turnover/7O6Y coordinates.
b Charge state is calculated based on native/7O71 coordinates, but with D203 

modeled charge neutral.

Fig. 2. (Top) Dihedral (C-Cα-Cβ-Cγ) of D203 in five different simulation states (see Table 1). The protonation states of D203 in each simulation are shown in brackets. 
The angle is plotted as a radial heatmap using 180 bins, and occupancy throughout all simulation trajectories is shown from white to black. The pink dotted line 
shows the starting value for the dihedral after energy minimization (see methods). (Bottom) Conformation of sidechains of D203 and R302 in Y. lipolytica structures 
(magenta) in comparison to simulation snapshots (grey). The median pKa values as calculated from MD simulation snapshots are mentioned for each setup (see 
Fig. S3 for the distributions).

Table 2 
Hydrogen bond occupancies (in %) calculated from MD simulation trajectories 
in different charge states. Only sidechain-sidechain hydrogen bonds were 
considered, using a distance cut-off of 3.5 Å and an angle cut-off of 150◦.

Residue Hydrogen bonding 
partner

NP NS TP TS NP2

D203 Water 23 % 64 % 3 % 18 % 3 %
R302 (ND1) 78 % 47 % 26 % 66 % 9 %
T205 (ND1) 30 % 50 % 0 % 0 % 0 %
S207 (ND1) 10 % 0 % 0 % 13 % 0 %

E206 Water 12 % 100 % 3 % 16 % 12 %
R108 (NDUFS7) 0 % 12 % 0 % 37 % 0 %

E208 Water 16 % 30 % 2 % 3 % 15 %
R274 (NDUFS2) 25 % 72 % 0 % 0 % 17 %
R302 (ND1) 23 % 17 % 29 % 0 % 41 %
S207 (ND1) 8 % 16 % 0 % 0 % 1 %

E210 Water 0 % 28 % 2 % 9 % 12 %
R138 (ND1) 0 % 22 % 0 % 33 % 20 %
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Interestingly, MD simulations of the turnover state of Yarrowia 
complex I show that the sidechain of D203 maintains the structural 
conformation when it is modeled as charge-neutral, as part of the setup 
TP (Fig. 2), but less so when simulated in the anionic state (setup TS, 
Fig. 2). The turnover state TP, with charge neutral D203, is character
ized by no significant interactions involving the D203 sidechain, apart 
from some sporadic hydrogen bonding to R302 (26 % occupancy, 
Table 2), which increases to ca. 66 % when it is modeled anionic (setup 
TS), comparable to what is observed in the NP state. Furthermore, 
anionic D203 sidechain is stabilized by hydrogen bonding to water 
molecules, predominantly in the NS state, and less so in NP and TS states 
due to compensating hydrogen bonding with R302 (Table 2). However, 
when its sidechain is modeled neutral (NP2 and TP states), water-based 
hydrogen bonding is almost completely lost (Table 2). Analysis of the 

pKa of D203 in the TP and TS charge state simulations (Fig. S3) support 
the conclusion that ion-pairing between R302 and D203 considerably 
lowers the proton affinity of the latter residue. In contrast, a flip in the 
sidechain of D203 to an alternative conformation (Fig. 2) can upshift its 
pKa by 6–7 pK units (Fig. S3 setups NP vs TP), leading to its partial 
protonation.

To probe the energetics of D203 sidechain dihedral dynamics, we 
performed free energy simulations (see methods). The data in Fig. 4
indicate that the sidechain conformation of D203 (dihedral ~ − 50◦) is 
stabilized when D203 is anionic (A_NP, Table 1), whereas the second 
minimum (dihedral ~ +65◦) is preferred when D203 attains the charge 
neutral state (A_TP and A_NP3, Table 1). This further consolidates the 
view that D203 is partly anionic in the native conformation, and is 
stabilized by R302.

Fig. 3. Root-mean-squared fluctuation (RMSF) of heavy sidechain atoms in MD simulations shown as box plots. RMSF is measured from all 3 simulation replicas and 
combined. The charge state of the residue is shown below the setup name on the X-axis.
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Overall, the data point to the possibility that with the anionic side
chain and NP charge state of the enzyme, D203 maintains a relatively 
stable interaction with positively charged R302, as observed in the 
native Yarrowia complex I and also mammalian complexes [23,31,33]. 
Furthermore, the structurally observed conformation of D203 in the 
native state of the enzyme is not only dependent on its own charge state, 
but also on the charge states of the residues around it.

3.2. Protonation state of D203 based on cryo-EM analysis

The cryo-EM density map shows a rather clear density of the side
chain of D203 (Fig. 4A) in the native state of Yarrowia complex I, raising 
the possibility that it is charge-neutral, a notion that has indeed been 
considered earlier [31] (see also Section 1). However, our MD simula
tion data shows that if it is charge-neutral, it is less likely to maintain the 
hydrogen bonding interaction with R302 and its sidechain dihedral may 
also deviate from its structural value. Therefore, our interpretation is 
that the clear cryo-EM density observed for D203 in the map of native 
complex I state does not correspond to a neutral state of D203, but to its 
anionic sidechain that is stabilized in part by a positively charged R302 
within hydrogen bonding distance to it.

In contrast to the clear density of D203 in the native state of the 
enzyme, the turnover state shows missing density (Fig. 4B), which in
dicates that the sidechain is either charged and/or highly mobile. A 
similar truncated density is observed in the cryo-EM maps of mamma
lian complex I [32,33]. This in turn means that the modeled sidechain 
conformation is likely unreliable, even though highly similar in all three 
structures (Fig. S1). Our MD simulation data show that the modeled 
conformation of D203 in Yarrowia complex I turnover structure can be 
retained with its sidechain protonated (Fig. 2), but much less so when it 
is anionic, where it rearranges to form a hydrogen bonding interaction 
with R302 akin to the native state conformation (Figs. 2, 3 and 4, 
Table 2). Therefore, our combined MD simulation and cryo-EM density 
analysis suggests that D203 in the modeled structural conformation 
likely corresponds to the charge-neutral state.

Overall, we conclude that D203 displays a two-state conformational 
dynamics model (Fig. 2). In the state when it is proximal to R302, it is 
predominantly anionic - a state that is stabilized in the native state of the 
enzyme. In the other conformation, when its sidechain points away from 
R302, its neutral charge state is stabilized. The loss of density of its 
sidechain in the turnover state is reflective not only of its higher 
mobility, but also of its conformation dependent pKa. These data 
corroborate our previous model that D203 is able to undergo 
conformation-coupled protonation by picking up a proton from the N 
side of the membrane and as part of the quinone redox chemistry can 
stabilize anionic quinol (QH− ) species (see also refs [17, 23, 47] and 

Section 3.4).

3.3. Dynamics of the TMH5-6 loop

We next analyzed the protonation-dependent conformational dy
namics of the three conserved glutamic acid residues (E206, E208 and 
E210) on the same TMH5–6 loop, but downstream from D203. In 
addition to D203, the three residues are also found to undergo confor
mational rearrangements in the native and turnover states of Y. lipolytica 
complex I [23] and influence the dynamics of D203 (see Section 3.1). 
Our pKa calculations on the high-resolution structures suggest that E206 
is charge-neutral in both the native and the turnover states of complex I 
[23]. However, in simulations of both the structures, the neutral side
chain of E206 is found to be much more mobile in comparison to the 
states when it is modeled anionic (Fig. 3). Analysis of cryo-EM density 
maps of both native and turnover states show truncated density, sug
gesting the charged nature of the sidechain (Fig. 5). Due to the lack of 
clear density, the atomic model of its sidechain is unreliable. In our 
recent work, we remodeled its sidechain to an alternative conformation 
[39], which also lowered its proton affinity in agreement with the cryo- 
EM density analysis that it is likely to be anionic. Our analysis indicates 
that E206 is in part anionic in both the native and turnover states of 
Yarrowia complex I, and the negatively charged sidechain is stabilized 
by hydrogen bonds with water molecules as well as with the conserved 
R108 from NDUFS7 (Table 2), a residue that is known to affect complex I 
catalysis and Q dynamics [48] (see also Fig. 5).

Based on the pKa calculations, we find that E208 is charged in both 
the native and turnover structures of Yarrowia complex I. In the MD 
simulations of the native state (setup NP), lower fluctuations of the 
sidechain are observed (Fig. 3) in contrast to when all titratable residues 
are modeled in their charged states (setup NS). The sidechain confor
mation is also maintained closer to the modeled state (Fig. S4). The 
native-like arrangement of E208 side chain (setup NP) is characterized 
by ion pairing with conserved arginine residues (R274/25 %; R302/23 
%, Table 2). Our cryo-EM density analysis also suggests that E208 is 
likely charged in the native conformation as well as in the turnover state 
(Fig. 5), and therefore the modeled sidechain in both structures should 
be considered approximate. Interestingly, the MD simulations of turn
over state TP show a major deviation of the sidechain from the modeled 
structural conformation, consistent in all simulation replicas (Fig. S4). 
This alternate position is extremely stable (Fig. 3) and is likely due to an 
electrostatic interaction forming with R302, which becomes more 
available to form an ion pair due to D203 being neutral in this state. 
Therefore, in line with the structural analysis, our MD simulations 
suggest that E208 is likely anionic also in the turnover state of the 
enzyme.

Fig. 4. Potential of mean force (PMF) for the rotation of the dihedral of D203 (C-Cα-Cβ-Cγ) calculated by accelerated weight histogram (AWH) method. The values 
were normalized by subtracting the maximum from all values.

J. Lasham et al.                                                                                                                                                                                                                                 BBA - Bioenergetics 1866 (2025) 149512 

5 



Finally, we examined E210, which is modeled as neutral in the native 
but charged in the turnover state of complex I based on pKa analysis on 
native and turnover structures of Yarrowia complex I. In both the native 
and turnover state MD simulations, the sidechain conformation matches 
relatively well with the structures (Fig. S4), and the stability of the 
sidechains is higher than in the NS and TS simulations where all Lys/ 
Asp/Glu are modeled charged (Fig. 3). Intriguingly, when analyzing the 
interactions in the NP and TP simulations, no significant ion pairs or 
hydrogen bonds were identified. This is despite the turnover structure 
showing a possible ion pair to R302. In the simulations, this ion pair does 
not form, likely due to competition with E208 and D203. Cryo-EM 
analysis of this residue suggests a weaker density of its sidechain in 
the native than in the turnover state and suggests that it is likely charged 
in both the states but is partly stabilized by positively charged R302 in 
the latter state.

Overall, these data lead us to suggest that E206, E208, and E210 are 
all likely to be negatively charged in both the native and turnover states, 
and that they compete for ion pairing with the same positively charged 
residues as D203, thereby affecting the conformational dynamics of the 
TMH5–6 loop as a whole. We also find that D203 displays a two-state 
scenario, where each state can be characterized by a unique combina
tion of charge and conformation. We note that the conventional MD 
simulations and free energy approaches applied here do not allow 
change in protonation state on the fly, instead rapidly developing con
stant pH simulation methods would be necessary to achieve exhaustive 
coupled conformational and protonation state sampling [49,50].

3.4. Mechanistic implications

Analysis of the atomic models of complex I show D203 from the ND1 
subunit is in close proximity to the conserved R302 of the same subunit 
(Fig. S1). For instance, the approximate distance between the two resi
dues is 4–5 Å in Yarrowia native complex I [23], whereas the sidechains 

are modeled much closer in the resting (active) state of complex I from 
mouse [31]. Given the region is relatively well-resolved in the cryo-EM 
maps of these two structures, one can expect higher accuracy of the 
modeled sidechains. However, protonation states of these residues 
remain difficult to assign based on structural coordinates. Our simula
tion data supports the viewpoint that D203 is likely anionic in the 
native/resting state of complex I, achieved by the stabilization of 
hydrogen bonding to R302. In contrast, in the turnover state of the 
Yarrowia enzyme, it can attain a rotated sidechain conformation stabi
lized by the protonation of its sidechain. This suggests that D203 is part 
of the proton loading site region of complex I that picks up a proton from 
the N side of the membrane, which will eventually be pumped to the P 
side of the membrane, as part of the quinone binding and reduction 
mechanism [17,23]. The proton from the N phase may arrive from the 
pathways that originate at E39 of the ND3 subunit or E107 of the 
NDUFS2 subunit, as discussed in [17] (see also [51]).

It should be noted that even though residue R302 is highly 
conserved, mutation to alanine in E. coli complex I does not significantly 
affect the Q reductase activity [26]. This in part dilutes its role of sta
bilizing the anionic state of D203. However, scrutinizing sequence 
alignments [52] and structural data of E. coli complex I show that a 
histidine (H210, E. coli complex I numbering) resides near D203 (D213 
in E. coli complex I numbering) [11], which can take up the role of 
arginine in its absence. It is important to emphasize that respiratory 
complex I is a robust enzyme, and probably has several fail-safe mech
anisms against single amino acid exchanges.

The TMH5–6 loop, which consists of the four strictly conserved 
acidic residues discussed here, resides at the interface of the hydrophilic 
and membrane domains of complex I, and undergoes structural rear
rangements, suggesting it is at the heart of the coupling between elec
tron transfer to quinone and proton pumping in the membrane domain. 
The structural rearrangement of the TMH5–6 loop from native to turn
over conditions involves the movement of these acidic residues, bringing 

Fig. 5. The glutamic acids from the TMH5–6 loop in the ND1 subunit are shown together with R138, D203 and R302 in stick representation, with the cryo-EM 
density overlayed. Also shown are R108 from NDUFS7 (blue) and R274 from NDUFS2 (green). (A) shows native complex I (PDB 7O71, EMD-12742) and (B) 
complex I under turnover (PDB 7O6Y, EMD-12741). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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E208, E206 and D203 in close proximity to one another [23]. This 
conformational transition is likely to bring a change in the pKa of these 
acidic residues. Our simulation data and analysis of cryo-EM density 
suggest that E206, E208 and E210 can remain anionic in both the native 
and turnover states of complex I, whereas D203 undergoes 
conformation-dependent protonation reactions commensurate with its 
proton-loading site function [17,23].
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