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Summary 
In Complex IV (CIV) of the mammalian 

respiratory chain, protons are translocated from the 
matrix (N space) to the Mg2+-proton loading site by the 
combined conformational movements of the subunit I 
helix X and heme a hydroxyfarnesyl. These protons 
are then released into the intermembrane space 
(P space) through proton stereochemical transitions 
in the CuA and heme a environments. 

In Complex I (CI) of mammals, the reduction of 
benzoquinone bound in the reaction chamber 
generates a negative wave that drives proton pumping 
from the N space to the P space via membrane domain 
translocator(s). During the NADH-ubiquinone 
oxidoreduction process, four protons are pumped. 
This can occur either by each of the four membrane 
domain translocators moving one proton each or by 
all four protons being pumped by a single 
translocator, ND5, due to its highly hydrated 
structure. 

This paper aims to elucidate the mechanistic 
details and structural basis of proton pumping in 
these complexes, highlighting the role of allosteric 
protein interactions and the coupling between redox 
chemistry and proton translocation. 
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1. Introduction 
 

Allosteric protein interactions are involved in the proton-motive function of 
respiratory chain [1]. The determining role of allosteric protein interactions in 
mammalian respiratory complexes NADH-ubiquinone oxidoreductase (CI), ubiquinone 
cytochrome c oxidoreductase (CIII) and cytochrome c oxidase (CIV) have been described 
by Capitanio G., Papa F. and Papa S. [2]. 

 

 In CIV conformational changes of subunit I, caused by O2 binding to heme a32+-CuB+ 
and reduction, and stereochemical transitions coupled to oxidation/reduction of heme a 
and CuA, combined with electrostatic effects, determine the proton pumping activity. 

 

In CIII conformational movement of Fe-S protein between cytochromes b and c1 is a 
key element of the proton-motive activity. 

 

In CI ubiquinone binding and reduction result in conformational changes of subunits 
in the quinone reaction structure which initiate proton pumping. 

 

This study provides new insights into the role of the Mg²⁺-loading site in 
cytochrome c oxidase and explores the mechanism by which quinone redox chemistry in 
the reaction chamber of NADH-ubiquinone oxidoreductase facilitates proton pumping 
through the membrane domain translocator(s), thereby advancing our understanding of 
the fundamental processes underlying mammalian redox-linked proton pumps. 

 
2. Cytochrome c oxidase (CIV) 

 

Synchrotron, X-ray crystallography and serial femtosecond X-ray crystallography 
show that the unwinding of the subunit I helix X is due to binding of O2 at the reduced 
binuclear heme a3/CuB center (BNC) alongside formation of a peroxide intermediate, 
whilst the rotation of the heme a farnesyl OH and the conformational change of subunit I 
loop I-II are due to heme a/CuA oxidation (for a detailed discussion about this topic see 
ref. [2]). 

 

Fully oxidized and fully reduced crystals of bovine CIV identify at the P side a Mg2+-
proton loading site (PLS), contributed by subunits I and II [3] (Fig.1). 

 

Mg2+ is coordinated with the carboxylic group of E198-II, whose carbonyl is 
coordinated with one copper of the binuclear center. Mg2+ is also coordinated with 
subunit I residues and water molecules, further connected by a hydrogen bond network 
to heme a propionate(s) [3]. In the reduced crystals the coordination angle between Mg2+ 
and E198-II carbonyl increases, breaking a hydrogen bond between H2O bonded to R439-
I and E198-II. This decreases proton translocation capacity between R439-I and E198-II 
(see [3]). These findings provide a structural basis for the H+/e- coupling shared by heme 
a and CuA, as revealed by the pH dependence of their redox potentials [4,5].  

 

Detailed studies of proton translocation in liposome-inserted purified bovine-heart 
CIV (COV) showed the vectorial nature of this H+/e- coupling. In these experiments, CIV 
heme a and CuA were reduced by succinate using a trace of added frozen-thawed bovine-
heart mitochondrial (BHM) and soluble cytochrome c or by the photo-activated riboflavin 
system. Anaerobic oxidation of heme a and CuA by a stoichiometric amount of 
ferricyanide, in carbon-monoxide ligated CIV (thus in the absence of the oxygen reduction 
chemistry), or in the unligated CIV, resulted in the release of 1H+ per heme a and CuA 
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oxidized in the external space. This proton was taken up upon re-reduction of heme a and 
CuA only in the presence of the protonophore CCCP, thus from the internal space of COV 
[6,7].  
 

 

Figure 1. The bovine CIV area above hemes a and a3 at the P side in oxidized (A) and 
reduced (B) X-ray crystals. Structures elaborated using the RasTop 2.2 program and the 
PDB ID 5B1A and 5B1B for oxidized and reduced CIV respectively. Residues, hemes a and a3 
are shown as colored sticks. The letters A and D indicate the hemes propionates. Copper, 
magnesium and iron are shown as green, blue and red balls, respectively. Small light blue balls 
are H2O molecules. Hydrogen bonds are drawn as black dotted lines. The amino acid residue 
E198-II, one of the ligands of Mg2+, is also coordinated to CuA by the peptide carbonyl (red 
dotted lines). The residues in green involved together with H2O in a hydrogen bond network 
connecting E198-II/Mg2+/H2O cluster with R439-I to the propionate(s) of heme a porphyrin 
are shown in a pale yellow area.  

 

In the CO-ligated CIV COV experiments, the fast release of 1H+/CIV oxidized into the 
external space was a step involving heme a and CuA in the proton pump (see also [8]). This 
step was clearly distinct from the slow release of 1H+/ferricyanide added, detected upon 
re-reduction by succinate of the electron carriers (heme a, CuA and cyt c). This slow 
release was due to scalar H+ release in the oxidation of succinate to fumarate in the BHM 
mediated by redox cycling of added cytochrome c in the external space [7]. This 
invalidates the explanation of the COV experiments presented in a review of the topic [9] 
that considered the proton translocation simply due to H+ release in the oxidation of 
succinate in the external medium. 

 

Rousseau et al. [10] identified an intermediate (PR intermediate) of the catalytic 
cycle by room temperature time resolved optical absorbance changes and femtosecond 
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XFEL crystallography, showing a conformational change of the subunit I loop I-II (for 
further details see [2]). 

 

Due to electrostatic repulsion, oxidation of Fea2+ to Fea3+ causes the release of one 
proton from heme a in the P space. Heme a oxidation also results in the translocation of 
one proton from the N space to the Mg²⁺-loading site due to the rotation of the 
hydroxyfarnesyl group [10]. Upon re-reduction of Fea³⁺ by cytochrome c, via CuA (PR → F 
step of the catalytic cycle), the proton released into the P space from the heme a 
environment is replaced by one proton from the Mg²⁺-loading site through a hydrogen 
bond network connecting the CuA and heme a areas.  

 

These translocation steps effectively pump one proton from the N space to the P 
space. In the F → OH, OH → E and E → R steps of the catalytic cycle, three additional 
protons, one for each step, will be translocated from the N to the P space following the 
transfer of each electron from cytochrome c2+ to O2 bound at the BNC (see also [2, 11-14]).  

 

A similar mechanism was recently proposed by Rousseau [15], who suggested a 
heme a redox-gate mechanism for proton pumping. In this model, the reduction of heme 
a causes a flip of the farnesyl sidechain from S382 toward S34, resulting in the uptake of 
a pumped proton from the N-side. Reoxidation of heme a by BNC then induces the farnesyl 
sidechain to rotate back toward S382, allowing the release of a proton to the proton-
loading site (via the heme a propionates and the R438/R439 moieties). According to this 
model, each electron transfer from CuA to the BNC via heme a is accompanied by pumping 
of one proton from the N- to the P-side.  

 
3. NADH-ubiquinone oxidoreductase (CI) 

 

Cryo-electron microscopy shows that mammalian CI, similar to yeast [16] and 
prokaryotes [17], has an overall L-shaped structure with a peripheral arm (PA) 
protruding into the mitochondrial matrix (N-side) and a membrane-integral domain (MD) 
[18,19-21].  

 

Mammalian CI is made up of 14 subunits, which constitute the minimal functional 
core conserved from prokaryotes to humans [17,20,21] and 31 supernumerary subunits 
[20,22]. Seven of the conserved subunits are assembled in the PA, the other seven in the 
MD. The supernumerary subunits form a shell around the core subunits, stabilizing the 
complex [20,21].  

 

 The ubiquinone reaction chamber joining the PA and MD consists of 49-kDa and 
PSST subunits, belonging to the PA and ND4L, ND1, ND3 and ND6 subunits belonging to 
the MD [23]. The MD features three transmembrane subunits: ND5, ND4 and ND2 [23], 
which have a structure like that of plasma membranes antiporters [24,25]. Each of these 
three subunits, arranged parallel to each other in the MD, shows discontinuous half-
transmembrane helices, with a N terminal part extending from the surface (N-side) and a 
C terminal part extending to the P side. These parts are connected in the middle of the 
membrane by conserved Lys/Glu residues [21,23] (see also [17]). 

 

Different mechanisms for the proton pump of CI have been proposed, involving 
ubiquinone oxidoreduction and conformational changes of the apoproteins reviewed in 
[1]. Cryo-electron microscopy provides a deep insight into the mechanism of the pump in 
mammalian CI. These studies [21,23] show that the complex found in different 
conformations in various species, can be divided into two classes: a closed class and an 
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open class (see also [26]). Both classes are present in NADH-ubiquinone oxidoreductase 
active preparations with a prevalence of the closed conformation. 

 

Kampjut and Sazanov [23] analyzed purified ovine CI by cryo-EM crystallography 
under different conditions, particularly when incubated with NADH and decylubiquinone 
and flash-frozen during active turnover proton pumping. The cryo-EM structures in the 
open and closed states show that the loops of the ND1, ND3, ND6, PSST, and 49-kDa 
subunits adopt different conformations. In the open state, present in native conditions or 
induced by NADH binding (reviewed in [1]), the loops in subunits ND3, 39-kDa, ND6, and 
ND1 open, allowing quinone to enter the quinone chamber. This transition to the closed 
state involves the closure of the ND1 and 49-kDa subunits into retracted conformations, 
moving the quinone into a deep site close to the N2-FeS center where it is reduced. 

 

Quinone reduction is proposed to involve protonation of Q2- by sequential transfer 
of two protons from D160 and H59 of the 49-kDa subunit, which are reprotonated by E34 
and E70 of the ND4L subunit (see Fig. 5 of ref. [2]). The negative charge generated before 
protons are taken up from the N space is proposed to induce the pumping of one proton 
via a proton translocation pathway in the quinone chamber (E-channel) and three 
additional protons in the three antiporter subunits of the membrane domain ND2, ND4, 
and ND5 through a complex sequence of electrostatic interactions affecting the 
protonation of their lysine and glutamic residues located at the junctions of their 
respective half-transmembrane helices. This aspect requires further clarification [23,27]. 

 

Kampjut and Sazanov [28] now propose that, due to the high hydration pattern of 
the proton input and output pathways of the ND5 subunit—not present in the ND4 and 
ND2 subunits—and with the E-channel dry on both sides of the membrane, all four 
protons could be pumped through ND5 (see also [29-31]). 

 

The role of the ND5 subunit as the primary proton exit pathway is further 
highlighted in a more recent paper by the same authors [32], which analyzed the cryo-
electron microscopy structures of E. coli CI. The proposed coupling mechanism in this 
work is based on a 'domino effect' series of proton transfers along the central axis of the 
MD and electrostatic interactions starting from conformational changes in the quinone 
chamber and E-channel. 

 

Kampjut and Sazanov [23] proposed that QH₂ moves from the deep reduction site 
to a shallow site and exits the Q chamber. A critical aspect of this mechanism is how 
ubiquinone enters and leaves the Q chamber, which appears as a narrow tunnel 
approximately 30 Å long in the crystal structures of both the open and closed states 
[33,34]. It has been suggested that the narrow entrance of the Q chamber, forming a 
bottleneck, could be an artifact of crystallization packing forces, and that molecular 
dynamics might open the quinone chamber bottleneck [35]. 

 

More recently, Gu et al. [36] analyzed by cryo-EM the CI assembled in the porcine 
purified supercomplex CI-CIII₂-CIV and proposed an alternative mechanism for the 
proton pump. Vitrified cryo-EM samples were prepared from the supercomplex incubated 
in different conditions, including one with NADH and Q₁₀. They identified four Q-binding 
sites in the Q chamber, including site 1 for Q₁₀ reduction and site 2 surrounded by charged 
residues (see Fig. 2). 

All the structures supported a Q10 molecule invariably bound in the Q chamber. 
These authors propose, based on the conformations of the subunits obtained by the cryo-
EM analysis (see also [37,38]), a two-quinone model. Q10 binds to a reduction site (site 1) 
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in the Q chamber, with the benzoquinone head positioned approximately 10 Å from the 
N2-FeS center and hydrogen-bonded to Y141 and H92, which also form a hydrogen bond 
with D193, close to residues of the E channel (Fig. 2A). Q10 is reduced to Q10²⁻ by the N2-
FeS center, and Q10²⁻ is protonated to Q10H₂ by H92 and Y141, with the hydrogen bond of 
D193 broken without movement. Neither are other residue movements observed at site 
1 (Fig. 2B). It should be noted that in the analysis by Gu et al., CI is assembled in the 
supercomplex CI-CIII₂-CIV, while in the work of Kampjut and Sazanov [23], CI was 
purified as a single entity. Q10H₂ moves to site 2 in the Q chamber, surrounded by charged 
residues. Gu et al. propose that at site 2, Q10H₂ is oxidized by a second quinone molecule 
loosely bound at the matrix surface of the complex, approximately 14 Å away from site 2. 
The Q10²⁻ of the second quinone is protonated to Q10H₂ by matrix protons. Four protons 
taken up by the matrix are finally released at the external P side. This process is repeated 
in the following turnover by the movement of Q10 back from site 2 to site 1. However, it is 
noted that no data on proton uptake from the matrix are discussed, and the site of binding 
of the second quinone is not characterized (see, however, [39]). The two major aspects of 
the two-quinone model by Gu et al. are that protons are pumped by the oxidation of Q10H₂ 
and not by Q10 reduction [23], and the involvement of a second quinone molecule. It can 
be mentioned here that it was earlier proposed [40,41] (see also [39]) that an SQ•-/QH₂ 
involved in proton pumping delivered electrons to a second quinone molecule bound at 
the matrix side of the complex. 

Figure 2. View of the quinone chamber of the porcine CI in a Q10-bound structure (A) 
and a Q10-NADH-bound structure (B) in active states. The picture was elaborated using 
the RasTop 2.2 program and the PDB ID 7V2C and 7V2E for (A) and (B) structures 
respectively. ND4L, ND6, ND1, ND3, PSST and 49-kDa subunits shown in strand mode, N2-FeS 
center in yellow-orange balls, Q10 molecule and amino acid residues in red and colored sticks 
respectively. In (A) the Q10 molecule is located at site 1, ≈ 10.2 Å from the N2-FeS center and 
close to H92 and Y141 of the 49-kDa subunit with which it forms two hydrogen bonds (red 
dotted lines); H92 also forms another hydrogen bond with D193 of the same subunit (distance 
between these two residues 2.6 Å, black dotted line). In (B) the Q10 molecule is located at site 
2, 24 Å away from the N2-FeS center and due to the movement of H92 the distance between 
it and D193 increases (4.8 Å) causing the hydrogen bond to break. For further details, see text. 
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4. Conclusions 
 

In mammalian CIV, protons are translocated from the matrix N side to the Mg²⁺-
proton loading site upon the conformational change in subunit I induced by O₂ binding 
and reduction at the BNC. The protons at the Mg²⁺-proton loading site are then expelled 
into the intermembrane P side by proton stereochemical transitions at the proton loading 
site. Protons are translocated from the CuA environment to the heme a environment and 
then expelled into the P space by the contribution of electrostatic effects. 

 

In mammalian CI, according to Kampjut and Sazanov, reduction of benzoquinone 
bound in the reaction chamber generates a negative wave that drives proton pumping 
from the N to the P space by membrane domain translocator(s). Of the four protons 
pumped in the NADH-ubiquinone oxidoreduction, one proton is translocated by each of 
the four membrane domain translocators, or instead, all four protons are pumped by one 
membrane translocator, ND5, due to its highly hydrated structure. 

 

On the other hand, as proposed by Gu et al., this proton pumping is driven by 
electron transfer from the ubiquinol bound in the reaction pocket to a second quinone-
binding site located at the N surface, driving proton pumping from the matrix to the P 
space. This aspect and the structure of the hypothetical quinone site in the matrix need to 
be clarified by further inspection. 
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