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Insight into mammalian respiratory complexes defines the role of allosteric protein interactions in their
proton-motive activity.

In cytochrome c oxidase (CxIV) conformational change of subunit I, caused by O2 binding to heme a32þ-
CuB

þ and reduction, and stereochemical transitions coupled to oxidation/reduction of heme a and CuA,
combined with electrostatic effects, determine the proton pumping activity.

In ubiquinone-cytochrome c oxidoreductase (CxIII) conformational movement of FeeS protein be-
tween cytochromes b and c1 is the key element of the proton-motive activity.

In NADH-ubiquinone oxidoreductase (CxI) ubiquinone binding and reduction result in conformational
changes of subunits in the quinone reaction structure which initiate proton pumping.

© 2021 Elsevier B.V. and Société Française de Biochimie et Biologie Moléculaire (SFBBM). All rights
reserved.
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1. Introduction
Fig. 1. X-ray crystallographic view perpendicular to the membrane plane of bovine-
heart CxIV. The picture elaborated with RasTop 2.2 program and the PDB ID: 5IY5.
Cytochrome c and CxIV subunit II are coloured in red and yellow, other CxIV subunits
in green except subunit I, shaded grey. The porphyrin structures of hemes a and a3,
pink sticks, heme c as red sticks. Iron, copper and magnesium ions are pink, green and
blue balls, respectively. The residues of K, D and H channels in subunit I are in orange,
blue and dark grey sticks, the corresponding proton-conducting pathways are indi-
cated by thick arrows. The K pathway starts at the N membrane side with conserved
lysine (K265) and ends with conserved tyrosine (Y244) close to the BNC, the D
pathway starts with conserved aspartate (D91) at the N membrane side and ends with
conserved glutamate (E242) close to BNC. Electron transfer pathway indicated by red
arrows. Oxygen entry and water exit are shown as black arrows. Subunits VIIa and VIIc
and part of subunit III are not shown in the figure.
From prokaryotes to humans the aerobic oxidation of NADH,
produced in terminal metabolism, is catalysed in the canonical
respiratory chain by the functional sequence of NADH-ubiquinone
oxidoreductase (CxI), ubiquinone-cytochrome c oxidoreductase
(CxIII) and cytochrome c oxidase (CxIV) enzyme complexes. The
redox-driven proton-motive activity of each of the three complexes
inserted in the coupling membrane results in proton uptake from a
negative (N) space and proton release in a positive (P) space
separated by the membrane thus generating the proton-motive
force (pmf) which drives ATP synthesis in oxidative phosphoryla-
tion [1,2].

The molecular mechanisms of the proton-motive activity is a
years lasting issue subject of extensive theoretical, experimental
and molecular dynamics studies, continued by different groups
nowadays, as quoted in the following sections.

A new insight into the coupling mechanism of mammalian
redox enzymes has come in particular from methodological
implementation of molecular structure analyses: application of
serial femtosecond X-ray crystallography of complex IV and cryo-
electron microscopy of complex I. The advances resulting from
these and related studies of complex III define at molecular level
the key role in the proton-motive activity of allosteric interactions
in the core subunits of complex IV, complex III and complex I,
inserted in the cristae of the mitochondrial inner membrane.

Allosteric interaction of distinct sites in proteins is a funda-
mental, widespread property by which proteins implement their
functional activity [3].

2. Cytochrome c oxidase (CxIV)

Mammalian A1-type CxIV is composed of subunits I, II and III,
forming the minimal functional core and 10 supernumerary sub-
units [4]. Cytochrome c binds to subunit II at the P membrane
surface and delivers electrons to CuA in subunit II, heme a transfers
electrons from CuA to the heme a3-CuB BNC centre in subunit I. At
BNC O2 is reduced to two H2O with consumption of four protons
from the mitochondrial matrix (N) space. In addition up to four
protons are pumped from the matrix into the intracristae (P) space
(ICS) in the reduction by cyt.c2þ of O2 to 2H2O [4,5] (Fig. 1).

X-ray crystallography of bovine-heart [6] and prokaryotic CxIV
[7] revealed the molecular structures of two conserved proton
translocating pathways in subunit I. Pathway K which conducts
from the N space to the BNC two protons consumed in the OH / E
and E/ R steps of the catalytic cycle of oxygen reduction and the D
pathway which conducts the other two protons in the PR / F and F
/ OH steps, details below and in Ref. [4]. In prokaryotic CxIV the D
pathway appears to conduct also the pumped protons [8,9]. X-ray
crystallography has identified in bovine CxIV a third (H) proton
conduction pathway [6]. This formed by polar residues of subunit I
helices XI and XII, constitutes a water channel from the N surface to
the heme a domain. From there the H pathway continues with an
hydrogen-bond network in subunits I and II reaching the P surface
(Fig. 1) [4]. This H pathway, for which no equivalent structure is
detectable in prokaryotic CxIV, has been proposed by the Yoshi-
kawa's group to conduct pumped protons from the N to the P space
[10,11], see also [12].

2.1. Spectral-electrochemical evidence of allosteric Hþ/e� coupling
at heme a and CuA

Spectrophotometric and potentiometric analyses of purified,
bovine-heart CxIV, carbon-monoxide ligated in which heme a3 and
2

CuB are clamped in the reduced state, showed that oxidation-
reduction of heme a and CuA are coupled with pK shifts of two
acid/base groups at least [13]. This allosteric interaction results in
the same pH dependence of the midpoint redox potentials of heme
a and CuA, both more negative upon pH increase in the physio-
logical range [13], with release of z1Hþ/mole CxIV upon full
oxidation of both heme a and CuA [14]. In liposome-reconstituted
purified bovine CxIV, CO-ligated as well as in the unligated state,
Hþ translocation coupled to oxidation-reduction of heme a and CuA
exhibitedmembrane vectoriality, i.e. release ofz1Hþ in the outer P
space upon oxidation of both heme a and CuA and Hþ uptake from
the intraliposomal N space upon their re-reduction [15].

Resonance Raman spectroscopy of CxIV [16] provided evidence
of an hydrogen bond between the heme a porphyrin formyl and an
amino acid residue in the apoprotein, later identified by X-ray
crystallography as the conserved R38 (bovine numbering) of sub-
unit I [6].
2.2. Redox-linked allosteric structural interactions revealed by X-
ray crystallography

X-ray crystallography of purified bovine-heart CxIV [10,17,18]
shows that in the fully oxidized crystals (Fig. 2A) the helical
segment V380-L381-S382-M383 of subunit I is unwound with
respect to the fully reduced crystals (Fig. 2B) with S382 OH getting
close to the heme a farnesyl OH. The S382 movement is accom-
panied in the oxidized crystals by a 120� rotation of the farnesyl OH
towards the S382 OH forming with it an hydrogen bond. The G49-



Fig. 2. X-ray crystal structures of bovine-heart CxIV in different redox and CO-ligated states. The crystals are from purified CxIV solubilized as homodimers in cholate [10,12,18].
Picture produced by RasTop 2.2 program and the PDB ID 5B1A, 5B1B and 3AG2 for fully oxidized (A), fully reduced (B) and fully reduced CO-ligated CxIV (C) [19] respectively. The
same X-ray crystal structures of Fig. 2A and B were detected in the purified CxIV solubilized in 3-oxatridecyl-a-D-mannoside as active monomers [17] this showing that dimerization
does not affect the structures, PDB ID: 6YJ3 and 6YJ4 for fully oxidized and fully reduced CxIV respectively. (D) Fully oxidized and (E) fully reduced X-ray crystal structures of the
CxIV region above hemes a and a3 [18]. Letters A and D are the hemes propionates. Helix X and loop I-II of subunit I are shown as trace mode in yellow and orange respectively.
Hemes and residues are shown as sticks, iron and copper as red and green balls. The oxygen reduced-species and CO are shown as two red balls and a red and white balls
respectively with van der Waals atomic radii. Small blue balls are H2O molecules. Dotted lines indicate hydrogen bonds. In the oxidized (D) and reduced (E) structures above the
hemes the E198-II residue ligand to Mg2þ is coordinated to CuA by the peptide carbonyl (red-dotted lines). The residues in red involved together with H2O in a hydrogen bond
network connecting E198-II/Mg2þ/H2O cluster with R439-I to the propionate(s) of heme a porphyrin are shown in a grey area. In the reduced state the coordination angle of E198-II
carboxyl to Mg2þ increases with respect to the oxidized state breaking a hydrogen bond between E198-II and a H2O bonded to R439-I, resulting in a lower capacity of proton transfer
between E198-II and R439-I (details in the text and [18]). In the PR intermediate (F) the H pathway at the P side of heme a, helix X and loop I-II of subunit I are the same as those in
(A).
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D51 segment of subunit I loop I-II, exposed at the P surface in the
reduced crystals (Fig. 2B) is in the oxidized crystals buried in the
protein (Fig. 2A).The X-ray crystals of the fully reduced, carbon-
monoxide ligated CxIV [19] (Fig. 2C) show that CO binding at the
BNC results in the same unwinding of the subunit I helix segment
V380-L381-S382-M383 detected in the fully oxidized crystals.
Upon photodissociation of CO from Fea32þ in the reduced crystals,
the plane of heme a3 was shown by serial femtosecond X-ray
crystallography to undergo a small rotation, its vinyl substituent
pushed L381 of helix X and S382 was displaced from the vicinity of
heme a farnesyl [11,20]. These findings show that the unwinding of
helix X in the fully oxidized state is, in fact, due to O2 binding at the
BNC. In the fully reduced CO-ligated crystals the position of the
heme a farnesyl and the conformation of the G49-D51 loop
remained the same as in the fully reduced crystals (compare Fig.s
3

2B and 2C), showing that these conformational changes detected in
the fully oxidized crystals (Fig. 2A) are due to oxidation of the redox
centres. Fourier-transformed infrared spectroscopy provided evi-
dence that these conformational changes are associated with
oxidation of heme a or CuA [21]. It can be noted that the polar
residues present in the bovine CxIV hydrogen-bond network at the
P side of heme a are absent in prokaryotic CxIV [7,22]. The X-ray
crystallography of Rhodobacter sphaeroides CxIV shows the un-
winding in the fully oxidized crystals of the subunit I helix X, but
there is no rotation of the heme a farnesyl OH which in both the
reduced and oxidized crystals is oriented at the opposite side of the
serine OH [22] (see Fig. 5 of [23]).

The X-ray crystals of fully oxidized and fully reduced bovine
CxIV identify also at the P side of the BNC and heme a a Mg2þ-
proton storage site [18] (Fig.s 2D and 2E). This site can accept
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pumped protons translocated there from the N space. Mg2þ at this
site is coordinated with the carboxylic group of subunit II E198
whose main chain carbonyl is coordinated with one copper of the
binuclear CuA centre. Mg2þ is also hexacoordinated with two sub-
unit I residues and water molecules [18]. This site is connected by
an hydrogen-bond network to the heme a propionate(s) (see
Fig. 2D) showing a structural basis for the Hþ/e� coupling shared by
heme a and CuA revealed by the pH dependence of their redox
potentials [13,14].

2.3. The proton-motive catalytic cycle

Binding of O2 to BNC in the fully reduced CxIV generates an
intermediate in which O2, in a position between Fea3 and CuB [10],
can be transiently reduced to the superoxide [24] or to the peroxy
species [25]. The OeO bond is then split by the delivery of one
electron in the oxidation of Fea2þ and electron redistribution at the
BNC with formation of the PR species [25]. Delivery of a first elec-
tron from cyt.c2þ and uptake of one proton from the N space con-
verts the PR to the F intermediate of the catalytic cycle. On
sequential delivery of three additional electrons from cyt.c2þ and
consumption of three more protons from the N space, one each in
the F / OH, OH / E and E / R with production of two H2O the R
state is reformed [4].

By time resolved optical absorption spectra and serial femto-
second X-ray crystallography an intermediate has been identified
by Rousseau and coworkers [12] which is formed in bovine CxIV
after mixing the fully reduced oxidase with an O2 saturated buffer
(Fig. 2F). This intermediate shows optical spectra of PR and F
compounds. The femtosecond crystal structures showed a number
of conformational changes in the intermediatewith respect to the R
state (Compare Fig. 2F with Fig. 2B). The OH of the heme a farnesyl
was rotated by 120� approaching at an hydrogen bond distance the
OH of S382, which concomitantly moved towards the heme a far-
nesyl by unwinding of the V380-L381-S382-M383 helical segment
of subunit I with formation of an hydrogen bond between the two.
The rotation of the OH of heme a farnesyl reflected oxidation of
Fea2þ, whilst CuA remained reduced [12]. The spectral and struc-
tural features of this compound thus identify it as an intermediate
in the catalytic cycle involving oxidation of Fea2þ. Oxidation of
Fea2þ to Fea3þ causes by electrostatic repulsion release in the P
space of one proton from the heme a environment. Heme a
oxidation determines also with the rotation of the hydroxyfarnesyl
translocation, by the H pathway water channel, of one pumped
proton from the N space to the Mg2þ-loading site [12]. Upon re-
reduction of Fea3þ by cytochrome c, via CuA (PR / F step) the
proton that has been released from the heme a environment in the
P space is replaced by translocation, via the hydrogen bond con-
necting the CuA and heme a environments of one proton from the
Mg2þ-loading site. These translocation steps result thus in the
effective pumping of one proton from the N to the P space. Three
more protons, one each in F / OH, OH / E and E / R steps of the
catalytic cycle will be pumped from the N to the P space upon
transfer of each electron from cytochrome c2þ to O2 bound at the
BNC.

It is alternatively proposed by Yoshikawa et al. [11,21] that in the
R state of the catalytic cycle the H pathway is open and four protons
from the N space move in a water cavity to the Mg2þ-storage site.
The water cavity is then closed upon O2 binding at the BNC. In each
of the four steps of the catalytic cycle the water cavity in the H
pathway remains closed and four protons are released from the
Mg2þ-storage site in the P space upon delivery of each electron
from cytochrome c2þ to O2. In either case in the overall catalytic
cycle four protons are pumped by the H pathway and four protons
conducted by the K and D pathways from the N space to the BNC are
4

consumed in the reduction of O2 to two H2O.
A recent study [26] has shown that in Saccharomyces cerevisiae

CxIV the point mutation N99D in the subunit I D pathway decou-
pled the proton pump. This indicates that in yeast CxIV the D
pathway is involved in translocation of pumped protons. Mutations
in yeast of amino acids in the N-side part of the putative H channel
did not uncouple proton pumping [26]. It had on the other hand
been shown that the point mutations D51N and S441P in subunit I
H pathway in a human/bovine hybrid CxIV decoupled proton
pumping [4]. It can be noted that the corresponding positions of
Y440eI, S441eI and S205-II, which in mammalian CxIV are
involved in the hydrogen-bond network of the H pathway at the P
side of the heme a environment, are occupied in yeast by residues
I440eI, P441eI and A230-II respectively. In the evolution course
genetic introduction of polar residues in subunits I and II of high
eukaryote CxIV has resulted in the formation of the proton con-
ducting H pathway.

2.4. ATP induced allosteric inhibition of CxIV. Involvement of
subunit IV-1

ATP depresses cytochrome c oxidation by the mitochondrial
CxIV, as compared to the activity of ADP supplemented samples
[27]. An ATP regulatory site has been detected at the N-side of
mitochondrial CxIV [27]. A monoclonal antibody against the su-
pernumerary subunit IV-1 prevented in solubilized mitochondria
ATP inhibition of cytochrome c oxidation [27]. In purified bovine-
heart CxIV removal by trypsin digestion of the subunit IV-1 N-ter-
minal residues up to the sequence V5eV6eK7 (Fig. 3A) inhibited
the rate of cytochrome c oxidation and decreased the Hþ/e� ratio of
proton pumping in the liposome reconstituted CxIV [28].

MD analysis of murine CxIV indicated that ATP can bind through
interaction of the b and g phosphates with the hydroxyl moieties of
S56 and S58 (murine numbering) of the N terminal region of sub-
unit IV-1 [29] (Fig. 3A). Mutation of S58 to alanine abolished the
inhibitory effect of ATP [29]. Phosphorylation of S58 by the mito-
chondrial matrix protein kinase A [30], promoted by cAMP pro-
duced in the matrix by soluble adenylate cyclase [31], prevented
CxIV inhibition by ATP.

In the X-ray crystal structures of bovine-heart CxIV the N-ter-
minal loop of subunit IV-1 appears close to the N-surface of subunit
I (Fig. 3B). The V5eV6eK7 sequence is surrounded bywater located
at the entry mouths of subunit I proton channels. This sequence
might facilitate entrance into the channels of matrix bulk phase
protons. ATP binding at the subunit IV-1 Ser-site could, by allosteric
interaction, depress the proton facilitating function of subunit IV-1
N-terminal sequence. The N-terminal loop of subunit IV-1 con-
tinues with an a-helix in the transmembrane region, ending with
the C-terminal loop which protrudes in the P space in contact with
the loop of subunit II where cytochrome c binds (Fig. 3B). An allo-
steric perturbation induced by ATP binding at the N-terminal loop
and transmitted throughout all the subunit to the C-terminal loop
could depress cytochrome c binding to subunit II inhibiting cyto-
chrome c oxidation.

3. Ubiquinone-cytochrome c oxidoreductase (CxIII)

Cytochrome b (bL(566)-bH(562)), Rieske iron-sulphur protein, ISP
[2Fe2S] and cytochrome c1, conserved from prokaryotes to humans,
constitute the minimal functional core of CxIII in which the redox
proton-motive process takes place [32,33]. In the mammalian
complex, which is always present as homodimer in the native and
isolated state, there are eight supernumerary subunits [32]. The
mechanism of the proton-motive activity in mammalian as well as
prokaryotic CxIII is explained by the double version [32e34] of the



Fig. 3. N-terminal sequences of bovine and murine CxIV subunit IV-1 and X-ray crystallographic view of subunit IV-1 and II in bovine CxIV. (A) Residue numbered in bovine subunit
IV-1 from Ala-1 of mature protein, from Met-1 of presequence in murine. The first residues of mature bovine IV-1 subunit in blue (AHGSVVK) were found to be removed by trypsin
digestion, the first four (AHGS) by thermolysin [28]. The bovine segment, shown in red (SASQK), is the ATP binding site, S58 is phosphorylated by PKA as shown for the murine
subunit [29]. (B) Crystallographic view perpendicular to the membrane plane of subunits IV-1 and II (RasTop 2.2 program, PDB ID: 5IY5) and cytochrome c coloured in green, yellow
and red. In membrane spanning subunit I residues of K proton pathway in orange, D pathway in blue and H pathway in dark grey. The cytochrome c residues involved in binding to
subunit II residues are shown as coloured sticks. The residues forming the ATP binding site in subunit IV-1 N loop are in red. The residues in subunit IV-1 removed by trypsin
digestion are in blue. The entry mouth of the K, D and H proton channels are orange, blue and dark grey.
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quinone (Q) cycle conceived by Mitchell [35]. In this, two quinols of
the membrane pool [36] are sequentially oxidized by a split ISP
[2Fe2S] process in which two electrons are transferred via cyto-
chrome c1 to cytochrome c, four protons are released in the intra-
cristae (P) space and two electrons are cycled back by cytochrome b
to reduce one quinone of the pool with the uptake of two protons
from the matrix (N) space.
3.1. Features of CxIII disclosed by limited proteolysis

Papain digestion of the purified bovine-heart CxIII in the fully
oxidized state was found to cleave off the N-terminal end of the
supernumerary subunit 14-kDa [37,38], which is exposed at the N
surface of the complex [39]. The complex so digested showed when
reconstituted in phospholipid vesicles partial decoupling of proton
pumping [37]. Papain digestion of the oxidized complex resulted
also in small inhibition of electron flow and cleavage of the ISP with
removal of sixty-three residues of the N-terminal moiety with
detachment from the complex of the C-terminal moiety holding the
[2Fe2S] centre. Reduction by ascorbate of the high Em redox po-
tential centres, [2Fe2S] and cytochrome c1, increased the digestion
of the ISP as well as of the 14-kDa subunit with more marked
5

inhibition of electron flow. Papain digestion of CxIII [37] decreased
also the g ¼ 2.00,þ100 mV EPR signal of a protein bound antimycin
sensitive semiquinone detected in the complex [40].
3.2. X-ray crystallographic structures

X-ray crystals of purified bovine-heart [41,42] and chicken-heart
[43] of homodimeric CxIII show that the ISP is interwound with the
N-terminal moiety anchored in one monomer and the C-terminal
moiety with the 2Fe2S centre (ISP-ED) protruding at the P surface
of the other monomer (Fig. 4). The X-ray crystal structures show
that inhibitors such as stigmatellin and UHDBT block the ISP-ED at
the ubiquinol oxidation site relatively close to cytochrome b (b
position) whilst inhibitors like myxothiazol and azoxystrobin block
the ISP-ED in a position in which the 2Fe2S centre approaches the
cytochrome c1 heme at a distance which can allow kinetically
competent electron transfer between the two (c1 position) [43,44]
(Fig. 4). It was also found in the Rhodobacter capsulatus CxIII that
cleavage by thermolysin of the ISP segment linking the N and the C
terminal moieties was prevented when the ISP-ED was blocked by
stigmatellin in the b position [45]. These findings thus show that
the redox state of the 2Fe2S centre determines the movement of



Fig. 4. X-ray structures of chicken (A) and bovine CxIII (B) ligated by inhibitors. Structures by RasTop 2.2, PDB ID: 3H1J, 3L71 for stigmatellin-ligated (A-a) and azoxystrobin-ligated
(A-b) structures, PDB ID: 1PP9 and 1PPJ for stigmatellin (B-a) and stigmatellin plus antimycin-ligated (B-b) structures. In (A-a), (A-b) and (B-a) a quinone molecule (violet sticks) is
bound at Qi site fromwhere it is displaced by antimycin (B-b). In structures (A-a), (B-a) and (B-b) a stigmatellin is bound at the Qo site replaced by azoxystrobin in (A-b) (inhibitors
violet sticks). Cytochrome b (green), cytochrome c1 (red), Rieske ISP (yellow) and 14-kDa subunit (turquoise). Iron of bL, bH and c1, blue balls; ISP Fe2eS2 centre, yellow-orange balls.
CXIII is an homodimer, cytochrome b and cytochrome c1 are shown only in one monomer. ISP moiety holding 2Fe2S (ED) is at the P surface of one monomer, its N-moiety is inserted
in the other monomer. View in one monomer cytochrome b, c1, ISP-ED of the other monomer and N-moiety of ISP (this shown in both monomers). Profile of CxIII dimers shown by
dotted contour. Residues of Qo and Qi are coloured sticks. In (A-b) the papain cleavage site S63 (in red) and A64 (in turquoise).
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the ISP-ED between the b and the c1 positions. Stigmatellin or
myxothiazol inhibit CxIII by blocking this movement as well as by
competing with ubiquinol for the Qo site (see also [46,47]).

3.3. The proton-motive catalytic cycle

(1) The benzenoid ring of a quinol of the membrane pool pen-
etrates the oxidation site (Qo) of CxIII at the P side with one hy-
droxyl group getting hydrogen bonded to a conserved ISP histidine,
ligand of the [2Fe2S] cluster and the other hydroxyl group
6

hydrogen bonded to conserved tyrosine and/or glutamic residues
of cytochrome b [48]. At this site bound quinol is positioned be-
tween the [2Fe2S] cluster and heme bL (b position). The configu-
ration of this b position is shown in Fig. 4A-a, by the X-ray crystal
structure of the Qo site in the stigmatellin-ligated structure [43,44].
(2) Bound quinol donates its first electron to [2Fe2S] with transient
formation of a spin-coupled [2Fe2þ2S]-SQ triplet state [49]. The
reduced [2Fe2S] cluster moves since of the ISP-ED conformational
change from the b position to that closer to the cytochrome c1 heme
(c1 position). The configuration of this c1 position is shown in
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Fig. 4A-b, by the X-ray crystal structure of the Qo site in the
azoxystrobin-ligated [50] or myxothiazol-ligated [44] structures.
The first proton from quinol oxidation is released in the P space and
a second EPR signature of SQ left in the environment of bL is
detected [49]. (3) SQ donates the second electron to bL3þ, quinone
leaves the site and the second proton is transiently held by cyto-
chrome b lysine and/or glutamic. (4) The second electron is trans-
ferred from bL2þ to bH3þ located in the central/N region of
cytochrome b and the second proton is released in the P space. (5)
The first electron is transferred from [2Fe2þ2S] to cytochrome c1
and from this to cytochrome c bound at the P side of CxIII; reduced
cytochrome c leaves the complex [51]. The [2Fe3þ2S] cluster moves
back to the b position. (6) According to the Q cycle a quinone of the
pool bound at the N side of CxIII [52,53] is reduced by bH2þ to SQ. In
the double Q cycle, oxidation of a second quinol of the pool, by the
same steps followed by oxidation of the first, results in the reduc-
tion of SQ held at the Qi site with the overall uptake of two protons
from the N space and quinol release in the membrane pool.

The molecular mechanism of quinone binding at the Qi site, its
reduction to quinol and release of quinol in the membrane pool
have been analyzed by X-ray crystal structures [52] and atomistic
molecular dynamic simulations [53]. According to the mecha-
nism(s) proposed lysine, aspartic and histidine residues of cyto-
chrome b form hydrogen bonds to the two carbonyl oxygen of an
incoming quinone through structured H2O [52] or directly [53].
Hydrogen bonding raises the midpoint potential of bound quinone
thus promoting its reduction by bH2þ. The residues hydrogen-
bonded to the quinone mediate also transfer of the two protons
from the N space which are utilized in the reduction of quinone to
quinol. Upon quinone reduction the above hydrogen-bond network
breaks down and quinol is released in the membrane pool. The 14-
kDa subunit, located at the N surface of CxIII [39,41] could be
involved in binding of quinone of the membrane pool at the N
surface thus promoting its productive access to the Qi site.

Themolecular specific structures of the distinct quinol oxidation
and quinone reduction sites and the redox chemistry of the
quinone bound at the two sites are also aspects which require
further clarification.

4. NADH-ubiquinone oxidoreductase (CxI)

4.1. Protein structure and redox carriers

Mammalian CxI is formed of a minimal functional core of 14
subunits, conserved from prokaryotes [54] to humans and 31
supernumerarary subunits [55e57] (Fig. 5A). Oxidation of one
molecule of NADH in the mitochondrial matrix (N) space by one
molecule of ubiquinone of the membrane pool [36] is coupled with
pumping of four protons from the N to the P space [58]. The cryo-
EM of mammalian CxI [55e57] shows an overall L-shaped structure
of CxI formed by a N-side peripheral sector (PA) protruding in the N
space and a membrane integral sector (MD) with a variable tilting
angle in open-closed transition [57]. The PA sector is formed of
seven subunits with NADH binding at the tip and a chain of FeeS
centres which transfer by the last N2eFeS centre of subunit PSST
the two electrons from NADH to the quinone, likely one at a time
with intermediate semiquinone production [59].

EPR spectral analysis of energy-coupled bovine heart mito-
chondrial inner membrane vesicles [60] showed two anionic
semiquinone signatures, a fast relaxing one, highly sensitive to
rotenone and to uncouplers (SQNF, g¼ 2.05) and a slow relaxing one
(SQNS), less sensitive to rotenone and uncoupler insensitive. Spin-
spin interaction of SQNF with the N2eFeS centre allowed to esti-
mate a distance of 8e11 Å between the two. Uncoupler sensitive
SQNF was also detected in steady-state electron flow from NADH to
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quinone in purified bovine heart CxI reconstituted in tightly-
coupled proteoliposomes [61]. It is not clear if the two EPR semi-
quinone signatures correspond to two different protein-bound
states of one or to two quinones [62,63].

The quinone reaction structure at the interface of PA and MD
sectors consists of PSST and 49-kDa subunits shared with the PA
sector and ND3, ND1, ND6 and ND4L subunits shared with the MD
sector, these last three subunits forming a putative trasmembrane
proton channel (channel E) [57] (see also [54,64]). In the MD sector
there are three transmembrane subunits, ND2, ND4 and ND5 [57],
with a structure analogous to the Naþ/Hþ antiporters of the plasma
membrane [65]. These three subunits are arranged in a parallel
sequence each with two discontinuous half-transmembrane heli-
ces (TMH), a N-terminal one extending from the N surface and a C-
terminal one extending to the P side, connected by conserved Lys/
Glu residues located between the two in the middle of the
membrane-spanning dimension [57] (Fig. 5A).

The cryo-EM of mammalian CxI [57,66] (see also [64]) shows a
sequence of structured water and hydrophilic residues which ex-
tends from the quinone reaction structure through the middle of
the entire MD to the Lys/Glu residues in each of the ND2, ND4 and
ND5 subunits.

4.2. The molecular mechanism of the proton-motive activity

Cryo-EM analysis of ovine CxI has revealed marked conforma-
tional changes of several loops of subunits of the quinone chamber
in the open-closed structure transition of the complex [57] (Fig. 5B).
On the basis of these conformational changes Sazanov's group has
proposed a detailed coupling mechanism of mammalian CxI [57].

The cryo-EM structures of the open state showed opening of
loops in the 49-kDa and PSST subunits, which form the deep cavity
of the quinone chamber close to the N2eFeS centre, and ND1 TMHs
5e6 in the shallow part of the quinone chamber.

The open structure will allow quinone entry, binding and
reduction in the deep cavity by the N2eFeS centre. Reduction of
quinone results in closure of the opened loops and movement of
quinol from the deep to the shallow site(s) of the chamber and
release in the membrane pool. Reduction of quinone is proposed to
involve protonation of Q2� by sequential Hþ transfer fromD160 and
H59 of the 49-kDa subunit, reprotonated in turn by E34 and E70 of
the ND4L subunit (Fig. 5B, bottom). Their negative charge induces
pumping of one proton by the E pathway and would propagate to
themiddle of the ND2, ND4 and ND5 subunits inducing pumping of
additional three protons per mole of NADH oxidized [57]. This last
aspect needs however further study [57,67].

Delivery of a first electron from the N2eFeS centre to quinone
involves likely intermediate semiquinone production. This semi-
quinonemay be the DmeHþ-sensitive anionic SQ��

NF detected by EPR
spectroscopy in bovine heart CxI [60,61]. SQ��

NF will bind at the
deep site of the quinone chamber near the N2eFeS centre, possibly
stabilized by cooperative Hþ/e� coupling at the N2eFeS centre
[62,68]; its negative charge can trigger the negative-charge wave
inducing proton pumping. Delivery of the second electron by the
N2eFeS centre reduces SQ��

NF to quinol with the uptake of two
protons. Neutral quinol moves from the deep site to the shallow site
and leaves the complex.

The nature of the DmeHþ-insensitive SQ��
NS, detected by EPR

spectroscopy in addition to the DmeHþ-sensitive SQ��
NF in bovine

[60] and E. coli CxI [69] remains to be clarified.

5. The overall proton energy conversion flow in mammalian
mitochondria

Mammalian CxI, CxIII and CxIV assembled as supercomplexes



Fig. 5. (A) X-ray crystal structure of the ovine CxI. (B) View of the quinone chamber in open and closed states during turnover. Structures by RasTop 2.2 program, PDB ID: 6ZKC
whole structure and closed state, 6ZKD open state. (A) Supernumerary subunits are in grey. FMN (red and white), NADH (blue), quinone (violet) and FeS clusters (yellow and
orange). The structure is viewed perpendicular to the membrane plane. (B) 49-kDa, PSST, ND1, ND6 and ND4L subunits, quinone molecule in violet, N2eFeS centre yellow-orange
balls. Some residues are presented as coloured sticks. Areas showing conformational changes in ND6, ND1, PSST and 49-kDa subunits in open-closed transition are shown in trace
mode. In the open state quinone binding to the shallow site is shownwith residues, in particular F224 beloging to ND1 subunit, close to quinone. In the closed state quinone binding
to the deep site is shown with residues belonging to 49-kDa subunit.
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[70e72] are clustered in cristae of the inner mitochondrial mem-
brane (Fig. 6).

Dimers or oligomers of the FoF1 ATP synthase (CxV) [73,74]
located at the apices of cristae contribute to their formation [75].
Cristae are joined to the boundary inner membrane (BIM) by
junctions (CJ), which form a narrow cleft delimiting an intracristae
space (ICS) with a high content of cytochrome c [76] (Fig. 6).
Advanced super-resolution nanoscopy analyses show that
mammalian individual cristae are dynamic structures with high
capacity of proton energy conversion [77]. The functional unit of
mitochondrial oxidative phosphorylation is composed of dimeric
ATP synthase flanked by the adenine-nucleotide carrier, the phos-
phate carrier and CxI-CxIII2-CxIV supercomplex (Fig. 6). In the
phosphorylating state oxidation of two NADH molecules in two
turnovers of CxI and CxIII and a catalytic cycle of CxIV reduces O2 to
two H2O; a total of twenty protons are taken up by the three redox
complexes from the matrix space and twenty protons are expelled
at the intracristae side. Backwards translocation of eighteen pro-
tons, thirteen by the ATP synthase [78,79] and five by the phos-
phate carrier drives the synthesis of five ATP molecules at the
matrix side [80], two protons leak back likely mediated by the
uncoupler protein.

The supercomplexes favour shuttling of ubiquinone between
CxI and CxIII [36] and cytochrome c between CxIII and CxIV. Under
conditions of high ATP synthase activity protons pumped by the
redox complexes can diffuse laterally to the synthase along the
membrane surface [2,81,82] this limiting in the respiring steady-
state establishment of bulk phase electrochemical proton
gradient (DmeHþ), which is also contained by its dissipation by the
uncoupler protein [83]. A high DmeHþ increases the reduction level
of quinone of the pool which can also depress the activity of CxII
(succinate ubiquinone oxidoreductase). The proton pump of CxIV
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slips at high turnover rates of respiratory electron transfer [84,85],
this contributing to contain establishment of a limiting bulk phase
DmeHþ at high reductive pressure imposed on the respiratory chain.
When the matrix ATP/ADP concentration ratio increases markedly,
upon saturation of ATP utilization in endergonic processes and net
production of ATP is depressed, ATP binding at the matrix loop of
CxIV subunit IV-1 results in allosteric depression of ferrocyto-
chrome c oxidation and proton pumping efficiency in CxIV.
Containment of a limiting bulk phase DmeHþ, not utilized in ATP
synthesis prevents enhanced reduction level of CxI and CxIII redox
intermediates, oxidizable by O2 resulting in oxidative stress, and
excessive production of saturated fatty acids and cholesterol sup-
ported by DmeHþ-driven transhydrogenation of NADH to NADPþ

[86]. Under conditions of elevated cellular Ca2þ concentration the
electrical component of DmeHþ raises mitochondrial Ca2þ uptake by
the IM uniporter with opening of the IM permeability transition
pore and possible mitochondrial dysfunctions [87e89]. In humans
ATP production by oxidative phosphorylation is continually
adapted to cover current changing requirements. Cyclic AMP pro-
duced in the mitochondrial matrix by the soluble adenylate cyclase
[31], promotes phosphorylation by protein kinase (PKA) of CxIV
subunit IV-1, preventing ATP inhibition of CxIV [29]. Phosphoryla-
tion by PKA of the Arg-Val-Ser sequence in the C-terminal moiety of
CxI supernumerary subunit NDUSF4 is involved in CxI assembly
and activity [90]. Genetic disorders destroying this phosphorylation
site are associated with different neurological disorders [90]. In
astrocytes cannabinoid activation of type-1 mitochondrial re-
ceptors inhibits phosphorylation of the NDUFS4 subunit decreasing
the stability and activity of CxI [91].

An issue for future investigations is also the role of the
numerous supernumerary subunits of mammalian CxI, CxIII and
CxIV in their function and regulation in particular by signal



Fig. 6. The proton energy conversion flow in mammalian mitochondria. The profiles of CxI, CxIII2, CxIV and cytochrome c, shown in their natural colours and the ATP synthase
dimer are from the PDB ID: 5XTD, 5XTE, 5Z62, 1HRC and 6B8H, respectively. In addition to the conserved core subunits there are 10 supernumerary subunits in CxIV, 8 in CxIII and
31 in CxI. The intracristae space (ICS) has a high content of cytochrome c promoting electron transfer from CxIII to CxIV. Cristae are joined to the boundary inner membrane (BIM) by
junctions delimiting a narrow cleft. The crystallographic profile of the ADN-carrier and that of the Pi-carrier (see also [92]), deduced from its structure, are shown in the inner
mitochondrial membrane (IM). ADN-carrier transports ADP from the intermembrane space (IMS) and the intracristae space (ICS) to F1 in exchange with ATP. The VDAC pore in the
outer mitochondrial membrane (OM) allows diffusion of adenine nucleotides and substrates between the cytosol and the IMS.
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transduction pathways.

6. Conclusions

(I) The advanced structural analyses of mammalian CxIV, CxIII
and CxI of the respiratory chain define the allosteric
conformational interactions in the core subunits of the en-
zymes providing the molecular structures of their proton-
motive activity.

In cytochrome c oxidase (CxIV) conformational change of sub-
unit I, caused by O2 binding to heme a3

2þ-CuB
þ and reduction, and

stereochemical transitions coupled to oxidation/reduction of heme
a and CuA, combined with electrostatic effects, determine the
9

proton pumping activity.
The key element of the proton-motive activity of CxIII is the

redox coupled, reversible conformational movement of the ISP-
[2Fee2S] centre between cytochromes b and c1 by which two
quinols of the membrane pool are sequentially oxidized, two
electrons are transferred to cytochrome c, four protons are released
in the P space and two electrons are cycled back by cytochrome b to
reduce one quinone of the pool with uptake of two protons from
the N space.

Cryo-EM analysis of mammalian CxI has revealed conforma-
tional changes of subunits of the quinone reaction structure caused
by quinone binding and reduction. It has been proposed that pro-
tonation of reduced quinone by proton transfer from residues of
these subunits, preceding proton consumption from the N space,
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generates a negative charge wave which induces proton pumping
by membrane sector subunits.

(II) The overall proton-motive activity of CxI, CxIII and CxIV,
associated in supercomplexes, is organized in the cristae of
the mitochondrial inner membrane so to optimize the use of
the proton-motive force (pmf) to drive ATP synthesis limiting
in the respiring steady-state establishment of bulk phase
electrochemical proton gradient (DmeHþ). This can otherwise
enhance the reduction level of CxI and CxIII redox in-
termediates, oxidizable by O2 with generation of free radi-
cals, and raise mitochondrial Ca2þ uptake with opening of
the inner membrane permeability transition pore and
possible mitochondrial dysfunctions.
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