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Cellular respiration is the process that releases energy from
food and supplies energy for life processes. The mitochondrial
respiratory chain is the final and most important step for cellular
respiration and is located on the inner membrane of
mitochondrion and comprises four large trans-membrane
protein complexes (respiratory chain Complexes |, Il, lll and IV)
as well as ubiquinone between Complexes I/ll and Il and
cytochrome ¢ between Complexes lll and IV. The function of
mitochondrial respiratory chain is biological oxidation by
transferring electrons from NADH and succinate to oxygen and
then generating proton gradient across the inner membrane.
Such proton gradient is utilized by ATP synthase (ATPase, also
called as Complex V) to produce energy molecules ATP.
Structural studies of mitochondrial respiratory membrane
protein complexes are important to understand the mechanism
of electron transfer and the redox-coupled proton translocation
across the inner membrane. Here, according to the time line,
we reviewed the great achievements on structural studies of
mitochondrial respiratory complexes in the past twenty years
as well as the recent research progresses on the structures of
mitochondrial respiratory supra-complexes.
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Introduction

Cellular respiration is the process of oxidizing food mol-
ecules, like glucose, to carbon dioxide and water and
producing the cell’s supply of adenosine triphosphate
(ATP), used as a source of chemical energy. The process
of cellular respiration all occurs in the cytosol of prokaryotes,

however, mainly takes place in mitochondria of eukaryotic
cells.

At the mitochondrial inner membrane in eukaryotes,
electrons from the electron donors (such as NADH and
succinate) pass through the mitochondrial respiratory
chain to the electron acceptor (oxygen) that is reduced
to water, accompanying with the pumping of protons
across the inner membrane from the matrix to the
inter-membrane space (IMS). The mitochondrial respir-
atory chain comprises four multi-subunit complexes
(mitochondrial respiratory Complexes I, II, III and 1V)
as well as the lipid-soluble electron carrier (ubiquinone,
UQ) between Complexes I/II and III and the water-
soluble electron carrier (cytochrome c¢) between Com-
plexes Il and IV (Figure 1). Complex I (CI), Complex IIT
(CIII) and Complex IV (CIV) can pump protons from the
matrix to IMS and produce an electrochemical proton
gradient AW across the inner membrane. The energy of
protons flowing back to the matrix will be used by ATP
synthesis enzyme (ATPase, also called Complex V) to
generate ATP. The coupling between electron transfer
and ATP synthesis is called oxidative phosphorylation
(OXPHOS) that was well studied in the past century
[1-3].

There are two pathways of electron transfer with the
mitochondrial respiratory chain (Figure 1). The first one is
starting from NADH and electrons of NADH are trans-
ferring through CI to UQ, reducing UQ to ubiquinol
(UQH,), then UQH, is oxidized by CIII and electrons
are transferring through CIII to cytochrome ¢, and finally
cytochrome c is oxidized by CIV by transferring electrons
to oxygen to generate water molecule within CIV. The
second pathway is coupled with Krebs cycle in the matrix
and starting from the oxidation of succinate. Electrons of
succinate are transferring to UQ through Complex II
(CII), then to cytochrome c through CIII and finally to
oxygen through CIV. For the first pathway, each electron
transfer is coupled with five protons pumping from matrix
to IMS. While, the second one is less effective and each
electron transfer will pump three protons from matrix to
IMS.

Early purification and biochemical characterization of
those membrane protein complexes have revealed most
important prosthetic groups (Figure 2) that are involved
in the electron transfer pathway, including NADH,
FMN, ubiquinone (UQ)/ubiquinol (UQH,), heme (heme
a, heme a3, heme b, heme ¢ and heme c¢;) and iron—sulfur
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Figure 1
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Schematic diagram of electron transfer and proton translocation within mitochondrial respiratory complexes at the inner membrane. All the information
is based on the latest structural research of mitochondrial respiratory complexes. Mitochondrial inner membrane is colored in yellow, matrix in light
salmon and inter-membrane space in salmon. Mitochondrial respiratory Complex | (NADH:ubiquinone oxidoreductase) is colored in red, Complex I
(succinate dehydrogenase) in orange, Complex Il (bc1 complex) in green and Complex IV (cytochrome c oxidase) in blue. The electron transfer
pathways within each complex as well as the coupled proton translocations are indicated by black and white arrows, respectively. NADH,
dihydronicotinamide; UQ, ubiquinone; UQH,, ubiquinol; cyt. ¢ (ox.), cytochrome c in oxidized state; cyt. ¢ (red.), cytochrome c in reduced state.
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The structures of prosthetic groups in the mitochondrial respiratory chain.
NADH, reduced form of nicotinamide-adenine dinucleotide; FMN, flavin
mononucleotide; FAD, flavin adenine dinucleotide; UQ, ubiquinone.
NADH, FMN, FAD, heme groups and UQ are shown in ball-and-sticks. The
iron—sulfur clusters and Cu center are shown in sphere. The atoms are
colored with the scheme, carbon in yellow, nitrogen in blue, oxygen in red,
phosphorus in magenta, sulfur in green, iron in salmon and copper in gold.

clusters (Fe,S,, FeySy and FesS,) as well as some metal
centers (e.g. Cu center). Those prosthetic groups are
bound with or buried in the respiratory complexes and
have different redox potentials that are also affected by
the binding environment of them. Quantum mechanics
computation had indicated that the electrons can directly
transfer between the prosthetic groups only if their edge-
to-edge distance is shorter than 14 A [4°°]. The electron
transfer direction and efficiency will therefore be deter-
mined by the redox potential of prosthetic groups. How-
ever, the electron transfer pathway within each
mitochondrial respiratory complex and its coupling with
the proton translocation across the inner membrane had
been mysterious for many years before the structural
studies of those complexes became available.

In the past twenty years, structural studies of mitochon-
drial respiratory complexes as well as their prokaryotic
counterparts have essentially revealed the organization of
those embedded prosthetic groups and the electron trans-
fer pathway within the complexes and disclosed different
coupling ways between electron transfer and proton
pumping across the inner membrane. Here we will review
the structural studies of mitochondrial respiratory com-
plexes and summarize the various coupling mechanisms
between electron transfer and proton pumping. At the
end, we will also discuss the recent research progresses
about the respiratory supra-complexes, which will shed
new insights into the electron transfer within the mito-
chondrial respiratory chain.
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Surface representation of dimerized bovine mitochondrial respiratory Complex IV structure (left, PDB code: 10CC) and the spatial arrangement of its
prosthetic groups (right). The membrane region is shown as gray box. The embedded prosthetic groups (left) are shown in sticks for heme groups and
spheres for ion clusters, and superimposed on the surface of Complex IV to indicate their relative spatial position. The edge-to-edge distances of
prosthetic groups are indicated accordingly (right). The core subunits of Complex IV, SU1, SU2 and SUS3, are colored and labeled as indicated.

Direct redox-coupled proton translocation within
Complex IV

The first breakthrough of structural studies of mitochon-
drial respiratory complexes occurred in 1995, when the
crystal structures of both prokaryotic cytochrome ¢
oxidase and bovine mitochondrial respiratory Complex
IV (CIV) were determined [5°,6]. CIV, also known as
cytochrome c oxidase (EC 1.9.3.1), is the end-point of the
mitochondrial respiratory chain. It receives four electrons
from four cytochrome ¢ molecules reduced by CIII and
transfers them to one oxygen molecule and generates two
water molecules by consuming four protons in matrix side
(Figure 1). At the same time, four protons in matrix are
transported into IMS. The total reaction is shown below.

4 cytochrome ¢ (reduced) + 8H* (matrix) + O,
— 4 cytochrome ¢ (oxidized) + 4H' (IMS) + 2H,0

In 1995, Iwata ¢z al. solved the 2.8 A crystal structure of
the antibody bound prokaryotic cytochrome c oxidase
from Paracoccus denitrificans, revealing the mini-version
of mitochondrial CIV in the first time [5°]. In 1996,
T'sukihara ez a/. solved the crystal structure of the com-
plete bovine mitochondrial CIV that appeared as a dimer
and possesses 28 trans-membrane helices [7°°]. Bovine
CIV, with total molecular weight 210 kDa, contains 13
subunits and three of them (called SU1, SU2 and SU3)
form the core of CIV (Figure 3). SU1 has two heme
centers (heme a and az) and a Cu center (Cup). Heme
a3 and Cup form a binuclear center that is the site for
oxygen reduction. SU2 possesses another Cu center (Cuy)
with two Cu atoms and accepts the electron donation

from cytochrome c¢. SU3 has seven trans-membrane
helices and interacts with SU1. Besides SU1, SU2 and
SU3, other subunits of bovine CIV surround the core and
stabilize the whole complex. The genes of SU1, SUZ and
SU3 are coded by mitochondrial DNA and are conserved
in comparison with their prokaryotic counterparts [7°°].
Further structural studies of cytochrome c¢ oxidase
[5°,6,7°°,8,9,10°°,11,12,13°°] afterwards have clearly
revealed the electron transfer pathway (Figures 1 and
3) within CIV as shown below.

Electron transfer:

cyt.c (red.) = cyt.c (ox.)+e”

e~ —Cu—Cu (Cup)—hemea— heme a;
([Fe—Culcenter)

[Fe—Cu] + O; = Fe—O—0—Cu

e~ + Fe—O—0—Cu = [Fe—Cu]°0;~

[Fe—Cu]eO,~ + H" ([Fe—Cu]center) — [Fe—Cu]eO,H
Chemical proton delivery via K/D pathway:

Lys319/Aspo1
H* (Matrix) /4ew H* ([Fe—Cu] center)

Redox-coupled proton translocation via H-path-
way:

H' (Matrix)Hﬂ3H+(pr0pionate groups of

heme a)ASiS}H‘L (IMS)
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The electrons from cytochrome c¢ are transferred
through a set of prosthetic group to the heme aj site
where the oxygen molecule is captured by [Fe—Cu]
center and reduced. At the same time, the protons from
matrix are pumped to IMS. Obviously, there should be
two proton-pathways within CIV. One is going from
matrix to the heme aj site and consumed by oxygen
reduction. Another one is going from matrix to IMS for
proton translocation. Iwata ez a/. proposed two proton
pathways, called K-pathway and D-pathway, according
to the structure of prokaryotic cytochrome c oxidase
[5°]. It was proposed that the K-pathway delivers pro-
tons, via Lys354, from matrix going to the binuclear
center for water molecule generation and the D-path-
way conducts protons, via Asp124 from the matrix side
to Glu278 near heme a3, where the protons are directed
to the binuclear center or routed to a postulated proton
loading site before releasing to IMS [5°,8,9,14]. In this
model, heme a; takes a key role, via its propionate
groups, for vectorial proton translocation across the
membrane.

However, extensive structural studies of mitochondrial
CIV in reduced, oxidized and inhibitor bound state as
well as their mutants [10°%,13°°,15-17] confirmed the
existence of both K-pathway (Lys319) and D-pathway
(Asp91) but disagreed the role of heme a3 for proton
translocation. According to the crystal structures of CIV,
the third proton pathway, H-pathway, containing
His413 at the matrix side and Asp51 at the IMS side,
was proposed [9,13°°]. In this model, the low-spin heme
a takes the role for proton pumping across the mem-
brane and the redox state conversion of heme a drives
the significant conformational changes of the subunit
SU1 and heme a itself, gating the proton delivery from
matrix side and its release to IMS side [9,13°°]. This
model had been further investigated and agreed with
computational studies [18] and experimental evidences
[19,20]. Especially, the recent H/D exchange resonance
Raman spectroscopic experiments revealed that it is
the propionate groups of heme a not heme a3 that
response the redox changes actively [20], suggesting
the unique role of heme a for redox-coupled proton
translocation. The biological importance of D-pathway
was also evaluated in the mitochondrial CIV by inves-
tigating the conformational changes of His503 that is
at the entrance of D-pathway and close to Asp91 [15].
As a result, we may propose that both K-pathway and
D-pathway are responsible for delivering chemical pro-
tons to the bi-nuclear center for consumption and only
the H-pathway allows protons from matrix pumping to
IMS (Figure 1), which is directly coupled to the redox
conversion of heme a.

The important residue Asp51 for proton translocation in
H-pathway of mitochondrial CIV is not conserved in
prokaryotic cytochrome ¢ oxidase. Furthermore, recent
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theoretical computation [21] and spectrometric data [22]
upon prokaryotic cytochrome ¢ oxidase support the role of
D-pathway for proton translocation. Therefore, the mol-
ecular details of the coupling between electron transfer
and proton pumping in mitochondrial CIV still needs
more investigation and that whether such kind of mech-
anism is evolutionary conserved from prokaryotic cyto-
chrome ¢ oxidase to eukaryotic version is awaiting the
final answer.

Q-cycle mechanism for proton translocation within
Complex Il

The second breakthrough of structural studies of mito-
chondrial respiratory complexes occurred in 1997 and
1998, when the crystal structures of mitochondrial respir-
atory Complex III (CIII) from bovine, chicken or rabbit
hearts were determined [23,24°°,25°°]. CIII (EC 1.10.2.2),
also known as ubiquinol-cytochrome ¢ oxidoreductase or
bcl complex, is the hub of the mitochondrial respiratory
chain, passing electrons from CI and CII to CIV. It
catalyzes the reduction of cytochrome ¢ by oxidation of
ubiquinol that is produced by CI and CII, and couples the
proton translocations across the mitochondrial inner
membrane (Figure 1). Four proton translocations are
coupled with two electron transfers. The total reaction
is shown below.

2 cytochrome ¢ (oxidized) + UQH, +2H" (matrix)
— 2 cytochrome ¢ (reduced) + UQ + 4H™ (IMS)

In 1997, Xia et al., for the first time, reported the crystal
structure of partial CIII from bovine heart mitochondrion
based on 2.9 A diffraction data [23]. One year later, Zhang
et al. solved crystal structures of CIII from chicken,
bovine and rabbit heart mitochondrion at 3.0 A as well
as the crystal structures bound with inhibitors [25°°]. At
the same year, Iwata 7 a/. solved the complete crystal
structure of the bovine heart mitochondrial CIII at 2.8 A
[24°°]. Within Iwata’s structure, bovine CIII, with total
molecular weight 240 kDa, contains 11 subunits and
forms a physiological dimer (Figure 4). Each CIIT mono-
mer has one cytochrome b subunit containing heme by
(its maximum absorption wavelength is 562 nm) and
heme by, (its maximum absorption wavelength is
566 nm), one cytochrome c; subunit containing heme
¢; and one iron—sulfur cluster binding protein (ISP, also
called Rieske protein) containing one [2Fe-2S] cluster.
These three subunits form the core of CIII and carry out
the electron transfer and redox-coupled proton transloca-
tion. In 2002, Lange ez a/. reported the crystal structure of
CIII bound with cytochrome ¢ and found that the CIII
dimer only binds one cytochrome ¢ each time [26°]. The
above crystal structures as well as the following structural
studies of CIII bound with UQ/inhibitors [27-30] have
provided a comprehensive understanding of the mech-
anism of electron transfer and proton translocation
coupling within CIII, which is shown below.

www.sciencedirect.com
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Electron transfer at Qg site (proximal to IMS):
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Figure 4

There are two UQ binding sites found within CIII. One
site is proximal to the matrix side and called as Q; site,
where UQ is reduced to UQH,. Another site is close to
the IMS and called as Q,, site, where UQH is oxidized to
UQ. Both Zhang’s and Iwata’s structures revealed three
kinds of ISP conformations, one of which is close to the Q,
site, the second one is close to the cytochrome ¢ subunit
and the third one has the intermediate conformation in
between. At the intermediate conformation (Figure 4),
the edge-to-edge distances between heme ¢; and heme
by, between heme ¢; and [2Fe-25] and between heme by,
and [2Fe-2S] are all far away than 14 A, indicating no
direct electron transfer occurred among those prosthetic
groups. The movement of ISP is therefore mandatory for
the electron transfer within CIII. Xia’s research group
studied many UQ/inhibitors bound CIII structures
[27,28] and had observed that the different positions of
ISP were correlated with the conformational changes of
cytochrome b subunit, indicating the redox-driven move-
ment of ISP [30].

As a result, the electron transfer of CIII is tightly corre-
lated with the redox-driven movement of ISP. The
UQH,; is oxidized at the Q, site with one electron
transferring to the cytochrome ¢ via movement of ISP
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Surface representation of dimerized bovine mitochondrial respiratory Complex Ill structure (left, PDB code: 1BE3) and the spatial arrangement of its
prosthetic groups (right). The membrane region is shown as gray box. The embedded prosthetic groups (left) are shown in sticks for heme groups and
spheres for iron—sulfur clusters, and superimposed on the surface of Complex Ill to indicate their relative spatial position. The edge-to-edge distances
of prosthetic groups are indicated accordingly (right). The catalytic subunits of Complex lll, ISP (iron sulfur protein), Cyt c1 (cytochrome c1) and Cyt b
(cytochrome b), are colored and labeled as indicated. The subunits Core1 and Core2, which are important for the assembly of Complex Ill and take the

role as the mitochondrial processing peptidase, are colored and labeled.
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and heme c; and the second electron transferring to the Q;
site via heme by, and heme byy. At the Q; site, the UQ is
reduced to UQH,. The newly reduced UQH, will go into
the Q-pool [31] and be recycled to Q, site for oxidation,
which is called Q-cycle [32,33]. In each cycle, one
reduction of UQ at Q; site is coupled with two oxidations
of UQH; at Q, site by consuming two protons from matrix
and releasing four protons to IMS. The net result is
pumping protons from matrix to IMS and forming a proton
gradientacross the inner membrane. In each Q-cycle, there
are two electrons transferred from UQH; to two molecules
of cytochrome c. As a result, the proton translocation and
electron transfer within CIII are coupled with a redox-
driven Q-cycle mechanism.

One thing has to be noted that the detailed mechanism of
how electron is transferred from heme ¢; to cytochrome ¢
was further addressed from higher resolution (1.9 A)
crystal structure of yeast mitochondrial CIII bound with
cytochrome ¢ in reduce state [34].

Although it is clear that the coupling between electron
transfer and proton translocation in CIII is carried out by
Q-cycle mechanism, the molecular details are still not
clear enough. There could be a couple of electron trans-
fer short circuits occurred within the above Q-cycle
mechanism, for example, both electrons of UQH, at
the Q, site can be transferred to the cytochrome ¢
sequentially instead of bifurcating one electron to the
Q; site, forming a short circuit [35°]. Therefore, the
current most important unsolved question is how the
short circuits be avoided during the Q-cycle. Recently,
different models including single-gated model [35°],
double-gated model [4°°,35°] and activated Q-cycle model
[36] have been proposed to explain how the nature couples
electron transfer and proton translocation efficiently with-
out forming a short circuit. Interestingly, however, theor-
etical computation and simulation by Smirnov and Nori
suggested the bifurcation of the electron pathways at the
Q, site occurs naturally, without any additional gates [37].
And moreover, a disabled Q; site does not completely
inhibit electron transfer and proton translocation within
cytochrome bgf (a homologous complex to bel complex in
photosynthetic system), suggesting a bypassing mechan-
ism existing beside the Q-cycle mechanism [38]. There-
fore, the coupling mechanism within mitochondrial CIII is
still in a very active research.

Electron transfer within Complex Il and the proton
production in matrix

The third breakthrough of structural studies of mito-
chondrial respiratory complexes occurred in 2003,
when the crystal structure of the prokaryotic version of
mitochondrial respiratory Complex 11 (CIl), Escherichia
coli succinate-ubiquinone oxidoreductase (SQR), was
determined at 2.6 A [39°]. However, the crystal struc-
tures of real mitochondrial CII from porcine heart at

Structures of mitochondrial respiratory complexes Sun et al. 531

24 A [40°°] and avian heart at 2.1 A [41] became avail-
able in 2005. Mitochondrial respiratory CII (EC 1.3.5.1),
also called as succinate dehydrogenase or succinate-
ubiquinone (SQR), is the only enzyme that participates
in both the citric acid cycle (Krebs cycle) and the
mitochondrial electron transfer chain and has been
raised more attentions due to its high potency of being
a novel target for anti-cancer agents [42]. CII catalyzes
the oxidation of succinate to fumarate with the reduction
of UQ to UQH, (Figure 1). There is no proton translo-
cation across the inner membrane during the electron
transfer within CII. The total reaction catalyzed by CII
is shown below.

succinate + UQ — fumarate + UQH,

Before the structural information of mitochondrial CII
became available, the structures of bacterial ubiquinol
fumarate oxidoreductases (QFR), members of SQR
superfamily, were firstly determined, including the
complete F. co/i QFR at 3.3 A resolution [43] and the
Wolinella succinogene QFR at 2.2 A resolution [44] in
1999. In 2003, Yankovskaya ez al. solved the crystal
structure of K. co/i SQR at 2.6 A resolution [39°]. In
2005, Sun ez al. reported the crystal structure of mito-
chondrial CII from porcine heart at 2.4 A resolution
[40°°] and Huang ez a/. presented the highest resolution
(2.1 A) crystal structure of mitochondrial CII from avian
heart [41]. Comparisons among these solved structures
of SQR superfamily members revealed their highly
conserved hydrophilic parts and varieties of transmem-
brane parts from prokaryotic version to eukaryotic mito-
chondrial CII [40°°,45].

Mitochondrial CII consists of a soluble catalytic hetero-
dimer and an integral transmembrane region (Figure 5).
The soluble catalytic heterodimer is made up of flavo-
protein (Fp or SdhA) with a covalently bound FAD
cofactor and an iron—sulfur protein (Ip or SdhB) contain-
ing three Fe-S clusters, [2Fe-2S], [4Fe—4S] and [3Fe—4S].
The integral transmembrane region anchoring the com-
plex to the inner membrane contains two hydrophobic
subunits (CybL, and CybS) with one heme b prosthetic
group embedded. The UQ binding site is formed by Ip,
CybL. and CybS, proximal to the matrix side and further
studied from the structures of CII bound with UQ
reduction inhibitors, including carboxin [41,46], atpenin
A5 [47], 2-thenpyltrifluoroacetone (T'TFA) [40°°,41],
dinitrophenols [39°,48], pentachlorophenol [46,49], dini-
trophenol, 2-heptyl-4-hydroxyquinoline-N-oxide [48] and
thiabendazole [49].

"The above various structural studies of CII and CII bound
with substrate and inhibitors had provided a well under-
standing of the electron transfer within CII as shown below.

In brief, the succinate is dehydrogenated to fumarate at
the dicarboxylate-binding site of Fp, generating two

www.sciencedirect.com
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Surface representation of porcine mitochondrial respiratory Complex Il structure (left, PDB code: 1Z0OY) and the spatial arrangement of its prosthetic
groups (right). The membrane region is shown as gray box. The embedded prosthetic groups (left) are shown in sticks for heme, FAD and UQ groups
and spheres for iron-sulfur clusters, and superimposed on the surface of Complex Il to indicate their relative spatial position. The edge-to-edge
distances of prosthetic groups are indicated accordingly (right). The hydrophilic subunits Fp (flavoprotein) and Ip (iron-sulfur protein), and the
transmembrane subunits CybL (cytochrome b protein L) and CybS (cytochrome b protein S) are colored and labeled accordingly.

Electron transfer:

Succinate — Fumarate + 2H" (Matrix) + 2e~

2¢” — FAD — [2Fe—2S] — [4Fe—4S] — [3Fe—4S] — UQ
2e” +UQ + 2H" (Matrix) — UQH,

protons at the matrix side. Two electrons from one
succinate molecule are extracted by FAD and transferred
to the UQ binding site by passing through three iron—
sulfur cluster, [2Fe-2S], [4Fe—4S] and [3Fe—4S]. At the
UQ binding site, UQ is reduced to UQH,, by consuming
two protons at the matrix side. The net result from
succinate oxidation and UQ reduction does not change
the proton concentration of the matrix and generate the
proton gradient across the inner membrane.

One thing should be noted that the prosthetic group heme
b embedded within the transmembrane helices of CII does
notappear in the above electron transfer pathway, although
the distances between heme b and [3Fe—4S] and between
heme b and UQ are feasible for electron transfers among
them (Figure 5). The role of heme b group for the function

of E. coli SQR was suggested by Yankovskaya ez 4/. that it
provides a site for electron-sink and reduces the reactive
oxygen species (ROS) productions at the FAD and iron—
sulfur cluster sites [39°]. However, such mechanism would
be not true for mitochondrial CII because the redox
potential of mitochondrial CIT heme b group is much lower
than that of E. co/i SQR [40°°,50]. As a result, the role of
heme b group in mitochondrial CII still needs further
investigation in the future.

The second thing should be noted that the crystal structure
of porcine CII bound with TTFA suggested two UQ
binding sites, one in the proximal side and another in
the distal side [40°°]. However, the higher resolution
crystal structure of avian CII bound with T'TFA did not
show T'TFA bound at the distal site [41]. If there was the
second UQ binding site at the distal side, whether it is the
oxidation site or reduction site, the net result from CII
catalysis would yield a proton gradient across the inner
membrane and thus endow CII the function of proton
pumping similar to CIII, which, however, should not be
true according to the current research data of CII. The
rational explanation would be that two T'T'FA molecules
observed from the structure of porcine CII co-crystallized
with T'TFA [40°°] did indicate two high affinity T'TFA
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binding sites, one is superimposed with the UQ binding
site and another one is at the distal side, which, however,
did not indicate the second UQ binding site.

Indirect redox-coupled proton translocation within
Complex | by allosteric conformational changes

The latest breakthrough of mitochondrial respiratory
complexes study occurred in recent years (2006-2013),
especially in 2013, when the high-resolution (3.3 A) struc-
tures of prokaryotic version of mitochondrial respiratory
Complex I (CI) became available [51%,52,53,54°°]. The
median resolution (6.3 A) electron density map of mito-
chondrial respiratory CI from yeast was also reported in
2010 while its atomic model from higher resolution data is
under awaiting [55]. As the most complicated complex
within mitochondrial respiratory chain, the determination
of the structure of CI is a big challenge and has been
becoming the milestone of this field.

Mitochondrial respiratory CI (EC 1.6.5.3), also referred as
NADH:ubiquinone oxidoreductase or NADH dehydro-
genase, is the first enzyme of the respiratory chain and
plays a central role in cellular energy production and its
dysfunction is related with many human neurodegenera-
tive diseases [56,57]. Cl is the main electron entry point in
the respiratory electron transfer chain and catalyzes the
transfer of two electrons from NADH to UQ and the
redox-coupled translocation of four protons across the
inner membrane (Figure 1). The total reaction catalyzed
by CI is shown below.

NADH + H" +UQ + 4H" (matrix) — NAD™
+UQH, +4H" (IMS)

CI is the largest and most complicated enzyme of the
respiratory chain. Mammalian CI comprises of 44 differ-
ent subunits with molecular weight ~980 kDa [58,59].
The prosthetic groups, one non-covalently bound flavin
mononucleotide (FMN) and eight iron—sulfur clusters,
are embedded within the hydrophilic part of CI. There
are seven transmembrane subunits (ND1-ND6 and
ND4L) that are encoded by the mitochondrial DNA
while all the other subunits are encoded by nuclear genes,
translated in cytoplasm and imported into the mitochon-
drion [60]. Bacterial NADH dehydrogenase (NDH-1) is a
mini-version of mitochondrial CI and comprises of 13-16
subunits with molecular weight ~550 kDa in total
[54°°,61]. The assembly of these subunits is sufficient
for the complete CI function and conserved from bac-
terial to human [62—64]. In mammalian mitochondrial CI,
besides the 14 core subunits conserved to their prokar-
yotic counterparts, the rest ~30 subunits, referred as
accessory (or supplementary) subunits, are also essential
for the assembly and stability of CI [58,65-67].

The early structural studies of prokaryotic and eukaryotic
CI  were performed wusing electron microscopy
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approaches. Electron microscopic single particle analyzes
of CI from bacteria Aquifex aeolicus [68] and E. coli
[61,69,70], from fungus Neurospora crassa [71-73] and
Yarrowia lipolytica [74], and from mammalian Bos faurus
[75,76] have all revealed that CI shares a conserved L-
shape and consists of two major segments. One is the
hydrophobic domain embedded in the inner membrane
and another is the hydrophilic ‘arm’ protruding into the
matrix.

The structural information revealed by electron micro-
scopy was later supported by the crystallographic analysis
of CI from Yarrowia lipolytica [55], E. coli [52] and
Thermous thermophiles (Figure 6) [52,77]. The first crystal
structure (3.3 A) of the hydrophilic part of CI from Ther-
mous thermophilus was determined in 2006 by Sazanov
et al. [51°]. This sub-complex contains all the redox
centers including one FMN, one Fe-S cluster (Nla),
one [2Fe-2S] cluster (N1b) and seven [4Fe—4S] clusters
(N2, 3,4, 5, 6a, 6b and 7) (Figure 6). The main electron
transfer pathway of CI was also revealed for the first time
from this structure. Thereafter, Sazanov’s group reported
the architecture of the hydrophobic part of CI from E. co/i
at 3.9 A in 2010 [52] and 3. 0 A resolution in 2011 [53].
"This sub-complex is slightly curved both in plane and in
perpendicular to membrane surface with the length of
160 A and thickness of 40 A. The structure revealed three
large subunits, Nuol., NuoM and NuoN, each of which is
the homolog of Na*/H antiporter and contains 14 con-
served transmembrane helices, suggesting that these
three subunits are responsible for the putative proton-
translocation pathways of CI. Most surprisingly, the mem-
brane subunit NuoL contains a very long (110 A) amphi-
pathic a-helix, spanning almost the entire length of the
hydrophobic part of CI, which probably couples the
electron transfers and the allosteric conformational
changes of proton channels within NuoLl, NuoM and
NuoN. The subsequent crystal structures of entire CI
from Thermous thermophiles at 4.5 A resolution [52] and
from Yarrowia lipolytica at 6.3 A [55] also confirmed the
above discoveries.

Recently, Sazanov’s group determined the 3.3 A resol-
ution crystal structure of the entire CI from 7hermous
thermophilus [77], giving the most clear view of this
complicated complex in atomic level. This complex
(molecular weight 536 kDa) consists of 16 different sub-
units with 64 transmembrane helices and nine iron—sulfur
clusters (Figure 6). Unlike Nqol12, Nqol3 and Nqol4
(NuoL,, NuoM and NuoN in K. ¢o/i), the subunit Nqo8
does not form an antiporter-like channel but interacts
with the subunits Nqo10 and Nqol1 together to coordi-
nate the fourth proton-translocation pathway, called as E-
channel [77]. With this complete structure of the whole
CIL, the UQ binding site was clearly found near N2
prosthetic group with a long (30 A) and narrow (~5 A)
chamber at the interface of subunits Nqo4, Nqo6 and

www.sciencedirect.com

Current Opinion in Structural Biology 2013, 23:526-538



534 Membranes

Figure 6

Nqo1

Intermembrane Space
Ngo8 Nqo7,10,11

Ngo14 Ngo12
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Surface representation of mitochondrial respiratory Complex | structure from Thermus thermophilus (left, PDB code: 4HEA) and the spatial

arrangement of its prosthetic groups (right). The membrane region is shown as gray box. The embedded prosthetic groups (left) are shown in stick for
FMN group and spheres for iron—sulfur clusters, and superimposed on the surface of Complex | to indicate their relative spatial position. The edge-to-
edge distances of prosthetic groups are indicated accordingly (right). The putative UQ binding formed by subunits Ngo4, Ngo9 and Nqo8 is indicated
with a dashed white circle. The subunits Ngo1-5, Ngo9 and Ngo15 of the hydrophilic arm of Complex I, and the subunits Nqo7, Nqo8 and Nqo10-14 of

the hydrophobic domain of Complex | are colored and indicated accordingly.

The subunits Ngo6 and Nqo16 of the hydrophilic arm are located on the

behind and not shown. There are four putative proton translocation pathways via the antiporter-like subunits Nqo12, Nqo13 and Ngo14 and the E-

channel formed by subunits Nqo8, Ngo10 and Nqgo11.

Nqo8. It was suggested that a sealed and out-of-mem-
brane UQ binding chamber could enable the redox-dri-
ven conformational changes propagate to the four proton-
translocation channels, resulting in the translocation of
four protons per cycle of electron transfers.

As a result, the current structural information of prokar-
yotic CI has proposed a rational model for the electron
transfer within CI and its coupled proton translocation via
allosteric conformational changes, which is described as
below (using the nomenclatures of CI from Thermous
thermophiles, see also Figure 6).

Electron transfer:
NADH — NAD* + 2H" (Matrix) + 2e~
2¢” — FMN — N3([4Fe—4S]) — N1b([2Fe—4S])
— N4([4Fe—4S]) — — N5([4Fe—4S])
— No6a([4Fe—4S]) — N6b([4Fe—4S]) — 2e~

2e” — N2([4Fe—4S]) — UQ (proton translocation
coupled)

2e” + UQ + 2H" (Matrix) — UQH, (proton
translocation coupled)

Proton translocation via allosteric conformation-
al changes:

., viaE-channel (Nqo8,Nqo10,Nqo11)
H* (Matrix) — H* (IMS)
H+ Matrix via proton anllporter Nq014H+ (IMS)

via proton amlporter Nqo13

H* (IMS)
H* (IMS)

via proton anllporter Nqol2

H* (Matrix

( )
H* (Matrix)
( )

Before the detailed crystal structure of the whole CI
became available, people have proposed various models
about the coupling mechanism of CI, including the
chimeric model by Ohnishi ez a/. [78,79], based on the
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assumption of the existence of two ubiquinone-binding
sites in bovine mitochondrial CI [80]; the two-state model
by Brandt, hypothesizing that the conformational changes
are coupled with each electron transfer and induce every
two proton translocations [81]; and the single-step revers-
ible mechanism by Efremov and Sazanov, showing four
putative proton channels and predicting that the negative
electric charge of the anionic ubiquinol head group is a
major driving force for conformational changes [66,82°].
The very recent resolved crystal structure of entire CI
tfrom Thermous thermophilus [77] has shown more agree-
ments with the single-step reversible coupling mechan-
ism. However, the molecular details of this coupling
mechanism needs more investigations and many ques-
tions, such as how the redox in the N2 cluster is coupled
to the reduction of ubiquinone to generate conformation-
al changes and how these changes transmit into an ‘allo-
steric mechanism’ and activate the antiporters domains,
are sitting on the frontier of the field.

New insights from the structural studies of respiratory
supercomplexes

Several lines of evidence have recently replaced the
random diffusion model of electron transfer with a model
of supra molecular organization based on specific inter-
actions between individual respiratory complexes. The
mitochondrial respiratory chain complexes might interact
to form supra molecular assemblies termed as respiratory
supercomplexes or respirasomes [83-85]. Most of these
supercomplexes were isolated by sucrose gradient
centrifugation and identified (or purified) by native gel
electrophoresis including blue Native PAGE [86] and
clear Native PAGE [87] and their structures were studied
by single particle electron microscopy.

The supercomplex CI + CIII, + CIV isolated from
bovine heart mitochondria [84,88,89°,90°] is one of the
most intriguing supercomplexes because it contains all
the redox enzymes required for the complete electron
transfer pathway from NADH to oxygen. Besides, the
supercomplexes such as CI + CIII, [85,91] and CIII, + -
CIVi_; [92] were also identified. In 2007, Schafer ez al.
presented the first 3D map of a respiratory chain super-
complex CI + CIII, + CIV from bovine heart mitochondria
[88]. Recent higher resolution (~2 nm) cryo-clectron
microscopic reconstructions of bovine mitochondrial
CI + CIII2 + CIV by Althoff ¢ a/. [89°] and Dudkina
et al. [90°] have revealed much more details of how these
respiratory complexes being organized together for the
more efficient electron transfer. It was also demonstrated
that the supra molecular assembly of the individual com-
plexes strongly depends on the membrane lipid content
and composition [93]. The existence of the respiratory
supercomplexes raised a new challenge for understanding
the mechanism of the electron transfer and proton trans-
location coupling through the mitochondrial respiratory
chain [94], which needs more structural work in the future.
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Concluding remarks

In the past twenty years, there were great achievements
on the structural studies of mitochondrial respiratory
complexes and those available structures have open the
door of understanding the molecular details of the
coupling between electron transfer and proton transloca-
tion, which is the central theme of understanding how
efficient the nature transforms energy. Although we have
realized various coupling mechanisms, their molecular
details are still under debating and remain a very active of
researches. The detailed conformational changes of CI
upon different redox states and with ubiginone/ubiqinol
species bound are waiting to be observed. The high-
resolution structure of the real version mitochondrial CI
is also greatly expected in the near future. More exper-
imental data need to be collected to further confirm the
physiological role of H-pathway in CIV. The understand-
ing of how CIII avoids a short circuit during its Q-cycle
needs a refreshing. In addition, the high-resolution struc-
tures of respiratory supercomplexes are even more import-
ant in the future to understand the integral coupling
mechanism within the mitochondrial respiratory chain.
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