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Abstract

The yeast mitochondrial ATP synthase is a rotary molecular machine primarily responsible for the production of energy used to
drive cellular processes. The enzyme complex is composed of 17 different subunits grouped into a soluble F; sector and a
membrane-embedded F, sector. The catalytic head of the F; sector and the membrane integrated motor module in the F, sector
are connected by two stalks, the F; central stalk and the Fy, peripheral stalk. Proton translocation through the Fy motor module
drives the rotation of the subunit 9;4-ring that generates torque which is transmitted to the calaytic head through the 'y subunit of
the central stalk. The rotation of the 'y subunit causes changes in conformation of the catalytic head which leads to the synthesis of
ATP. Biogenesis of the enzyme involves modular assembly of polypeptides of dual genetic origin, the nuclear and the mito-
chondrial genomes. Most of the yeast ATP synthase subunits are encoded by the genome of the nucleus, translated on cytosolic
ribosomes and imported into mitochondria. In the mitochondria, the enzyme forms a dimer which contributes to the formation of
cristae, a characteristic of mitochondrial morphology. Substantial progress has recently been made on the elucidation of detailed
stucture, function and biogenesis of yeast mitochondrial ATP synthase. The recent availability of high-resolution structure of the
complete monomeric form, as well as the atomic model for the dimeric F sector, has advanced the understanding of the enzyme
complex. This review is intended to provide an overview of current understanding of the molecular structure, catalytic mecha-
nism, subunit import into mitochondria, and the subunit assembly into the enzyme complex. This is important as the yeast
mitochondrial ATP synthase may be used as a model for understanding the corresponding enzyme complexes from human and
other eukaryotic cells in physiological and diseased states.
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Organization and topography of yeast
mitochondrial ATP synthase

Adenosine triphosphate synthase (ATP synthase) also known as
F,F¢-ATPase, ATP phosphohydrolase, E.C.3.6.13, is a molec-
ular motor that plays a central role in the production of energy
used to drive cellular processes. As one of the most important
enzymes, ATP synthase is responsible for generation of more
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than 90% of cellular ATP of eukaryotic cells under aerobic
conditions (Kabaleeswaran et al. 2006; Srivastava et al.
2018). The ATP, also called “energy currency”, is a primary
carrier of energy in the cells. The ATP synthase is generally
found in the plasma membrane of bacteria, the inner mitochon-
drial membrane of eukaryotic cells and the thylakoid membrane
of chloroplast. Mitochondrial ATP synthase catalyzes the for-
mation of adenosine triphosphate (ATP) from adenosine di-
phosphate (ADP) and inorganic phosphate (Pi) at the expense
of the transmembrane electrochemical proton gradient generat-
ed by the respiratory electron transport chain. The proton gra-
dient needed to drive ATP synthesis is produced by other types
of proton pumps powered by substrate oxidation. The reaction
catalyzed by the ATP synthase is reversible. The enzyme can
use the energy of ATP to drive protons uphill (into the mito-
chondrial intermembrane space, a region of higher H* concen-
tration) and form a transmembrane proton gradient which can
be used to facilitate ion transport, substrate uptake, etc.
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(Tzagoloff and Myers 1986; Attardi and Schatz 1988; Guo et al.
2017). The enzymes is comprised of two functional and sepa-
rable sectors, F; and F sectors, both of which can function as
molecular motors. When F; hydrolyses ATP, the enzyme
pumps protons in the opposite direction, and if F; is detached
from F, the enzyme is only able to catalyse ATP hydrolysis
(Junge et al. 1997).

Yeast provides a useful system for the analysis of structure,
function, and biogenesis of mitochondrial ATP synthase. The
well established molecular genetic techniques have permitted
the manipulation the genes coding for subunits of ATP syn-
thase in order to elucidate stoichiometry, structure and func-
tion of the enzyme complex. The yeast system is also effective
for identification of ATP synthase subunits (Devenish et al.
2000). Advances in X-ray crystallography and cryo-electron
microscopy (cryo-EM) techniques have provided better in-
sights on the structure, function and biogenesis of the enzyme,
as well its roles in the formation of cristae in the inner mito-
chondrial membrane (Hahn et al. 2016).

ATP synthase from different sources shows a similar basic
structure. The yeast mitochondrial ATP synthase is an assem-
bly of 30 subunits of 17 kinds (Table 1) with a molecular
weight of about 600 kDa (Xu et al. 2015). The subunits of

the enzyme complex are divided into two separable sectors, Fy
and F sectors (Fig. 1). The water soluble F; sector is located
in the matrix and comprised by subunits «, 3, v, 0 and ¢ with
stoichiometry of 3:3:1:1:1. It forms a spherical globular struc-
ture and contains the catalytic sites. All of the subunits of the
F, sector are encoded by nuclear genes. The F, sector is com-
posed of subunits b, OSCP (oligomycin sensitivity conferring
protein), d, e, f, g, h, i/j, k which are encoded by nuclear genes,
and subunits 6, 8, and 9, which are encoded by mitochondrial
genes. The F, sector is embedded to the inner membrane of
mitochondria (Cox et al. 1992; Devenish et al. 2000).

The activity of the yeast mitochondrial ATP synthase is
regulated in order to overcome wasteful hydrolysis of ATP
when the oxygen supply to the electron transport chain is
limited (Devenish et al. 2008). Three proteins, INH, STF1
and STF2 belong to an inhibitor complex. The protein INH
is a natural inhibitor protein that plays role in the direct regu-
lation of the enzymatic activity. The inhibitory action of INH
protein is enhanced by two proteins, STF1 and STF2 which
function as stabilizing factors (Dienhart et al. 2002). Studies in
mammalian ATP synthase indicated that the inhibitor of the
enzyme is active in its dimeric form under acidic conditions
such as during ischemia/hypoxia when the matrix pH drops

Table 1 Subunit composition,

homologues and stoichiometry of Sector Yeast E. coli Bovine Human Stoichiometry
yeast mitochondrial ATP synthase subunit homologue homologue homologue
(Devenish et al. 2008; Dabbeni-
Sala et al. 2012; Zhou et al. 2015; F, sector o o o o 3
He et al. 2018) B B B B 3
Y Y Y Y 1
1 € ) 5 1
€ - € € 1
Nuclearly encoded b (4) b b b 1 2 in E. coli)
Fo sector OSCP 8 OSCP OSCP 1
d - d d 1
e - e e 1
f - f f 1
g - g g 1
h - h h 1
ij - 6.8 kDa 6.8 kDa 1
proteolipid proteolipid
k - DAPIT DAPIT 1
INH - IF, IF, 1
STF1 - - - 1
STF2 - - - 1
Mitochondrially 6 a 6 a 1
encoded Fy sector ¢ _ A6L A6L 1
9 c 9 c 10 (12 in E. coli; 8 in

bovine and human)

Subunits are aligned horizontally based on sequence or functional homology. The bacterial (. coli), bovine, and
human subunits are shown for comparison with yeast mitochondrial ATP synthase subunits
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Fig. 1 Schematic representation of monomeric form of yeast
mitochondrial ATP synthase (Adapted and modified from Devenish
et al. 2000). The ATP synthase consists of the matrix-exposed F; sector
and the inner membrane-bound F,, sector. In the membrane-extrinsic F
sector, subunits « and 3 are shown alternately arranged with subunit 'y
lying in the centre (Srivastava et al. 2018). Together with subunits  and ¢,
subunit y is shown to comprise the central stalk. Subunits § and ¢ are
shown to be bound at the foot of the subunit y (Kabaleeswaran et al.
2006). The catalytic head of the F, sector and the membrane-integrated
rotor module of the F,, sector are linked by two stalks, the F; central stalk
and the F, peripheral stalk The peripheral (stator) stalk is depicted as
being comprised by subunits b, d, OSCP, and h (Bateson et al. 1999;
Kabaleeswaran et al. 2006). In the membrane-embedded F,, sector, 10
identical monomers of subunit 9 (more commonly known as subunit c,

below 7, or when the H* electrochemical gradient is lost
(Faccenda and Campanella 2012; Kiihlbrandt 2019). The
yeast INH protein is a homologue of the mammalian IF1 pro-
tein. The mammalian IF1 protein can inhibit the activity of the
yeast mitochondrial ATP synthase. In contrast, yeast INH pro-
tein is unable to inhibit the mammalian enzymes because the
INH protein is stabilized by the STF1 and STF2 proteins

9

10

using bacterial nomenclature) are shown arranged in a ring-like structure
(Guo et al. 2017). Subunits 8, subunit 6 and other subunits with trans-
membrane topology are shown. Subunit 6 (subunit a), together with the
subunit 9;-ring, forms the proton-conducting channel of the F, region.
Transport of protons across the Fy, rotor module results in rotation of the
subunit 9;¢-ring. The torque of the c-ring is transmitted to the catalytic
head of the F sector through the y-subunit of the central stalk. The three
heterodimers subunits « and {3 in the F; sector that form the reactive
centers undergo conformational changes upon rotation of subunit vy, lead-
ing to synthesis of ATP. The OSCP on the top of F; head acts as a flexible
hinge between F; and the peripheral stalk, preventing idle rotation of the
catalytic head with Fy, (Kiihlbrandt 2019). Supernumerary subunits part of
the F, region contribute to the formation of dimers of the ATP synthase
(Song et al. 2018)

which have no homologues in the mammalian mitochondria
(Faccenda and Campanella 2012).

There are in total six nucleotide binding sites in the F,
sector, three of which are catalytically active, and the other
three have no direct involvement in the enzyme catalytic func-
tion (Senior et al. 1995). F; sector has a central stalk (rotor)
comprised of three subunits, the subunits y, 8, and €. At one
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end the rotor is within the core of F; and, at the other end, is
connected to the F sector. Each of the three catalytic sites in F;
cycles between three different states and shows asymetrical
position relative to the subunit y (Srivastava et al. 2018). The
N- and C-termini of subunit 'y form «-helix secondary struc-
ture. These regions, together with a foot composed of an o/f3
bundle, are involved in the formation of coiled-coil part of the
subunit which is located within the o/f3 core of the enzyme
complex. The subunit § is bound to the foot of subunit y. It
consists of a 3-sandwich composed of two 5-stranded [3-sheets
and two «-helixes. As a component of the central stalk, subunit
¢ is also bound at the foot of subunit y. It has a loop region
formed by two o-helixes with extended parts of polypeptide at
the N- and C-termini. When the yeast subunit ¢ is compared to
that of the bovine, it has 10 extra amino acids at the C-termi-
nus. This region folds back and is situated under the central
core of the central stalk (Kabaleeswaran et al. 2006).

The F, sector of yeast mitochondrial ATP synthase is much
more complex than that of bacteria. In yeast, the F, sector is
composed of at least 12 polypeptides. Only 4 of them, sub-
units b, OSCP, 6, and 9, have homologues in the bacterial
enzyme, termed b, &, a, and c¢ subunits, respectively
(Table 1). The rest, that includes subunits 8, e, f, g, h, i/,
and k, have no homologues in the bacterial complex. This
implies that the bacterial enzyme can function well in the
absence of these subunits. This phenomenon has raised in-
triguing questions on the roles of these additional subunits in
the yeast ATP synthase. Studies in yeast therefore have also
been directed to elucidation of structures and roles of these
subunits in the enzyme complex (Devenish et al. 2000).
Subunit 8 is an intrinsic membrane protein of 48 amino acids
essential for the enzyme assembly and function (Roucou et al.
1999; Artika 2007). It has a single transmembrane domain
with its N-terminus located in the intermembrane space and
its C-terminus is located in the matrix (Stephens et al. 2000). It
is obligatory for subunit 8 to maintain a transmembrane topol-
ogy for providing proper functioning as part of the stator stalk
(Artika 2009). It has been suggested that subunit 8 is in close
proximity to subunits b, d, and f in the matrix and to subunits
b, f, and 6 in the intermembrane space (Stephens et al. 2003).
High resolution structural data showed that subunit 8 is almost
entirely adopts an o-helix structure. The N-terminus part of
the helix was shown to be embedded in the membrane in
contact with subunit 6, and the C-terminus 14 residues was
shown to be part of the base of the stator stalk (Guo et al.
2017). Evolutionarily, the yeast subunit 8 is thought to be
derived from one of the two copies of the bacterial subunit b
based on the N-terminal MPQL motif (Hahn et al. 2016).

Subunit f is a protein of 95 amino acid residues essential
for mitochondrial respiration (Spannagel et al. 1997) that has
a soluble N-terminus of about 50 amino acid residues and a
single transmembrane « helix (Guo et al. 2017). Subunit h is
a hydrophilic polypeptide of 92 amino acid residues which

@ Springer

is essential for ATP synthase activity (Arselin et al. 1996).
Subunit i/j is an amphiphilic polypeptide of 59 amino acid
residues important for the activity of the enzyme complex
(Vaillier et al. 1999; Arnold et al. 1999). Subunits ¢, g and k
are dispensable for formation of the enzymatically-active
ATP synthase complex (Xu et al. 2015). All of these addi-
tional subunits are now assigned to being components of the
stator stalk. In addition to their roles as component of the
stator stalk, most of the additional subunits have also been
shown to be involved in the formation of the enzyme dimer
(Guo et al. 2017).

The term F, refers to a factor that confers sensitivity of the
F; ATP synthase to the antibiotic, oligomycin. Although mi-
tochondrial ATP synthase has been studied for more than
50 years, the oligomycin binding site on the F, sector has been
difficult to find. It is now known that that oligomycin binds to
subunit 9 and blocks proton passage through the F, sector.
High-resolution structures of yeast mitochondrial ATP syn-
thase have shown that oligomycin forms an hydrogen bond
with the carboxyl-side-chain of Glu59 of the subunit 9
(Symersky et al. 2012a). The core of the F, sector is com-
prised of subunit 6 (commonly known as subunit a) and sub-
unit 9 (more commonly known as the ¢ subunit). In the
membrane-embeded F sector, subunit 9 proteins assemble
to form a ring-like structure which functions as a rotor. A
striking difference between FFo-ATP synthases from various
organisms, is the size of their subunit 9-ring rotors. The num-
ber of the subunits 9 forming the ring ranges from 8 in mam-
malian mitochondrial ATP synthase, to 14 in chloroplast, to 12
in E. coli, to 15 in cyanobacteria, and to 17 in Burkholderia
pseudimallei (Kiihlbrandt 2019). High resolution structural
data has clearly shown that in yeast, the ring-like stucture of
the F sector is composed of 10 copies of subunit 9 (common-
ly termed c,o-ring, using bacterial nomenclature). The subunit
6 is located adjacent to the subunit 9;¢-ring and the horizontal
helices of subunit 6 wrap around the subunit 9;y-ring rotor.
Together with the subunit 9;(-ring, the subunit 6 participates
in the formation of the proton conduction pathway from mi-
tochondrial intermembrane space side to the protonation sites
in the subunit 9(-ring and from these sites to the matrix. They
form 2 aqueous half-channels on either side of the inner mi-
tochondrial membrane (Xu et al. 2015; Hahn et al. 2016;
Srivastava et al. 2018).

Compared to the relatively slim bacterial and chloroplast
stator stalks, which are thin as they are composed of only 2
subunits b (subunits b and b’ in the case of chloroplast) and
one subunit 6 (homologue of eukaryotic subunit OSCP) at the
top of Fy, the stator stalk of yeast mitochondrial ATP synthase
is more bulky (Kiihlbrandt 2019). It is composed of subunits
6, OSCP, b, d, h, f, i/j, and 8. Consistent with studies in other
organisms (Devenish et al. 2008), high resolution cryo-EM
structures showed that the yeast subunit OSCP which is on
the top of the F; head, interacts with the N-terminus of the
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three «-subunits to stabilize its binding to the top of F,
(Srivastava et al. 2018) as illustrated in Fig. 1. This is consis-
tent with previous data showing that the N-terminal region of
yeast OSCP interacts with the N-terminal regions of o-
subunits on top F; sector, distal from the Fy membrane sector.
The OSCP subunit extends along the the surface of F; down
towards F(, where it interacts with the C- terminus of the b
subunit (Rubinstein and Walker 2002). The OSCP functions
as a flexible hinge connecting the F; head and the peripheral
stalk preventing idle rotation of the catalytic head with F,
(Kiihlbrandt 2019). The yeast subunt b (also known as sub-
unit4) was shown to extend from the membrane to the top of
the F subcomplex (Davies et al. 2012). The peripheral stalk
of the yeast Saccharomyces cerevisiae mitochondrial ATP
synthase was shown to have a similar composition to that of
the bovine enzyme. Studies in bovine mitochondrial ATP
synthase indicated that a heterodimer is formed by subunits
OSCP and b interacting with subunits d and h (or Fy)
(Rubinstein et al. 2005). Although the yeast subunit h is a
weak homologue of the bovine subunit Fg, the function of
yeast subunit h can be replaced by the bovine subunit F.
The yeast subunit h was shown to be a component of the
peripheral stalk with its C-terminal region lying in a region
of the peripheral stalk close to the Fy membrane sector
(Rubinstein et al. 2005). The yeast subunit d is predomi-
nantly hydrophilic protein composed of 173 amino acids
long homologous to the bovine subunit d (Norais et al.
1991). Subunit d is found only in yeast and other mitochon-
drial ATP synthases, not in the bacterial and chloroplast
enzymes. It is an essential subunit of the mitochondrial
ATP synthases. In the peripheral stalk subunit d interacts
with all other components of the stalk, subunits OSCP, b,
and h (Devenish et al. 2008). The stator stalk plays a role in
bridging F, with F, along the noncatalytic site, which in-
volves contact between subunits & and d. Below the F,
head, the peripheral stalk subunits b and d bend toward the
central stalk (Hahn et al. 2016; Srivastava et al. 2018).
Recent high resolution cryo-electron microscopic structural
data showed that subunits 8, f and b contribute to the base of
the stator stalk, with subunit d acting as a clip (Guo et al.
2017).

Catalytic mechanism of ATP synthase

According to the chemiosmotic hypothesis postulated by the
biochemist Peter Mitchell in 1961, electron transport and ATP
synthesis are coupled by a proton gradient across the inner
mitochondrial membrane (Mitchell 1961). In this hypothesis,
the transfer of electrons through the respiratory chain leads to
the pumping of protons from the matrix to the mitochondrial
intermembrane space. The proton (H") concentration is higher
on the intermembrane space side, and an electric potential

with this side positive is generated. Mitchell postulated that
this proton-motive force drives the synthesis of ATP by the
ATP synthase as protons flow back into the matrix through a
proton pore associated with the enzyme complex. Therefore,
the primary energy-conserving event according to this model
is the movement of protons across the inner mitochondrial
membrane. This highly innovative hypothesis that oxidation
and phosphorylation are coupled by a proton gradient is now
supported by a wealth of current data (Srivastava et al. 2018).

How energy derived from a proton motive force is used to
synthesize ATP is further explained by the concept of the
binding change mechanism proposed by Paul Delos Boyer
(Boyer 1975). According to this mechanism, the structure of
the three catalytic sites is always different, each passing
through a cycle of “open” (O), “loose” (L) and “tight” (T)
states. The open site has very low affinity to ligands and is
also catalytically inactive. While the tight site with tightly
bound ligands is catalytically active. The translocation of pro-
ton triggers conformational change which converts the T-site
with bound ATP to an O-site, releasing the bound nucleotide.
At the same time, an L-site with loosely bound ADP and
phosphate is converted to a T-site, where the substrates are
tightly bound and ATP is formed (Cross 1992; Abraham
et al. 1994). A very simplified version of the catalytic mech-
anism of ATP synthase is depicted in Fig. 2. The presence of
three catalytic sites in different configurations has previously
been shown in crystal structure of bovine F; which was grown
in the presence of Mg?". It was observed that one catalytic site
was filled with ADP, another with AMP-PNP (a non-
hydrolysable ATP analogue) and the third site was empty
(Abraham et al. 1994). Similarly, the high resolution structures
of yeast F; sector shows asymmetric conformational features
which is nearly identical to that observed in the crystal struc-
tures of the bovine Fy, revealing the three distinct states of the
catalytic sites: O, L, and T (Kabaleeswaran et al. 2006;
Srivastava et al. 2018).

According to the binding-change-model for ATP synthesis,
the three catalytic sites of the enzyme complex work cooper-
atively by binding ADP and Pi in sequence before undergo a
conformational change that leads to spontaneous formation of
ATP from the tightly bound ADP and Pi. The newly formed
ATP is tightly bound. The sites then undergo conformational
change again in order to release the ATP. These changes in the
binding affinities of reactants and product are induced by ro-
tational catalysis powered by the rotating central stalk of the
enzyme, which is in turn driven by the protons flow across the
mitochondrial membrane. According to this mechanism, ATP
cannot be released from one site unless ADP and Pi were
available to bind to another catalytic site. Similarly, when
the reaction ran in the reverse direction, Pi could not be re-
leased from one catalytic site unless ATP was available to bind
at another site (Boyer 1989; Kresge et al. 2006). The rotary
movement of subunit y during rotational catalysis of ATP
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Fig. 2 A very simplified version of the binding-change-mechanism for
ATP synthesis by FFy-ATP synthase. The enzyme complex is viewed
from the top of F;. The central arrow represents the y subunit. In step 1,
rotation of asymmetric 'y subunit forces conformational changes for
substrates and product at the catalytic sites. T, L, and O stand for tight,
loose, and open conformation respectively and refer to deceasing

synthase has been directly visualized by Noji and colleagues
using a single molecule of bacterial F; (Noji et al. 1997). In
these experiments recombinant, F; from a thermophilic bac-
terium was immobilised head-down via engineered
hexahistidine tags to a glass plate coated with horseradish
peroxidase conjugated with Ni**-nitrilotriacetic acid (Ni-
NTA). A flourescent actin filament was attached through
streptavidin to the -y subunit as a marker to allow observation
of'its motion directly (Fig. 3). It was found that in the presence
of ATP, the filament rotated in an anticlockwise direction
when viewed from the membrane side (Noji et al. 1997).
The yeast mitochondrial ATP synthase utilises the potential
energy from transmembrane electrochemical proton gradient
generated by respiration for synthesis of ATP in an endergonic
reaction. Protons have the potential to flow from high to low
concentration thereby generate torque in the F rotor, the sub-
unit 9;, ring (more comonly termed c¢; ring). To transclocate
through the membrane, protons are believed to bind sequen-
tially to subunits of the ring rotating within the membrane.
This F turbine is attached to central stalk that enable mechan-
ical energy to be transferred to F; and ushes the catalytic
subunits fo F into different conformations to provide the cor-
rect chemical environment for ATP synthesis from its building
blocks of ADP and inorganic phosphate, Pi. In the reverse
reaction, the ATP synthase provide different chemical envi-
ronment for binding of ATP, followed by hydrolysis, and fi-
nally release of product ADP and Pi (Stewart et al. 2014).
How protons travel through the F region was recently clar-
ified by the structural data of the F, complex from yeast (Guo
et al. 2017; Srivastava et al. 2018). Two pores corresponding to
two half-channels in the F sector are required for proton trans-
location. The cavity observed on the inter membane space side
forms the inter membrane space half-channel and the opening
on the matrix side between subunit 6 and the subunit 9;(-ring
forms the matrix side half-channel (Guo et al. 2017). The inter
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affinities of catalytic sites to ligand. Each of the three coloured area
represents a pair of o« and 3 subunits, where the catalytic sites are
formed at the interface of the two subunits. In this illustration, the of3
pairs remain stationary. In step 2, ATP forms spontaneously from tightly
bound ADP and Pi. The open site is ready to bind fresh substrates and so
on. Adapted from Cross (1992) and Cross and Duncan (1996)

membrane-half channel is formed by residues in the subunits f,
b, and 6. The matrix side-half channel at the interface of subunits
6 and 9 is formed by a number of residues that create a hydro-
philic cavity that extends from a subunit 9-Glu59 to the surface
of the membrane space (Srivastava et al. 2018). The passage of
protons from inter membrane space to the matrix drives rotation
of the subunit 9,4-ring in 36° steps, and in turn, rotates the
central rotor within the F; in 120° steps. The rotation of the
central rotor causes conformational changes in the catalytic sites
that provides the energy required for phosphorylation of ADP, as
proposed by the binding-change-hypothesis of Paul D Boyer.
Therefore, the protonation and deprotonation events at the inter-
face between subunits 6 and subunit 9,¢-ring couple the trans-
location of protons to the rotation of subunit 9;y-ring and thus
drives ATP synthesis. As the central rotor couples the rotation
within the F; core, the futile rotation of F; is prevented by the
stator stalk connecting F; with F, (Srivastava et al. 2018).

The yeast subunit 9 is a polypeptide of 76 amino acid
residues with conserved Glu® which has been postulated to
play roles as the proton acceptor and donor at the interface of
the subunit 9;-ring with subunit 6. The Glu™ is reponsible for
the net proton translocation during the catalytic cycle. It was
shown in the crystal structures of subunit 9, rings that the side
chain of Glu>® provides a proton (H")-binding site at each of
the interface between subunits 9. This side chain is in closed
conformation when in the membrane and in open conforma-
tion only when at the interface between subunits 9 and 6. It is
hypothesized that the closed conformation represents the pro-
tonated state and the open conformation represents the state in
which protonation and deprotonation is occuring (Symersky
etal. 2012b; Srivastava et al. 2018). Subunit 6 is a polypeptide
of 249 amino acid residues with strictly conserved Arg'’®.
This residue has been postulated to play roles in coordinating
deprotonation and protonation events, preventing uncoupled
proton leakage and acting as a positive pole to attract the
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Fig. 3 Diagramatic representation of a system used for observation of the
y-subunit rotation in the o333y subcomplex. The o335 Y subcomplex
with ten histidine (his tag) linked to the N-terminal of each 3-subunit was
fixed on a glass plate. The glass plate was coated with horseradish per-
oxidase conjugated with Ni**-nitrilotriacetic acid (Ni-NTA), which has a
high affinity for the His tag and thus bind the subcomplex through the
three 3-subunits, with the Fy side (membrane side) away from the glass.
As a strategy to visualise the rotation, y-Ser107, which is presumably in
the stalk region of the y-subunit was replaced with cysteine, and «-

negatively charged Glu>®. During ATP synthesis, proton tran-
sit is from its cytosolic side of the mitochondrial membrane to
protonate the subunit 9-Glu®®, prior to the protons being re-
leased into the matrix space (Symersky et al. 2012a, b; Guo
et al. 2017; Srivastava et al. 2018).

Biogenesis of yeast mitochondrial ATP
synthase

The presence of organelles defines the existence of
eucaryotic cells. Mitochondria are double-membrane-
bounded organelles which principally function in the

Cys193, the only cysteine in the wildtype 333y subcomplex was re-
placed by serine. The introduced cysteine was biotinylated. A fluores-
cently labelled biotinylated actin filament was attached to the y-subunit
through streptavidin, which has four binding sites for biotin, Therefore,
the actin filaments are attached to the biotinylated o335y subcomplex
which are fixed to the glass surface through His tags. The rotation of actin
filament was observed by epiflourescence microscopy (not shown in the
diagram) and the images were taken with a camera attached to the image
intensifier (Noji et al. 1997). Figure is adapted from Noji et al. (1997)

processes related to cellular energy production such as res-
piration and oxidative phosphorylation. As organelles bear-
ing specialized functions, they generally contain distinct sets
of proteins and other molecules. In yeast, there are more
than 1000 different proteins functioning in the mitochondria.
Mitochondria possess their own genome, ribosomes, and all
the enzymatic machinery required for mitochondrial gene
expression. However, most of the mitochondrial proteins
are encoded in the cell nucleus, translated as precursors on
cytosolic ribosomes and imported into mitochondria. Only
eight of the yeast mitochondrial proteins are encoded by the
mitochondrial genome and synthesized within the organelle
(Attardi and Schatz 1988; Fox 2012).
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The mitochondrial ATP synthase is a major constituent of
mitochondria comprising about a quarter of the membrane pro-
tein. The biogenesis of mitochondrial ATP synthase complex
involves the two separate genomes, the nuclear and the mito-
chondrial genomes. The two genomes collaborate in the syn-
thesis and assembly of ATP synthase subunits and in the regu-
lation of mitochondrial energy production. Most of the mito-
chondrial ATP synthase subunits are encoded by nuclear genes,
translated in the cytosol and then targeted to specific mitochon-
drial sites. In yeast, three subunits of mitochondrial ATP syn-
thase are encoded by mitochondrial genes and translated on
mitochondrial ribosomes. They are subunits 6, 8, and 9, all of
them are belong to the Fy sector. The remainder subunits are
specified by nuclear genes, translated in the cytosol and then
imported into mitochondria. All of the yeast F; subunits are
encoded by nuclear genes (Sebald and Hoppe 1981; Attardi
and Schatz 1988; Nagley 1988). In mammalian mitochondrial
ATP synthase, the subunit 9 polypeptide is encoded by three
nuclear genes, translated on the cytosolic ribosomes and
imported into the mitochondria (He et al. 2018).

In general, protein import into mitochondria is initiated by
the recognition and binding of a precursor protein by specific
import components in the cytosol, located at the cytosolic
surface of the outer mitochondrial membrane, followed by
the insertion of the preproteins into the outer membrane im-
port sites (Hauckle and Lithgow 1997). Proteins to be
imported into mitochondria are generally synthesized as a
precursor containing signal peptides which play roles in
targeting the proteins to mitochondria. Several protein import
pathways have been indicated, each of which has a different
type of targeting signal. Most of the matrix proteins and many
inner-membrane proteins are imported using the so-called
presequence pathway. They are typically synthesized with
N-terminal presequences that function as targeting signals.
The size of the presequence varies, usually from 19 to 50
amino acid residues. The presequences (signal peptides) usu-
ally form an amphipathic «-helix that harbours a positively
charged face and a hydrophobic face. The elements of the
amphipathic helix are specifically recognized by the mito-
chondrial membrane receptors and other import machineries
during preprotein translocation (Hartl et al. 1989; Wiedemann
and Pfanner 2017).

Import into mitochondria requires the precursor proteins to
be in a competent state for import. Molecular chaperones such
as Hsp (heat shock protein) 70 and ATP- dependent defolding
enzymes have been suggested to take part in preventing the
aggregation of precursors by protecting their hydrophobic re-
gions, guiding preproteins to their specific receptors and main-
taining them in a loosely-folded configuration. Hsp70 molec-
ular chaperones are present in both cytosolic and mitochon-
drial compartments. Hsp70 directly interacts with
translocating preproteins. It contains a peptide-binding do-
main that interacts with a short segment unfolded preprotein
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in its ATP-bound state. Cycles of interaction with precursor
proteins is an important aspect of its function in protein trans-
location and folding. ATP-dependent release from the cyto-
plasmic Hsp70, leads to the translocation of the presequence-
carrying preproteins by the translocases of the outer and inner
mitochondrial membranes together with the presequence
translocase-associated motor into the matrix, where the
preproteins interact with mitochondrial Hsp70 and the
presequences are cleaved off by the mitochondrial processing
peptidase. Following ATP-dependent release from the mito-
chondrial Hsp70, the majority of the proteins imported into
the matrix require the assistance of Hsp60 for refolding and
then assembly into oligomeric complexes (Cheng et al. 1989;
Ting et al. 2014; Craig 2018) (Fig. 4).

Yeast has been a useful model organism for identification
of components and mechanisms that drive translocation and
sorting of protein imported into mitochondria. Studies in yeast
elucidated the components of translocases and provide infor-
mation on their functions (Sokol et al. 2014). The translocase
of the outer membrane (TOM) of mitochondria contains sev-
eral proteins. Three proteins, Tom20, Tom22, and Tom70
function together as the receptor for precursor proteins.
Tom70 is loosely attached to the TOM complex and is impor-
tant for the import of noncleavable hydrophobic precursors.
Presequences are recognized by Tom20 and Tom22 receptors
and are directed into the translocation pore formed by the (3-
barrel protein Tom40. Tom40 guides the translocation of
preproteins through the outer membrane. The interior of pore
contains hydrophilic and hydrophobic regions that form dis-
tinct import paths for hydrophilic and hydrophobic precursors.
In addition, there are three small proteins, Tom5, Tom6, and
Tom?7, that are not essential for the TOM functions but have
been suggested to play roles in assembly and stability of the
TOM complex. The presequence of the translocated protein is
then handed over to the translocase of inner membrane (TIM),
Tim23 complex. The yeast Tim23 complex is heteroterameric,
being composed of two copies of Tim23 and two copies of
Tim17. These two integral membrane proteins constitute the
translocation channel. Tim23 forms a protein-conducting
pore, whereas Tim17 has been suggested to play roles in reg-
ulating the Tim23 channel. This complex together with the
import motor completes protein translocation into the matrix.
Tim23 associates with Tim44 which serves as a scaffold for
association with the motor components. The mitochondrial
import process is believed to take place in the site of close
contact between the outer and inner mitochondrial membranes
(Fig. 5) (Sokol et al. 2014; Ting et al. 2014; Backes et al.
2018).

The process of mitochondrial ATP synthase assembly is
best characterized in yeast. It is a complicated process in-
volving coordinated expression of nuclear and mitochondrial
genomes. The enzyme complex is assembled from separate
modules (Fig. 6). ATP synthase is therefore composed of
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Fig. 4 Protein import into mitochondrial matrix. After the initial
recognition of signal peptide by the mitochondrial membrane receptor
and then insertion of the signal peptide and of the adjacent portions of
the polypeptide chain, the unfolded chain slides in a channel that spans
both membranes formed by the translocase of the outer membrane (TOM)
and translocase of the inner membrane (TIM). The import process re-
quires hsp70 on both sides of the mitochondrial double membrane.

different structural and functional units which jointly couple
ATP synthesis or hydrolysis to proton translocation across
the inner membrane. It has been suggested that the assembly
of the F; sector is independent of assembly of membrane
integrated F, sector. The assembly of F; sector is promoted
by the assembly factors Atp11 and Atp12. These chaperones
bind to the newly imported subunits 3 and «, respectively.
In the absence of these factors, subunits & and 3 aggregate
and formation of active ATP synthase is blocked. The asso-
ciation of the central stalk leads to the release of Atpl1 and
Atpl2 and the formation of the functional F; sector (Rak
et al. 2011; Song et al. 2018). Yeast Saccharomyces
cerevisae assembly factors Atpll and Atpl2 have been
shown to be the orthologs of the human ATPAF1 and
ATPAF2 respectively which participate in the assembly of
the human F; sector (He et al. 2018).

Several assembly steps of the yeast mitochondrial ATP
synthase have been proposed. Subunits 6 and 8 are thought
to associate first with a peripheral stalk-F; intermediate,
followed by addition of the subunit 9¢-ring. In yeast, a

Bound cytosolic hsp70 is released from the protein in a step that depends
on ATP hydrolysis. Concomitantly, mitochondrial Hsp70 binds to regions
of the polypeptide chain as they become exposed in the matrix, thereby
pulling the protein into the interior of the mitochondrion. Following ATP-
dependent release from the mitochondrial Hsp70, the proteins imported
into the matrix require the assistance of Hsp60 for refolding and then
assembly into functional oligomeric complexes

number of assembly factors for formation of the membrane-
bound F sector have been identified. The two-domain protein
Atp25 stimulates synthesis and assembly of the subunit 9 into
the subunit 9-ring. The protease Atp23 processes membrane-
inserted yeast Atp6. In addition to its proteolytic activity,
Atp23, along with the Atp10 chaperone, stabilizes and assem-
bles yeast Atp6. The inner membrane assembly complex
(INAC) binds to the newly assembled subunit 9;(-ring. It is
thought that the INAC also binds to an assembly intermediate
composed of the F; domain, the peripheral stalk, subunit 6 and
subunit 8, and the assembly factors Atpl0 and Atp23. The
INAC has a role in preventing any premature interaction
(Song et al. 2018). The INAC is composed of Inal7
(17 kDa) and Ina22 (22 kDa) polypeptides. So far, no human
orthologs are identified for these two proteins (He et al. 2018).
An assembly intermediate composed of subunit 6, subunit 8
and stator subunits has also been identified. This assembly
intermediate is stabilized by Atp10 (Rak et al. 2011).

One of the important steps in the assembly of yeast mito-
chondrial ATP synthase is the formation of the proton-
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Preprotein

OM

Fig. 5 The protein import machinery of yeast mitochondria.
Mitochondrial precursor proteins (preproteins) are synthesized with sig-
nal peptides that direct the proteins to mitochondria and into the correct
location in the mitochondrial compartment. The preproteins synthesized
in the cytosol and are imported by the translocase of the outer mitochon-
drial membrane (TOM) complex. The preproteins are then transferred
from TOM to the translocase of the inner membrane (TIM23) complex.
The proteins either are inserted into the inner membrane (IM) or are

conducting channel composed of subunit 6 and the ring of 10
identical subunits 9 as a rotor component of the Fo sector. The
yeast subunit 9 is a proteolipid synthesized on mitochondrial
ribosomes that are attached to the matrix side of the inner
mitochondrial membrane. Its hydrophobic character leads to
the suggestion that the subunit 9 may be inserted into the inner
membrane co-translationally. The newly translated subunit 9
oligomerizes into the ring before interacting with the F; com-
ponent of ATP synthase. The F;-subunit 9 ring assembles with
another module consisting of subunit 6, subunit 8, and all the
peripheral stalk subunits except OSCP. In yeast, it was found
that the assembly of the rotor component of the mitochondrial
ATP synthase is enhanced when subunit 9 protein is in contact
with subunit 6 of mitochondrial cytochrome ¢ oxidase (Cox6)
(Suetal. 2014). The next step is the assembly of the F, central
stalk with the F subunit 9;-ring rotor, which mainly by elec-
trostatic interaction (Dautant et al. 2010) (Fig. 6). It is inter-
esting to note that several maturation steps in the assembly of
the yeast mitochondrial ATP synthase complex differ from
that of the human form. In yeast, subunits 6 and 8 associate
first with a peripheral-F, intermediate, followed by integration
of the subunit 9(-ring. In humans, subunits 6 and 8§ combine
to an enzyme intermediate form containing the F; sector,
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translocated into the matrix with the help of the presequence
translocase-associated motor. The presequences are typically cleaved off
by the mitochondrial processing peptidase. Adapted and modified from
Wiedemann and Pfanner (2017). OM = outer mitochondrial membrane,
IM = inner mitochondrial membrane, 70 = Tom70, 40 = Tom40, 22 =

Tom22, 20 = Tom20, 7 = Tom7, 6 = Tom6, 5 =Tom5, 44 = Tim44, 23 =

Tim23, 17=Tim 17

peripheral stalk, and subunit 9g-ring (cg-ring) (Song et al.
2018). This may be related to the fact that the yeast subunit
9 is mitochondrially encoded and translated in the mitochon-
drial matrix, while the human subunit 9 is nuclearly encoded
and imported into mitochondria (He et al. 2018).

In general, the ATP synthase from different sources has a
similar basic structure. However, the yeast mitochondrial ATP
synthase differs from the bacterial and chloroplast ATP syn-
thase, because the mitochondrial enzyme exists as a dimer.
The dimer has a V-shaped structure of twofold symmetry, with
an angle of 86° between its monomers. The monomers have
been shown to interact within the membrane at the base of the
peripheral stalks (Davies et al. 2012). The involvement of sub-
units e, g, k, i/j, b, and 6 in the dimeric formation of the enzyme
complex has been suggested. Subunits e and g are thought to be
responsible for inducing strong membrane curvature (Hahn
et al. 2016). Subunits k and i/j, the two small subunits of the
F, sector, have been shown to be involved in the stepwise
assembly of enzyme dimers (Wagner et al. 2010). Recent
high-resolution cryo-electron microscopic structure of the di-
meric F, region of yeast ATP synthase has revealed that the
subunits 6 and i/j form the contact sites between two ATP
synthase monomers, being supported by interaction between
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Fig. 6 The assembly pathway of yeast mitochondrial ATP synthase. The
yeast mitochondrial ATP synthase is an assembly of 30 subunits of 17
kinds. The diagram shows the modular assembly of the yeast
mitochondrial ATP synthase. The enzyme complex is composed of at
least three different modules, F;, subunit 9;y-ring and subunits 8/6/
stator subcomplex. The chaperones Atpl2 and Atpll promote

subunits e and k. High resolution structural data also showed
that the subunits e and g and the N-terminal transmembrane
helix of subunit b are located at the interface between the two
monomers in the dimer configuration. The interaction between
these subunits is the reason for the unique V shape of the com-
plex with the peripheral stalks project away from each other
(Song et al. 2018). Subunits k and e are also thought to contrib-
ute to the final monomer-monomer interaction. Subunits 6, to-
gether with subunits i/j, k, and e has been reported to play roles
in holding the yeast dimer together. The dimeric structure of the
ATP synthase is also present in both bovine and human mito-
chondria. In the yeast dimeric F, domain, subunit k has been
proposed to associate with subunit 6 and is distant from the
monomer-monomer interface. Based on its location in which
it is suited to make contact between dimers in the inner mito-
chondrial membrane, the yeast subunit k has been proposed to
be the ortholog of the human DAPIT protein. In humans,
DAPIT is the most peripheral mitochondrial ATP synthase sub-
unit and is suggested to function in the formation of links be-
tween ATP synthase dimers to generate the rows of dimeric
complex to be found along the cristac edge (He et al. 2018).

B AGp
Y
OSCP
o

formation of F; domain. The newly translated subunit 9 oligomerizes
into the ring before interacting with the F; ATPase. Subunits 6 and 8
are associate with a peripheral stalk-F; intermediate, and then followed
by addition of the subunit 9,¢-ring. Adapted from Rak et al. (2011) and
Song et al. (2018)

The yeast subunit i/j is thought to confer stability on the yeast
ATP synthase dimer (Guo et al. 2017). Recent findings con-
cluded that the yeast subunit i/j is a functional ortholog of the
human 6.8 kDa proteolipid based on the sequences of the two
proteins and the positions of their transmembrane oc-helices.
The human 6.8 kDa proteolipid plays roles in stabilizing the
assembly process of subunits 6 and 8 to generate an active
enzyme complex coupled to ATP formation (He et al. 2018).
In the inner membranes of yeast mitochondria, the ATP syn-
thase units are organized with precision. The ATP synthase
dimers are arranged into extending front-to-back rows located
in the cristae region of the membrane especially along the
sharply curved edges. The dimerization of ATP synthase units
is postulated to play critical roles in the normal development of
cristac morphology so as to maximize the surface area of inner
mitochondrial membrane and thus maximize energy (ATP) pro-
duction in the mitochondria. Quantitative molecular-simulation
analysis suggested that a row-like organization of the ATP syn-
thase dimers forms spontaneously, driven by attraction force
arising from the release of an overall membrane elastic strain
arising from the V-like structure of the dimers. Following their
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formation, the dimer-row-organization is thought to be a direct
development of membrane folds and invaginations that eventu-
ally form the cristae. ATP synthase therefore is not only impor-
tant for cellular bioenergetics, but also contributes to the forma-
tion of mitochondrial morphology (Anselmi et al. 2018).

Conclusion

Yeast has provided an attractive system for a deep understand-
ing of the structure, function, and biogenesis of the mitochon-
drial ATP synthase complex. The established yeast genetic
manipulation system has permitted the manipulation of genes
encoding for ATP synthase subunits to enable elucidation of
their stoichiometry, structure and topology, function,
mehanism of import into mitochondria, pathways of assembly
into the macromolecular enzyme complex. Recent advances
in the elucidation of detailed structures of yeast F; and F,
sectors have provided a better insight on structure and roles
of each subunit of the multisubunit enzyme complex. In con-
trast to the ancentral bacterial enzymes which represents the
simplest form of the enzyme, the yeast mitochondrial ATP
synthase has included a number of additional subunits of the
Fy sector during the course of evolution. It is now clear that
these subunits are components of the stator stalk and/or are
associated with the dimeric form of the enzyme complex. The
dimerization of the mitochondrial ATP synthase is essential
for proper development of mitochondrial innermembrane cur-
vature known as cristae. This shows that mitochondrial ATP
synthase is not only important for ATP production, but also
crucial for the formation cristae, a characteristic morphology
of mitochondria. Yeast therefore may be of used for under-
standing the molecular evolution eucaryotic mitochondrial
ATP synthase. More comprehensive and detailed studies on
the roles of the yeast supernumerary F subunits are needed. In
addition, the subunit composition and catalytic mechanism of
the yeast enzyme is very similar to that of human and other
mammalian enzymes. Yeast may also provide a model for
understanding human and other mammalian mitochondrial
ATP synthases in both physiological and diseased states.
The biogenesis of mitocondrial ATP synthase involves assem-
bly of polypeptide subunits from dual genetic origin, the nu-
clear and mitochondrial genomes. Most of the subunits are
expressed in the nuclear-cytosolic system and then imported
into mitochondria. Future studies should also be directed to
elucidation of how the expression of the two genomes is reg-
ulated and what factors affect the efficiency of subunit impor-
tation into mitochondria and their assembly into the functional
enzyme complex. Improved understanding on subunits ex-
pression, import, and assembly my contribute to the develop-
ment of genetic engineering strategies such as gene therapy to
cure human mitochondrial genetic diseases. In yeast, several
genes encoding mitochondrial ATP synthase subunits have
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successfully been expressed in the nuclear-cytosolic system
followed by import and assembly into the mitochondrial
ATP synthase complex. The activity of the enzyme is naturally
regulated in order to prevent wasteful hydrolysis of ATP es-
pecially when the oxygen supply to the electron transport
chain is limited. In yeast, INH protein has been shown to play
roles as an F|-ATP synthase intrinsic inhibitor. Further studies
are required to elucidate the regulation of the INH expression
and its activity in relation to energy metabolism and growth
conditions including oxygen deprivation, environmental
changes etc. The detailed mechanism by which yeast INH
protein regulates the activity of the ATP synthase needs to
be revealed. Other cellular functions of the INH protein, such
as in dimerization and oligomerization of the ATP synthase
that affect the mitochondrial ultra structure and morphology,
need to be described. Importantly, the potency of ATP syn-
thase as a molecular drug target for development of antimi-
crobial and antitumor agents for human therapy, as well as
development of pesticides, herbicides and insecticides for ag-
riculture, may be explored using the yeast enzyme as a model.
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