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Abstract

F,F, ATP synthases produce most of the ATP in the cell. F-type ATP syn-
thases have been investigated for more than 50 years, but a full understand-
ing of their molecular mechanisms has become possible only with the re-
cent structures of complete, functionally competent complexes determined
by electron cryo-microscopy (cryo-EM). High-resolution cryo-EM struc-
tures offer a wealth of unexpected new insights. The catalytic F; head rotates
with the central y-subunit for the first part of each ATP-generating power
stroke. Joint rotation is enabled by subunit /OSCP acting as a flexible hinge
between F; and the peripheral stalk. Subunit # conducts protons to and from
the ¢-ring rotor through two conserved aqueous channels. The channels are
separated by ~6 A in the hydrophobic core of F,, resulting in a strong local
field that generates torque to drive rotary catalysis in F;. The structure of the
chloroplast F1 F, complex explains how ATPase activity is turned off at night
by a redox switch. Structures of mitochondrial ATP synthase dimers indicate
how they shape the inner membrane cristae. The new cryo-EM structures
complete our picture of the ATP synthases and reveal the unique mecha-
nism by which they transform an electrochemical membrane potential into
biologically useful chemical energy.
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INTRODUCTION

ATP synthases are macromolecular turbines that convert the energy inherent in a transmembrane
electrochemical gradient into the energy of a covalent phosphoanhydride bond. This is the only
known mechanism by which living organisms can transduce a membrane potential directly into
biologically useful chemical energy, and the reaction is one of the most fundamental—arguably
the most fundamental—in biology.

ATP synthases make adenosine triphosphate (ATP), the universal energy currency in the cell,
from adenosine diphosphate (ADP) and inorganic phosphate (P;) by rotary catalysis, a process
common to all forms of life. Rotary ATPases include the F-type ATPases of bacteria, mitochon-
dria and chloroplasts (1-3). They are termed F-type because they were originally known as cou-
pling factors (CFs) that couple ATP synthesis to electron and proton transport reactions of the
mitochondrial or bacterial respiratory chain (4, 5). Later the “C” was dropped to avoid confusion
with the chloroplast ATPase, which is often referred to as cF;F,. Because of their central role
in bioenergetics and cell metabolism, ATP synthases have been studied intensely by biochemists,
molecular biologists, biophysicists, and structural biologists ever since their discovery in the 1960s
(4). In 1997, Paul Boyer and John Walker were awarded the Nobel Prize in Chemistry for unrav-
eling the catalytic mechanism of ATP synthesis (jointly with Jens Skou for his pioneering work
on the unrelated P-type ATPases). A number of excellent and comprehensive reviews summarize
previous work on rotary catalysis and X-ray structures of key ATP synthase components (1-3, 6-9).
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Rotary ATPases also include the eukaryotic vacuolar (V-type) ATPases (10) and the A-type
ATPases (11) of archaea and some extremophilic bacteria. In vitro, all are fully reversible. Either
they use an electrochemical gradient to produce ATP from ADP and phosphate in ATP synthesis
mode or, in the reverse ATP hydrolysis mode, they create such a gradient, using the energy released
by ATP hydrolysis to pump protons across the membrane. In vivo, mitochondrial and chloroplast
ATP synthases operate only in synthesis mode, whereas bacterial F-type ATPases work in either
direction, depending on growth conditions. V-type AT Pases hydrolyze ATP to acidify intracellu-
lar compartments such as synaptic vesicles (12) or the central vacuole of yeast cells (13). A-type
ATPases generate ATP from a proton gradient like the F-type but may also work as ATP-driven
ion pumps like the V-type (14), to which they are more closely related. This review focuses on
recent progress in understanding the structure and mechanisms of F-type ATPases. Most of the
structures that provided new insights were obtained by electron cryo-microscopy (cryo-EM).

Within the past five years, cryo-EM has made extraordinary progress, described as a resolu-
tion revolution (15). For decades, high-resolution structure determination of biological macro-
molecules was the prerogative of X-ray crystallography or NMR spectroscopy. Only in special
cases, such as highly symmetrical icosahedral viruses (16, 17) and multienzyme complexes (18), or
with well-ordered 2D crystals of membrane proteins (19-21) had it been possible to determine
structures by cryo-EM at a resolution that enabled amino acid side chains to be fitted and reliable
atomic models to be built. This all changed with the introduction of direct electron detectors that
record high-resolution electron micrographs of radiation-sensitive biological samples (22), and the
simultaneous development of powerful image processing software to extract the high-resolution
information from the micrographs (23). At the same time, the mechanical and optical stability of
electron microscopes had improved to the point at which it became possible to collect images of
single, unstained biological macromolecules at near-atomic resolution. As the combined result of
these developments, high-resolution structures of proteins and protein complexes above a certain
minimal size (currently 60 to 80 kDa) can now be determined without crystals by cryo-EM, at a
rate that could not be imagined a few years ago.

The resolution revolution in cryo-EM is having a major impact on the study of large membrane
protein complexes that are either too unstable or too dynamic for X-ray crystallography. Rotary
ATPases are by their very nature dynamic, and they tend to be unstable in detergent solution. In-
tact rotary ATPases have resisted crystallization for almost 40 years. To date, no high-resolution
X-ray structure of a complete ATP synthase has been reported. However, a number of key com-
ponents have been crystallized and their structures determined by X-ray crystallography (24-27).
Fitted into earlier low-resolution cryo-EM envelopes (28), the components yielded mosaic mod-
els that went a long way toward explaining how the whole assembly works. Yet, essential elements
of the mechanism, especially the structural basis of proton translocation and how it drives ATP
synthesis, remained intractable. These central aspects have become clear only now with the recent
high-resolution cryo-EM structures of intact, functionally competent ATP synthases (Table 1).

Cryo-EM not only delivers high-resolution details of isolated proteins or complexes by single-
particle analysis. Electron cryo-tomography (cryo-ET), another powerful application of cryo-EM,
reveals their structures in a cellular or organellar context by subtomogram averaging, usually—but
not necessarily (29)—at lower resolution. Recent cryo-ET studies have changed our perception
of how F-type ATPases are arranged in mitochondrial and chloroplast membranes.

OVERALL ORGANIZATION OF F-TYPE ATPases

F-type ATPases are large, 550- to 1,600-kDa membrane protein complexes (Table 2) that all con-
form to the same basic building plan (Figure 1). They consist of two principal parts, the spherical
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Table 1 Recent cryo-EM structures of F-type ATP synthases

Escherichia Yarrowia Saccharomyces Saccharomyces
Species coli Spinach lipolytica cerevisiae cerevisiae Bovine heart Polytomella sp.
ATP synthase Bacterial Chloroplast | Mitochondrial Mitochondrial Mitochondrial Mitochondrial Mitochondrial
type
Oligomeric state FF, cFF, mtF F, dimer mtF F, half mtF, dimer mtF F, half mtFF, dimer
monomer monomer dimer dimer
Dimer type NA NA Typel Typel Typel Typel Type II
PDB access codes | 5T40 6FKEF, SFL7 6CP3, 6B2Z SARA-5ARI, 6RD5-6REU
(atomic 6FKH, 6CP5-6CP7 SFIJ-SFIL
coordinates) 6FKI
EMDB access 9345,9346, | 4270-4273 8151 7546-7549 7037 3164-3170 4806-4857
codes 9348,
(cryo-EM map) 20006—
20008
Resolution (A) 5.0-5.5 29-34 6.2 3.6-3.8 3.6 64t07.4 2.7-2.8
Reference(s) 46a 48 79 76 78 75 80, 81

Abbreviations: ATP, adenosine triphosphate; cryo-EM, electron cryo-microscopy; EMDB, Electron Microscopy Data Bank; NA, not applicable; PDB,

Protein Data Bank.
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F; head—so called because of its conspicuous globular shape in early electron micrographs (4,
30)—and the F, subcomplex in the membrane. The F; head measures approximately 8 nm in
diameter, extends approximately 11 nm above the membrane surface, and is the site of ATP syn-
thesis. The F, complex renders mitochondrial ATPases sensitive to inhibition by the antibiotic
oligomycin, hence the subscript (4).

The F; head is an assembly of three «- and three B-subunits, arranged in near-three-fold sym-
metry around the central y-subunit. Each F; head has three active sites—fg, Bpp, and Bp—at
the interface between 8- and «-subunits (24). The catalytic nucleotide binding pockets are defined
mostly by the B-subunits, with an essential arginine residue contributed by the a-subunits. In the
binding-change mechanism discovered by Boyer et al. (7), the sites alternate from being empty
(BE) to being occupied by Mg-ADP and phosphate (8pp), which are condensed to form Mg-ATP
(B7p) in synthesis mode. Polypeptide sequences and structures of the «-/B-subunits are similar,
but the ¢-subunits each bind a structural Mg-ATP that does not participate in the catalytic cycle.

While the Fy head produces or hydrolyzes ATP, the F,, motor generates torque (in synthesis
mode) or pumps protons across the membrane (in hydrolysis mode). The signature components
of the F, motor are the #-subunit and a rotor ring of 8 to 17 ¢-ring subunits. F, is connected
to Fy by the central stalk and one peripheral stalk (31). The central stalk of subunits y, ¢, and,
in mitochondria, § transmits torque generated by F, to the catalytic F; head. The y-subunit is
firmly attached to the F, rotor and acts as a crankshaft, forcing the «-/g-subunits into different
conformations with different binding affinities for ATP or ADP and phosphate. A subunit termed
3 in chloroplasts and bacteria (but OSCP in mitochondria) connects the peripheral stalk to Fy,
preventing idle rotation of the catalytic head with F,,. Bacterial and chloroplast ATP synthases are
structurally similar and comparatively simple, consisting of a minimal set of subunits (Table 2),
whereas the subunit composition and peripheral stalk structures of mitochondrial ATP synthases
are more complex and variable.

BACTERIAL ATP SYNTHASES

Under aerobic growth conditions, bacteria produce most of their ATP by an F-type AT Pase in the
cytoplasmic (inner) membrane. Under anaerobic conditions, they generate AT'P by glycolysis and
fermentation. The ATPase then works as an ATP-driven ion pump to generate the indispensable
membrane potential. With few exceptions, bacterial F-type ATPases are proton-driven, although
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Figure 1

Schematic overview of F-type ATP synthases. F-type ATPases consist of a catalytic F; head and the F, motor complex in the
membrane. The Fy head comprises three ¢-subunits and three catalytic S-subunits (dark blue and green) that generate ATP from
adenosine diphosphate (ADP) and phosphate by rotary catalysis. The F, motor consists of the ¢-ring rotor (yellow) and the #-subunit
stator (light blue) with its conserved hairpins of membrane-intrinsic helices (blue circles). F1 and F,, are connected by the central stalk
(brown) and the peripheral stalk (purple). The peripheral stalk attaches to F; via a subunit known as § in chloroplasts and bacteria or
OSCP in mitochondria (red). In ATP synthesis mode, the ¢-ring rotates in counterclockwise direction (as seen from F) relative to the
F; head, as indicated. In mitochondrial ATP synthase dimers, the two monomers operate independently. () Bacterial and chloroplast
ATP synthases are monomeric. () Mitochondrial ATP synthases are dimers, linked in the membrane by an additional set of
dimer-specific subunits (light blue triangle).

some make use of a sodium gradient instead (32). Ion selectivity depends on the exact, genetically
programmed geometry of the ion-coordinating side chains in the ¢-ring subunit rotor (33).

Bacterial F-type AT Pases are fascinating in their own right, and they have been invaluable for
mutant studies, because neither mitochondria nor chloroplasts lend themselves easily to genetic
manipulation. Most of the functionally important residues of F-type ATPases have been identified
and investigated with Escherichia coli mutants (34-41). Moreover, bacterial F-type ATPases serve
as important model systems for studying the universal rotary mechanism by single-molecule bio-
physics (42, 43). High-speed imaging of fluorescently labeled F; heads indicated that subunit y
rotates at a rate of 130 s7! or higher, indicating that bacterial AT Pases can hydrolyze or synthesize
more than 400 molecules of ATP per second (44, 45).

The 6.9-A cryo-EM structure of intact E. co/i ATP synthase (46) resolved all «-helices in the
complex (Figure 24). 3-strands or amino acid side chains were not visible, as this would require
a resolution of 4.5 A or better. An atomic model was built on the basis of known high-resolution
X-ray structures of conserved subunits and sequence homology. Image processing sorted particles
into three rotational states, with the central rotor stalled in different positions related by ~120°
steps. Subunit § on top of the F; head was seen to bind to the three a-subunits. The peripheral
stalk consisted of two identical #-subunits—long, single x-helices entwined in a loose coil. In the
membrane, the b-subunit dimer bifurcated, clamping the F, subunit « to the ¢-ring. At the opposite
end, the two b helices again interacted differently with subunit é that connects them to F;. It is
highly unusual to have two different, promiscuous interactions of the same conserved subunit in
one protein complex.

The recent 2.9-A cryo-EM structure of a bacterial ATP synthase from Bacillus PS3 expressed
in E. coli (47) likewise shows three rotational states and confirms the path of proton translocation
in the high-resolution cryo-EM structure of the related chloroplast ATP synthase (48), discussed
in detail below.
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Figure 2

Cryo-EM maps and atomic models of three intact F-type ATP synthases. (#) Bacterial F-type ATPase. () Chloroplast ATP synthase
(cF1F,). (¢) One-half of a mitochondrial ATP synthase (mtF;F,) dimer. (#) The map resolution of the Escherichia coli complex is 6.9 A
(46). (b) The resolution of the Spinach chloroplast ATP synthase is 2.9 A for Fy and 3.4 A for F,, (48). (¢) The resolution of the ATP
synthase monomer from Saccharomyces cerevisine mitochondria is 3.6 A (76). Subunit color codes: o (dark blue); B (green); & (orange, in

E. coli and chloroplasts); OSCP (orange, in mitochondria); b (dark purple); b’ (light purple); a (light blue); c-ring (yellow); y (brown); & (red, in
E. coli and chloroplasts) or § and ¢ (red, in mitochondria). The five different peripheral stalk subunits in panel ¢ are drawn in shades of
purple.

The E. coli complex used for cryo-EM was autoinhibited by the central stalk subunit ¢. The
3.3-A X-ray structure of an E. coli a3 83y ¢ complex (49) had shown that the C-terminal helix of &
swings up into the space between the central stalk and the «-/8-subunits, where it contacts y and
the C-terminal region of 8, blocking rotation.

The 4-A structure of the ATP synthase from Paracoccus denitrificans (50), a bacterial model for
oxidative phosphorylation, is the only X-ray structure of an ATP synthase that contains all func-
tionally relevant subunits. Like the E. co/i structure, it is in an inhibited state, although in this case
inhibition is effected by the regulatory ¢-protein of «-proteobacteria. Surprisingly, the F, com-
plex and peripheral stalk of the P. denitrificans structure were less complete and well resolved than
in the 6.9-A cryo-EM structure of the E. coli complex (46), perhaps owing to co-crystallization of
different rotary states, which would impair crystal quality.
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Figure 3

Cryo-ET of chloroplast thylakoid membranes. Fy heads (yellow) of the chloroplast F1F, ATP synthase
(cF1F,) are confined to stroma and grana end membranes. cF F, is monomeric and not found at the highly
curved grana edges. Grana stacks (dark green); stroma membranes (transparent green). Figure courtesy of
Bertram Daum, Max Planck Institute of Biophysics.

CHLOROPLAST ATP SYNTHASE

Along with the cyanobacteria from which they originate, green plant chloroplasts have the extraor-
dinary ability to capture and convert solar energy. ATP generated by photosynthesis is the prime
source of biologically useful energy on Earth and a precondition for the development of other
eukaryotic life forms. The chloroplast F;F, ATP synthase (cF,F,) is driven by the electrochemi-
cal proton gradient across the thylakoid membrane. The gradient is created by the water-splitting
reaction of photosystem II and by light-driven, cyclic electron flow around photosystem I and the
bgf complex.

The chloroplast ATP synthase resembles the bacterial complex in size and subunit com-
position (Table 2). First insights into the cF{F, structure came from electron microscopy
of negatively stained specimens (51), followed by an early cryo-EM study (52). Cryo-ET of
chloroplast thylakoid membranes demonstrated that cF;F, is confined to grana end membranes
and stroma thylakoids but not found on the highly curved grana edges (53, 54) (Figure 3). In
contrast to mitochondrial ATP synthases, cFF, is randomly distributed and monomeric in the
thylakoid membrane (53). The monomeric state of cF1 F,, is not surprising, given that it lacks the
dimer-specific subunits of the mitochondrial complex (Table 2). The same applies to bacterial
ATP synthases, which can therefore all be assumed to be monomers as well.

The cryo-EM map of the complete, functionally competent cFF, complex (48) achieved a
resolution of 2.9 A for the cF; head and 3.4 A for the cF, complex in the membrane (Figure 25).
ADP molecules were resolved in the Spp and B7p sites. No inhibitors or ATP analogs had been
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Figure 4

Details of chloroplast ATP synthase Fy structure. () B7p site in catalytic F; head. Adenosine diphosphate
(ADP; orange), Mg?* (bright green), water molecules (red spheres), and coordinating side chains (stick
representation) in cryo-EM map density (gray mesh). Arginine 366 (R366; the so-called arginine finger) is
contributed by subunit «. All other residues in the binding site belong to subunit 8. ATP in this site
hydrolyzed spontaneously to ADP during isolation (48). (5) Interactions of subunit § on top of Fy with
a-subunits and peripheral stalk. Subunit color codes: & (orange); N-terminal helices of a-subunits 1, 2, and 3
(green); b (dark purple); b (pink); residues conserved in chloroplast § and mitochondrial OSCP (blue).

added, and the B site was empty, as expected. ATP in the B7p site had been hydrolyzed to ADP
during isolation. The map showed not only the bound nucleotides but also the coordinating Mg?*
ions and water molecules (Figure 44). Water molecules would not be visible in an X-ray structure
of the same nominal resolution. Structural details in cryo-EM maps are clearer owing to the high
quality of structure factor phases recorded in the electron micrographs.

Subunit § on top of the cF; head links the three a-subunits to the long peripheral stalk helices
b and ¥'. The chloroplast §-subunit consists of an N-terminal «-helical domain and a C-terminal
domain containing a central 3-sheet (Figure 45). The two domains are joined by a single polypep-
tide strand. The x-helical domain interacts closely with the N-terminal helices of two -subunits,
whereas the N terminus of the third a-subunit forms a helix bundle with the C-terminal helix of
V', the two C-terminal helices of # and a helix in the C-terminal domain of subunit 8. As in E. colz,
the long, loosely entwined a-helices of the peripheral stalk bifurcate as they enter the lipid bilayer
to clamp subunit # against the ¢-ring rotor (Figure 25). Subunit y works as a redox-controlled
regulator switching ATPase activity off at night; subunit # defines the proton access and release
channels in F,,. Both are discussed in more detail below.

MITOCHONDRIAL ATP SYNTHASES

Mitochondrial ATP synthases (mtF; F,) not only differ from their bacterial and chloroplast coun-
terparts but also vary greatly among themselves in terms of subunit composition (Table 2), struc-
ture, and membrane arrangement.

Mitochondrial ATP Synthase Dimers

The most striking feature of mitochondrial ATP synthases compared with other rotary AT Pases,
including V- and A-type, is that they all form dimers in the membrane (Figure 54—d), even though,
in independent lineages, the dimerization interface is made up of different subunits with no
apparent homology. The dimers assemble into long rows (Supplemental Video 1) or short rib-
bons at the cristae rims (Figure Se-b). The various forms of ATP synthase dimers result from
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Typel Type lll

Figure 5

Cryo-ET of mitochondrial ATP synthase dimers. (#—d) Subtomogram averages and (e~5) 3D volumes of cristae vesicles are shown as
follows: (a,¢) Saccharomyces cerevisiae, (b,f) Polytomella sp., (c,g) Paramecium tetraurelia, and (d,h) Euglena gracilis. Subunits e, B, and § in the
F1 head are drawn in shades of blue and green, and modeled ¢-ring rotors in panel ¢ are purple. Peripheral stalk densities in panels ¢ and
d are light brown. Tones of red in panels ¢ and 4 indicate bulky lumenal densities. Dimer rows in panels ¢ and g are yellow. Short dimer
ribbons in panel fare rainbow colored. In panel b, alternating interdigitated dimers (yellow and orange) form short ribbons at the ridges
of disk-like cristae. The membrane is light blue. Panels # and ¢ adapted from Reference 61, with the subtomogram average courtesy of
Karen Davies, Max Planck Institute of Biophysics; panels 4 and fadapted from Reference 68; panels ¢ and g adapted from Reference 71;

and panels d and 5 adapted from Reference 72.

different contacts mediated by their peripheral stalks and F,, subunits. ATP synthase dimers were
discovered by Blue Native polyacrylamide gel electrophoresis of mitochondrial membrane pro-
tein complexes (55). Electron microscopy of negatively stained complexes extracted from the gels
(56) or of dimers prepared by density gradient centrifugation (57, 58) indicated that they comprise
two F1F, monomers joined in a V shape.

So far, four different types of mtF; F, dimers, referred to as Types I-IV, have been characterized
by cryo-ET. Major differences exist between ATP synthase dimers of various unicellular organisms
(Figure 5a—d). As only a few of their mitochondrial protein complexes have been explored in
detail, more types of mtFF, dimers are likely to emerge in future.

Type I dimers: animals and fungi. The best-known type of ATP synthase dimer with an angle of
~86° between its two central stalks is found in mitochondria from bovine heart (59), yeasts (60, 61),
and fungi (62). Type I may include mitochondrial ATP synthases of vascular plants, although their
dimer angles vary (60). Type I dimers associate loosely into long rows that engender high local
membrane curvature at the edges of lamellar cristae (59, 61) (Figure 5e; Supplemental Video 1).
Subtomogram averages of Saccharomyces cerevisiae dimers imaged in situ (61) resolved the central
and peripheral stalks as well as the catalytic subunits in the F; head (Figure 54). Mammalian and
yeast mtF F, dimers are indistinguishable at low resolution (60), and their subunit composition is
similar (Table 2).

Type II dimers: unicellular green algae. Another well-characterized type of mitochondrial
ATP synthase dimer is that of the unicellular, chlorophyll-less green alga Polytomella sp. (63) and
its close relatives, including the photosynthetic model organism Chlamydomonas reinbardtii. Poly-
tomella mtF F, has been investigated by proteomics (64), protein sequencing (65), chemical cross-
linking (66), negative-stain electron microscopy (57), and cryo-ET (67, 68). The F; head, central
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stalk, and ¢-ring rotor resemble those of other ATP synthases (Table 2), but in addition, Type II
has a set of unique ATP synthase-associated (4SA) subunits (69). The ASA subunits form the
massive peripheral stalk that is the hallmark of Type II dimers (Figure 5b). The angle between
the central stalks is 56°. The larger size and apparent solidity of the Polytomella dimer make it an
attractive target for high-resolution studies by single-particle cryo-EM.

Type III dimers: ciliates. Rows of dimeric particles thought to be ATP synthases were observed
in deep-etched tubular cristae of the ciliate Paramecium multimicronucleatum (70). Proof of their
identity came from cryo-ET and subtomogram averaging (71). The subtomogram average of
Paramecium dimers (71) resolved the «-/B-subunits in the F; head and the central and periph-
eral stalks (Figure 5¢). The dimers are U shaped rather than V shaped, the dimer angle is close to
zero, and the peripheral stalks are laterally offset. Large lumenal protein densities mediate close
interdimer contacts that result in unusually long and regular helical rows (71) (Figure 5g).

Type IV dimers: Euglena and trypanosomes. Mitochondrial ATP synthase dimers of the cili-
ated green alga Euglena gracilis and the related sleeping-sickness parasite Tiypanosoma brucei share
some characteristics with Type III (Figure 5d). Their peripheral stalks are offset, and they have
similar, although less bulky, lumenal densities (72). The Type IV F; head is pyramid shaped rather
than globular (72), on account of its euglenozoa-specific subunit p18 (73, 74). The Type IV dimer
angle is ~55°. As in Type III, subunits of the peripheral stalk and lumenal densities remain to be
explored.

Single-Particle Electron Cryo-Microscopy Structures of Mitochondrial
ATP Synthases

Rapid progress has been made in determining the structures of mitochondrial ATP synthases by
single-particle cryo-EM. In the past three years, a total of six structures have been obtained at
increasing resolution, including the bovine mtF;F, monomer (75), mtF;F, monomers from two
yeasts (76, 77), the F, dimer of S. cerevisize without F; heads or stalks (78), and two complete
dimers of Types I (79) and II (80, 81) (Table 1).

Structures of yeast ATP synthase. The ATP synthase of the obligate aerobic yeast Yarrowia
lipolytica resembles that of baker’s yeast (S. cerevisine) closely. The dimer-specific subunits of yeast
and bovine mtF, F, are also similar (Table 2). Mammalian mtF; F,, dimers are potentially relevant
to human health, but they are less stable than those of yeast and therefore less tractable. Their rel-
ative stability and resemblance to mammalian dimers make yeast dimers interesting for structural
studies. Crystallization trials with purified Y. /ipolytica dimers produced crystals of a core complex
consisting of the F; head, central stalk, and ¢y rotor ring (79), as had been the case with mtF,F,
from S. cerevisiae (25). Single-particle cryo-EM of the ¥, lipolytica complex yielded a 6.2-A map
(Figure 6a) as the first structure of an intact Type I dimer (79). Activity measurements indicated
that the two F{F, monomers in the dimer work independently of one another (79).

The yeast F, complex contains up to six small hydrophobic subunits responsible for dimer
formation and stability (61, 82) (Table 2). Eleven helix densities were resolved in the F, region of
the Yarrowia dimer and assigned to the membrane subunits of yeast F,, (79). The assignment was
unambiguous for subunit #, on account of its long and highly tilted, membrane-intrinsic helices
(83), but tentative for the others. The definition of the Yarrowisz dimer map was limited, partly
due to small variations in dimer angle and the superposition of different rotary states (79). To
improve the resolution, three strategies seemed promising: (#) to cleave F; off and determine the
structure of the F,, dimer separately; (§) to isolate the monomer and determine its structure instead,;
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Figure 6

Single-particle cryo-EM structures of mitochondrial ATP synthase dimers with labeled subunits (see

Table 2). (4) 6.2-A map (grzy) and model of the Yarrowia lipolytica F1F, dimer (79); (b,c) 3.6-A model of the
Saccharomyces cerevisiae F, dimer (78); and (d) 2.7-A map (gray) and atomic model of the F{ F,, dimer from
Polytomella sp. (81). All structures drawn to the same scale. Panel # adapted from Reference 79. Panels  and ¢
adapted from Reference 78. Panel 4 courtesy of Bonnie Murphy and Niklas Klusch, Max Planck Institute of
Biophysics.
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or (¢) to choose a more rigid dimer. All three strategies were pursued independently by three
groups, and all resulted in higher-resolution structures (76, 78, 81). The 3.6-A structure of the
S. cerevisine F,, dimer without F heads (78) (Figure 65,c) presented an unambiguous atomic model
of subunits #, b, d/F6, ¢, f, g, i/j, k, and § (Figure 2¢) and confirmed the subunit # assignment in
Yarrowia.

The structure of the S. cerevisine monomer was determined with and without oligomycin (76).
Four copies of the inhibitor were found to bind to the ¢-ring in the same conformation as in the
X-ray structure of isolated S. cerevisiae c-rings (84). The bulky inhibitor impedes ring rotation and
blocks mitochondrial ATP synthase in both directions.

Structure of the Polytomella Type II dimer. Polytomella mitochondria contain the largest-known
ATP synthase. Its two massive peripheral stalks are joined by a protein bridge ~65 A above the
membrane surface, enhancing the stability of the 1.6-MDa dimer. Single-particle analysis yielded a
structure at 6.2 A (83), then at an overall resolution of 4.1 A (80), which has since been improved to
2.7A81) (Figure 6d; Supplemental Video 2). An atomic model of the 2,500 residues in the pe-
ripheral stalk subunits was built de novo. In combination with mass spectrometry and genome se-
quencing, ten different ASA4 subunits were identified and fitted, including one that was previously
unknown (81). The contact between subunit # and the membrane-spanning subunit ASA6 that
contributes to forming the proton access channel is mediated by a lipid molecule (80). The criti-
cal subunit # that forms the proton access and release channels is discussed in more detail below.

INSIGHTS FROM THE NEW STRUCTURES OF COMPLETE
ATP SYNTHASES

The cryo-EM structures of F-type ATP synthases have produced a wealth of unexpected new
insights into the roles of the central and peripheral stalks, the structures and populations of differ-
ent rotary states and substates, the structure and dynamic role of the /OSCP subunit, the detailed
structure of subunit # and its aqueous membrane channels, the generation of torque in F, and
how it drives the rotation of differently sized ¢-rings, redox regulation in plants, the mechanics of
dimer formation, and how mitochondrial ATP synthase dimers shape the cristae.

Rotary States and Substates

Synthesis or hydrolysis of ATP by rotary catalysis proceeds in three ~120° steps, sometimes re-
ferred to as power strokes (85), that add up to a full 360° turn of F, against the F; head (Supple-
mental Videos 2 and 3). Each step is associated with a rotary state, in which the rotor assumes
discrete positions relative to F;. Image processing of the E. coli (46), bovine heart (75), Polytomella
(81), and chloroplast ATP synthase (48) resolved three primary rotary states with the central rotor
in different positions (Figure 7a—c). Each of the primary rotary states represents a distinct stage of
the catalytic cycle. In the mitochondrial ATP synthases from bovine heart and Polytomella, the three
primary rotary states were resolved into a total of 7 (75) and 13 (81) transient substates. In the au-
toinhibited chloroplast complex (48), the primary rotary states were not separated by exactly 120°
nor did the rotary angles correspond to the nearest integral number of ¢-ring subunits predicted
from the symmetry mismatch between the 14-fold rotor and the 3-fold F; head, which would be
103°,129°, and 129°, corresponding to 4, 5, and 5 ¢-ring subunits. Instead, the rotary states were
separated by unequal steps of 103°, 112°, and 145° (Figure 7f), corresponding to 4,4.4,and 5.6 ¢-
ring subunits (48) (Figure 7g). Because each ¢-ring subunit translocates one proton per 360° turn
of the ¢-ring, and given that the free energy AG of ATP hydrolysis is close to —50 kJ/mol (86),
the energy contributions due to proton movement for progressing from one state to the next are
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Figure 7

Three rotary states of chloroplast ATP synthase. Image processing revealed three different rotary states with different particle
populations. (#) State 1 was the most populated (85% of particles), indicating it is the most stable. (b,c) In states 2 and 3, the F; head and
y-subunit are tilted by 5° and 11.5° relative to state 1 (red and blue lines), resulting in precession of F around the central axis (dashed
black line) during rotary catalysis. (d) Superposition of the three rotary states, with peripheral stalk and subunit # in color. (¢) Two
orthogonal views of superposed peripheral stalks indicating flexibility. (f) Rotation angles of ¢-ring rotor relative to subunit .

(g) Number of translocated protons required to progress from one state to the next. Figure adapted from Reference 48.

—43.7, —48.1, and —61.2 kJ/mol. The three primary rotary states represent local energy minima
or resting positions in the catalytic cycle that must result from subunit interactions in the whole
complex. The three resting positions of high, medium, and low probability observed by single-
molecule light microscopy of E. coli F1F, (87) are consistent with the three primary rotary states
of cF1F, that are populated by 85%, 8%, and 7% of the particles, as indicated by cryo-EM (48).

The Central Stalk

The central stalk transmits torsional force from the F, motor to the catalytic sites in the F; head
and is an indispensable part of all ATP synthases. Subunit y, its principal component, is firmly
but reversibly attached to the ¢-ring rotor by a number of salt bridges. The central stalk of mito-
chondrial ATP synthases contains two smaller subunits termed & and ¢ that reinforce interaction
with the ¢-ring rotor. The mitochondrial subunits § and ¢ have derived their names by histori-
cal accident (see section titled The Need for a Unified ATP Synthase Nomenclature below) and
are unrelated to the eponymous subunits of bacteria and chloroplasts. The central stalk subunit
¢ autoinhibits some bacterial ATP synthases (46, 49). In chloroplasts, autoinhibition is effected
by a pair of B-hairpins in the y-subunit that blocks rotation when the redox potential becomes
oxidizing, as discussed in more detail below.

Single-molecule experiments (42, 85, 87) and computer simulations (88) have been taken to
suggest that the central stalk subunit y serves as an elastic buffer of torsional energy during
rotation. However, the 3 rotary states in the cryo-EM structures of chloroplast (Figure 7) and
E. coli (46) ATP synthase, the 7 rotary substates of the bovine monomer (75), and the 13 rotary
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substates of Polytommella ATP synthase (81) all show subunit y in essentially the same conformation,
indicating that it moves as a rigid body. Comparative analysis of the rotary states and substates of
the high-resolution Polytomella ATP synthase structure (81) suggests that the whole F; head ro-
tates along with the central stalk and ¢-ring rotor for the first 20-30° of a power stroke, equivalent
to approximately one ¢ subunit, and then recoils to the starting position of the next power stroke
(Supplemental Video 3). The 7 substates of the bovine monomer (75), albeit at 7-A resolution, are
consistent with this new and unexpected modification of the well-established rotary mechanism.
The concerted movement of F; and y ensures flexible coupling of the symmetry-mismatched F;
and F, subcomplexes, as required for rotary catalysis, and obviates the need for an elastic central
stalk. Single-molecule measurements with E. coli F1F,, indicate rotary substeps that can push rota-
tion back by as much as one ¢-ring subunit during a power stroke (87). The concerted rotation of
F; and central stalk for part of an ~120° step thus appears to be common to the rotary mechanism
of all F-type ATP synthases.

The Peripheral Stalk

Bacterial and chloroplast ATP synthases have thin, slender peripheral stalks (Figure 24,b) that
consist of no more than two long, loosely entwined o-helices of subunits & and ' (which are
identical in many bacteria, including E. co/i). They are anchored by one membrane-spanning helix
each and extend 110 A to the §-subunit at the top of F.

Cryo-EM structures of the three main rotary states in the intact chloroplast ATP synthase (48)
reveal that the peripheral stalk flexes by up to 12° during rotation (Figure 7d,e) and therefore can
store elastic energy. The three rotary states of E. co/i (46) indicate similar degrees of peripheral
stalk flexibility. In the monomeric bacterial and chloroplast ATP synthases, the peripheral stalk
appears to act as an elastic spring that evens out energy minima between rotary states and thus
contributes to the flexible coupling of F; to F,,.

Peripheral stalks of yeast (76) and bovine mitochondrial ATP synthase (75) are more substan-
tial. They all have one long unbroken helix (subunit 4) plus another five x-helical subunits termed
8, F6, d, f, and i or j in yeast (Table 2) (Figure 2¢); subunit & is an evolutionary remnant of the
bacterial peripheral stalk helix &' (79). Together, the peripheral stalk subunits of yeast and mam-
malian ATP synthases form a discontinuous helix bundle that is anchored in the membrane by
the single-span hydrophobic helices of subunits 4, 4, f, and i/j. The massive peripheral stalk of
Polytomella ATP synthase flexes only minimally during rotary catalysis (81).

In terms of subunit composition, sequence, and structure, the bulky peripheral stalks of Type IT
mitochondrial dimers (including Polytomella) are unrelated to those of bacterial and chloroplast
monomers or of Type I dimers. They are linked on the matrix side by interacting helix hairpins
above the membrane (Figures 56 and 6d), which would constrain their movement. The subunit
composition and detailed structure of Type III and IV peripheral stalks are unexplored.

Subunits § and OSCP

The subunit connecting the Fy head to the peripheral stalk is known as § in chloroplasts and bac-
teria but OSCP in mitochondria. It consists of an N-terminal «-helical domain connected by a
short stretch of polypeptide to a C-terminal domain containing a central 3-sheet. The structure
of the N-terminal domain had been determined by NMR (89, 90), whereas that of the C-terminal
domain was unknown. In the high-resolution cryo-EM structures of cF F, (48) (Figure 4b) and of
Polytomella ATP synthase (81), § and OSCP look alike. Sequence comparison of bovine OSCP and
Spinach chloroplast § indicates that 23% of their residues are identical and 49% are conserved,
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confirming that § and OSCP are essentially the same protein. These findings mean that the struc-
ture and function of /OSCP have remained unchanged over an evolutionary distance of 1.5 billion
years (91, 92), or possibly longer. The most highly conserved regions are those that interact with
the C-terminal helix of the peripheral stalk subunit # in cF; F,, or with the N-terminal helices of
the three F; a-subunits (Figure 45). Remarkably, these three interactions are all different, even
though the o-subunit sequences are identical.

In all previous models of F-type ATP synthases, the §/OSCP subunit was assumed to form a
rigid link between the peripheral stalk and the F; head. The 13 different rotary states and sub-
states of the Polytomella ATP synthase (81) indicate, however, that §/OSCP acts as a hinge. The
N-terminal domain that connects to the three a-subunits pivots against the C-terminal domain
by 20 to 30° at the flexible single-polypeptide stretch connecting the two domains (Supplemental
Video 4). The hinge movement enables the joint rotation of the F; head and central stalk for the
first 20-30° of the ~120° power stroke.

It is interesting to note that the C-terminal domain of 8/OSCP resembles the C-terminal do-
main of peripheral stalk subunit E in the A-type ATPases (48). A-type AT Pases have two separate
peripheral stalks that each bind to the F; head via their C-terminal domains (93). The central po-
sition of the N-terminal domain on Fy, plus the fact that it has only one such C-terminal domain,
ensures that only one peripheral stalk can bind to F; in the F-type ATPases.

The Need for a Unified ATP Synthase Nomenclature

As exemplified by subunits §, OSCP, and ¢, the ATP synthase nomenclature can be perplexing, be-
cause it evolved from different nomenclatures for bacteria, chloroplasts, and mitochondria. Each
was originally based on the order of bands on a gel, often without knowledge of the exact location
or role of the corresponding subunit in the complex. This explains the different names of OSCP
and § for a component that performs the same role in all F-type ATP synthases. However, the
confusion does not end there. In mitochondria, § refers to a subunit of the central stalk that is
homologous to bacterial & but bears no resemblance to OSCP or the chloroplast and bacterial §.
To make matters worse, the central stalk of mitochondrial Type I ATP synthases contains another
small subunit termed ¢, although it is not related to the bacterial ¢ (see Table 2). The medical
literature uses yet another nomenclature for human ATP synthase, whereby F, subunits # and
8, which carry many disease-relevant mutations, are variously referred to by their gene names as
ATP6 and ATPS, MT-ATP6 and MT-ATPS, or sometimes, more correctly, by their gene product
names as Atp6p and Atp8p (94). Subunits j (occasionally referred to as 7) and % are known as 6.8PL
and DAPIT, respectively (95) (see Table 2). Now that the structures of complete bacterial, chloro-
plast, and mitochondrial ATP synthases have been determined, the time has come for a unified
subunit nomenclature that applies to all. A new, consistent nomenclature of ATP synthase subunits
will require the concerted action of research groups active in the field.

Regulation of ATPase Activity

Because they are fully reversible, AT'P synthases need to be turned off when synthesis stops, to
prevent uncontrolled ATP hydrolysis. Different regulatory mechanisms have evolved that engage
different ATPase subunits or separate small proteins. Most of the currently known mechanisms
work by blocking rotary hydrolysis through reversible interaction with subunit 8 in the F; head.
Mammalian and yeast ATP synthases are regulated by the small inhibitory protein IF; (96-98).
Active IF; is a dimer that forms under acidic conditions—for example, during ischemia, when
the matrix pH can drop below 7 and glycolysis is the only source of cellular ATP. Monomeric
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IF, is visible in the 6.2-A map of the Yarrowia dimer, where it binds to an app/Bpp site (79) at
the negatively charged DELSEED motif near the C terminus of the 8 subunit, as in the X-ray
structure of bovine F;—IF; complex (99). The shape and dimensions of the IF; dimer suggest that
it can bind to two F; heads simultaneously (100), but the two F; heads within one Type I dimer
of yeast or mammalian ATP synthase are too far apart for this to happen in situ. However, the F;
heads of two subsequent Type I dimers in a row are close enough for cross-linking by dimeric IF,
(Figure 5e), and this would be an excellent way of blocking ATPase activity.

In bacteria, the autoinhibitory e-subunit of E. coli ATP synthase interacts with the DELSEED
motif of the Bpp subunit (46, 101), as does IF; in mitochondria. The inhibitory ¢-subunit of -
proteobacteria resembles IF; and binds to the F; head in the same way (50).

Plants must shut off cF; F, at night to prevent unproductive ATP hydrolysis when the chloro-
plast redox potential does not sustain ATP synthesis. The chloroplast complex is regulated by a
special redox mechanism (102) involving two (3-hairpins of the y-subunit that are arranged in an
L shape (Figure 8). Under oxidizing conditions, two cysteine residues (103) in the shorter arm of
the L form a disulfide bridge that stabilizes the $-hairpin of the longer arm, which binds to the
DELSEED motif of the B subunit to block rotation and prevent ATP hydrolysis. Under reduc-
ing conditions, the disulfide bridge opens, the longer hairpin relaxes, and the y-subunit can rotate
freely.

Several modulators or inhibitors of F-type ATP synthases that affect cellular physiology,
including the regulator of mitochondrial permeability transition, cyclophilin-D (104), act on
8/0SCP. These findings cannot be reconciled with the old model of §/OSCP as a static connector,
but they agree very well with the newly discovered role of §/OSCP as a flexible hinge between F,
and F, (81).

Rotor Ring Size

A striking difference between the various F-type ATPases is the size of their c-ring rotors
(Figure 9). The ring stoichiometry ranges from 8 ¢-ring subunits in mammalian mitochondria
(75, 105) to 14 in chloroplasts (48, 106) and 15 in cyanobacteria (107, 108). The largest ¢-ring
rotor discovered so far is that of the human pathogen Burkholderia pseudomallei, which has 17 sub-
units (109). There is no principal reason why larger rings should not exist. Indeed, the rotor ring
of the A-type ATPase from Enterococcus hirae has 10 K-subunits, each with 2 helix hairpins (but
only 1 proton binding site) (110), resulting in a ring size equivalent to 20 ¢-ring subunits. At the
other end of the scale, the ¢z rotor of bovine mitochondrial ATP synthase is the smallest known.
Rings with fewer than 8 ¢-ring subunits might not produce sufficient torque to deliver 3 molecules
of ATP per turn, and F, assemblies with such small rotors may not be stable.

Perhaps even more surprising than the variation of ¢-rings between species is their con-
stant size within any one species. The stoichiometry of bacterial ¢-rings is species specific, is
independent of growth conditions, and can be changed only by genetic engineering (111, 112).
The ring size depends on the precise sequence and shape of side chains in the contact region
between adjacent subunits (111), which is genetically programmed. The interaction motif is an
xGxGxGxG repeat in the inner, N-terminal helix of the ¢-ring subunit hairpin (112), where G is a
small hydrophobic residue (most often glycine but sometimes alanine) and x is a larger hydropho-
bic (valine, isoleucine, phenylalanine) or polar (asparagine) residue. The interaction motif ensures
close packing of the inner helices against one another (113).

The number of ¢-ring subunits in the ring appears to be an adaptation to optimal growth
conditions or to the physiological environment where the ATPases operate. For example, the
¢17 ring of B. pseudomallei AT Pase would be an efficient proton pump to counteract the influx of
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Figure 8

Redox regulation of chloroplast ATP synthase. (#) Electrons from photosynthesis reduce thioredoxin (Trx) in
the chloroplast stroma, which converts oxidized, inactive cF F, into the active, reduced form. The reverse
process switches cF{ F, off when Trx becomes oxidized, to prevent ATP hydrolysis at low light. () Subunit y
of cF1F, (light blue) contains a 40-residue L-shaped insertion of two 3-hairpins (ye//ow) that inhibit cF{F,
reversibly in response to the chloroplast redox potential. (¢) The longer hairpin (yellow triangle) clashes with
the C-terminal DELSEED motif of Bf (green) when the rotor turns in hydrolysis direction. (d) Two
cysteines in the shorter arm of the L form a disulfide bond under oxidizing conditions, reinforcing the
longer arm of the L in the space between y and BE. (¢) The conserved yF255 interacts with yF217 in a
hydrophobic pocket of the central stalk. (f) yE261 in the longer arm of the L forms a salt bridge with R397
of BE, blocking rotation. Figure adapted from Reference 48; panels # and ¢ drawn by Alexander Hahn, Max
Planck Institute of Biophysics.

protons from the hostile acidic environment of the host cell phagosome (109). This type of AT Pase
is sometimes referred to as N-type (114). In addition to the N-type ATPase, B. pseudomallei and
related bacteria have a regular F-type that is thought to have a smaller ¢-ring.

The a-Subunit

Subunit 4, the largest of the hydrophobic F, subunits, remained intractable and enigmatic for
decades. Its main role is to conduct protons that drive rotary catalysis to and from the ¢-ring rotor.
In the F, motor assembly, subunit # functions as the stator that is held by the peripheral stalk
against the ¢-ring rotor, forming a proton-tight dynamic seal. Attempts to express subunit # for
crystallization as a stable, separate entity or as part of a complex invariably failed. In retrospect, this
lack of success is hardly surprising, as the subunit harbors a cluster of charged and polar residues
in four membrane-intrinsic, otherwise hydrophobic «-helices (Figure 10). Unpredictably, the
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Figure 9

Structures of ¢-ring rotors. Top row from left: cg ring of bovine mitochondria (dark biue; PDB code 2XND)
(105); ¢ ring of Mycobacterium phlei (blue, PDB code 4V1G) (146); c19 ring of Saccharomyces cerevisiae
mitochondria (light blue, PDB code 3U2Y) (124); c11 ring of Ilyobacter tartaricus (cyan, PDB code 1YCE) (27);
and ¢ ring of a Bacillus pseudofirmus OF4 mutant (green, PDB code 3Z06) (112). Bottom row from right: ¢13
ring of wildtype B. pseudofirmus OF4 (yellow green, PDB code 4CBJ) (152); c14 ring of Pisum sativum
chloroplasts (fight brown, PDB code 3V3C) (106); ¢15 ring of the cyanobacterium Spirulina platensis (orange,
PDB code 2WIE) (108); and ¢17 ring of the human pathogen Burkbolderia pseudomallei (gray, EMD code
3546) (109). The c17 ring is a 6-A cryo-EM structure. All others are X-ray structures. Arrowheads indicate the
positions of conserved protonation sites in adjacent c-ring subunits that are separated by a distance of ~12 A.
All drawn as seen from Fy. Abbreviations: EMD, Electron Microscopy Data Bank; PDB, Protein Data Bank.

polar cluster is located in the hydrophobic core of the complex. Numerous mutagenesis and cross-
linking studies (34-37) were taken to indicate that subunit # of E. co/i, like most other membrane
proteins known at the time, consisted of conventional transmembrane «-helices oriented more or
less perpendicular to the membrane plane. This notion was supported by a 9.7-A cryo-EM map
of the Thermus thermophilus V-type ATPase (93). Subunit I of the V-type ATPase is the equivalent
of the F-type subunit #, and the low-resolution map suggested a number of short helices that were
proposed to form two transmembrane four-helix bundles, apparently consistent with the E. coli
cross-linking results (34-37).

To some, it came as a shock when the 6.2-A cryo-EM structure of the Polytomella ATP synthase
(83) showed that the #-subunit helices were up to 80 A long (more than twice the thickness of a lipid
bilayer) and arranged in two hairpins that are almost entirely membrane embedded (Figure 11).
The key feature of four long, near-horizontal 2-subunit helices H3 to H6 in the membrane next to
the ¢c-ring has since been observed at increasing resolution in all recent cryo-EM structures of F-
type AT Pases (46,48, 75,76, 78-81) (Table 1). Higher-resolution structures of the 1. thermophilus
V-type ATPase motor assembly show two long I-subunit helices in the positions of H5 and H6
in subunit # (115, 116). A hairpin of two long, membrane-intrinsic helices at roughly right angles
to the rotor ring is conserved in all rotary ATPases (117) and appears to be of ancient origin. H5,
the longest of the #-subunit helices, has a characteristic stretch of conserved, charged, and polar
side chains on either side of a strictly conserved arginine (Figures 10 and 11) that is essential for
coupling proton translocation to ATP synthesis (38, 39, 118).

Proton Access and Release Channels

Atomic models of the Polytomella (80, 81) and chloroplast F, complexes (48) were analyzed for
aqueous cavities (119). Both structures indicated essentially the same proton access channel from
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Figure 10

Structure-based sequence alignment of subunit 2. Polypeptide sequences of z-subunits from plants (green), cyanobacteria (cyan), bacteria
(black), and mitochondria (orznge) are highly conserved. Most a-subunits are 250 to 270 residues long and mitochondrially encoded,
except those of unicellular green algae, which are nuclear encoded, with an ~100-residue mitochondrial targeting sequence that is
cleaved off after import. Most have a membrane-spanning a-helix H1, followed by an amphipathic helix H2 on the matrix membrane
surface. All of the 10 strictly conserved (*) and 44 highly conserved (:) residues are located in helices H3 to H6 that form two long,
membrane-intrinsic helix hairpins (see Figure 11). Together with the ¢-ring and, in Polytomella sp., ASAG, the helices define two
aqueous channels that each span half the membrane. Polar and charged residues in the regions shaded pink define the proton access
channel. The proton release channel is lined by polar and charged residues in the regions shaded blue. The structure of the
Saccharomyces cerevisiae F, dimer (78) indicates a loop near the N-terminal end of H1 (/ight blue) that is conserved in fungal ATP
synthases. Together with subunit 7, the #-subunit loop participates directly in the formation of mitochondrial ATP synthase dimers. The
loop is absent in mammals, accounting for the poor stability of bovine ATP synthase dimers. Plant and bacterial ATP synthases do not
have these subunits and do not form dimers. Residue color code: negatively charged (red); positively charged (bue); uncharged polar
(purple). Colored bands highlight the 10 strictly conserved residues by type: uncharged polar (purple); proline (gray); large hydrophobic
(orange); small hydrophobic (green). The essential arginine is blue.
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Proton access and release channels in subunit #. The structures of proton access channels (transparent pink) and release channels
(transparent blue) in subunit a of (a) Polytomella mitochondria (80) and (b) Spinach chloroplasts (48) are conserved. Aqueous cavities are
lined by polar and charged residues (Figure 10) in the long, membrane-intrinsic hairpins of H3/H4 and H5/H6 (light blue). Channels
are viewed from the direction of the ¢-ring rotor. Cross-wire targets mark the position of glutamates in adjacent ¢c-ring subunits. The
~12-A conserved center-to-center distance between the access and exit channels matches the distance between c-ring protonation sites
(Figure 9). Strictly conserved residues in H3, H5, and H6 (Figure 10) are drawn in stick representation. Two asparagines (Asn163 and
Asn243 in Polytomella, Asn109 and Asn193 in Spinach) and a glutamine (GIn295 in Polytomella, GIn227 in Spinach) form a cluster that
creates a hydrophilic environment at the end of the access channel. A conserved tyrosine (Tyr306 in Polytomella, Tyr238 in Spinach)
performs the same role in the exit channel. The conserved alanine (green) marks the narrow gap between H5 and H6 for the access
channel and ensures close contact to the ¢c-ring. After an almost full ¢-ring rotation, the protonated glutamates encounter the release
channel. Protons are siphoned off to the high pH of the mitochondrial matrix or chloroplast stroma via the conserved tyrosine in the
exit channel. Access and release channels are separated by the strictly conserved arginine in H5. The ~6-A edge-to-edge distance
between access and release channels creates a strong electrostatic field parallel to the membrane plane that promotes ¢-ring rotation
from left to right in synthesis mode.

the lumenal side to the protonated ¢-ring glutamate and a release channel from the glutamate of
the adjacent ¢-ring subunit to the mitochondrial matrix or chloroplast stroma (Figure 11). The
two channels are lined by the conserved polar and charged residues in H3 to H6 (Figure 10).
Each channel spans half the membrane, as first postulated in 1994 on the basis of E. co/i double
mutants (120). The access channel turns ~90° halfway through the membrane and passes through
a narrow gap in the long H5/H6 hairpin at a constriction of 5 x 6 A created by small hydrophobic
side chains (48, 80, 81) (Figure 11). The H5/H6 hairpin appears to be essential for positioning the
proton access channel against the passing c-ring glutamates, which would explain why itis so highly
conserved (117). At the membrane surface, the proton release channel opens like a funnel, allowing
the protons to escape from the ¢-ring glutamate to the mitochondrial matrix or chloroplast stroma
(Figure 11).

In the hydrophobic core of F,, the two channels are separated by the essential arginine in
HS5 (Figures 10 and 11). The positively charged, bulky side chain prevents proton leakage from
the access channel to the release channel. It was thought that the arginine would form a salt
bridge to the ¢-ring glutamate during rotary catalysis, or when the motor stalls. Three of the four
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highest-resolution F, structures (48, 78, 80, 81) do not support such a salt bridge in the resting
state, although it may form transiently during rotation between substates.

Mechanism of Proton Translocation and Torque Generation in F,

Without a detailed structure of the F, motor, insights into proton translocation and how it drives
ATP synthesis had remained sketchy and speculative. The recent high-resolution cryo-EM maps
of chloroplast and mitochondrial ATP synthases (48, 76, 78, 80, 81) (Table 1) all show essentially
the same F, structure and provide a firm base for a detailed description of proton translocation
and torque generation: Protons from the #-subunit access channel protonate the glutamate (or
aspartate in E. co/i) in the ion-binding site of the proximal ¢-ring subunit, neutralizing its negative
charge. The protonated, uncharged side chain partitions into the hydrophobic membrane envi-
ronment, moving in counterclockwise direction as seen from the matrix or stroma. This puts the
glutamate of the following c-ring subunit next to the access channel. After a rotation by (z — 1)
subunits (where 7 is the number of subunits in the ring), the protonated glutamate encounters the
proton release channel and the proton is pulled off by the high pH of the mitochondrial matrix
or chloroplast stroma (Figure 11; Supplemental Video 5).

Glutamate or aspartate side chains are rarely visible in cryo-EM structures (20, 121), because
their carboxyl groups are particularly sensitive to radiation damage and tend to be lost first during
electron irradiation (121, 122). High-resolution X-ray structures of isolated ¢-rings show the glu-
tamate in either a closed, ion-locked state (27, 108, 123) or an open conformation (124). Biochem-
ical evidence and molecular dynamics simulations (125) suggest that the deprotonated glutamate
is in the open conformation when it encounters the proton access channel and converts to the
ion-locked state upon protonation.

The center-to-center distance between the proton access and release channels at the level of
the c-ring glutamates is 1213 A in both Polytomella (Figure 114) and cF,F, (Figure 115). This
distance matches the ~12 A spacing between the protonatable glutamates of adjacent ring subunits
(Figure 9). The spacing of glutamate B-carbons is slightly larger in small c-rings (12.8 A for )
and slightly smaller in large rings (11.4 A for ¢,4) but is always within a range that enables the
simultaneous protonation of one glutamate and deprotonation of the next glutamate in the ring.
HS5 of subunit # bends around the ¢-ring, following its curvature as a hydrophobic bearing. In this
way, 4-subunits can accommodate rotor rings of diameters ranging from 38 A to 62 A or more
(Figure 9). A similarly adaptable arrangement would be hard to achieve and maintain over long
evolutionary timescales with standard transmembrane helices.

The proton-motive force (pmf) that drives ATP synthesis in mitochondria and chloroplasts is
roughly the same—up to —210 mV in mitochondria (126) or —180 mV in chloroplasts (127).
The pmf has a more or less stable electrostatic component Al and a ApH component that
varies with the proton gradient across the membrane. The two components are thermodynam-
ically equivalent. In mitochondria, A1 is approximately —150 mV, whereas ApH is less than
—60 mV (<1 pH unit). In chloroplasts, A1 is approximately —30 mV (128), whereas ApH rises
to —150 mV (2.5 pH units) in high light. The pmf exerts a force on the deprotonated, negatively
charged glutamates of the ¢-ring (Figure 12). The force produced by a —200 mV potential across
a 35-A membrane (Figure 12¢) would be roughly 2.3 pN-nm, assuming a dielectric constant of 4
in the protein interior (129, 130). However, this force not only is too small but also has the wrong
direction (perpendicular to the membrane plane) to generate torque and drive ¢-ring rotation. A
higher force in the required direction tangential to the c-ring results when the distance between
the proton access and exit channels in subunit  is taken into account (Figures 11 and 12d). The
~6-A edge-to-edge distance between channels generates a local field and consequently a force
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that would be six times stronger. The force on the negatively charged glutamate translates into a
torque of 36 pN-nm at the 2.7-nm radius of the chloroplast ¢4 ring (Figure 12¢). For mitochon-
dria, the smaller radius of the ¢ or ¢g ring (2.2 or 1.9 nm) would result in a smaller torque of 29 or
25 pN-nm. Considering the large error margin on the protein dielectric, these values are consis-
tent with the 40-60 pN-nm torque determined in single-molecule experiments with immobilized
bacterial F; heads (131-133).

The free energy AG of ATP hydrolysis under physiological conditions is approximately
—50 kJ/mol. Given that ATP synthases operate reversibly close to thermodynamic equilibrium,
each translocated proton provides —50 x 3/14 or —10.7 kJ/mol to ATP synthesis in chloroplasts
butalmost twice as much (—18.7 kJ/mol) in mammalian mitochondria. This surprising discrepancy
may be explained by the variable pmf in chloroplasts as compared to the stable pmf in mitochon-
dria. ApH in chloroplasts fluctuates with light intensity, and it might therefore be an advantage
to have a larger number of ¢-ring subunits in the ring that each make a smaller contribution, to
maintain ATP synthesis in low light.

The conserved small distance between the proton access and release channels in subunit #
supports the notion that the force of the electrostatic field acting on the deprotonated glutamate
facilitates directional c-ring rotation (134). An earlier model of rotary ATPases (135) that was
based on two hypothetical, laterally displaced half channels (120) is not inconsistent with this
mechanism. In the earlier model, torque is generated by stochastic bidirectional oscillations of
the rotor, biased by the free energy of the pmf, which is sufficient to explain directional rotation.
The pmf ultimately determines the driving force in all possible mechanisms, but the well-placed
directional force on the charged ¢-ring glutamate helps to overcome the activation barrier and to
move the ¢c-ring past the gating #-subunit arginine. The local electrostatic force is likely to offer a
significant kinetic advantage for a process that has to occur thousands of times per second.

Mitochondrial ATP Synthase Dimers and Membrane Curvature

Formation of Type I dimers depends on the dimer-specific subunits ¢, g, and k (55, 61, 82). Contrary
to expectation, these subunits do not interact directly at the dimer interface (78, 79). Rather, they
form a hydrophobic wedge on either side of the dimer (Figure 6b) that imposes a local curvature
on the membrane, even in monomers (79, 136, 137). In yeasts, an extended loop of subunit #
(Figures 6b and 10) establishes direct dimer contacts, together with subunit (78). In mammalian
mitochondria, j is replaced by a subunit termed 6.8PL (95), and the #-subunit loop is missing
(Figure 10), which accounts for the poor stability of the bovine dimer.
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Figure 12

Torque generation in F-type ATP synthases. (#) Cryo-EM map of chloroplast ATP synthase (48) in the
membrane (gray). (b) Schematic of main components. (¢) The lumenal membrane surface is negatively
charged, and the stromal surface is positively charged. The proton-motive force (pmf) of —200 mV exerts a
force perpendicular to the membrane plane (narrow red arrowhead) on the deprotonated glutamates in the
c-ring. A force in this direction does not generate torque and cannot drive ¢-ring rotation (blue arrow).

(@) The ~6-A edge-to-edge distance between the proton access and release channels (see Figure 11)
generates a field parallel to the membrane plane that is approximately six times stronger (wide red arrowhbead).
(e) The strong field promotes ¢-ring rotation in the indicated direction (synthesis mode), driving ATP
synthesis in the Fy head. In panels c—e, the peripheral stalk is omitted for clarity.

Dimer ribbons form spontaneously upon lipid reconstitution of purified Y. Zpolytica Type 1
and Polytomella Type 11 dimers (68) (Figure 13; Supplemental Video 6). Computer simulations
indicate that row formation is driven by the elastic energy of membrane deformation (61, 138).
Insertion of one dimeric complex with a dimer angle of 90° or 56° into a planar lipid bilayer induces
high local membrane curvature. The next inserted dimer would then diffuse to a position adjacent
to the first dimer to minimize the overall bending energy, and so on for subsequent dimers. This
results in the formation of rows or ribbons without the need for specific protein—protein contacts.

The assembly of mtF;F, dimers into rows is a universal feature of all known mitochondrial
ATPases. Type II and IV dimers form short helical ribbons that wrap around the edges of club-
shaped or disk-like cristae (Figure 5f,b). Type I1I dimers of ciliates associate into extensive, closely
spaced helical rows that give rise to tubular cristae (71). No apparent sequence or structural sim-
ilarity exists between the subunits involved in the formation of Type I and Type II dimers. The
fact that the dimers are ubiquitous in mitochondria of all organisms and are, as an entity, more
highly conserved than the subunits involved in their formation proves that they are fundamentally
important.

Cristae Formation

The inner membrane cristae in mitochondria are intimately linked to mtFF, dimers. In S. cere-
visiae, Y. lipolytica, or bovine mitochondria, Type I mtFF, dimers assemble into rows of more
than 1 um in length (59, 61) at the tightly curved edges of lamellar cristae (Figures Se and 13;
Supplemental Video 1). Conventional electron microscopy of yeast Ae and Ag mutants revealed
onion-like concentric inner membrane layers instead of normal lamellar cristae (82). Cryo-ET
of mitochondria isolated from Ae and Ag mutants indicated the absence of mtFF, dimers or
lamellar cristae and the presence of randomly distributed mtF;F, monomers in the membrane
(61). In mitochondria of Podospora anserina, a fungal model organism of cellular aging, cryo-ET
of mitochondria from young cultures indicated normal lamellar cristae and dimer rows but no
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Figure 13

Cryo-ET shows that ATP synthase dimers reconstituted into liposomes self-assemble into rows and bend
the membrane. (#) Section through tomographic volume of lipid vesicle with rows of membrane-inserted
Yarrowia lipolytica ATP synthase dimers around the edge. Cross sections (white lines, insets) indicate that the
dimer rows bend the lipid bilayer by ~90° (dashed red lines). (b)) The 3D-rendered volume indicates that ATP
synthase dimers (ye/low) spontaneously assemble into rows at the tightly curved vesicle edges, as in
mitochondrial cristae (see Figure 5e; Supplemental Video 1). ATP synthase is absent from flat membrane
regions (light blue). (c,d) Parallel rows of bidirectionally inserted dimers (ye/low) bend the lipid bilayer (/ight
blue) into a corrugated sheet. See also Supplemental Video 6. Figure adapted from Reference 68.

monomers (62). In aging cells, the dimers began to break up. In old cells, all dimers had dis-
sociated into monomers and the lamellar cristae had turned into balloon-shaped vesicles. Both
cryo-ET studies demonstrate that cristae formation depends on mtF; F, dimers and dimer rows.

An obvious effect of the cristae, and hence of ATP synthase dimers, is that they increase the
surface area of the inner mitochondrial membrane. A rough estimate shows that, for a cylindrical
mitochondrion of radius 7 and infinite length, stacked with lamellar cristae at a repeat distance
d, the surface area increases by a factor of (+/d 4+ 1). Assuming a radius of 350 nm and a lamellar
stacking distance of 41 nm [both typical for mouse heart mitochondria (139)], the membrane
surface area increases approximately ten-fold, compared with an inner membrane cylinder without
cristae. The extra membrane surface can accommodate ten times more respiratory chain and other
protein complexes. Mitochondria from other tissues are less tightly packed (139), and the surface
increase is correspondingly smaller.

But to enlarge the membrane surface area is not the only, and almost certainly not the main,
effect of the cristae. Yeast Ae and Ag mutants do not have dimers and have no regular cristae,
yet compared with wild type, the total inner membrane surface does not appear conspicuously
reduced (61, 82). A more striking difference is that the mutants grow up to 60% more slowly.
Their mitochondrial membrane potential has been reported to drop by 80% (140), although this
has not been confirmed by another study (141). The reduced membrane potential, and therefore
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Figure 14

ATP synthase dimers and respiratory chain complexes in mitochondrial cristae. ATP synthase dimers (yellow)
and respiratory chain complexes (green) are laterally segregated and occupy different membrane regions.
Mitochondrial ATP synthase forms dimer rows at the cristae ridges, whereas the proton pumps of the
electron transfer chain reside in the adjacent, continuous planar membranes (142). The local pH on the
lumenal side of respiratory chain complex IV and ATP synthase has been determined ratiometrically (143).
Protons (red) pumped into the cristae space by the electron transport complexes flow back into the matrix
through F,, driving ATP synthesis. The mitochondrial outer membrane is porous to small molecules and
ions, including protons. The gray complex that connects inner and outer membranes at the cristae junctions
is hypothetical. Figure adapted from Reference 60.

pmf, may be related to the 3D membrane architecture and spatial segregation of respiratory chain
complexes or supercomplexes (142) and ATP synthase dimer rows (Figure 14). Cristae are micro-
compartments that may work as proton traps. When the dimers dissociate, the cristae unfold (61,
62), the protons escape, and the pmf dissipates. By contrast, protons cannot easily escape from
chloroplast thylakoids, because the thylakoid membrane is a closed system without an outlet to
the intermembrane space. The sealed, proton-tight vesicles safeguard the high pH gradient of up
to 2.5 units across the thylakoid membrane (127), whereas the small proton gradient of no more
than 0.6 to 0.8 pH units across the mitochondrial inner membrane (143, 144) must be protected.
The ATP synthase dimer rows and their capacity to shape the inner mitochondrial membrane into
cristae appear to do exactly that.

A recent analysis revealed that, surprisingly, germline stem cell differentiation in Drosophila
depended on cristae formation. The mitochondrial ATP synthase itself was critical, whereas ATP
synthesis or oxidative phosphorylation was not (145). Stem cell differentiation required the specific
upregulation of ATP synthase expression and formation of ATP synthase dimers, as differentiation
was impaired in subunit e and g knockdowns (145). The cellular and molecular mechanisms behind
these processes are unknown.

ATP Synthase and Health

Many severe neuromuscular, neurodevelopmental, and neurodegenerative diseases are linked to
mitochondria. Of these mitochondrial disorders, 48 have been traced to mutations in subunit
a (ATP6, MT-ATP6, or Atp6p in the medical literature) and 14 to subunit § (A6L, ATPS, MT-
ATPS, or Atp8p) (see Reference 94 for a comprehensive recent review). Both subunits are among
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the 13 human proteins encoded by mitochondrial DNA (mtDNA). Several of the most serious
defects map to the proton release channel, or they disrupt H5 of subunit # and hence impair
F, stability (80, 94). The resulting disorders are maternally inherited and incurable. At present,
the potential for medical intervention seems remote, because each cell has a thousand or more
copies of mtDNA. But knowing the exact location of the mutated residues at least in a model
organism (76, 78, 79) will help to explore their role in the function and stability of the complex,
as an important first step toward the development of future therapies.

In view of their central role in cellular energy metabolism and clear differences in structure, se-
quence, and subunit composition compared with human mtF; F,, the ATP synthases of pathogenic
organisms are excellent drug targets, especially for much-needed antibiotics against multidrug-
resistant strains. The 1.7-A X-ray structure of the ¢y rotor ring from Mycobacterium phlei, a non-
pathogenic relative of Mycobacterium tuberculosis, in complex with the new antibiotic bedaquiline
(146) shows how the drug interacts with the proton-binding site of the ¢-ring subunit. Bedaquiline
is the first compound in 40 years to be approved for treatment of multidrug-resistant tuberculosis.
This approach paves the way for the development of new compounds that act against M. tuberculosis
and other human pathogens. Similarly, the characteristic pyramidal structure of the trypanosomal
F; head with its unique pI§ subunit (72, 73) may prove a suitable target for developing new drugs
against sleeping sickness.

1. It will be important to determine the high-resolution structure of a mammalian, prefer-
ably the human, mtF;F,. The unconventional Type III or Type IV mtF,F, dimers are
interesting for structural studies in their own right while also being potential drug targets
against protozoan pathogens.

2. Cryo-EM and X-ray crystallography provide detailed snapshots of the molecular ma-
chinery that translocates protons and generates ATP, but static structures alone cannot
explain the ATP synthase mechanisms fully. Molecular dynamics simulations of the en-
tire complex on a timescale of milliseconds will be necessary to understand these pro-
cesses at the atomistic level. With the continuing rapid increase in computer power, such
demanding calculations should soon come into reach.

3. The role of mitochondrial ATP synthase dimers in cellular physiology is not understood.
Clearly, the dimers are responsible for cristae formation (61, 82), but why are the cristae
so important? Do they help to maintain the membrane potential? What is their signifi-
cance in the development of multicellular organisms (145)?

4. The role of mtFF, dimers in aging needs to be investigated further. It is known from
one model organism that dimers dissociate and the inner membrane vesiculates in old
cells (62), but it is not known whether this is a cause or an effect of aging or whether the
observed age-related changes in mouse mitochondria (139) result from the same process.

5. Mitochondrial ATP synthase dimers have been implicated in the formation of the mito-
chondrial permeability transition pore (104) that causes a sudden swelling of mitochon-
dria in vitro or during cardiac arrest, leading to membrane rupture and apoptosis. The
molecular events behind this phenomenon have proved elusive in decades of research.
More work is required to establish whether ATP synthase dimers play a role and, if so,
how they are involved.
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6. The biogenesis of ATP synthases is insufficiently explored. F1F, assembly in mitochon-
dria and chloroplasts requires the precise coordination of organellar and nuclear gene
expression. A number of key assembly intermediates and factors have been identified (95,
147). Super-resolution light microscopy indicates that the assembly of the mitochondrial
complex takes place in the cristae rather than in the boundary membrane (148), but how
F,F, assembly is synchronized, what signals are transmitted, and how the components
get to their destination in the membrane are largely unknown.

7. An unresolved—and most likely unresolvable—mystery of the ATP synthase is that of
its evolutionary origins. It is clear from the conserved mechanisms and structure of mi-
tochondrial and chloroplast AT Pases that they predate the divergence of these lineages
1.5 billion years ago (91, 92). The fact that the mechanisms of proton translocation and
ATP synthesis have remained unchanged ever since is astonishing in itself. Evidently,
not even small changes in essential residues are tolerated. There are good reasons to
think that the ATP synthase, along with the ribosome, is one of the two most ancient
macromolecular machines in biology (149). Rotary ATP synthases must have existed in
the bacterial precursors of mitochondria and chloroplasts, but how and where did they
originate? Speculation abounds (150, 151) but is necessarily inconclusive.
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