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The structure of the dimeric ATP synthase from bovine mitochon-
dria determined in three rotational states by electron cryo-
microscopy provides evidence that the proton uptake from the
mitochondrial matrix via the proton inlet half channel proceeds
via a Grotthus mechanism, and a similar mechanism may operate
in the exit half channel. The structure has given information about
the architecture and mechanical constitution and properties of the
peripheral stalk, part of the membrane extrinsic region of the sta-
tor, and how the action of the peripheral stalk damps the
side-to-side rocking motions that occur in the enzyme complex
during the catalytic cycle. It also describes wedge structures in
the membrane domains of each monomer, where the skeleton
of each wedge is provided by three α-helices in the membrane
domains of the b-subunit to which the supernumerary subunits
e, f, and g and the membrane domain of subunit A6L are bound.
Protein voids in the wedge are filled by three specifically bound
cardiolipin molecules and two other phospholipids. The external
surfaces of the wedges link the monomeric complexes together
into the dimeric structures and provide a pivot to allow the
monomer–monomer interfaces to change during catalysis and to
accommodate other changes not related directly to catalysis in the
monomer–monomer interface that occur in mitochondrial cristae.
The structure of the bovine dimer also demonstrates that the
structures of dimeric ATP synthases in a tetrameric porcine enzyme
have been seriously misinterpreted in the membrane domains.
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Mitochondrial ATP synthases occupy the inner membranes
of the organelle and form dimers via specific interactions

in their membrane domains. The dimers themselves are linked
together in back-to-front rows along the edges of the cristae
(1–3). The ATP synthases from bovine and Saccharomyces cer-
evisiae mitochondria are established paradigms for studying the
structure, mechanism, and regulation of mitochondrial ATP
synthases, and the bovine enzyme is a surrogate for the human
enzyme. Each monomeric unit in the dimeric bovine enzyme
described here is an assembly of 28 polypeptide chains of 17
different kinds, organized into a spherical catalytic globular do-
main that extends from the inner mitochondrial membrane
(IMM) into the mitochondrial matrix, attached to an intrinsic
membrane domain by a central stalk and a peripheral stalk (PS)
(4). This membrane-bound enzyme is a machine that transmits
by a rotary action the potential energy of the transmembrane
proton motive force, generated by respiration, into the catalytic
sites in the extrinsic domain. The membrane-bound rotor con-
sists of a ring of eight identical c-subunits in close association
with a single static a (or ATP-6) subunit, attached to the asym-
metrical central stalk (subunits γ, δ, and e) (5, 6) which extends
from the membrane domain and penetrates into the extrinsic
globular catalytic domain along its central axis. As it rotates, the
asymmetrical central stalk brings about structural changes in the
three catalytic sites, found mainly in each of the three β-subunits,
which alternate with three noncatalytic α-subunits in the spher-
ical extrinsic domain (4, 7). These structural changes lead se-
quentially at each catalytic site to the binding of the substrates

ADP and phosphate, followed by the formation and then the
release of ATP. The PS, made from the subunits oligomycin
sensitivity conferral protein (OSCP), b, d, F6, and the membrane
extrinsic region of ATP8, link the external surface of the catalytic
domain to the a-subunit in the membrane domain (8, 9). To-
gether, the α3β3-domain, the PS, and subunit a constitute the
enzyme’s stator against which the rotor turns. Subunits e, f, g,
A6L (or ATP8), and j (or the 6.8 proteolipid) also contribute to
the membrane domain of the PS (10–12), and in the dimeric
complex some of them are involved in forming the interface
between monomeric complexes (12). Another subunit known
previously as diabetes-associated protein in insulin sensitive tis-
sue (11), but here renamed “k” to be consistent with the yeast
ortholog (12, 13), may be involved in forming links between di-
mer units in the rows of dimers (13, 14). Over a period of about
15 y from 1994, a mosaic structure representing about 85% of the
monomeric complex was built up by solving structures of sepa-
rate domains by X-ray crystallography (5, 9, 15–25). The missing
15% represented part of the membrane domain. An intact bac-
terial ATP synthase was finally solved by X-ray crystallography in
2015 (26). With the advent of electron cryo-microscopy
(cryo-EM), from 2015 onward a range of structures of intact
monomeric ATP synthases from bacteria (27–29) and chloro-
plasts (30), and of dimeric ATPases from various mitochondria
have been described at a range of resolutions (6, 31–36), as well
as the dimeric membrane domain from the enzyme from S.
cerevisiae (12). These structures have confirmed the widespread
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conservation of the central structural and mechanistic features of
the enzyme established mainly in the bovine enzyme, and the
knowledge that the stoichiometry of the c-ring varied according
to species from 8 to 17 (5, 37–39). They also demonstrated ex-
treme variation in the subunit composition, sequences, structure,
and apparent rigidity of the PS in the various enzymes. The
atomic models of the dimeric bovine ATP synthase described
here provide evidence of the operation of a Grotthus mechanism
of proton translocation (40) in the inlet half channel of the
transmembrane proton pathway through the membrane domain.
The structures provide insights into the architecture and me-
chanical properties of the PS (35) and describe wedge structures
in the membrane domains of each monomer that allow the
monomer–monomer interfaces to pivot during catalysis and to
accommodate other changes not related directly to catalysis that
occur in mitochondrial cristae. The bovine structure shows that
the structures of the membrane domains of porcine ATP synthases
in a tetrameric complex have been seriously misinterpreted (41).

Results and Discussion
The Structure of Dimeric Bovine ATP Synthase. The dimeric enzyme,
inhibited by residues 1 to 60 of regulatory protein IF1, was pu-
rified in the presence glycodiosgenin, Brij-35, and phospholipids
(SI Appendix, Fig. S1), and its structure was determined by cryo-
EM of single particles (SI Appendix, Fig. S2). Three datasets of
4,267; 2,238; and 4,096 dose-fractionated exposures were curated
manually and auto-picked to provide 233,330 initial particle co-
ordinates in 9,110 curated micrographs, 176,710 of them
remaining after iterative rounds of two-dimensional classification
and selection of particle subsets. Particles in each dataset were
merged, and structures of the monomeric enzyme were derived
according to SI Appendix, Scheme S1. The resolution was in-
creased by exploiting the pseudoc2 symmetry of the dimer,
yielding 253,473 monomer particles with 101,165, 90,850, and
61,458 in rotational states 1, 2, and 3, respectively, with corre-
sponding resolutions of 3.2, 3.3, and 3.5 Å. Focused local re-
finement (SI Appendix, Scheme S2) of the rotor (c8-ring plus
subunits γ, δ, and e), the stator (subunits OSCP, b, d, and F6 and
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Fig. 1. Structure of dimeric bovine ATP synthase. The state 1–state 1 dimer is depicted with each monomer inhibited by residues 1 to 60 of the inhibitor
protein IF1, states 1, 2, and 3 being the three rotational states of the F1-domain in each monomer relative to the PS. (A and B) The densities derived by cryo-EM
represented as volume zones within 2.0 and 1.8 Å, respectively, of the fitted atomic model, viewed in A from the side (orthogonal to the plane of the
IMM) and in B from inside the mitochondrial matrix toward the interface between monomers. In A, the detergent micelle, and in B, the F1-domain and the
membrane extrinsic region of the PS, have been removed for clarity. The inhibitor protein is labeled I. In B, the outline of the detergent micelle is in-
dicated by gray lines. (C ) Arrangement of subunits in the membrane domain of the monomer. The α-, β-, γ-, δ-, and e-subunits of the F1-catalytic domain
are red, yellow, blue, indigo, and green, respectively, with the central stalk (subunits γ, δ, and e) attached to the c8-ring (dark gray) in the membrane
domain in contact with subunit a or ATP6 (cornflower blue). The PS subunits OSCP, b, d, and F6 are teal, light pink, orange, and magenta, respectively, and
the A6L subunit is brick red. In the region of the monomer–monomer interface, subunits e, f, g, j, and k are khaki, straw yellow, forest green, sea-foam
green and dark pink, respectively. Cardiolipin (CDL) and phosphatidyl-glycerol (LHG) phosphate headgroups are scarlet, and the acyl chains are gray. See
also Movie S1.

23520 | www.pnas.org/cgi/doi/10.1073/pnas.2013998117 Spikes et al.

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
http://movie-usa.glencoesoftware.com/video/10.1073/pnas.2013998117/video-1
https://www.pnas.org/cgi/doi/10.1073/pnas.2013998117


associated supernumerary subunits e, f, and g) and the mem-
brane domain (subunits a, A6L, b, d, e, f, g, j, k, and the c8-ring)
improved the quality of the maps and the resolutions in these
regions to 3.5 to 3.7, 4.2 to 6.0, and 3.6 Å.
In the structure of the dimeric bovine complex (Fig. 1 and

Movie S1), all subunits and sequences were assigned unambig-
uously (SI Appendix, Fig. S3) with improvement in the models for
the γ-subunit in the F1-domain and in the OSCP in the PS (SI
Appendix, Table S1). The only significant remaining structural
ambiguity is in the region of the PS around where the C-terminal
regions of F6 and A6L meet (SI Appendix, Fig. S4). In the
membrane domain, the detailed structures of the a-subunit and
c8-ring and the proton pathway that they provide were improved
(Fig. 2), as was the complex “wedge” involving the b-subunit in
the peripheral stalk and associated supernumerary subunits e, f,
g, j, k, and A6L. Three cardiolipins (CDL1–3) and two other

phospholipids designated phosphatidyl-glycerols (LHG4–5) are
specifically bound in each wedge (SI Appendix, Fig. S5). Because
of the quality of the density, there remains uncertainty about the
identity of LHG4–5, and either or both could conceivably be
cardiolipin molecules. In the dimeric ATP synthase from the
single-cell flagelate Euglena gracilis, several cardiolipin mole-
cules were identified at the interface between monomers, two of
them in similar locations to CDL1 and CDL2, although the ar-
chitecture, subunit compositions, and mechanisms of dimeriza-
tion differ considerably from the bovine dimer (35). The
inhibition of ATP hydrolysis in the isolated catalytic F1-domain
arrests the rotary cycle at the catalytic dwell, and in structures of
the inhibited bovine F1-IF1 complex, the rotary cycle has been
arrested at 27° to 32° after the pause in the rotary cycle preceding
the release of phosphate (25). In the current structure, the
postphosphate release angles are 28.8°, 26.2°, and 25.5° in states

Fig. 2. Proton half-channels in bovine ATP synthase with a Grotthus water chain in the inlet. (A and B) Cross-section of part of the a-subunit (blue) plus a two
adjacent c-subunits (gray) viewed from inside the c8-ring. (A) The inverted L-shape of the inlet channel and the tilted outlet half-channel (both red) de-
termined with CAVER. (B) The electrostatic potential surface of the inlet and outlet half-channels separated by a region of positive charge around aArg-159.
The electrostatic potential of the molecular surface, calculated with the DELPHIpKa web-server (62, 63) at a salt concentration of 150 mM, a pH of 7.4, and
otherwise default parameters, is shown with positively and negatively and positively charged surfaces in blue and red, respectively, and the c8-ring in
transparency. The range of charge potentials is −5 (red) to +7 (blue). (C and D) The topology of the inlet cavity with a vertical cross-section of the membrane
domain of the proteins and adjacent phospholipids CDL2, CDL3, LHG4, and LHG5. (E and F) Detailed views of the inlet channel with charged and polar
residues available for hydrogen bonding a Grotthuss chain of five water molecules W1 to W5 (red spheres) suggested by the unmodeled density (in mesh).
The view in E is equivalent to that in C. F is viewed through the channel from cGlu-58 toward the loop of subunit a containing aPro-90 (D). Distances between
H-bond donors and acceptors and water molecules are shown. Between W1 and W5 the distances are 4.1, 3.2, 2.6, and 4.0 Å, respectively. The Grotthuss chain
leads to aGlu-203 and then to cGlu-58 possibly via other as-yet-undefined water molecules.
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1 to 3, respectively. Therefore, the rotational angle in the F1-
domain is not influenced significantly by interactions with the
additional components of the intact enzyme that are absent from
the isolated F1-domain. The structure of the dimeric bovine ATP
synthase is consistent with chemical cross-linking data (42) (SI
Appendix, Fig. S6), and the attribution of subunits is the same as
in the dimeric yeast membrane domain (12). The bovine struc-
ture differs significantly from those of dimeric complexes in a
tetrameric form of the closely related porcine enzyme (41) (SI
Appendix, Figs. S7 and S8) where subunit j was misidentified as
subunit k (SI Appendix, Figs. S9 and S10), and subunit k as a
hypothetical protein (SI Appendix, Figs. S11 and S12). Also,
porcine subunit j was built as a polyalanine α-helix in the central
cavity of the c8-ring, whereas the cavity is most likely to be oc-
cupied by lipids (Fig. 3 and SI Appendix, Fig. S13; see below),
and other differences occur in the structures of subunits b, c, e, f,
g, and A6L (SI Appendix, Figs. S14–S18).

The Peripheral Stalk. The PS is an essential component of the
enzyme’s stator linking the α3β3-sphere of the F1-catalytic do-
main to the membrane-associated wedge and the adjacent
a-subunit into the stator subcomplex against which the rotor
turns. During catalysis, it prevents the dissociation of the α3β3-
domain from the central stalk by clamping it in position from
above, and it resists the rotational torque of the central stalk,
preventing the α3β3-domain and the rest of the stator domain
from following the direction of rotation. It is evident from Movie
S2 that the PS has four mechanical components. A cap provided
by the N-terminal domain of the OSCP is linked to the
N-terminal extensions of the three α-subunits and adjusts its
connections in concert with the rocking of the α3β3-domain
during a catalytic cycle (SI Appendix, Fig. S19). The cap is con-
nected by a universal joint (OSCP residues 112 to 116) to the
C-terminal domain of the OSCP (residues 175 to 190) (SI Ap-
pendix, Figs. S20–22). Its role is to accommodate the PS to the
up–down and sideways rocking motions of the α3β3-domain
during catalysis caused by the asymmetric rotor (Movie S3). This
universal joint is linked to a rigid rod ∼150 Å in length consisting
largely of parallel (not coiled) α-helical sections of subunits b
(residues 91 to 186 and 190 to 214), d (residues 24 to 43, 53 to 59,
63 to 75, 84 to 122, and 132 to 138), and F6 (residues 9 to 24 and
33 to 50), augmented in the lower region by the C-terminal re-
gion of A6L (residues 30 to 66) (Fig. 1A and SI Appendix, S4 and
S23 A–C). The rigid rod is connected to the membrane domain

of the stator by a hinge at residues 73 to 90 of bH3 (the penul-
timate C-terminal α-helix of subunit b), which remains relatively
immobile as bH3 and bH4, and associated subunits d, F6, and
OSCP are displaced laterally by 9.9 and 13.1 Å in states 1 and 3,
respectively, measured relative to state 2 (SI Appendix, Fig. S23).
In contrast to the Escherichia coli ATP synthase, where the PS is
simpler and consists of a right-handed α-helical coiled-coil pro-
vided by the two identical b-subunits, additional displacements
perpendicular to the lateral motion of the PS (toward the central
axis of the rotor) have been observed (27, 29), but there are no
such movements in the catalytic cycle of the bovine dimer.
Rather, in the state 3–state 1 transition, the OSCP expands as
the PS moves outward from the F1 domain (Movie S3). In bovine
dimer structures representing the gamut of catalytic states, the
two membrane domains do not superimpose, but they pivot, as
we describe elsewhere. Thus, these lateral displacements of the
peripheral stalk brought about by the rotation of the asymmet-
rical central stalk are transmitted to the membrane domain, with
a reduction in the displacement of the catalytic domain relative
to the bacterial enzyme. In the dimeric and oligomeric assem-
blies found along the apices of the mitochondrial cristae, this
reduced displacement may provide a damping effect and in-
crease the efficiency of the enzyme. Some degree of motion of
the catalytic domain must be permitted to allow efficient con-
version of the rotational torque of the central stalk into con-
formational changes in the catalytic subunits, but without wasting
energy by unneeded displacement of the extrinsic portion of the
enzyme. The flexibility of the peripheral stalk effectively meters
this balance, preventing free rotation of the catalytic domain,
accommodating the rocking motions induced by the asymmetric
central stalk, and damping displacement of the membrane do-
main helping to keep the a-subunit in place.

The Proton Pathway. The roles of the a-subunit and c-ring in
providing the proton pathway through the IMM have been de-
scribed before (6, 12, 28, 30, 31, 33, 35, 43, 44). During ATP
synthesis, an inlet half-channel passing through α-helices aH5
and aH6 in the a-subunit tilted at 30° to the plane of the mem-
brane provides ingress for protons to negatively charged Glu-58
residues in c-subunits (or cGlu-58 residues) located at the ap-
proximate midpoint of the membrane. The protons are carried
through the lipid bilayer on the neutralized γ-carboxyl of cGlu-58
by the rotation of the c8-ring to the outlet half-channel where
they are released by the positively charged aArg-159 into the

Fig. 3. Occupancy of the inner cavity of the c8-ring. (A) Cross-section of the solvent-excluded surface of the model of the c8-ring and e-subunit of the
membrane domain, the foot of the central stalk, and the unmodeled density (teal), which is mainly the detergent-lipid micelle surrounding the protein, plus
density extending beyond residue e58 toward the opening of the central cavity of the c8-ring. (B) Cross-sectional view of the solvent-excluded surface of the
membrane domain. The unmodeled region (khaki transparency) probably represents residues e59 to the C-terminal residue e70. It is conceivable that a brief
span of the extreme C-terminal region penetrates a short distance into the cavity of the c8-ring and that this region is occupied by the C-terminal tail of
subunit e plus a phospholipid (PLC). The density inside the c8-ring is weak and rotationally averaged and probably represents PLC molecules (SI Appendix, Fig.
S13). A second PLC is shown occupying the upper region of the cavity.
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outlet half-channel, provided by the tilted α-helices in the
a-subunit. In the current structure (Fig. 2), the inlet and outlet
channels are defined clearly, and the c8-bearing surface of the
a-subunit has negatively charged regions corresponding to the
two half-channels (Fig. 2B). The half-channels are separated by a
positively charged region provided by the highly conserved aArg-
159 (and others) that prevents, probably by charge repulsion,
leakage of protons from inlet to outlet and promotes deproto-
nation of cGlu-58 in the outlet channel to drive the rotation of
the c8-ring in the synthesis direction. Details have emerged re-
lating to the inlet half-channel especially, which has a negatively
charged entrance to attract hydronium ions (SI Appendix, Fig.
S24). The half-channel is formed from elements of the a-, b-, and
f-subunits with the loop between aH3 and aH4 (containing res-
idues aPro-89 and aHis-90) and together with the C-terminal
region and transmembrane α-helix of fH3 (residues 56 to 74)
providing its “back." The “front” is formed from regions of aH5
and aH6 (which contains the conserved aGlu-203 residue), and
the second transmembrane α-helix of the b-subunit, bH3, closes
this side of the channel, sealing it from the aqueous environment
and the surrounding membrane (Fig. 2 C and D). Lipids also
contribute significantly (Fig. 2 C and D and SI Appendix, S5 and
S25). Cardiolipins CDL2 and CDL3 and an acyl chain of LHG4
occupy cavities blocking solvent access of water at interfaces with
the transmembrane α-helices of subunits b and f, thereby pre-
venting proton leakage via the back of the a-subunit. CDL2, and
the acyl chains of CDL3 and LHG4 at the interface between
bH3 and fH3, reinforce specific spatial relationships between
α-helices in the half-channel that otherwise might “collapse” into

the unoccupied spaces. The route for protons from the inter-
membrane space of the mitochondria leads to the highly con-
served aGlu-203, located where the solvent channel traverses
through the tilted α-helices aH5-aH6 and thence toward the c8-
rotor (Fig. 2A). Several polar and charged residues in the inlet
half-channel are in position to hydrogen-bond a network of five
water molecules, W1 to W5 (Fig. 2 E and F), suggested by
unmodeled density, and to transfer protons by a Grotthus
mechanism. Immediately below the conserved aGlu-203 in aH5,
a small aperture between the solvent cavities on either side of
aH4 and aH5 allows protons to be transferred between two ad-
jacent water molecules (Fig. 2 C and E) in a final step. The
distances between bGlu-56, bSer-59, and bThr-63 to water
molecules W1, W3, and W4, respectively, are suggestive of
strong hydrogen bonds (Fig. 2F), while those between aSer-8,
aHis-168, and aHis-172 and W2, W3, and W1, respectively,
suggest weaker interactions (Fig. 2 E and F). The relatively large
distances between W5 and aGlu-203, and between aGlu-203 and
cGlu-58, in the final steps of the proton transfer, may suggest the
involvement of other as-yet-undefined water molecules. Alter-
natively, the transfer after W5 could be mediated by diffusion of
free hydronium ions. The proximity of aHis-168 to this appar-
ently empty region of the half-channel suggests its participation.
In a structure of dimeric ATP synthase from Polytomella (35), an
unspecified metal ion coordinated by two histidine residues was
modeled near to the position of W1 in the bovine structure, but
only one of these histidines, aHis-172, was conserved in the
bovine enzyme. In addition to proffering a clear pathway for the
transfer of protons to the c8-ring, the Grotthus chain presents an

Fig. 4. The structure of the wedge at the monomer–monomer interface in dimeric bovine ATP synthase. Subunits b, e, f, and g are pink, khaki, straw-yellow,
and forest green, respectively, and subunits a, j, k, A6L, and the c8-ring are depicted as a light-gray solvent-excluded surface. The dark-gray solvent-excluded
surface represents bound lipids (CDL1, CDL2, CDL3, and LHG5) with the phosphate and oxygen atoms of the head groups in orange and red, respectively. The
black lines indicate the approximate boundaries of the lipid bilayer. (A) Side view of the membrane domain of the monomer showing the tilted arrangement
of the transmembrane α-helices of subunits b, e, and g. (B) Top view demonstrating how the unique N-terminal topologies of subunits b, e, and g, lying in the
plane of the matrix leaflet of the membrane, form part of a wedge that similarly reinforces the curvature. In addition, the transmembrane α-helix of subunit g
is tilted toward the center of the dimer complex by ∼40°. (C and D) Magnified views of the same orientations of the wedge with the cryo-EM densities of the
identified lipids CDL1, CDL2, CDL3, LHG4, and LHG5 in gray, turquoise, orange, yellow, and cyan, respectively. Subunits, a, A6L, and j are cornflower blue, brick
red, and sea-foam green, respectively.
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apparent mechanism to transmit the full energetic potential of
the proton motive force (pmf) into torque to drive the rotor by
providing a stretch of high permittivity medium to transpose the
vertical membrane potential into a horizontal potential. The
strong positive electric field at the entrance to the inlet channel
is conducted toward the negatively charged carboxyl of the cGlu-
58 at the midpoint of the membrane, and, as would be required
for ATP synthesis, driving the c8-ring forward in the appropriate
direction with the full force of, but perpendicular to, the electro-
chemical proton gradient. While a notional Brownian ratchet
mechanism ensures the directionality of rotation of the c8-ring
(45), coupling the ring directly to the membrane potential via the
Grotthus water chain is a mechanism for delivery of the full
proton motive force to the ring generating the torque required to
turn the ring and the entire rotor against the resisting forces of
the catalytic domain.
In the more open funnel-shaped outlet half-channel, strong

density near aArg-159, with the hydroxyl moiety of aTyr-221
pointing toward it, could be a specifically bound water mole-
cule, with distances of ∼2 Å to each of the hydrogen bond ac-
ceptors of aArg-159. The bound water molecule could accept the
proton leaving cGlu-58, probably via freely diffusing water as the
distance between cGlu-58 and aArg-159 is too large for direct
transfer. Release of protons into the matrix may occur via a chain
of waters, as in the inlet channel; by successive transfers via
residues in the upper region of the outlet (with aGlu-145, aHis-
127, aHis-223, and aAsp-224 providing hydrogen bonds); or
simply by diffusion into the bulk solvent. If so, the upper part of
the outlet channel would provide a sufficiently negative envi-
ronment to maintain a pool of nearby hydronium ions, rather

than providing a specific exit pathway. In synthesis, and therefore
in the presence of a pmf, the charge separation across the inner
mitochondrial membrane should act to drive protons away from
the outlet channel. During hydrolysis, where torque and rotation
are generated in the catalytic domain driven by the energy re-
leased by ATP hydrolysis, the funnel shape should help to collect
protons into the channel and lead them to cGlu-58 so they can be
pumped back into the mitochondrial matrix via the inlet channel.
The arrangement of a specific channel delivering energy to the
rotor and a rather nonspecific proton exit pathway is reminiscent
of the arrangement of proton pathways in cytochrome c oxidase
where a specific channel delivers protons via a Grotthus mech-
anism to the binuclear center to provide the energy to drive the
reduction of dioxygen, whereas the exit pathway for protons into
the mitochondrial matrix is nonspecific (46).

Contents of the c8-Rotor Ring. The central cavity of the c8-ring
contains a poorly defined, noisy density observed also in the
porcine (41) and yeast c-rings (12) (Fig. 3A and SI Appendix,
S13 A–E). Here, the upper half of this density has been attrib-
uted to a mobile lipid (including possibly coenzyme Q10) (47),
and the lower half has been ascribed to another mobile lipid and
the C-terminal region of the e-subunit, which extends toward the
central cavity on the inter-membrane space (IMS) side of the
membrane and could just penetrate into the cavity (Fig. 3B).
Residues eArg-58 and eLys-70 could interact with a ring of
aspartate residues at the bottom of the c8-ring. Alternatively,
eGlu-62, eGln-64, eGlu-65, and eAsp-66 could bind and neu-
tralize the charge of a positive lipid headgroup in the other-
wise highly nonpolar internal environment of the IMS half of

Fig. 5. The monomer–monomer interface in the membrane domain of dimeric bovine ATP synthase. A composite model of the dimeric membrane domain at
3.6-Å resolution is shown. (A and B) The membrane domain viewed from between the two peripheral stalks and the orthogonal view, respectively. Subunits e
and g, not involved in monomer–monomer contacts, have been removed to expose the protein–protein interface. The thick dashed line denotes the interface
between the monomers, and the thinner dashed lines indicate regions between them lacking protein–protein interactions. (C) Cross-sectional view of the
membrane domain of the dimeric bovine ATP synthase. The positions of the near and far clipping planes used to construct the cross-section are indicated in
the Inset at the top. The molecular surfaces of the subunits are shown plus the detergent-lipid micelle (teal). For clarity, only subunits a, j, d, and the c8-ring are
shown. The approximate thicknesses of the membrane in different regions of the membrane domain are indicated in ångströms. In the region of the in-
terface between monomers, which is situated at the apex of the cristae, the membrane thins by ∼20 Å. The C-terminal regions of both j-subunits protrude into
the IMS. Additional density connecting the protomers was observed in several of the dimer reconstructions at lower resolutions, as indicated by the black
arrowhead. The boundary of the lower leaflet of the membrane lies above this interaction. (D) The same view of the membrane domain of the bovine
complex with the micelle removed. In D, the A6L subunit is in brick red transparency. Its N-terminal residues define the approximate lower boundary of the
membrane toward the c8-ring. This approximate boundary is indicated by the dashed black line.
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the c-ring cavity to tether the C terminus of the e-subunit
while allowing unimpeded rotation of the c8-ring. In contrast,
in the dimeric yeast ATP synthase, the C-terminal region of
the e-subunit points outward into the IMS in the direction of the
c10-ring of the second monomer and does not enter the cavity
(12). The matrix side of the bovine cavity has a net positive
electrostatic potential provided by the ring of eight trimethylly-
sine residues at position 43. In all eight bovine c-subunits, the
density supports this modification (SI Appendix, Fig. S26). The
surface of the internal cavity of the c8-ring is almost entirely
hydrophobic except for the side chains of residues cThr-27 and
cSer-31, and the cavity is hourglass-shaped, narrowing from a
14.2-Å diameter at the entrances to 10.4 Å at the approximate
midpoint of the membrane. These characteristics are incom-
patible with the suggestion that the cavity provides a nonspecific
aqueous channel for calcium ions known as the mitochondrial
permeability transition pore (48–50) that can also transmit
polyethylene glycols with sizes up to PEG 1000 (51).

The Monomer–Monomer Interface. The structure explains the roles
of supernumerary subunits e, f, and g and of α-helices bH1 and
bH2, which are not present in the monomeric ATP synthases
from bacteria and chloroplasts. Together with the transmem-
brane domain of bH3, these elements form a wedge (Fig. 4), with
the upper surface on the matrix side of the membrane sub-
tending an angle of ∼45° in the membrane domain of each
monomer. This angle is imposed by the α-helices bH2 and bH3,
which provide the wedge with a protein skeleton, with bH1 sit-
ting on top on the matrix side. The position of bH2 is augmented
by the transmembrane segment of subunit e (residues 10 to 25)
and by a second transmembrane α-helix, gH3 (residues 69 to 93).
The top of the wedge on the matrix side consists of four am-
phipathic α-helices: gH1 (residues 20 to 36), gH2 (residues 42 to
60), fH1 (residues 16 to 25), and fH2 (residues 30 to 48). This
topology is supported by residues 1 to 15 of subunit b, which bind
to residues 128 to 131 of subunit d in the peripheral stalk. Am-
phipathic α-helices fH1 and fH2, bH1, and gH2 are gathered
around the headgroups of CDL3 and LHG5, and CDL3 and
LHG5 occupy a protein void in the matrix leaflet of the mem-
brane. CDL1, CDL2, and LHG4 fill internal protein voids,
sealing the membrane and adding stability to the wedge (Fig. 4).
The negative charges of the cardiolipins are compensated by the
positive charges of lysine and arginine residues adjacent to the
lipid head groups (SI Appendix, Fig. S5). For example, CDL3 is
coordinated by residues fArg-43 and fLys-47, and CDL1 by
residues A6L-Lys-27, A6L-Lys-30, and jLys-8. The acyl chains of
the lipids all occupy the hydrophobic interior of the membrane
domain. These resolved lipids are probably incorporated at
specific, and as-yet-undefined, points in the process of assembly
of the enzyme, and there are likely to be others bound at the
interface that were not resolved due to the placement of the
monomeric membrane domain masks used for focused local
refinement (SI Appendix, Fig. S25).
A striking feature of the monomer–monomer interface region,

which was inferred approximately from a catalytically averaged
consensus reconstruction (SI Appendix, Scheme S1), is that the
thickness of the membrane is reduced to ∼30 Å from the usual
value of ∼50 Å. The intersection of the lower boundary of the

membrane in the small cavity between the transmembrane
α-helices of subunit j forms a sharp angle and the lower leaflet
joins with the N-terminal hook (residues 1 to 7) of subunit A6L,
the N terminus of subunit a (residues 1 to 15), and the
C-terminal extension of subunit f (residues 74 to 87), forming the
lower surface of the enzyme (Fig. 5 C and D). This lower surface
contains the entrance to the proton inlet channel, with the
charged residues aGly-3, aAsn-4, aThr-7, and aSer-8 in the
N-terminal region and in the C-terminal region fGly-77, fHis-80,
and fGly-81 providing a negative electrostatic potential amid a
predominantly positively charged surface that should act to guide
protons (as H3O

+) to the inlet and subsequently into the channel
toward aHis-172 (SI Appendix, Fig. S24). This thinning of the
IMM facilitates its curvature where the two monomers are as-
sociated at the apices of the mitochondrial cristae. Although it
has been demonstrated that ATP synthase dimers, and self-
assembled oligomers formed from them, can induce bending in
proteoliposomes in vitro (3, 52, 53), it is not known whether this
effect is responsible for, or directly involved in, the production of
cristae. If not, an alternative explanation is that the preformed
dimers localize to the region of high positive curvature at the
cristae tips. It has been proposed that a similar mechanism would
also promote nonspecific oligomerization independently of de-
fined protein interactions at the interface (although these in-
teractions do exist) (3).

Materials and Methods
Dimeric ATP synthase inhibited with residues 1 to 60 of the inhibitor protein
IF1 was extracted from bovine mitochondria and purified in the presence of
glycodiosgenin, Brij-35, and phospholipids. The purified enzyme was applied
to electron microscopy grids, and high-resolution electron cryo microscopy
data were collected with Titan Krios instruments. Three datasets were
merged, and the structure of the monomeric ATP synthase was determined.
The resolution of the reconstructions was increased by exploiting the
pseudoc2 symmetry of the dimer. The quality of the map and the resolution
of specific regions were improved by focused refinement of the stator, PS,
and membrane domain. Fourier shell correlation curves and local resolution
estimations were calculated with RELION. Model building into focused maps
was performed with COOT (54) and real space refinement with PHENIX
(55–57). Lipids weremodeled into density with ISOLDE (58). The starting model
comprised the crystal structures of subdomains of bovine ATP synthase. Model
geometry and density fit validation was performed by MolProbity (59, 60) and
EMRinger (61), respectively. For further details, see SI Appendix.

Data Availability. Protein models and electron density map data have been
deposited in the Protein Data Bank and the Electron Microscopy Data Bank
under the following accession numbers: 6YYO (EMD-11001), 6Z1R (EMD-11039),
6Z1U (EMD-11040), 6ZBB (EMD-11149), 6ZG7 (EMD-11195), 6ZG8 (EMD-11196),
6ZIK (EMD-11227), 6ZIQ (EMD-11228), 6ZIT (EMD-11229), 6ZIU (EMD-11230),
6ZPO (EMD-11342), 6ZQM (EMD-11368), 6ZQN (EMD-11369), 6ZMR, 6ZNA.

ACKNOWLEDGMENTS. This work was supported by UK Medical Research
Council (MRC) Grants MC_U105663150, MR/M009858/1, MC_U105663150,
and MC_UU_00015/8 (to J.E.W.). From 2013 to 2017, T.E.S. was in receipt of
an MRC PhD Studentship. The cryo-electron microscopes at the University of
Cambridge Department of Biochemistry were funded by Wellcome Trust
grants 202905/Z/16/Z and 206171/Z/17/Z (J.E.W. co-applicant/stakeholder).
We thank D. Y. Chirgadze and colleagues (Department of Biochemistry,
University of Cambridge) and Y. Chaban and staff of Electron Bio-Imaging
Centre (eBIC), Diamond Light Source, for expert operation of microscopes
and advice on data collection; and E. R. S. Kunji and M. Wikström for their
helpful comments on the manuscript.

1. N. V. Dudkina, S. Sunderhaus, H. P. Braun, E. J. Boekema, Characterization of dimeric

ATP synthase and cristae membrane ultrastructure from Saccharomyces and Poly-

tomella mitochondria. FEBS Lett. 580, 3427–3432 (2006).
2. K. M. Davies et al., Macromolecular organization of ATP synthase and complex I in

whole mitochondria. Proc. Natl. Acad. Sci. U.S.A. 108, 14121–14126 (2011).
3. T. B. Blum, A. Hahn, T. Meier, K. M. Davies, W. Kühlbrandt, Dimers of mitochondrial

ATP synthase induce membrane curvature and self-assemble into rows. Proc. Natl.

Acad. Sci. U.S.A. 116, 4250–4255 (2019).
4. J. E. Walker, The ATP synthase: The understood, the uncertain and the unknown.

Biochem. Soc. Trans. 41, 1–16 (2013).

5. I. N. Watt, M. G. Montgomery, M. J. Runswick, A. G. W. Leslie, J. E. Walker, Bioen-

ergetic cost of making an adenosine triphosphate molecule in animal mitochondria.

Proc. Natl. Acad. Sci. U.S.A. 107, 16823–16827 (2010).
6. A. Zhou et al., Structure and conformational states of the bovine mitochondrial ATP

synthase by cryo-EM. eLife 4, e10180 (2015).
7. J. E. Walker, ATP synthesis by rotary catalysis (Nobel lecture). Angew. Chem. Int. Ed.

Engl. 37, 2308–2319 (1998).
8. I. R. Collinson et al., ATP synthase from bovine heart mitochondria. In vitro assembly

of a stalk complex in the presence of F1-ATPase and in its absence. J. Mol. Biol. 242,

408–421 (1994).

Spikes et al. PNAS | September 22, 2020 | vol. 117 | no. 38 | 23525

BI
O
CH

EM
IS
TR

Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2013998117/-/DCSupplemental
http://www.rcsb.org/pdb/explore/explore.do?structureId=6YY0
http://www.ebi.ac.uk/pdbe/entry/EMD-11001
http://www.rcsb.org/pdb/explore/explore.do?structureId=6Z1R
http://www.ebi.ac.uk/pdbe/entry/EMD-11039
http://www.rcsb.org/pdb/explore/explore.do?structureId=6Z1U
http://www.ebi.ac.uk/pdbe/entry/EMD-11040
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZBB
http://www.ebi.ac.uk/pdbe/entry/EMD-11149
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZG7
http://www.ebi.ac.uk/pdbe/entry/EMD-11195
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZG8
http://www.ebi.ac.uk/pdbe/entry/EMD-11196
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZIK
http://www.ebi.ac.uk/pdbe/entry/EMD-11227
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZIQ
http://www.ebi.ac.uk/pdbe/entry/EMD-11228
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZIT
http://www.ebi.ac.uk/pdbe/entry/EMD-11229
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZIU
http://www.ebi.ac.uk/pdbe/entry/EMD-11230
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZPO
http://www.ebi.ac.uk/pdbe/entry/EMD-11342
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZQM
http://www.ebi.ac.uk/pdbe/entry/EMD-11368
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZQN
http://www.ebi.ac.uk/pdbe/entry/EMD-11369
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZMR
http://www.rcsb.org/pdb/explore/explore.do?structureId=6ZNA


9. V. K. Dickson, J. A. Silvester, I. M. Fearnley, A. G. W. Leslie, J. E. Walker, On the
structure of the stator of the mitochondrial ATP synthase. EMBO J. 25, 2911–2918
(2006).

10. I. R. Collinson, J. M. Skehel, I. M. Fearnley, M. J. Runswick, J. E. Walker, The
F1Fo-ATPase complex from bovine heart mitochondria: The molar ratio of the sub-
units in the stalk region linking the F1 and Fo domains. Biochemistry 35, 12640–12646
(1996).

11. R. Chen, M. J. Runswick, J. Carroll, I. M. Fearnley, J. E. Walker, Association of two
proteolipids of unknown function with ATP synthase from bovine heart mitochon-
dria. FEBS Lett. 581, 3145–3148 (2007).

12. H. Guo, S. A. Bueler, J. L. Rubinstein, Atomic model for the dimeric FO region of mi-
tochondrial ATP synthase. Science 358, 936–940 (2017).

13. J. He et al., Assembly of the membrane domain of ATP synthase in human mito-
chondria. Proc. Natl. Acad. Sci. U.S.A. 115, 2988–2993 (2018).

14. J. E. Walker, J. He, J. Carroll, “Modular assembly of ATP synthase” in Oxygen Pro-
duction and Reduction in Artificial and Natural Systems, J. Barber, A. V. Ruban, P.
J. Nixon, Eds., (World Scientific Publishing, 2019), pp. 119–134.

15. J. P. Abrahams, A. G. W. Leslie, R. Lutter, J. E. Walker, Structure at 2.8 Å resolution of
F1-ATPase from bovine heart mitochondria. Nature 370, 621–628 (1994).

16. M. J. van Raaij, J. P. Abrahams, A. G. W. Leslie, J. E. Walker, The structure of bovine F1-
ATPase complexed with the antibiotic inhibitor aurovertin B. Proc. Natl. Acad. Sci.
U.S.A. 93, 6913–6917 (1996).

17. D. Stock, A. G. W. Leslie, J. E. Walker, Molecular architecture of the rotary motor in
ATP synthase. Science 286, 1700–1705 (1999).

18. C. Gibbons, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, The structure of the
central stalk in bovine F1-ATPase at 2.4 Å resolution. Nat. Struct. Biol. 7, 1055–1061
(2000).

19. R. I. Menz, A. G. W. Leslie, J. E. Walker, The structure and nucleotide occupancy of
bovine mitochondrial F1-ATPase are not influenced by crystallisation at high con-
centrations of nucleotide. FEBS Lett. 494, 11–14 (2001).

20. E. Cabezón, M. J. Runswick, A. G. W. Leslie, J. E. Walker, The structure of bovine IF1,
the regulatory subunit of mitochondrial F-ATPase. EMBO J. 20, 6990–6996 (2001).

21. M. W. Bowler, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, Ground state structure
of F1-ATPase from bovine heart mitochondria at 1.9 Å resolution. J. Biol. Chem. 282,
14238–14242 (2007).

22. J. R. Gledhill, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, How the regulatory
protein, IF1, inhibits F1-ATPase from bovine mitochondria. Proc. Natl. Acad. Sci. U.S.A.
104, 15671–15676 (2007).

23. D. M. Rees, A. G. W. Leslie, J. E. Walker, The structure of the membrane extrinsic
region of bovine ATP synthase. Proc. Natl. Acad. Sci. U.S.A. 106, 21597–21601 (2009).

24. J. V. Bason, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, Pathway of binding of
the intrinsically disordered mitochondrial inhibitor protein to F1-ATPase. Proc. Natl.
Acad. Sci. U.S.A. 111, 11305–11310 (2014).

25. J. V. Bason, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, How release of phos-
phate from mammalian F1-ATPase generates a rotary substep. Proc. Natl. Acad. Sci.
U.S.A. 112, 6009–6014 (2015).

26. E. Morales-Rios, M. G. Montgomery, A. G. W. Leslie, J. E. Walker, Structure of ATP
synthase from Paracoccus denitrificans determined by X-ray crystallography at 4.0 Å
resolution. Proc. Natl. Acad. Sci. U.S.A. 112, 13231–13236 (2015).

27. M. Sobti et al., Cryo-EM reveals distinct conformations of E. coli ATP synthase on
exposure to ATP. eLife 8, e43864 (2019).

28. H. Guo, T. Suzuki, J. L. Rubinstein, Structure of a bacterial ATP synthase. eLife 8, 43128
(2019).

29. M. Sobti et al., Cryo-EM structures provide insight into how E. coli F1Fo ATP synthase
accommodates symmetry mismatch. Nat. Commun. 11, 2615 (2020).

30. A. Hahn, J. Vonck, D. J. Mills, T. Meier, W. Kühlbrandt, Structure, mechanism, and
regulation of the chloroplast ATP synthase. Science 360, eaat4318 (2018).

31. M. Allegretti et al., Horizontal membrane-intrinsic α-helices in the stator a-subunit of
an F-type ATP synthase. Nature 521, 237–240 (2015).

32. K. R. Vinothkumar, M. G. Montgomery, S. Liu, J. E. Walker, Structure of the mito-
chondrial ATP synthase from Pichia angusta determined by electron cryo-microscopy.
Proc. Natl. Acad. Sci. U.S.A. 113, 12709–12714 (2016).

33. A. Hahn et al., Structure of a complete ATP synthase dimer reveals the molecular basis
of inner mitochondrial membrane morphology. Mol. Cell 63, 445–456 (2016).

34. A. P. Srivastava et al., High-resolution cryo-EM analysis of the yeast ATP synthase in a
lipid membrane. Science 360, eaas9699 (2018).

35. B. J. Murphy et al., Rotary substates of mitochondrial ATP synthase reveal the basis of
flexible F1-Fo coupling. Science 364, eaaw9128 (2019).

36. A. Mühleip, S. E. McComas, A. Amunts, Structure of a mitochondrial ATP synthase
with bound native cardiolipin. eLife 8, e51179 (2019).

37. W. Jiang, J. Hermolin, R. H. Fillingame, The preferred stoichiometry of c subunits in
the rotary motor sector of Escherichia coli ATP synthase is 10. Proc. Natl. Acad. Sci.
U.S.A. 98, 4966–4971 (2001).

38. L. Preiss et al., Structure of the mycobacterial ATP synthase Fo rotor ring in complex
with the anti-TB drug bedaquiline. Sci. Adv. 1, e1500106 (2015).

39. M. Sobti et al., Cryo-EM structures of the autoinhibited E. coli ATP synthase in three
rotational states. eLife 5, e21598 (2016).

40. S. Cukierman, Et tu, Grotthuss! and other unfinished stories. Biochim. Biophys. Acta
1757, 876–885 (2006).

41. J. Gu et al., Cryo-EM structure of the mammalian ATP synthase tetramer bound with
inhibitory protein IF1. Science 364, 1068–1075 (2019).

42. J. Lee et al., Organization of subunits in the membrane domain of the bovine
F-ATPase revealed by covalent cross-linking. J. Biol. Chem. 290, 13308–13320 (2015).

43. M. T. Mazhab-Jafari, J. L. Rubinstein, Cryo-EM studies of the structure and dynamics
of vacuolar-type ATPases. Sci. Adv. 2, e1600725 (2016).

44. N. Klusch, B. J. Murphy, D. J. Mills, Ö. Yildiz, W. Kühlbrandt, Structural basis of proton
translocation and force generation in mitochondrial ATP synthase. eLife 6, e33274
(2017).

45. D. A. Cherepanov, A. Y. Mulkidjanian, W. Junge, Transient accumulation of elastic
energy in proton translocating ATP synthase. FEBS Lett. 449, 1–6 (1999).

46. M. Wikström, V. Sharma, Proton pumping by cytochrome c oxidase: A 40 year anni-
versary. Biochim. Biophys. Acta Bioenerg. 1859, 692–698 (2018).

47. A. V. Vlasov et al., Unusual features of the c-ring of F1FO ATP synthases. Sci. Rep. 9,
18547 (2019).

48. M. Bonora et al., Role of the c subunit of the FO ATP synthase in mitochondrial
permeability transition. Cell Cycle 12, 674–683 (2013).

49. T. Azarashvili et al., Potential role of subunit c of FoF1-ATPase and subunit c of storage
body in the mitochondrial permeability transition. Effect of the phosphorylation
status of subunit c on pore opening. Cell Calcium 55, 69–77 (2014).

50. C. Gerle, On the structural possibility of pore-forming mitochondrial FoF1 ATP syn-
thase. Biochim. Biophys. Acta 1857, 1191–1196 (2016).

51. J. Carroll, J. He, S. Ding, I. M. Fearnley, J. E. Walker, Persistence of the permeability
transition pore in human mitochondria devoid of an assembled ATP synthase. Proc.
Natl. Acad. Sci. U.S.A. 116, 12816–12821 (2019).

52. K. M. Davies et al., Visualization of ATP synthase dimers in mitochondria by electron
cryo-tomography. J. Vis. Exp., 51228 (2014).

53. C. Jiko et al., Bovine F1Fo ATP synthase monomers bend the lipid bilayer in 2D
membrane crystals. eLife 4, e06119 (2015).

54. P. Emsley, B. Lohkamp, W. G. Scott, K. Cowtan, Features and development of coot.
Acta Crystallogr. D Biol. Crystallogr. 66, 486–501 (2010).

55. D. Liebschner et al., Macromolecular structure determination using X-rays, neutrons
and electrons: Recent developments in Phenix. Acta Crystallogr. D Struct. Biol. 75,
861–877 (2019).

56. P. V. Afonine et al., Real-space refinement in PHENIX for cryo-EM and crystallography.
Acta Crystallogr. D Struct. Biol. 74, 531–544 (2018).

57. P. V. Afonine et al., New tools for the analysis and validation of cryo-EM maps and
atomic models. Acta Crystallogr. D Struct. Biol. 74, 814–840 (2018).

58. T. I. Croll, ISOLDE: A physically realistic environment for model building into low-
resolution electron-density maps. Acta Crystallogr. D Struct. Biol. 74, 519–530 (2018).

59. V. B. Chen et al., MolProbity: All-atom structure validation for macromolecular crys-
tallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12–21 (2010).

60. I. W. Davis et al., MolProbity: All-atom contacts and structure validation for proteins
and nucleic acids. Nucleic Acids Res. 35, W375-83 (2007).

61. B. A. Barad et al., EMRinger: Side chain-directed model and map validation for 3D
cryo-electron microscopy. Nat. Methods 12, 943–946 (2015).

62. S. Sarkar et al., DelPhi web server: A comprehensive online suite for electrostatic
calculations of biological macromolecules and their complexes. Commun. Comput.
Phys. 13, 269–284 (2013).

63. N. Smith et al., DelPhi web server v2: Incorporating atomic-style geometrical figures
into the computational protocol. Bioinformatics 28, 1655–1657 (2012).

23526 | www.pnas.org/cgi/doi/10.1073/pnas.2013998117 Spikes et al.

https://www.pnas.org/cgi/doi/10.1073/pnas.2013998117

