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Structure of ATP synthase from Paracoccus
denitrificans determined by X-ray crystallography

at 4.0 A resolution
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The structure of the intact ATP synthase from the a-proteobacterium
Paracoccus denitrificans, inhibited by its natural regulatory ¢-protein,
has been solved by X-ray crystallography at 4.0 A resolution. The
¢-protein is bound via its N-terminal a-helix in a catalytic interface in
the F; domain. The bacterial F; domain is attached to the membrane
domain by peripheral and central stalks. The §-subunit component of
the peripheral stalk binds to the N-terminal regions of two a-subunits.
The stalk extends via two parallel long a-helices, one in each of the
related b and b’ subunits, down a noncatalytic interface of the F,
domain and interacts in an unspecified way with the a-subunit
in the membrane domain. The a-subunit lies close to a ring of 12
c-subunits attached to the central stalk in the F; domain, and, together,
the central stalk and c-ring form the enzyme's rotor. Rotation is driven
by the transmembrane proton-motive force, by a mechanism where
protons pass through the interface between the a-subunit and c-ring
via two half-channels in the a-subunit. These half-channels are proba-
bly located in a bundle of four a-helices in the a-subunit that are tilted
at ~30° to the plane of the membrane. Conserved polar residues in the
two a-helices closest to the c-ring probably line the proton inlet path
to an essential carboxyl group in the c-subunit in the proton uptake
site and a proton exit path from the proton release site. The structure
has provided deep insights into the workings of this extraordinary
molecular machine.

Paracoccus denitrificans | ATP synthase | structure | regulation |
proton translocation

he ATP synthases (F-ATPases) found in eubacteria, chloro-

plasts, and mitochondria are multiprotein molecular machines
with a rotary action that provide most cellular ATP. Our un-
derstanding of how they work has come mainly from single-molecule
studies of rotation made almost entirely on bacterial F-ATPases (1)
and from structures of their constituent domains determined pre-
dominantly with enzymes from mitochondria (2-5). The most
complete high-resolution structure contains about 85% of the bo-
vine F-ATPase, built up from substructures determined by X-ray
crystallography (2), within the constraints of an overall structure
determined by cryo-EM (6). This model provides many details about
the catalytic mechanism of the F; domain (2, 5); its mode of in-
hibition by the natural inhibitor protein of F;-ATPase, IF; (2, 4); and
the design of the rotor, an ensemble of a membrane-bound ring of
eight c-subunits, and the elongated central stalk, which penetrates
into the catalytic F; domain. However, it lacks a crucial region that
would help to explain how the enzyme uses the transmembrane
proton-motive force produced by respiration or photosynthesis to
generate the turning of the rotor in its membrane domain and other
features that keep the proton-motive force coupled to the synthesis
of ATP.

Few structural studies have been carried out on the F-ATPases
from eubacteria. Their subunit compositions are simpler than
the subunit compositions of mitochondrial enzymes (7-9). They
contain the same or analogous eight or nine core subunits that
constitute the catalytic domain, rotor, and stator, but they lack
the six or more supernumerary membrane subunits of the
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mitochondrial enzyme that have no known role in catalysis (2).
Structures have been described of the F; domains of the enzymes
from Escherichia coli (10, 11), Caldalkalibacillus thermarum (12),
and Geobacillus stearothermophilus (formerly Bacillus PS3) (13); of
the azpBs-subcomplex of the F; domain from G. stearothermophilus
(14); and of isolated c-rings from the rotors of several species (15—
19). There is also structural information on the peripheral stalk
region of the F-ATPase from E. coli and on the N-terminal domain
of the §-subunit and its interaction with the N-terminal region of the
a-subunit (20) and segments of the b-subunit (21-23).

Many attempts have been made to crystallize intact F-ATPases,
as a prelude to structural analysis, without success until the recent
crystallization of the F-ATPase from Paracoccus denitrificans (24).
This enzyme can only synthesize ATP, and inhibition of hydrolysis
involves the C-inhibitor protein, found only in a-proteobacteria. As
described here, theo structure of the inhibited complex has been
determined at 4.0 A resolution. It reveals new features about the
mechanism of inhibition by the {-protein and about the coupling of
the proton-motive force to the synthesis of ATP.

Results and Discussion

Structure Determination. The structure of the P. denitrificans
F-ATPase—-inhibitor complex was determined by molecular re-
placement at 4.0 A resolution. The asymmetrical unit of the crystals

Significance

ATP, the fuel of life, is produced in living cells by a complex
molecular machine consisting of two motors linked by a rotor.
One motor generates rotation by consuming energy derived
from oxidative metabolism or photosynthesis; the other uses
energy transmitted by the rotor to put ATP molecules together
from their building blocks, ADP and phosphate. One such intact
machine from the o-proteobacterium Paracoccus denitrificans
has been induced to form crystals, providing the means of de-
ducing a blueprint of the machine, giving details of how its
components are organized, and providing insights into how it
works. The mechanistic principles deduced from the bacterial
machine apply to similar molecular machines found in all living
organisms.
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Fig. 1. Structure of the complex of the F-ATPase from P. denitrificans with the
bound ¢-inhibitor protein. (A and B) Side views of the enzyme-inhibitor complex in
surface representation. B is rotated right by 90° relative to A. (Upper) Membrane
extrinsic F; catalytic domain (red, yellow, blue, and green corresponding to three
a-subunits, three p-subunits, and single y- and e-subunits, respectively). In the pe-
ripheral stalk, the 8-subunit (top) is sky blue and the long and approximately parallel
a-helical segments in orange and pink (chains V and W) extending down the surface
of the interface between the a- and p-subunits are parts of the b- and b’-subunits
(undistinguished). Unassigned a-helical segments (chains 1 and 2) in the vicinity of
the junction between the §-subunit and b- and b’-subunits are purple and light gray,
respectively. Helix-1 of the ¢-inhibitor is brown. (Lower) In the membrane domain,
the ring of 12 csubunits is gray and a bundle of four resolved a-helices assigned to
the a-subunit is lemon green. An unassigned a-helical segment in magenta (chain 3)
lies approximately parallel to a-helices in subunit a, and two unassigned side-by-side
transmembrane a-helices (chain Y) are colored light blue.

contains one inhibited complex. The data processing and refinement
statistics are summarized in Table S1. The final model (Fig. 1)
contains the following residues (where E, TP, and DP denote the
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subunits comprising the empty, diphosphate-containing, and tri-
phosphate-containing catalytic interfaces, respectively): ag, 2-190
and 196-511; orp, 7-193, 198-405, and 411-511; app, 28-511; P,
3-468; prp, 4-469; Ppp, 2-471; y, 3-62, 64-73, 78-110, 115-143,
147-166, 170-199, and 212-289; §, 5-114; ¢, 9-83; subunit a, 35
residues in aH3 and aH4 modeled as poly-Ala (residues 1,001-
1,035), aH5 (residues 166-198), and aH6 (residues 217-246);
and each c-subunit in the cjp-rotor ring (3-76). Also, it contains
five segments of secondary structure that are not assigned to any
specific subunit, defined as follows: chain V, residues 1,001-1,078
(probably either subunit b or b"); W, residues 1,001-1,124 (subunit b
or b’); Y, residues 1,001-1,054 (two antiparallel transmembrane
a-helices); 1, residues 1,001-1,020 (subunit & or app); 2, residues
1,001-1,015 (subunit & or app or b or b’); and 3, residues 1,001
1,019 (an o-helix parallel to the plane of the membrane). The
structure also contains two additional a-helical segments containing
residues 1-32 and 82-103 of the -inhibitor. The nucleotide binding
sites in the catalytic ppp- and Prp-subunits and the noncatalytic orp-
and app-subunits each contain ATP-Mg, and the nucleotide binding
site in the ag-subunit contains ADP-Mg. Neither substrates nor
products are associated with the pg-subunit.

Mode of Binding of the ¢-Inhibitor. The inhibitor is bound to the F;
domain via residues 1-19 of the N-terminal a-helix, which occupy
a cleft in the lower region of the appPpp-catalytic interface (Fig.
2 A and B), with the rest of the a-helix (residues 20-32) extending
from the surface of the enzyme. Residues 1 and 2 are close to residue
Ser13 in the N-terminal a-helix of the y-subunit, along the cen-
tral axis of the F; domain. Residues 3-19 probably form polar
and hydrophobic interactions with other residues in a-helices in
the C-terminal domains of the app- and Ppp-subunits (Fig. 2C and
Table S2). a-Helix 4 (residues 82-103) is also resolved, stabilized
by contacts with a-helix 1 and the app-subunit (Table S3). In so-
lution, residues 1-18 of the 107-aa chain of the {-inhibitor are
unstructured, with the rest of the chain folded into a four-helix
bundle (residues 19-42, 46-53, 66-77, and 81-103) (25). A com-
plete fold of the C-inhibitor was constructed from the combined
solution and crystal structures (Fig. 2D).

The N-terminal a-helix of the {-inhibitor protein is bound in a
very similar way to how the inhibitory regions of bovine and yeast
IF; bind to their cognate F;-ATPases, and the structure of the

Fig. 2. Mode of binding of the ¢-inhibitor to the
F-ATPase from P. denitrificans. The inhibitor is bound
in the appPpp-catalytic interface of the enzyme.
(A) Cross-sectional side view of the F; domain showing
the interaction of the (-inhibitor protein (brown)
with the C-terminal domain of the pp-subunit (yellow)
and the coiled-coil of a-helices in the y-subunit
(blue). (B) View from outside the complex toward the
appPpp-catalytic interface with the N-terminal a-helix
of the ¢-inhibitor in a cleft between the app- and
Bpp-subunits. (C) Potential interactions between side
chains of the C-inhibitor protein with residues in
the app-, Ppp- and y-subunits (Table S2). (D) Composite
structure of the ¢-inhibitor by combination of residues
1-32 and 82-103 from the current study (brown) with
residues 15-104 of the solution structure (cyan).
(E) Superposition of the N-terminal region of the
C-inhibitor (brown) with the corresponding inhibitory
regions of IF; from bovine and yeast mitochondria
(cyan and pink, respectively). The a-helical regions are
residues 21-49, 16-36, and 3-24, respectively.

Morales-Rios et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517542112/-/DCSupplemental/pnas.201517542SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517542112/-/DCSupplemental/pnas.201517542SI.pdf?targetid=nameddest=ST2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517542112/-/DCSupplemental/pnas.201517542SI.pdf?targetid=nameddest=ST3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1517542112/-/DCSupplemental/pnas.201517542SI.pdf?targetid=nameddest=ST2
www.pnas.org/cgi/doi/10.1073/pnas.1517542112

Fig. 3. Interactions of the §-subunit with N-terminal regions of a-subunits in
the F-ATPase from P. denitrificans. (A) View from above the F-ATPase toward the
“crown” of the F; domain depicting the N-terminal regions of the ag-, ap-, and
app-subunits (red) with the &-subunit (blue), f-subunits (yellow) and chains 1 and
2 (Ch1 and Ch2; purple and gray, respectively). (B) Side view of the interactions
of the ag-subunit (residues 7-22) and the orp-subunit (residues 2-22) with helices
8H1 and &H5 and helices 8H2, 8H3, and 8H4, respectively. (C) Side view of the
region around the N-terminal part of the app-subunit with structural elements
from peripheral stalk subunits.
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bacterial F; domain resembles the bovine and yeast F{-ATPases
in their complexes with IF,. The rmsd values for a-carbon su-
perpositions of the P. denitrificans Fy domain with the bovine and
yeast Fy domains in the inhibited complexes (3, 26) are 1.3 A and
1.7 A, respectively. The sequences of the inhibitory regions of the
inhibitor proteins are also related weakly (Fig. S1), and their
structures are very similar (Fig. 2E). All three inhibitors occupy
equivalent positions in the appPpp-catalytic interface, interacting
with a-helices in the lower regions of their C-terminal domains.

The inhibitory regions of free bovine IF; and the free {-inhibitor
are intrinsically disordered (4, 25), and the inhibitory region of
yeast IF; is predicted to be so also (Table S4). It seems likely that
the pathway of binding and folding of the inhibitory region of the
C-inhibitor resembles the pathway of binding and folding of the
inhibitory region of bovine IF;, where the disordered inhibitory
region interacts initially with the agpg-catalytic interface, the most
open of the three catalytic interfaces, and closure of the interface is
then driven by the hydrolysis of two ATP molecules first to the
arpfrp-catalytic state and then to the appPpp-catalytic state, ac-
companied by the progressive folding of the disordered region (4).

Connections with the Peripheral Stalk. The main interactions be-
tween the peripheral stalk and the F; domain of the enzyme involve
the 3-subunit, which sits on top of the crown of the F; domain (Fig.
34). The N-terminal domain of the P. denitrificans &-subunit is
folded into a bundle of six a-helices, as in the E. coli §-subunit (20)
and the orthologous bovine oligomycin sensitivity conferral protein
subunit, OSCP (27, 28). The N-terminal regions of a-subunits
project from the top of the crown, and a-helices in the N-ter-
minal regions of the og- and arp-subunits (residues 2-22 and 7-22,
respectively) interact with a-helices SH1 (residues 8-27) and 8H5
(residues 79-91), and 8H2 (residues 30-45), 8H3 (residues 47-53),
and 6H4 (residues 61-68), respectively; only the first interaction was
observed in the structure of the bovine F;—peripheral stalk complex
(28). The structure of the N-terminal region of the app-subunit is
unclear. It appears to be in a region of contiguity of structural el-
ements from the N terminus of the app-subunit and the C-terminal
regions of the 8-, b-, and b’-subunits (Fig. 2C). Although they are
not fully resolved in the current electron density map, this region
involves the two unassigned element chains 1 and 2 that could be
part of any one of the app-, 8-, b-, or b’-subunits (Fig. 2C). It ap-
pears that this partially resolved region is mobile, and it may act as a
hinge or elbow connecting to the well-defined, and probably rigid,
a-helical region of the peripheral stalk. This region is composed of
the approximately parallel o-helices in the b- and b’-subunits, but in
the current map, these subunits cannot be distinguished with
certainty. As in the structure of the bovine F;—peripheral stalk
complex, this extensive a-helical region is associated along the ex-
ternal surface of the noncatalytic orpppp-interface, and so this
conformation of the F-ATPase appears to represent an abundant,
probably low-energy, state that allows the enzyme to crystallize
from the many structural conformers of the F-ATPase complex.
The a-helical region of the peripheral stalk extends almost to the
membrane domain, where the electron density again becomes diffi-
cult to interpret, suggesting that this region may also be flexible.

Structure of the Membrane Domain. The resolved structure of the
membrane domain of the F-ATPase from P. denitrificans (Figs. 1
and 4A) consists of a cjp-ring (gray); an associated bundle of four
a-helices (green) with its axis tilted at about 30° to the plane of the
membrane, with a fifth o-helix (magenta) sitting on top of the
bundle close to the inner surface of the bacterial membrane; and
two side-by-side a-helices (cyan) normal to the plane of the mem-
brane. The c-ring is made of an inner ring of N-terminal a-helices
and an outer ring of C-terminal a-helices, and the loops joining the
helices make an extensive interface with the foot of the central stalk
with a buried surface area of 522 A2 Together, the c-ring and the
central stalk constitute the rotor of the enzyme.
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Fig. 4. Topography of the membrane domain of the F-ATPase from P. dentrificans and a potential pathway of transmembrane proton translocation. (A) View of
the c;,-rotor ring, and an associated bundle of a-helices (green), assigned to the a-subunit and named aH3-aH4 (residues 1,001-1,035), and aH5 and aH6 containing
residues 166-198 and 217-246, respectively (Figs. S2 and S3). Unassigned a-helix Ch3 and a-helical hairpin ChY are shown in magenta and blue, respectively. (B) View
of the association of the tilted bundle of four a-helices in subunit a with the c-ring showing residue Glu60 (red) in the c-subunit in the proton transfer site and
residue Arg182 (blue) in aH5. (C) View from the c-ring of the tilted bundle of four a-helices in subunit a showing conserved polar residues (yellow) that could provide
the access path (In) for protons from the bacterial periplasm to reach the proton transfer site and the exit path (Out) for protons to be released into the bacterial
cytoplasm. Residue Arg182 is colored blue. (D) View in solid representation of the tilted bundle of four a-helices in the a-subunit in juxtaposition with the c-ring
showing the potential inlet pathway for protons (yellow) leading through the bundle to the proton transfer site containing a negatively charged Glu60 (red).

Based on the conservation of six hydrophobic segments in their
sequences (Figs. S2 and S3), it is likely that the a-subunit has six
transmembrane a-helices (aH1-aH6), whereas it has previously
been considered to have five (corresponding to aH1-aH3, aHS5, and
aHo6) (28). The four-helix bundle in the current structure has been
attributed to a-helices aH3-aH6, where aH5 and aH6 consist of 29
and 32 residues, respectively, corresponding to the unusually long
hydrophobic segments 5 and 6 in the sequences of a-subunits (Figs.

13234 | www.pnas.org/cgi/doi/10.1073/pnas.1517542112

S2 and S3). Segment 5 contains the absolutely conserved Arg res-
idue Argl82, known from studies in E. coli to be essential for
proton translocation through the membrane domain of the enzyme,
and in the structure, as required, this residue is close to another
essential residue Glu60 in the c-subunit (Fig. 4). Tilted a-helices
aH3 and aH4 are shorter, as expected from the shorter hydrophobic
sequence segments 3 and 4, and are packed close to aH5 and aH6.
A tilted four-helix bundle has been observed also by cryo-EM,
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nominally at 7 A resolution, in the membrane domain of the
F-ATPase from Polytomella, but aHS and aH6 in P. denitrificans were
assigned as aH6 and aHS5, respectively, in Polytomella (29).

The high conservation of the sequences of a-subunits in the
regions of aH5 and aH6 suggests that their structures will be
conserved also (Fig. S3), and because there was no significant
side-chain density, the sequence register assigned to these a-helices
was based on biochemical data. The tilted transmembrane o-helix
closer to the periplasm was identified as aHS5 (containing the
essential Argl82), because this interpretation agrees better with
cross-linking experiments between the E. coli a- and c-subunits
(30). However, the reported cross-link between E. coli residues
55 in subunit ¢ and 207 in subunit a (residues 54 in subunit ¢ and
179 in subunit a in P. denitrificans) does not fit with this model,
but the yield of this cross-link was significantly lower (11-20%)
than the remainder (20-40%). Additional cross-links involving
residues in E. coli aH5 (residues 239-260) also suggest that
residues in the upper part of cH2 are closer to E. coli aH5
(P. denitrificans aH6) (31). Moreover, the placement of aHS is
consistent with the demonstration that residues Ser206 and Asn214
in E. coli (Ser178 and Asn186 in P. denitrificans) are accessible from
the cytoplasm and periplasm, respectively (32). Finally, the lower
a-helix (Fig. 4) is significantly more curved (by 20°) than the upper
a-helix, and it is in close contact with the c-ring over three adjacent
c-subunits. This enhanced curvature is consistent with the assign-
ment of aHS5 as the lower helix because of the presence of a Pro
residue at position 176 (conserved as Pro or Ala in many se-
quences), whereas there is no Pro in aH6 in P. denitrificans or in an
appropriate region of aH5 in E. coli (the only Pro is at position
240). Crucially, this model of aH5 in the a-helical density places the
essential Argl82 residue close to the essential carboxylate of Glu60
in the c-subunit. Moreover, it defines the position of the many polar
residues N-terminal to Argl82, with their side chains occupying a
narrow cleft between the a-subunit and the c-ring that leads to the
cytoplasm (Fig. 4). In the E. coli enzyme, the activity of the second
site suppressor mutant, Arg210GIn-GIn252Arg, in the a-subunit
suggests that GIn252 is near to Arg210 (30). Therefore, P. deni-
trificans aH6 was modeled with the equivalent GIn228 close to
Argl82 in aHS5. Although there is strong electron density for both
aH5 and aHG6, it is relatively featureless (i.e., sausage-like), and
because of the absence of either clear side-chain density or clear
a-helical features for the polypeptide backbone, it is possible that this
part of the model could be in error by as much as 34 A. Therefore,
side chains in this region have been truncated to the g-carbon atoms.
It is not possible to assign residue numbers reliably to the a-helical
hairpin region of the a-subunit based on the available data, and this
poly-Ala chain has been given residue numbers 1,001-1,035.

Currently, neither a-helices aH1 and aH2 nor single anticipated
membrane a-helices in the N-terminal regions of subunits b and b’
have been assigned (Fig. S2). Thus, the three remaining resolved
hydrophobic segments in Ch3 and ChY (Fig. 4) could represent
any of these unassigned a-helices. At the current level of detail, it is
not possible to know whether the loop between aH3 and aH4 lies
close to ChY or whether the loop (residues 199-216) between aH5
and aH6 extends to the periplasmic side of the membrane, as has
been suggested in the E. coli protein (30).
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Pathway of Transmembrane Proton Translocation. In current models
to explain the generation of rotation of the c-ring, during ATP
synthesis (33), protons from the bacterial periplasm access a neg-
atively charged carboxylate of a Glu60 residue in the interface re-
gion between the c-ring and the a-subunit. Once neutralized, driven
by the proton-motive force, the neutralized carboxyl makes a rotary
substep by moving anticlockwise, as viewed from the cytoplasmic
side of the ring, into the hydrophobic environment of the mem-
brane. Neutralization of further negatively charged carboxylates
brought successively into the proton transfer site in the interface
region generates further rotary substeps. Following an almost
complete rotation of the ring, each neutralized carboxyl reenters the
interface between subunit a and the c-ring, and becomes reionized
in a process mediated by the essential Argl82, releasing the protons
through a second half-channel leading to the bacterial cytoplasm.
A series of conserved polar residues in helices aH5 and aH6 could
be part of a sloping entry half-channel leading through the a-subunit
to the proton transfer site, and other conserved polar residues in the
same region could be part of the exit half-channel (Fig. 4 C and D).
Many of the human pathogenic mutations in the human a-subunit
are located in residues in the proposed proton inlet pathway (34).

Perspectives. The current structure of the F-ATPase from
P. dentrificans has provided new information about its mode of
regulation by the {-inhibitor protein and about the association of
the static a-subunit and the rotating c-ring, and the possible
pathways by which the protons cross the membrane domain of
the enzyme during the generation of rotation of the c-ring. To
function, and for ATP synthesis to be coupled to the proton-
motive force, the a-subunit has to be held in position against the
rotating ring by being a component of the enzyme’s stator (subunits
a, b, b’, and §, and the a3p3-domain). Currently, crucial connections
in the stator are unresolved, and the proton pathways lack the
detail required for a full understanding of the coupling mechanism
and the generation of rotation. Better diffracting crystals may provide
a solution.

Materials and Methods

Protein Methods. The complex of the F-ATPase with the ¢-inhibitor was purified
from cells of P. denitrificans and crystallized as described previously (24). These
initial crystals diffracted X-rays to 6.8 A resolution. Their diffraction properties
were improved by seeding and by treatment of the resulting crystals with a
solution of dicyclohexylcarbodiimide in DMSO, as follows. Crystals in a single
well were broken into small fragments with a glass rod. The tip of a human hair
was dipped into this suspension of microcrystals and drawn across the surface of
a new well containing the F-ATPase and corresponding to the initial crystalli-
zation conditions. Crystals were grown at 25°C for 10 d. Then, they were
soaked for 8 h in a solution of dicyclohexylcarbodiimide in DMSO [final con-
centrations 5 mM and 1% (wt/vol)], respectively.

Data Collection and Structure Determination. Information on data collection
and structure determination is provided in S/ Materials and Methods.
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