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ABSTRACT During mitochondrial ATP synthesis, F;-
ATPase—the portion of the ATP synthase that contains the
catalytic and regulatory nucleotide binding sites—undergoes
a series of concerted conformational changes that couple
proton translocation to the synthesis of the high levels of ATP
required for cellular function. In the structure of the rat liver
F;-ATPase, determined to 2.8-A resolution in the presence of
physiological concentrations of nucleotides, all three 3 sub-
units contain bound nucleotide and adopt similar conforma-
tions. This structure provides the missing configuration of Fy
necessary to define all intermediates in the reaction pathway.
Incorporation of this structure suggests a mechanism of ATP
synthesis/hydrolysis in which configurations of the enzyme
with three bound nucleotides play an essential role.

In mitochondria and bacteria, the ATP synthase complex (FoF;)
uses the electrochemical proton gradient generated by the respi-
ratory chain to produce ATP at the concentrations needed for
cellular functions. Homologous proteins produce ATP in chlo-
roplasts by using the proton gradient generated during photo-
synthesis. The mechanism by which ATP synthase couples the
proton gradient to the synthesis of ATP remains one of the
central questions in bioenergetics. The F; sector, the portion of
the enzyme that contains the nucleotide binding and catalytic
sites, can be isolated as a soluble multiple subunit protein
(a3Bsyde, molecular weight is ~371,000; refs. 1 and 2) that
exhibits ATPase activity (F;-ATPase). The lengths of the sub-
units in the rat liver enzyme are as follows: «, 510 residues; 3, 479
residues; vy, 270 residues; 6, 142 residues; and &, 50 residues. In
negatively stained micrographs, the rat liver enzyme appears as
six regions in an hexagonal arrangement surrounding a central
mass (3). During ATP synthesis, the F; sector undergoes con-
certed conformational changes (the “binding change mecha-
nism”; for reviews see references 4-8) that couple changes in the
nucleotide binding sites of the B subunits with rotations of the y
subunit (9-14). Understanding the nature of these structural
changes is essential for understanding ATP synthesis. In this
paper, we report the structure of a native form of rat liver
F;-ATPase crystallized by precipitation with ammonium sulfate
from a buffer used for the determination of ATPase activity: 5
mM ATP and 200 mM potassium phosphate (pH 7.2) (15). Mg+
was omitted from the buffer to prevent immediate hydrolysis of
the ATP in the crystallization media.

The structure of bovine heart F1-ATPase crystallized from a 20
mM MgSO, solution containing the inhibitors 5'-adenylyl-S,y-
imidodiphosphate (250 uM), ADP (5 uM), and azide (0.02%
wt/vol) has been reported (14, 16). This structure (hereafter the
“two-nucleotide structure”) contains nucleotides in only two of
the three B subunits; the empty subunit has a substantially
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different conformation from the other two, which are distinct but
similar to each other (Fig. 1). This marked asymmetry was
proposed to be an intrinsic property of the enzyme (14). The
structure of rat liver F1-ATPase crystals reported here (“three-
nucleotide structure™), grown in the presence of substantially
higher, more physiological concentrations of nucleotides, con-
tains nucleotides in all three B8 subunits and has all 8 subunits in
highly similar conformations (Fig. 1). This structure, with all
catalytic and noncatalytic sites occupied by nucleotide, is a form
of the enzyme that provides the missing configuration of F;
necessary to define all intermediates in the reaction pathway of
ATP synthesis. Inclusion of this additional, key configuration
results in significant modifications to previously proposed mech-
anisms.

MATERIALS AND METHODS

Preparation and Characterization of the Crystals. The protein
was purified and crystallized by ammonium sulfate precipitation
in 200 mM KP; plus 5 mM ATP (pH 7.5) as described (15, 17).
Crystals of F; were dissolved in 50 ul of 250 mM KP; plus 5 mM
EDTA (pH 7.5), and 15 pg were subjected to SDS/PAGE in
cylindrical gels. After staining with Coomassie blue, gels were
scanned by using a scanning attachment on a Gilford spectro-
photometer. To determine the capacity of redissolved crystals to
rebind to F;-depleted inner membrane vesicles of mitochondria
and to regain sensitivity to oligomycin, an inhibitor of oxidative
phosphorylation, purified F; (200 pg) in 250 mM KP; plus S mM
EDTA (pH 7.5) was reconstituted with F;-depleted inner mem-
brane vesicles (0.5 mg) of rat liver mitochondria in a 0.1-ml system
at 25°C. Inner membrane vesicles and F;-depleted inner mem-
brane vesicles were prepared as described (18). Inhibition was
measured in the presence of 1 ug of oligomycin. To determine the
relative capacity of ATP and MgCl, to initiate the F; ATPase
reaction, kinetic measurements were made initiating the reaction
either with 4 mM ATP or with 4.8 mM MgCl,. ATPase activity
was assayed by coupling the formation of ADP to the pyruvate
kinase and lactic dehydrogenase reactions as described (18). The
decrease in optical density of NADH at 340 nm was monitored.

Structure Determination. All data were collected at 100 K on
an R-Axis II Image Plate System (Molecular Structure, The
Woodlands, TX) operating on a Rigaku RU200 generator im-
plemented with a graphite monochromator. Crystals were stabi-
lized for freezing by the addition of glycerol (33-35%, wt/vol) to
the mother liquor. Typically, 60° of data were collected from a
single crystal that yielded complete data sets with high redun-
dancy. To check the symmetry, one set of 200° of data was
collected and processed in space group P1, in three different
orientations of C2, and in R32. Data were processed by using the
program DENZO (19) and were scaled by using SCALEPACK (19).

Data deposition: The atomic coordinates have been deposited in the
Protein Data Bank, Biology Department, Brookhaven National Lab-
oratory, Upton, NY 11973 (PDB ID Code 1IMAB).

#To whom reprint requests should be addressed. e-mail: mario@
neruda.med.jhmi.edu.
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Ligand Distribution Found

In Bovine Heart F Crystallized
With AMP-PNP, Limiting ADP,

Mgt+, Azide, With Tris, Without
P;, And In D,O

Ligand Distribution Found in Rat
Liver F4 Crystallized With ATP,
P, Without Mg*+, And In H,0

FiG. 1. Schematic representation of the crystallization conditions and
the bound nucleotides in the two-nucleotide structure (Left, bovine heart,
ref. 14) and the “three-nucleotide structure” (Right, rat liver, this work).

The possibility of twinning was checked by calculating the ratio
(F)?/{F?) (20). All heavy atom calculations were carried out with
the CCP4 suite of programs (21). Heavy atom positions were
estimated from difference Patterson maps. Different heavy atom
derivatives were placed on the same origin either by the presence
of common sites or by the use of difference Fourier maps.
Refinement of heavy atom positions and phase calculations were
performed with the program MLPHARE as implemented in CCP4.
Phase improvement through density modification was carried out
with the program DM as implemented in CCP4. Interpretation of
the maps and building of the atomic models were carried out with
the program O (22). One a subunit, one 3 subunit, and part of one
v subunit were built. The y subunit, present in one-third copy per
asymmetric unit, was built by using maps contoured at densities
about one-half the density level used to contour the rest of the
map. Models were refined with the program XPLOR (23). Cycles
of gradient refinement were followed by runs of simulated
annealing using slow cooling. After convergence, the model was
checked against the original map, 2Fo-Fc maps, and maps using
phases and weights obtained by a combination of experimental
and calculated phases by using the program SIGMAA as imple-
mented in CCP4. When necessary, sections of the model were
rebuilt by using the program 0. Special attention was given to
trying to identify regions that could be built in more than one
conformation, reflecting different conformations in the three
copies of the major subunits. In the final cycles, the occupancies
of the ADP and the P; were refined independently. Geometrical
and conformational parameters of the final model were checked
with the program PROCHECK as implemented in CCP4. Molecular
drawings were done by using SETOR (24) and MOLSCRIPT (25) and
RASTER3D (26, 27)

RESULTS AND DISCUSSION

Biochemical Characterization of the Crystals. Crystals of rat
liver Fi-ATPase (Fig. 24), obtained as described (15), were
analyzed to ascertain that the crystallized protein was still native
and fully active. The crystallized material, dissolved by addition of
ammonium sulfate-free crystallization buffer, contained all five
subunits (Fig. 2B), was able to hydrolyze ATP and to restore
oligomycin sensitive ATPase activity to F;-depleted inner mito-
chondrial membranes (Fig. 2C). The physiological relevance of
the crystallization conditions was ascertained by showing that
addition of Mg?* to an F; plus ATP solution or addition of ATP
to an F; plus Mg?™ solution yields indistinguishable kinetics (Fig.
2D), indicating that, in our crystallization conditions, the F;-ATP
complex is poised for ATP hydrolysis: release of bound ATP is
not a prerequisite to the formation of bound ATP-Mg?*; that is,
Mg?* can bind directly to F-bound ATP to initiate hydrolysis.

Crystal Symmetry. The rat liver Fi-ATPase crystals, space
group R32 (17) (Table 1), contain two F; molecules in the unit
cell, and therefore, in the asymmetric unit of the crystal, there is
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FiG. 2. (A) Diffraction quality crystals of rat liver Fy. (B) Scan of an
SDS/PAGE gel of redissolved F; crystals. Crystals of F; were dissolved
in 50 ul of 250 mM KP; plus 5 mM EDTA (pH 7.5), and 15 ug were
subjected to SDS/PAGE in cylindrical gels. (C) Capacity of redissolved
crystals to rebind to Fi-depleted inner membrane vesicles of mitochondria
and regain sensitivity to oligomycin, an inhibitor of oxidative phosphor-
ylation. Where indicated, 1 ug oligomycin was present. (D) Relative
capacity of ATP and MgCl, to initiate the F; ATPase reaction. The
decrease in optical density of NADH at 340 nm was monitored. Reaction
1 was initiated with 4 mM ATP, and reaction 2 was initiated with 4.8 mM
MgCl.

one-third of one F; molecule (aBvyi,381,3¢1/3). Because this is an
unusual result, the symmetry and space group assignments were
checked thoroughly during different stages of the structure
determination by using many different schemes. For example, a
complete data set was collected in space group P1 (10° observa-
tions). Processing of these data in space group R32, in the three
different possible orientations of C2 (subgroups of R32), and in
P1 showed no significant differences in Rgym (corrected by
multiplicity) even in the outer shells. In addition, the possibility
of twinning was ruled out based on the ratio (F)?/(F?) (20). The
value obtained for the acentric data is indicative of an untwinned
crystal. Based on these and similar results, we carried out all
calculations in space group R32.

Map Interpretation. The multiple isomorphous replace-
ment electron density map (Table 1) showed interpretable
density for the a and B subunits and parts of the vy subunits
(sequences in refs. 28 and 29), as well as density for the bound
nucleotides. As in the bovine heart structure (14), no inter-
pretable density was found for the two smallest subunits, 8 and
E.

The single @ and B subunits in the asymmetric unit of the
crystals represent a superposition of the three copies present in
an F; molecule. With the exception of a small number of localized
regions, the electron density of the o and B subunits in the
asymmetric unit are well defined, evidencing that, in the three-
nucleotide structure, the three « subunits and the three 8 subunits
are in very similar conformations (Fig. 3) (30, 31). In a small
number of places, the density shows that the chain is present in
more than one conformation. These alternative conformations
probably represent minor differences among the three copies of
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F1G. 3. Ribbon diagram of the rat llver F1-ATPase. Rat hver Fi can
be described as an “inverted apple” 110 A in diameter and 125 A in length
(including the protruding <y subunit) formed by three « and three 8
subunits alternating around the 3-fold axis of symmetry of the R32 cell,
in agreement with the 3.6-A resolution structure reported (17). The
molecule is most narrow at the “top,” where a depression surrounding the
3-fold axis marks the beginning of a large central channel partially
occupied by the vy subunit. Parts of the y subunit extend well beyond the
end of the major subunits, forming a long narrow protrusion (the “stem”
of the apple). This side, the “bottom” of the F, is thought to be closest
to the membrane in the FoF; complex. (a) “Side view” of complete model
(viewed from a direction perpendicular to the 3-fold axis).The « and the
B subunits are also alike, both composed of three domains: an NHo-
terminal 3 sheet domain, a nucleotide binding domain, and a COOH-
terminal domain. (b) “Top view” of the NH»-terminal domain. (c) Top
view of the nucleotide binding domain. (d) Top view of the COOH-
terminal domain. In the top views (¢ and d) the corresponding portions
of the vy subunit are shown in yellow.

the major subunits in the F; molecule. The F; molecule shown in
Fig. 3 has three af pairs related by a 3-fold axis of symmetry.
Description of the Structure. The structure of the « subunits
is highly similar to those of the bovine heart crystals, both with
respect to conformation and to nucleotide content. However,
significant differences exist between the two structures in one of

N g4

%

FiG. 4. Differences in position of the y subunit between the rat
liver and the bovine heart enzyme. The lower part of the y subunit in
rat liver F; (gold) is displaced from the central axis ~4 A more than
the bovine heart y subunit (red); bovine heart subunits Brp/ag
(opposite subunit pair) were used as references for alignment.
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the B subunits. In the two-nucleotide structure (14), the B
subunits are present in three different conformations: tight (T),
loose (L), and open (O), containing 5'-adenylyl-B-y-imidodiphos-
phate (Br), ADP (Bp), or no nucleotide (Bg), respectively (Fig. 1).
Subunits Br and Bp are alike, but the one in the Bg, open
conformation differs from the other two by a large hinge motion
of the carboxy terminal domain (some portions move >20 A). In
contrast, all 8 subunits in the three-nucleotide structure are in
similar conformations, analogous to Bp or Br of the two-
nucleotide structure. There is no indication of an open confor-
mation in the crystals reported here. The rms deviations for all
atoms of the B subunit nucleotide binding domain in the three-
nucleotide structure with respect to the By and the B subunits
of the two-nucleotide structure are 0.81 A and 0.88 A, respec-
tively. The equivalent rms deviation between the Br and the fp
subunits of the two-nucleotide structure is 0.30 A. The main cause
of the difference between the two structures (i.e., the presence of
an open conformation in one and not in the other) appears to be
the absence of nucleotide in one of the subunits of the bovine
heart crystals. Significantly, recent experiments (32) have shown
that, under physiological concentrations of nucleotides, F; mol-
ecules in solution have bound nucleotides in all three 3 subunits.
The correlation between the open conformation and absence of
nucleotide was confirmed by the structure of an azB3; complex
from a thermophilic bacterium. This structure, determined in the
absence of nucleotides, has all 8 subunits in the open conforma-
tion (33).

The electron density maps show low but interpretable density
for three regions of the vy subunit. Phasing the sequence to the
observed density was aided by the information available from the
two-nucleotide structure (14). Because of crystal symmetry, the
regions of vy visible in the rat liver crystals are seen as three
partially occupied overlapping copies. Nevertheless, by using a
low electron density contour level, large portions of the subunit
were interpretable. Only one of the three partially overlapping
copies was built and included in the refinement at one-third the
occupancy because the other two copies are generated by sym-
metry. It is possible for an asymmetric unit to contain one-third
of a nonsymmetrical subunit if the unit cell contains three
equivalent sites for the subunit, but only one of the three is
occupied in any one cell. Under these conditions, the individual
cells do not possess 3-fold symmetry, but the crystal does. The
sections of the -y subunit built consist of three stretches of a-helix
(Fig. 3); two of these helices (residues 1 to 41 and 206 to 270) form
an antiparallel coiled-coil that runs parallel to the 3-fold axis; the
other (residues 74 to 87) forms a short rod that extends outward,
making an angle of ~60° with the coiled-coil (Fig. 3). All three
regions have interactions with the major subunits. Some of these
contacts are also present in the two-nucleotide structure (14).
However, alignment of the two structures shows that the positions
and orientations of their v subunits differ considerably. A small
difference in the conformation of the vy subunit results in a 4-A
translation (the rat liver further from the center; Fig. 4). This
change affects contacts of y with the major subunits, especially
the interactions with the loop containing the DELSEED se-
quence. The functional implications of these contacts are dis-
cussed below.

The « and B subunits make extensive contacts with each other
(area buried in the « plus § interface is 4, 672 A2 per interface;
3,009 A2 apolar, 1,663 A2 polar) but, neither a-a nor B-B contacts
are present in the structure. The nucleotide binding sites occur at
subunit interfaces.

Nucleotide Binding Sites. In the 3 subunit, the maps showed
well defined electron density for the adenine, the ribose, and the
a and B phosphates. A large density separated from the S
phosphate was interpreted as indicating the presence of P;. To
determine whether all 8 subunits contained bound nucleotides
and/or P;s, the occupancies of the ADP and of the P; were allowed
to vary during the last stages of the refinement. Care was taken
to ensure that refined occupancies remained as independent as
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Table 1. Summary of crystallographic analysis
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Crystals
Rhombohedral; space group R32

Cell dimensions, hexagonal: a = b = 143.67 A, ¢ = 361.15 A,z = 6

Data collection and heavy atom refinement

Native Hg(CN), Hg(NO3)» Ethyl HgCl
Number of reflections 35334 17715 13946 37758
Resolution 2.8 3.5 4.5 2.8
Rsym 10.3 11.0 13.0 13.0
Completeness, % 85.3 82.4 67.0 97.2
I/oq), in last shell 7.1 5.0 5.2 6.0
Fractional AF (AF/F) 0.14 0.14 0.19
Number of sites 1(2) 2 1
Recuis 0.83 0.96 0.83
Phasing
Average figure of merit
Multiple isomorphous replacement 0.34
After density modification 0.98
Refinement
Number of reflections 24,958 (6-2.8A; 1 > 30)
Number of atoms 8,492 (66 waters)
R (Riree) 0.217 (0.290; test set 2.5% of data)
rms deviation from ideality
Bond lengths 0.013 A
Bond angles 2.08°
Improper angles 1.73°
Temperature factors, average 49 A2

Models Number of residues Built
« subunits 510 10-510
B subunits 479 1-477
v subunits 270 1-45, 74-87, 206270

possible of temperature factors. With the temperature factors of
the nucleotide atoms set to the average value of the surrounding
atoms, nucleotide occupancies were allowed to vary during 200
cycles of positional refinement. The occupancies were then fixed
at the refined values, and the temperature factors were refined to
convergence. The final temperature factors of the nucleotide
atoms remained similar to those of surrounding protein atoms.
The occupancy of the ADP refined to a value close to 1.0 (1.04)
and that of the P; refined to a value close to 0.66 (0.70), indicating
that all three 8 subunits contain bound ADP and two contain, in
addition, bound P;. These results confirm our previous observa-
tion that, when ATP is present in the medium, three moles of
ADP per mole of F; are bound (34). The nucleotides are in the
anticonformation, and the sugar pucker is C3’ endoconformation
(Fig. 54). Although the crystallization medium contained only
ATP and no Mg?*, low ATPase activity in the absence of Mg?*
ions and nonenzymatic hydrolysis of ATP produced the ADP
during the crystallization period (2 weeks to several months).
Main chain (residues 158 to 165, the P-loop) and side chain
groups (including Arg-373 from «) participate in hydrogen bonds
to the ribose, the diphosphate, and the P; (Fig. 54, C, and D). Glu
188 is hydrogen-bonded to an oxygen of the P; in a position that
makes it a strong candidate to participate directly in ATP
synthesis: it can provide the proton for the abstraction of the
water. Conversely, in ATP hydrolysis, it may function as the
catalytic base (14).

Comparison of the nucleotide binding site of the three-
nucleotide structure (ADP and P; but no Mg?*) with the Br
subunit (5’-adenylyl-B-y-imidodiphosphate-Mg?*) of the two-
nucleotide structure (Fig. 5C) shows that Mg?* binding between
Thr 163 and the phosphates pushes the B and +y phosphates
farther away from the P-loop, allowing a water molecule to bind
to Glu 188. Only small differences of <0.8 A exist between the
positions of some of the atoms in the P-loop of the two structures
(Fig. 5C), indicating that Mg?* binding to ATP in the 8 subunits
causes no major conformational changes. Thus, the main differ-

ence between the structures of the F1-ATPase in the bovine heart
and the rat liver crystals—the presence of the “open” conforma-
tion in the bovine heart enzyme—cannot be attributed to the
presence or absence of Mg?™, as suggested (4). Most likely, the
presence of the open conformation in the bovine heart enzyme
is caused by the low concentration (and substoichiometric
amounts) of ADP in the crystallization medium (14), as demon-
strated by recent studies on Escherichia coli Fy (32).

All three « subunits contain bound ATP. Despite the absence
of Mg?" in the crystallization medium, the bound nucleotides
appear to be ATP-Mg?* (Fig. 5B). Because Mg?" and H,O have
the same number of electrons and thus are indistinguishable
based on diffraction characteristics, special care was taken to
ensure that the additional density observed was indeed Mg?*.

Mechanistic Implications. The three-nucleotide structure re-
ported here suggests a mechanism in which a// intermediates in
the reaction are in one of the two configurations observed in the
known crystal structures (bovine-heart, ref. 14; rat-liver, this
work). In this mechanism (Fig. 6), which departs significantly
from those proposed earlier (4, 6, 14), F; configurations of the
enzyme with three nucleotides bound play a central role in
catalysis whereas species with two nucleotides exist transiently
between nucleotide binding and debinding events at physiological
nucleotide concentrations. Recent kinetic data on E. coli Fy
underscore the importance of full occupancy of catalytic sites for
maximal activity (35).

The three B subunits in the rat liver structure are in similar but
probably distinct conformations: closed (C with ADP), loose (L
with ADP plus P;), and tight (T with ATP in equilibrium with
ADP plus P; in T") (Fig. 6). The sites with ADP and P; represent
species poised for the formation of the B-y phosphate bond.
Starting with the most stable species (Fig. 6 species I), ATP
synthesis proceeds through a proton translocation-driven confor-
mational change involving the following concerted transforma-
tions: Tto C, L to T, and C to L. This transformation (I — II; Fig.
6) can only occur when the nucleotide in the tight site is ATP (i.e.,
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F1G.5. Nucleotide binding sites of rat liver Fi-ATPase. (4) Electron density of the B subunit binding site. The main chain of B is shown in gold,
and that of « is shown in rose. Oxygens are red; all other atoms in gray. (B) Electron density of a subunit binding site. Color scheme is as in A4,
and Mg?* is in blue. The adenine ring binds in a pocket making van der Waals contacts as well as hydrogen bonding interactions with the protein.
Main chain and side atoms provide interactions to the ribose, the phosphates, and the Mg?*. (C) Comparison of the 8 subunit nucleotide binding
site of rat liver Fy (gold) to that of the Br subunit of bovine heart F; (red). (D) Schematic diagram of nucleotide binding to the 8 subunit. Close
interactions and hydrogen bonds (with distances in A) are shown. The ADP and the P; are shown in red.

T-conformation). Next, ATP is released from the C site with
conversion to the O conformation found in subunit Bg of the two
nucleotide structure (II — III; Fig. 6). The resulting species has
sites in the T, O, and L conformations, with ATP in the T site (in
equilibrium with ADP plus P; in T' and ADP in the L site. To
continue cycling, this species must bind nucleotide. Under phys-
iological conditions, the empty subunit (O site) will bind ADP
and return to the C conformation, and P; will bind to the L site.
In this configuration the enzyme is ready for the synthesis of the
next ATP. During this portion of the cycle the +y subunit rotates
120°, in coordination with the concerted conformational changes
in the major subunits (10). In addition, the conversion of one 8
subunit from C to O is accompanied by the change in y described
above (plvotlng around an axis going though Lys y 260) that
results in its displacement by 4 A toward the 3-fold axis in the
proximity of the DELSEED-containing loop (Fig. 4). Both of
these movements are ideal for transmitting changes in the major
subunits to the Fy region of the enzyme.

The forms of the enzyme with T site and T’ site are in fast
equilibrium. This equilibrium not only explains the P;/H,!%0
exchange data but also the substrate concentration dependence
of the exchange in both the hydrolytic and the synthetic directions
(reviewed in ref. 4). Under hydrolytic conditions, the extent of
incorporation of '30 into P; increases markedly at low ATP
concentrations because the enzyme remains in the form III, with
ATP in equilibrium with ADP and P; until it can bind ATP to the
O site. In the synthetic direction, the enzyme remains in the same

equilibrium until it binds ADP and P;, in agreement with data that
indicate that exchange increases at low ADP and/or P; concen-
trations. The increased exchange observed in the absence of a
proton gradient is explained by the equilibrium between the
forms containing the T- and T’ sites

The mechanism proposed here involves species containing
either two or three nucleotides bound at catalytic sites and no
species containing only one in agreement with recent observa-
tions that, at physiological concentrations of nucleotides, the
predominant F;-ATPase species contains three bound nucleo-
tides in B subunits (32, 35). By contrast, in some previous
proposals (4, 6, 14) in which B subunits proceed sequentially
through the tight (T), loose (L), and open (O) conformations
(postulated to correspond to the three conformations of the 8
subunits observed in the two-nucleotide structure—pr, Bp, and
Be, respectively) (14) Fi-ATPase alternates through species hav-
ing either one or two nucleotides in catalytic sites per F; molecule
(4, 6, 14). A recent modification of these proposals that increases
the site occupancy in the cycle to include three-nucleotide species
(9) is still inadequate because, in contrast to the mechanism
proposed here, they require that nucleotides bind and remain
bound to B subunits in the O conformation, even though the
conformation of the subunit Bg in the two nucleotide structure
does not have a well formed nucleotide binding site.

Previous mechanisms have an additional difficulty. With the
membrane-bound enzyme operating in the hydrolytic direction,
the actual translocation of protons occurs, triggered only by
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FiG. 6. Proposed mechanism for ATP synthesis/hydrolysis. In the figure, 8 subunits in one F; molecule are labeled B, B2, and B3. Two
configurations of the enzyme are sufficient to describe all of the intermediates in the proposed reaction pathway: (i) the three-nucleotide structure
with T (tight), L (loose), and C (closed) sites in the B subunits (I and II, boxed by the green dashed line); and (ii) the two-nucleotide structure
with T, L, and O (open) sites (I1I, boxed by the red dashed line). Conformations T and T’ of the 3 subunit are highly similar, but T contains ATP
and T’ contains ADP plus P;. Starting with the most stable species (I), ATP synthesis proceeds through a proton translocation driven conformational
change. This transformation (I to IT) can occur only with ATP in the T site. Next, ATP is released from the C site which, after release, changes
to the O conformation. After intermediate III is reached, the molecule binds ADP in the O site, which immediately changes to the C-conformation,
and P; in the L site becomes species I (but with subunit numbers cyclically permuted). The reaction proceeds cyclically through these steps. Note
that, in this mechanism, in contrast to previous proposals (4, 6, 9, 14), the concerted conformational change involving all three B subunits (I to
II) occurs in the three nucleotide form of the enzyme and does not involve a 8 subunit in the open conformation.

binding ATP to the O site and before ATP hydrolysis (4, 6, 9, 14).
The driving force is provided by the conformational change that
transforms the ATP-occupied O site to a T site. In view of the
poor nucleotide binding characteristics of the O site, binding of
ATP to the O site appears to be inadequate to trigger the
translocation of protons against their concentration gradient. In
the mechanism we propose, these concerted conformational
changes involve also the hydrolysis of ATP (Fig. 6), providing a
more direct coupling between ATP hydrolysis and proton trans-
location.

The structure of the rat liver Fi-ATPase reported here pro-
vides the missing configuration of F; necessary to define all
intermediates in the reaction pathway of ATP synthesis/
hydrolysis. The pathway that results avoids pitfalls of previous
proposals and provides a rationale for existing experimental data.
The detailed mechanism by which proton translocation through
F drives changes in the position of the y subunit remains the most
important enigma in this system. The account of the events
occurring in F; during ATP synthesis/hydrolysis presented here
by providing a step-by-step description of these events places
strong constraints on how this coupling actually can occur.
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