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The archaeal ATP synthase is a multisubunit complex that
consists of a catalytic A, part and a transmembrane, ion trans-
location domain A,. The A;A, complex from the hyperthermo-
phile Pyrococcus furiosus was isolated. Mass analysis of the com-
plex by laser-induced liquid bead ion desorption (LILBID)
indicated a size of 730 = 10 kDa. A three-dimensional map was
generated by electron microscopy from negatively stained
images. The map at a resolution of 2.3 nm shows the A; and A,
domain, connected by a central stalk and two peripheral stalks,
one of which is connected to A, and both connected to A, via
prominent knobs. X-ray structures of subunits from related pro-
teins were fitted to the map. On the basis of the fitting and the
LILBID analysis, a structural model is presented with the stoi-
chiometry A;B;CDE,FH,ac,,.

Archaea produce ATP by an ATP synthase that is distinct
from the well known F, F-type ATP synthase occurring in bac-
teria, mitochondria, and chloroplasts. The A-type ATP syn-
thases are more closely related to vacuolar (V-type) ATPase,
which, however, is functionally different and acts as an ATP-
driven ion pump (1). Some bacteria also harbor A-type ATP
synthases, probably acquired by horizontal gene transfer (2, 3).

Like F,F, ATP synthases and V,V, ATPases, A;A, ATP syn-
thases consist of a soluble enzymatic head in the cytoplasm and
a transmembrane ion-translocating domain, forming a pair of
coupled rotary motors. There is clear homology in the main
catalytic subunits of all types, showing a common evolutionary
origin, but many of the peripheral subunits are unique for the
distinct groups. The A- and V-type enzymes are considerably
larger than the F-type (1).

The catalytic heads are made up of three A and three B sub-
units, where A is the catalytic subunit equivalent to F-type 3.
The A subunit contains a 90-amino acid insert near the N ter-
minus, known as the non-homologous region, which makes
this subunit with ~66 kDa considerably larger than its homo-
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logues (4-7). The central stalk consists of the C, D, and F sub-
units, and the D subunit is thought to be the equivalent of the y
subunit, responsible for conformational changes in the nucle-
otide-binding pockets upon rotation (8, 9). The transmem-
brane domain contains a rotor of a number of identical c-sub-
units and part of the a-subunit. The a-subunit is large,
comprising a transmembrane domain with seven to eight pre-
dicted transmembrane helices and a soluble domain, which
probably forms part of the stator. In addition, the A-type ATP
synthases contain subunits H and E (10).

Structural information on the A-type and V-type ATPases
has been forthcoming in recent years. For several subunits,
x-ray structures have been determined, including isolated
archaeal A (11) and B (12) subunits, the E subunit (13), and a
bacterial A-type C subunit (14, 15). The archaeal F subunit has
been solved by NMR spectroscopy (16), and the shape of an H
subunit dimer is known from small angle x-ray scattering (17).
Information about the whole complex has been provided by
single particle electron microscopy. A first projection structure
of an A A, ATP synthase was presented for the enzyme from
Methanocaldococcus jannaschii (18), which revealed the A;
domain, the A, domain, the central stalk, and two peripheral
stalks connected by a collar near the membrane. A three-di-
mensional map of the ATP synthase from Thermus thermophi-
lus, which although bacterial in origin is homologous to
archaeal ATP synthase and, therefore, referred to as A-type
ATP synthase, shows the presence of two peripheral stalks also
connected by a collar near the membrane (19). Several three-
dimensional reconstructions of V-type ATPases have been pre-
sented (20-22) showing up to three peripheral stalks. The
heads of A-type and V-type ATPases are clearly distinguishable
from F-type because of the presence of the non-homologous
region of the A subunit, which forms a prominent spike near the
top of the head (19, 23).

The c-subunits of archaea, like the c-subunits of F- and
V-type ATPases, contain a-helical hairpins. In most species,
they have a single hairpin, like the F-type ATP synthases, but
some have undergone gene multiplications. Thus, there are
two-hairpin subunits in Methanothermobacter thermoau-
totrophicus (24), Methanosphaera stadtmanae (25), and in
Pyrococcus furiosus, three in M. jannaschii and even 13 in
Methanopyrus kandleri (26 —28), showing that the number of
subunits per ring varies, as in F-type ATPases where rings with
10-15 have been found (29 —35). Moreover, whereas most spe-
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cies have retained an ion-translocating glutamate in every hair-
pin, M. jannaschii has lost it in the first of three and P. furiosus
has lost it in the first of its two hairpins. Therefore, P. furiosus
has a typical V-type c-subunit that was always seen as the reason
for the inability of the V-type ATPases to synthesize ATP (36 —
38). However, the A;A, ATP synthase from P. furiosus func-
tions as ATP synthase in vivo (39). The structural basis for its
ability to synthesize ATP despite the V-type c-subunit is
unknown but might reside in the A, domain and may be based
on a much larger c-ring (40).

We have recently enriched the A-type ATP synthase from
the hyperthermophilic archaeon P. furiosus and shown that it
uses Na™ as a coupling ion (41). Here, we have improved the
purification protocol and purified the entire complex. We pres-
ent the three-dimensional structure of the complex by electron
microscopy as well as a mass analysis by laser-induced liquid
bead ion desorption mass spectrometry (LILBID-MS).> Based
on the results of these two methods, we propose a model for the
subunit composition and a solution for the enigma of ATP
synthesis.

EXPERIMENTAL PROCEDURES

Organism—P. furiosus DSM 3638 was obtained from the
Deutsche Sammlung fiir Mikroorganismen und Zellkulturen,
Braunschweig, Germany. For purification of the ATPase, P. fu-
riosus was grown in a 300-liter fermentor at 98 °C as described
before (41). The pellets were stored at —80 °C.

Purification of the A A, ATP Synthase of P. furiosus—10-20
g of cells were resuspended in buffer containing 25 mm Tris, pH
7.5, 5 mm MgCl, 0.1 mm PMSF, and 0.1 mg of DNase per ml.
After homogenization, the cells were disrupted by three pas-
sages through a French pressure cell at 1200 psig. Cell debris
was removed by centrifugation (11,000 X g; 30 min). Mem-
branes were recovered from the extract by centrifugation
(12,000 X g; 16 h) and were washed in 100 mm HEPES (pH 7.5),
5 mm MgCl,, 10% glycerol (v/v), 100 mm NaCl, and 0.1 mm
PMSF (14,000 X g, 6 h). The supernatant after this wash step
contained negligible ATP hydrolysis activity. The washed
membrane pellet was resuspended in 15-20 ml of membrane
buffer containing 100 mm HEPES, pH 7.5, 5 mm MgCl,, 10%
glycerol (v/v), and 0.1 mm PMSE. The protein concentration
was determined as described (42, 43).

Membrane proteins (29 mg/ml, 16 ml) were solubilized with
Triton X-100 at a concentration of 3% (v/v) (1 g of detergent/1
g of membrane protein). After 2 h of occasional mixing at 40 °C,
the membranes were solubilized overnight at room tempera-
ture on a shaker.

The supernatant was collected by centrifugation (120,000 X
g 1 h). After MgCl, was added to the supernatant to a final
concentration of 50 mwm, the ATP synthase was further purified
by polyethylene glycol 6000 (4.1%, wt/wt) precipitation, where
contaminating proteins were precipitated. The precipitate was
removed by centrifugation (120,000 X g 1 h), and the pellet

2The abbreviations used are: LILBID, laser-induced liquid bead ion desorp-
tion; EM, electron microscopy; MS, mass spectroscopy; MALDI, matrix-as-
sisted laser desorption/ionization; TOF, time-of-flight; PEG, polyethylene
glycol; PDB, Protein Data Bank; PMSF, phenylmethylsulfonyl fluoride.
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contained negligible ATP hydrolysis activity. The supernatant
was applied to a 20 —66% sucrose gradient and centrifuged for
19hinavertical rotorat 153,000 X g4 °C (Beckman L100K, VTi
50 rotor). Samples containing the highest ATP hydrolysis activ-
ity (determined as described in Pisa et al., Ref. 41) were pooled
and applied to anion exchange chromatography (DEAE-Sepha-
rose), equilibrated with 100 mm Tris, pH 7.5, 5 mm MgCl,, 10%
glycerol (v/v), 0.1% Triton X-100, and 0.1 mm PMSF.

Elution was performed with a salt gradient from 0 to 1 M KCI
in 100 mm Tris, pH 7.5, 5 mm MgCl,, 10% glycerol (v/v), 0.1%
Triton X-100, and 0.1 mm PMSE. The ATPase-active fractions
were pooled and concentrated on Vivaspin 20-ml (Biofiltronic
GmbH, Norten-Hardenberg, Germany) 100-kDa concentra-
tors. The concentrated sample was loaded on a Superose 6 col-
umn (10/30 Amersham Biosciences) and eluted with 50 mMm
Tris-HCL, pH 7.5, 5 mm MgCl,, 10% glycerol (v/v), 50 mm KCl,
0.1% Triton X-100, 0.1 mm PMSF. The peak fractions were ana-
lyzed by SDS-PAGE. All steps were performed at 4 °C.

Tryptic Digest and MALDI-TOF Analysis—The products of
the A;A, ATPase were excised from a gel and subjected to
in-gel digestion protocols and MALDI-TOF analysis as
described (41).

LILBID-MS—The A,;A, ATPase protein was buffer-ex-
changed and concentrated to a final concentration of 3 uMin 10
mM ammonium acetate with 0.05% dodecylmaltoside (DDM)
with Microcon filters (Microcon YM-100, Millipore GmbH
Schwalbach/Ts. Germany). LILBID-MS of the sample was per-
formed as described previously (44, 45). Briefly, microdroplets
(50-um diameter; volume, 65 pl) of the sample solution was
introduced into vacuum by an on-demand, piezo-driven drop-
let generator at a frequency of 10 Hz. There the droplets are
irradiated one by one by IR laser pulses, tuned to the absorption
maximum of water at around 3 wm. The laser energy is trans-
ferred into the liquid via excitation of the stretching vibrations
of water, inducing an instantaneous transition into the super-
critical state of the liquid. There the droplets explode and the
charged biomolecules from solution are set free. Because of the
loss of solvent screening in this process, most of the ions in
solution are neutralized and only 1 in 10,000 escape into vac-
uum, called “lucky survivors.” These are accelerated and mass-
analyzed in a home-built time-of-flight (TOF) reflectron mass
spectrometer, equipped with a custom-built high mass ion-de-
tector. The spherical isotropic explosive expansion of the ion
cloud (with a velocity of around 800 m/s) limits the present
resolving power in the kilodalton mass range to an approximate
M/AM value of 100 and even lower in the higher mass range.

Electron Microscopy (EM) and Image Analysis—The A A,
sample was applied to glow-discharged carbon films and nega-
tively stained with 1% (w/v) uranyl acetate. Electron micro-
graphs were collected using a Philips CM120 (FEI, Eindhoven,
the Netherlands) at an accelerating voltage of 120 kV under low
dose conditions. Images were taken at a magnification of
X44,000 on Kodak SO-163 electron image film. The negatives
were developed for 12 min in full-strength D-19 developer.
Negatives checked by optical diffraction for correct defocus and
lack of drift and astigmatism were digitized on a PhotoScan
scanner (Z/I Imaging, Aalen, Germany) at a pixel size of 7 um.
Subsequently, adjacent pixels were averaged to yield a pixel size
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TABLE 1
Purification of the A, A, ATP synthase of P. furiosus
e . ATPase Specific . .
Purification step ~ Protein activity  activity Enrichment Yield
mg unit milliunit/mg fold %

Membranes 335 106 300 1 100
TX-100 supernatant 66 60 900 3 56.6
PEG 6000 supernatant 64 67 1100 4 63.4
Sucrose gradient 3.1 76.8 24600 78 72.4
DEAE column conc. 1 5.1 6000 19 4.8
Gel filtration 0.3 2 6500 20.5 1.8

on the specimen of 4.77 A. 12,912 particle images were selected
using the boxer program from EMAN (46). Images were pro-
cessed using Imagic V (47). Briefly, images were band pass-
filtered, aligned translationally and rotationally, and subjected
to multivariate statistical analysis and classification. Images
assigned to the same class were averaged. As all classes repre-
sented views along the long axis of the molecule, for three-
dimensional reconstruction an initial model was created by
assigning angles to some class averages and creating a volume in
Imagic. The model was iteratively refined by the standard refine
command of EMAN (46). To estimate the resolution of the final
map the Fourier shell correlation between two maps calculated
from half of the particle images each was determined by the
EMAN routine eotest. Three-dimensional visualization and fit-
ting of x-ray structures into the map was done by UCSF Chi-
mera (48).

RESULTS

Purification and Characterization of the A ,A, ATP Synthase
of P. furiosus—The A;A, ATP synthase preparation studied
previously lacked the subunits F and H and contained an AAA
ATPase (thermosome) as a major contaminant (41). The ther-
mosome, which has a calculated molecular mass around 900
kDa, was clearly visible in electron micrographs and easily dis-
tinguishable from the A;A, ATP synthase. The new protocol
yielded an intact enzyme and removed the thermosome (see
“Experimental Procedures”). In short, the membranes were
centrifuged at low speed, the enzyme was solubilized, precipi-
tated with PEG, and further purified by sucrose density centrif-
ugation and ion exchange chromatography followed by gel fil-
tration. The purification is summarized in Table 1. The specific
activity of various enzyme preparations ranged from 1.9 to 6.5
units/mg protein, and the overall yield was 1.8%.

The ATP synthase preparation in SDS-PAGE contained 14
polypeptides of apparent molecular masses 130, 97, 65, 60, 54,
52, 40, 30, 25, 23, 16, 12, 11, and 9 kDa (Fig. 1). Proteins were
identified by MALDI-TOF analysis or MS/MS. The 130-kDa
protein was identified as methylmalonyl-CoA decarboxylase
subunit . The 97-kDa protein was identified by MALDI-TOF
analysis and MS/MS in duplicate to be subunit C. No other
polypeptide was found, indicating that this band represents a
multimer of subunit C (42 kDa). Subunit A (65 kDa) matches
exactly the mass deduced from the genome sequence. The band
at 60 kDa was identified by MS/MS to contain an oligomeric
form of subunit ¢ and subunit a. The subunits could not be
resolved by SDS-PAGE, neither in 8% nor in 10% gels. Further-
more, the band cross-reacts with the antiserum against subunit
a or ¢ of M. jannaschii. The hydrophobic character of this
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FIGURE 1. Subunit composition of the A A, ATP synthase of P. furiosus.
The preparation was subjected to SDS-PAGE on 12.5% gels and silver-stained.
A molecular mass marker is shown on the left and subunits on the right. Letters
indicate the A;A, subunits, and numbers the impurities: 7, methylmalonyl-
CoA decarboxylase subunit «; 2, not identified; 3, hypothetical protein
PF0672 (see text).

membrane protein complex makes it difficult to estimate its
molecular weight on an SDS-PAGE gel. The 54-kDa protein
was also identified as methylmalonyl-CoA decarboxylase sub-
unit « (which has a predicted mass of 57.1 kDa). The 52, 40, 25,
and 23 kDa proteins were identified as subunits B, C, D, and E.
The 30-kDa protein could not be identified, and the 16-kDa
protein was identified as the hypothetical protein PF0672 from
the P. furiosus genome (49). The 12-, 11-, and 9-kDa proteins
were identified as subunits ¢ (monomeric form), H, and F.
These data showed the absence of thermosomes in the prepa-
ration and demonstrated that all subunits deduced from the
genome sequence are indeed present in the preparation.
LILBID Analysis—The molecular mass of the complex and its
subcomplexes was determined with LILBID-MS, a recently
established powerful method for the determination of subunit
stoichiometries in membrane protein complexes, as has been
demonstrated for the cytochrome oxidase from Paracoccus
denitrificans (45) and F,F, c-rings from different organisms
(33). For the F,F, ATP synthase from Bacillus sp. strain
TA2.A1, all subunits have been identified by LILBID-MS (50).
Fig. 2 shows the LILBID mass spectra of the P. furiosus ATP
synthase. Soft ion desorption conditions at low laser intensity
allow the complex to be transferred intact into vacuum without
fragmentation. The mass spectra were calibrated against the
known subunits of complex I of Y. lipolytica, which are in the
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FIGURE 2. LILBID-MS analysis of A, A,. g, spectrum of the holoenzyme at low
laser intensity. The numbers represent the different charges of the enzyme,
indicating a molecular mass of 730 = 10 kDa. b, upon increase of the laser
intensity, the complex disintegrates into subcomplexes and individual sub-
units. Orange bars show different subunits of the complex. Red indicates the
c-subunit. A series of purple bars at the theoretical values for an m/z distribu-
tion of the mass 233 kDa show the appearance of a subcomplex. Unassigned
peaks are indicated with an asterisk.

same mass range (51). The mass spectrum in Fig. 2a shows an
m/z distribution of the anionic complex with charges varying
from 3 to 9. The peaks are broadened due to an increase in
initial energy of the ions with higher m/z. Different from other
membrane protein complexes but similar to the F,F, ATP syn-
thase (50), the detergent is more or less completely lost by the
desorption. The reason might be an overall small percentage of
solubilized surface area and less ruggedness of the hydrophobic
landscape, leading to less affinity for binding and retaining
detergent molecules. The overall mass, calibrated to the maxi-
mum of the ion peaks of the complex, was determined as 730 =+
10 kDa.

At harsher desorption conditions, achieved by increasing the
laser intensity, the energy transferred into the system dissoci-
ates the complex partly into single subunits and subcomplexes.
All masses of the subunits deduced from the genome sequence
could be found in the spectra (Fig. 2b and Table 2). They are
indicated by sticks in the spectra. Doubly charged states are
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TABLE 2

Theoretical and measured masses of the A;A, ATP synthase subunits

Structure of Archaeal ATP Synthase

Subunit Theoretical mass LILBID mass

Da kDa
A 65,900 66.0
B 51,785 519
C 42,515 42.5
D 24,895 24.6
E 23,502 23.0
F 11,740 11.9
H 12,394 12.2
a 75,466 75.5
c 15,806 15.8

visible for the c-subunit (the most abundant subunit) and the
two catalytic proteins A and B, which are also highly charged in
solution. A similar observation was made for these subunits in
the F,F, ATPase (50).

One of the critical questions is whether the mature subunit ¢
has indeed four transmembrane helices or whether it is post-
transcriptionally or post-translationally modified. The mass
calculated for subunit ¢ is 15.8 kDa, and indeed, a 15.8-kDa
protein was found in the complex. There is no mass found for a
protein of around 8 kDa, which would have only two trans-
membrane helices. In addition, oligomers of ¢ appear in the
mass spectrum such as ¢, and ¢;, indicating an incomplete
fragmentation of the c-ring at this elevated level of laser inten-
sity. However, an ion signal at (¢/2); is not observed, again
indicating a c-subunit size of 15.8 kDa.

The spectra contained some additional peaks that could not
be assigned to any of the subunits. Most of these are at low m/z,
and some may arise from the 16- and 30-kDa impurities (Fig. 1).
Interestingly, a series of unexpected ion signals in the higher
m/z region corresponds to a mass to charge ratio of 233 kDa
with charge states of —3 to —6 (purple bars in Fig. 2b). Such
large complexes form broad peaks of which the onsets are
measured to determine the theoretical masses. The peak
around m/z = 46,000 is overlaid by a peak from ¢, and the peak
around m/z = 78,000 with the a peak. The a peak is reproduc-
ibly very broad, therefore the assumption of an overlay with
another peak seems reasonable. Among the various combina-
tions of subunits, only an ac,, (75 + 10 X 15.8 kDa) subcomplex
would correspond to a mass of 233 kDa. This gives additional
evidence, apart from the SDS-PAGE, for a stable ac, subcom-
plex, and indicates that the c-ring consists of 10 subunits.

Electron Microscopy and Image Processing—The P. furiosus
A A, preparation was monodisperse and showed typical
dumbbell-shaped particles with no hint of barrel-shaped ther-
mosomes (Fig. 3a). An initial image analysis by IMAGIC V of a
7500-particle data set resulted in many different class averages
with features including a head with one or more spikes, a dis-
tinct central stalk, a prominent “collar,” indications of one or
two peripheral stalks, and a rather large A, domain with clear
substructure (Fig. 30). The large number of different views pre-
cluded a reconstruction by random conical tilt, for which par-
ticles in identical orientations are needed. It suggested that the
particles might represent a single-axis tilt series around the
long axis of the molecule, which would contain all information
necessary for a three-dimensional reconstruction. The complex
was reconstructed by EMAN, which can iteratively refine a data

JOURNAL OF BIOLOGICAL CHEMISTRY 10113



Structure of Archaeal ATP Synthase

FIGURE 3. Electron microscopy of P. furiosus ATP synthase. g, electron
micrograph of A;A, negatively stained with uranyl acetate. The bar repre-
sents 25 nm. b, selected class averages after multivariate statistical analysis
and classification.

set to an initially very crude three-dimensional model (46). An
initial model consisting of a large and a small domain was cre-
ated by assigning azimuthal angles to some class averages. The
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FIGURE 4. Comparison of class averages and reprojections of the three-
dimensional map. 7-5, selected class averages. 6-10, reprojections of the
three-dimensional map and 11-15: surface representations corresponding to
the class averages. Relative projection angles are 0, 20, 80, 200, and 310°
around the long axis. All images were created using IMAGIC V.

data set was iteratively refined against this model, resulting in a
clearly asymmetric structure with hints of two peripheral stalks.
More data were added from particles in slightly different orien-
tations that had initially been excluded. Refinement of this
13,000-particle data set resulted in a model with two continu-
ous peripheral stalks. All class averages from the initial analysis
by IMAGIC could be matched to one reprojection of the three-
dimensional volume (Fig. 4). The relative angles of the classes
that had been used in the starting model had no relation to their
original assignment, showing clearly that the reconstruction
process by EMAN was robust enough to overcome any bias
from the starting model. The final volume was estimated to
have a resolution of 23 A by Fourier Shell Correlation (0.5 cut-
off criterion). The map is shown in slices along the long axis
(Fig. 5a), and in the perpendicular direction (Fig. 50) and in a
surface representation (Fig. 6). It shows a hollow head display-
ing six distinct densities, an asymmetric A, domain consisting
of a hollow ring with a bulge on one side, a central stalk made up
of two distinct domains, and a stator with two peripheral stalks,
which are both connected to a collar around the central stalk
while one of them is connected to the bulge on A,,

The Head—The A, head shows pseudo-3-fold symmetry and
has a strong resemblance to the isolated A, from Methanosar-
cina mazei G61 (23). The head shows clear asymmetry because
of the presence of the central stalk. It displays a central cavity
surrounded by six densities representing the three A and three
B subunits, as can be seen in the sections 22—31 of Fig. 5a. Three
of the densities have a bulge on the top, visible as “spikes” in the
class averages (Fig. 4b), and can thus be identified as the cata-
lytic subunits A (equivalent to B8 in F;), which are distinguished
by a 90-amino acid insertion forming a B-sandwich (11). X-ray
structures of the individual A subunit from Pyrococcus horiko-

ACEVON
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FIGURE 5. Three-dimensional reconstruction of P. furiosus A, A,. g, slices of the model perpendicular to the

long axis. b, slices along the long axis. The slices are separated by 4.77 A.

FIGURE 6. Surface representation of the model viewed in different orien-
tations. The scale bar represents 100 A.

shii (PDB 1VDZ) (11) and the B subunit from M. mazei Gol
(PDB 2C61) (12) have been determined. Because of the low
resolution of the model, it was not possible to fit the individual
A and B subunits unambiguously. Instead, the bovine F, head
(PDB 1H8E) was fitted to the EM density, and three A and three
B subunits were fitted to the bovine F, subunits at the positions
dictated by the presence of the bulges. The absolute handedness
of the structure cannot be determined by our reconstruction
procedure, so we tried the fit with both the EM structure and its
mirror image. Because of the well-defined structure and asym-
metry of the head, especially at the lower part where the A
subunits protrude much further than the B subunits (see Fig.
7h), the correct handedness could be determined unambigu-

APRIL 10, 2009+VOLUME 284 +NUMBER 15

Structure of Archaeal ATP Synthase

ously, and the model fitted quite
well (Fig. 7, a, e, h). It is clear that the
peripheral stalks connect to the B
subunits exclusively (Fig. 7a), as was
observed for the T.thermophilus
structure (12).

The Central Stalk—The central
stalk descends from the head at an
acentric position and attaches to the
A, domain inside the ring (Fig. 54,
slices 39—40). Two distinct domains
can be distinguished, a smaller,
knob-like one above the collar and a
larger, funnel-shaped one starting
inside the collar and continuing
inside the ring. The structure of
the C subunit of T. thermophilus
ATPase was solved by x-ray crys-
tallography (14), and it was local-
ized in the lower position of the
central stalk (19, 52). This position
can be clearly confirmed in the
P. furiosus map (Fig. 7, ¢, e, f). The
C subunit consists of three bun-
dles of four a-helices each. Three
domains can also be recognized in
the EM density (Fig. 5a, slices
45-48). The C subunit fits very
well in the stalk density, although
it is not possible to distinguish the
three domains (Fig. 7, ¢, e, f). The
top surface is at the level of the col-
lar and at the bottom the C subunit
connects to A, inside the c-ring,
which is hollow at this level (Fig. 7, d—f).

The other central stalk components are subunits D and F,
with molecular masses of 25 kDa and 12 kDa, respectively.
Subunit D can be cross-linked to the inside of subunit B (53)
and has a high a-helical content (54). Unlike the C and F
subunits, it is protected from trypsin degradation in an
A;B,CDF A, subcomplex (8); it is probably the equivalent of
the y subunit in F-ATP synthase and would thus be located
inside the head. Recently an x-ray structure of the P. furiosus
F subunit (PDB 2QAI) as well as an NMR structure of sub-
unit F of M. mazei G61 were presented (16). Both structures
show a globular domain consisting of helices and strands,
with the C terminus forming a flexible extension in the NMR
structure that was for the most part not visible in the x-ray
map. Based on its shape, the globular domain fits well in the
central stalk domain above the C subunit (Fig. 7, b, ¢, f). The
C terminus can be cross-linked to B (16), so the F subunit is
probably oriented with the C-terminal helix pointing toward
the head and the N-terminal globular domain connecting to
the C subunit. At the low resolution of the EM map, the
orientation of the F subunit in the bulge cannot be deter-
mined, and the subunit has been fitted manually (Fig. 7b).
The bulge may also be occupied by a part of the D subunit,
for which there is no structure.

JOURNAL OF BIOLOGICAL CHEMISTRY 10115



Structure of Archaeal ATP Synthase

C

FIGURE 7. Fitting of x-ray structures in the EM map. a-f, cut-open views of the
map. a-d, vertical views of the map, cut at the levels indicated in e. g, fitting of
A;B5; Afrom PDBfile 1VDZ (11) (blue) and B from 2C61 (12) (green). b, fitting of the
F subunit (1QAI) (purple). ¢, fitting of the C subunit (turquoise) (1R5Z (14)). d, fitting
of the 20-hairpin E. hirae A-type c-ring from 2BL2 (52) (gold). e and f, two perpen-
dicular views along the membrane plane. The EC domain is fitted to the knobs
from 2DM9 (13) (pink). g, all fitted subunits in the same orientation as f. h, model
for the stator with the a-subunit in yellow and the EH dimers in pink. The molec-
ular graphics images were produced using the UCSF Chimera package from the
Resource for Biocomputing, Visualization, and Informatics at the University of
California, San Francisco (supported by NIH P41 RR-01081).

The A, Domain—The P. furiosus A, domain has an oval
shape and displays clear substructure. The cytoplasmic half is
hollow, and there is a shallow indentation opposite the hole on
the extracellular side (Fig. 5, a, slices 52—55 and b, slices 37— 40).
These features are likely to represent the center of the c-ring. As
the LILBID analysis suggested that the ring consists of ten 15.8-
kDa subunits, the map density was compared with c-rings of
known structure. Rings of various sizes ranging from 10 to 15
a-helical hairpin subunits have been found for the F,F, type
(29, 31-35, 55). For A- and V-type, the only known stoichiom-
etries are for the Enterococcus hirae ring consisting of 10 dupli-
cated subunits, comprising 20 hairpins (52) and the T. ther-
mophilus ring, which has 12 hairpins (56). Two rings have been
solved by x-ray crystallography: the bacterial F, c-ring from
Ilyobacter tartaricus (57) with 11 hairpins and the 20-hairpin,
V/A-type c-ring from E. hirae (52). Comparison with the EM
structures of the ATP synthases from 7. thermophilus (19) and
from Bacillus sp. TA2.A1 (58) shows that the P. furiosus mem-
brane domain is larger than that of these species, which were
recently shown to contain a c¢;,-ring (56) and a c,5-ring (33),
respectively. The L tartaricus c,,-ring is clearly much too small
when compared with the hole in the ring (not shown), whereas
the E. hirae ring fits quite well (Fig. 7, b and /). The hole seen in
the cytoplasmic side of the P. furiosus ring is also present in
E. hirae, where the other side is filled with lipid. A similar situ-
ation is likely to exist in P. furiosus. The c-subunit sequences are
quite similar and like in E. hirae, the first and third helices,
which form the inner ring, are completely hydrophobic at the N
termini (facing away from A,), whereas the C-terminal parts
(facing A,) contain several charged residues (41). This is con-
sistent with the negative stain images, as the lipid-filled hydro-
phobic end would not be accessible to stain unlike the water-
filled top part of the ring. We conclude that the P. furiosus ATP
synthase has a 20-hairpin ¢-ring similar to the one in E. hirae.
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Outside the ring, another mass is visible, which is connected
to the collar (Fig. 7, d—f). This indicates the presence of the
hydrophobic part of the a-subunit at this location. This subunit
is predicted to have 7—8 transmembrane helices (1), which is
compatible with the size of the A, density. The a-subunit has a
large hydrophilic domain that forms part of the stator, as dis-
cussed below.

The Stator—Two peripheral stalks run from prominent
knobs on A; to a level above A,, where they are connected to
each other via a collar surrounding the central stalk. The knobs
are ~120° apart and connect to two B subunits, as discussed
above. Unlike in the T. thermophilus reconstruction (19), the
two knobs are not connected to each other across the a- and
B-subunits. The collar runs along the upper part of the C sub-
unit parallel to the c-ring, and the collar and C subunit share a
flat surface 30 A above the A, domain. Although in the surface
representation the collar and central stalk seem to be con-
nected, a separation between these two features is visible in the
EM density (Fig. 5a, slices 45—49). This separation is expected
considering the rotary mechanism of the ATP synthase. One of
the peripheral stalks is connected to A,; the other stalk extends
laterally outside the A, region and has no connection below the
level of the collar.

The three subunits forming the stator are E, H, and a. The
12-kDa H subunit is the smallest protein in A;A,. Recently,
solution x-ray scattering experiments have shown that the iso-
lated H subunit forms a parallel dimer and has an extended
“boomerang” shape with two arms of 68 and 120 A length,
respectively (17). A secondary structure prediction by PSIPRED
(59, 60) for the H subunit shows an N-terminal helix of ~60
amino acids separated by a short coil region from a 40-amino
acid C-terminal helix (supplemental Fig. S1a), which fits well to
the SAXS data. The C terminus of H can be cross-linked to the
N terminus of the A subunit (on top of the head) in M. mazei
Go1 (61), suggesting that H is part of the peripheral stalk, ori-
ented with the C terminus on the head and the N terminus near
the collar.

The 23-kDa E subunit consists of two domains, a highly hel-
ical N-terminal domain (Ey) and a C-terminal domain (E.)
with short helices and B-strands (supplemental Fig. S1c). The
x-ray structure of the E domain from P. horikoshii has recently
been determined (13); it has an elongated shape ~75 A long
with a-helical and B-strand elements and forms a tight dimer in
the crystal structure, with all the predicted secondary structure
elements (supplemental Fig. Slc). The a-helical N-terminal
domain (Ey) is homologous to H and to the F,F, b-subunit and
interacts with the H subunit (13). The equivalent E subunit in
yeast V-type ATPase can be cross-linked to the full-length of
the outside of the B subunit (53, 62), placing E in the peripheral
stalk. A recent study shows that the E and H subunit from Ther-
moplasma acidophilum, when expressed together or reconsti-
tuted, form a stable heterodimer with high affinity (63), sug-
gesting that the H or E homodimers formed in solution or in
crystals of the isolated subunit are artifacts. This was confirmed
in an EM study of the T. thermophilus ATPase, where antibod-
ies against an EG complex (equivalent to EH in archaea)
attached to both sides of the head, while not or weakly binding
to isolated E or G (64). All this evidence places an EH dimer in
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each peripheral stalk. The globular E- domain (13) has the right
dimensions for the knobs on the head (Fig. 7, e and f), and the C
terminus of the H subunit is also likely to reside there, as shown
above. The stalks would thus be formed by heterodimers of the
N-terminal domains of E and H, both of which have high a-hel-
ical propensity (supplemental Fig. S1, b and c¢) and are likely to
form coiled-coils.

The 75-kDa a-subunit is the largest protein in the A; A, com-
plex. It has a hydrophobic C-terminal domain predicted to have
7-8 a-helices, forming the equivalent of a in F,F, (1), whereas
the N-terminal domain is hydrophilic. We conducted a second-
ary structure prediction with PSIPRED (59, 60) (supplemental
Fig. S1b). The C-terminal 300 amino acids form the hydropho-
bic domain. The 360 amino acid N-terminal domain contains
two long a-helices for residues 100 —140 and 235-290 as well as
several shorter helices, stretches of B strands and loops. The
only possible location for ay is the collar connecting the two
peripheral stalks, which is the only part of the three-dimen-
sional volume not accounted for by other subunits and is also
connected to the A, domain where the a- domain has been
localized. Thus, the two domains of the a-subunit are at right
angles to each other (Fig. 7/). A structure parallel to the mem-
brane domain has been seen in a three-dimensional EM struc-
ture of bovine brain V,, (65), supporting this interpretation.

The two peripheral stalks in this model have an identical
composition, and being 120° apart on the 3-fold symmetric
head, their interactions with A; via a B subunit will be identical
as well. However, the symmetry breaks at their connection to
the collar, which is made up of a single subunit. Close inspec-
tion of the a-subunit sequence (supplemental Fig. 1a) shows
some repeating structural elements. There are two predicted
long a-helices, one of ~40 amino acids (residues 100 —-140) and
one of ~55 (235-290). At four places, there is a short predicted
a-helix flanked by two -sheets, the first at the N terminus, the
second and third immediately adjacent to each other after the
first a-helical stretch, and the fourth after the longest a-helix,
just before the membrane domain. The first and third Baf
domain are ~28-amino acids long, and the second and fourth
~33. Interestingly, there is 33% sequence identity and more
than 50% similarity between the second and fourth Baf
domain, and the a-helices in both domains are amphipathic
(Fig. 8), although there is no significant homology between the
first and third domain (Fig. 8). We propose that the N-terminal
domain of the a-subunit is a loop with the first and the fourth
BaB domain near the connection to A, and the second and
third on the other side, leaving the mainly a-helical domains
between the Ba8 domains forming the collar proper. The inter-
action with the EH peripheral stalks is mediated by the two
similar sets of Ba8 domains, which may have arisen by a gene
duplication. A recent report (66) shows a 1:1:1 complex
between the E, H, and 4, equivalents of E. hirae. Small angle
x-ray scattering experiments showed this complex to be
L-shaped with dimensions which fit our model. Moreover,
dimerization of E and H as well as interaction of H with a is
shown, but no interaction of E with a,; in the absence of H. This
implies that the interaction of the peripheral stalk with a is
mediated through the N terminus of H. The only discrepancy
between this study and our model is the presence of only one
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FIGURE 8. Secondary structure elements of the P. furiosus a-subunit. Four
regions of the sequence are shown with predicted B-strands in pink and
a-helices in yellow. Identical amino acids between the two sets of regions are
indicated with capital Xand homologous amino acids with lowercase x. Helical
wheels are shown for the helices with hydrophobic side chains shown in
black, polarin green, positively charged in blue, and negatively charged in red.

EH dimer in the ternary complex. This may be caused by the
absence of the a. domain and resulting conformational
differences.

DISCUSSION

A A, ATP synthases and V,V, ATPases form two distinct
groups of enzymes that are related to each other and more dis-
tantly to the F-type ATPases. A core group of subunits is highly
conserved, whereas others are specific for certain groups. The
structures of several subunits have been solved by x-ray crystallog-
raphy and NMR spectroscopy in the last few years. For the whole
enzyme, projections (18, 67, 68) and three-dimensional structures
(19-22) by EM are available for several species. Cross-linking
experiments have clarified the positions of subunits relative to
each other (53, 54, 61, 62). The stoichiometry of the subunits is not
yet firmly established. Whereas a consensus is emerging for the
structure of the head and the rotor, different models exist for the
stator. The eukaryotic V,V, ATPases not only have additional sub-
units and a regulation (V;-V,, dissociation/association) that is not
observed in A; A, but there are indications that they have a differ-
ent stator than the prokaryotic enzymes, including possibly a third
peripheral stalk.

The A;A, ATP synthase from the hyperthermophilic
archaeon P. furiosus is very suitable for structural investigation
because of its high stability. Using the new technique of LILBID
analysis, we were able to determine the total molecular weight
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and identify all subunits. The high stability made it possible to
do a three-dimensional reconstruction, which is the first of an
archaeal A;Aj ATP synthase. The overall structure is very sim-
ilar to the bacterial A-type ATP synthase from 7. thermophilus
(19) and shows two peripheral stalks, one of which connects to
the transmembrane domain. Fitting of the structure of isolated
subunits with the total MW as a constraint led us to propose a
model for the stator structure where heterodimers of subunits E
and H form the peripheral stalks and knobs, both with the C-ter-
minal domains near the head and the N termini forming a coiled
coil in the stalk. The N-terminal domain of subunit a forms the
collar and a topology model for this domain is proposed where two
homologous domains interact with each EH dimer.

The c-subunit has a conserved sequence across all species in
F-, V-, and A-type ATPases. It forms a-helical transmembrane
hairpins and assembles into rings. The size of the rings is vari-
able in F-type ATP synthases, where rings with 10 (29), 11 (31,
32, 55), 13 (33), 14 (34), and 15 (35) subunits have been identi-
fied. In the case of V,V, ATPases and A;A, ATP synthases
structural knowledge is more limited, but there appears to be
even more variety. The bacterial V/A-type ATPase from
E. hirae contains a ring of 10 duplicated subunits with one ion
translocation site each, with a total of 20 hairpins (52), whereas
the bacterial A; A, ring from T. thermophilus has 12 single sub-
units (56). No structural data is available for archaeal c-rings,
but M. kandleri contains a gene coding for a fused 13-hairpin
¢-subunit (26). Other archaea show a variety of duplicated and
triplicated fused genes (1), which are not consistent with a
tridecameric ring, and occasionally have lost some ion translo-
cating sites. Our LILBID analysis indicates the presence of an
ac,, subcomplex, and a large c,,-ring fits the map well. We
conclude that the P. furiosus ATP synthase has a ring of 10
subunits with 20 hairpins and 10 ion translocation sites. An
ATP synthase with a stoichiometry of A;B;CDE,FH,ac,
would have a molecular mass of 738 kDa, fitting well with the
mass of 730 + 10 kDa as determined by LILBID.

The ability of pyrococci to synthesize ATP with a duplicated
c-subunit that has lost one ion binding site (39) has been an
enigma. F-type ATP synthases have so far been shown to have 10
(29, 32) to 15 (35) ion binding sites in the ring and prokaryotic
A-type 10 (52) to 12 (56). The pyrococci would need a c-ring with
a considerably larger physical size than the F-type ATP synthases
to have a sufficient number of ion binding sites, and we have shown
that this is the case. According to AG, = —n'F-A,,,,, a phospho-
rylation potential (AG,,)of ~50 to 70 k]/mol would be sustained by
the use of 7 = 2.9 -4 ions/ATP at a physiological electrochemical
ion potential of =180 mV (Ap,.,,) (69). Ten subunits and thus ten
ion binding sites in the ATP synthase from P. furiosus would give
an ion/ATP stoichiometry of 3.3. This would be sufficient to syn-
thesize ATP, providing an explanation for the enigma of ATP syn-
thesis in P. furiosus.
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