
Articles

Structural Insights into the A1 ATPase from the Archaeon,
Methanosarcina mazeiGö1†
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ABSTRACT: The low-resolution structure and overall dimensions of the A3B3CDF complex of the A1 ATPase
from Methanosarcina mazeiGö1 in solution is analyzed by synchrotron X-ray small-angle scattering.
The radius of gyration and the maximum size of the complex are 5.03( 0.1 and 18.0 ( 0.1 nm,
respectively. The low-resolution shape of the protein determined by two independent ab initio approaches
has a knob-and-stalk-like feature. Its headpiece is approximately 9.4 nm long and 9.2 nm wide. The stalk,
which is known to connect the headpiece to its membrane-bound AO part, is approximately 8.4 nm long.
Limited tryptic digestion of the A3B3CDF complex was used to probe the topology of the smaller subunits
(C-F). Trypsin was found to cleave subunit C most rapidly at three sites, Lys20, Lys21, and Arg209, followed
by subunit F. In the A3B3CDF complex, subunit D remained protected from proteolysis.

ATP synthases/hydrolases are present in every organism
and are essential for every living cell. F-type ATPases (also
called F1FO ATP synthases) transform energy from a
transmembrane electrochemical ionic gradient (H+ or Na+)
into the phosphoric acid anhydride bond of ATP, whereas
V-type ATPases, under physiological conditions, act only
as ATP-driven ion pumps. On the basis of their subunit
composition and primary sequences, the archaeal enzymes
are more closely related to V-type than F-type ATPases, but
they function as ATP synthases, as shown in methanogens
(1), halobacteria (2, 3), and thermoacidophiles (4). Each
enzyme is characterized by a membrane-embedded, ion-
conducting complex (AO, FO, or VO) and a hydrophilic
portion (A1, F1, or V1) in which ATP synthesis and/or
hydrolysis takes place. Whereas nucleotide-binding subunits
A and B of the A and V ATPase are homologous to the F
ATPaseâ and R subunits, respectively, it is difficult to

identify regions of similarity of the smaller A1, F1, and V1

subunits (5, 6). Three-dimensional models of the F1 and V1

ATPase show the alternatingR/â and A/B subunits arranged
hexagonally, interdigitating for most of their length (7-10).
The hexameric moiety is connected via a stalk to the ion-
translocating portion. Structural comparison of the F1 and
V1 stalks indicates different shapes and lengths of these stalk
regions (11-14).

Despite the fact that A ATPases reveal chimeric properties
of F and V ATPases, the mechanism of ATP synthesis by A
ATPases remains a mystery. This problem is largely due to
the instability of the isolated complexes and the resulting
lack of detailed information about the structure of this
enzyme. In an ongoing project dealing with the molecular
mechanism of ATP synthesis in methanogenic archaea, the
A1 encoding genes fromMethanosarcina mazeiGö1 have
been overexpressed inEscherichia coli DK8, and the
overexpressed A1 complex has been characterized.1 This
complex is made up of the five different subunits (A-D and
F) with apparent molecular masses of 64, 51, 41, 24, and 11
kDa, respectively, as estimated from the amino acid se-
quences (15). In the work presented here, two independent
methods have been used to retrieve the low-resolution
structure of the hydrated A1 ATPase ofM. mazeiab initio
from X-ray small-angle scattering. The resulting overall
shape allows one to determine the similarities and differences
regarding the closely related F1 and V1 ATPases. Together
with protease digestion studies of the A1 complex, the low-
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resolution structure has been used to explore the topology
of the individual subunits. The rates of cleavage of individual
subunits of A1 are discussed in terms of their function.

MATERIALS AND METHODS

Materials. All chemicals were at least of analytical grade
and were obtained from BIOMOL (Hamburg, Germany),
Merck (Darmstadt, Germany), Sigma (Deisenhofen, Ger-
many), or Serva (Heidelberg, Germany).

Purification of the A1 ATPase. The A1 ATPase fromM.
mazeiGö1 was obtained fromE. coli strain DK8 expressing
the A1 ATPase genes A-F on a multicopy vector pTL2. The
enzyme was isolated by gel permeation chromatography and
subsequently ion exchange chromatography, as will be
described elsewhere.1 For solution X-ray scattering experi-
ments (see below), the enzyme was subsequently applied
onto a Sephacryl S-300 HR column (10/30, Pharmacia)
equilibrated in 50 mM Tris2-HCl (pH 7.0) and 150 mM NaCl
and subjected to gel permeation chromatography (FPLC) to
isolate a homogeneous A1 complex. The purity and homo-
geneity of the protein sample were analyzed by native
polyacrylamide gel electrophoresis (16) and SDS-PAGE
(17). Protein bands on SDS gels were stained with Coomassie
Brilliant Blue G250. Protein concentrations were determined
according to the method of Lowry (18). ATPase activity was
measured at 37°C in an assay mixture containing 100 mM
MES (pH 5.2), 40 mM NaHSO3, 10 mM MgSO4, and 10%
(v/v) glycerol. The reaction was started by the addition of
ATP at a final concentration of 4 mM. The ATPase activity
was determined by the extent of release of inorganic
phosphate which was measured at a wavelength of 355 nm
as described by Heinonen and Lahti (19).

X-ray Scattering Experiments and Data Analysis. The
synchrotron radiation X-ray scattering data were collected

following standard procedures on the X33 camera (20-22)
of the EMBL on the storage ring DORIS III of the Deutsches
Elektronen Synchrotron (DESY) using multiwire proportional
chambers with delay line readout (23). Solutions with protein
concentrations of 4.5 and 10 mg/mL were measured. At
sample-detector distances of 3.9 and 1.4 m and a wavelength
λ of 0.15 nm, the ranges of momentum transfer (s) from
0.14 to 2.1 nm-1 and from 0.08 to 5.0 nm-1 were covered (s
) 4π sin θ/λ, where 2θ is the scattering angle). The data
were normalized to the intensity of the incident beam and
corrected for the detector response; the scattering of the
buffer was subtracted, and the difference curves were scaled
for concentration using the program SAPOKO (D. I. Svergun
and M. H. J. Koch, unpublished).

The maximum dimensionDmax of the A1 ATPase was
estimated from the experimental curves, using the orthogonal
expansion program ORTOGNOM (24). The distance distri-
bution functionsp(r) and the radii of gyrationRg were
computed by the indirect Fourier transform program GNOM
(25, 26). The molecular masses of the solutes were estimated
by comparison with forward scattering data from a reference
solution of bovine serum albumin.

2 Abbreviations: PAGE, polyacrylamide gel electrophoresis; SDS,
sodium dodecyl sulfate; Tris, tris(hydroxymethyl)aminomethane.

FIGURE 1: Analysis of the purified A3B3CDF complex before and
after exposure to X-rays. The A1 complex (6µg) was analyzed
before (lane 1) and after (lane 2) exposure to X-rays by nondena-
turing PAGE.

FIGURE 2: Experimental and calculated scattering data of the A1
complex. (A) X-ray scattering curves for the A1 ATPase: composite
experimental curve (1), scattering from the model envelope (2),
and scattering from the dummy atom model (3). (B) Distance
distribution function of the A1 ATPase evaluated by the program
GNOM.
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The low-resolution particle shape was restored from the
experimental data using two ab initio procedures. In the
method of Svergun et al. (27, 28), the particle shape is
represented by an angular envelope functionr ) F(ω), where
r andω are spherical coordinates. The envelope is param-
etrized as

where Ylm(ω) are spherical harmonics and the multipole
coefficientsflm are complex numbers. The scattering intensity
I(s) from the envelope is evaluated by the method of Svergun
(24) as

where the partial amplitudesAlm(s) are calculated from the
coefficientsflm (25). The program SASHA (24, 27) deter-
mines these coefficients by minimizing the discrepancy
defined as

where N is the number of the experimental points, the
weighting functionW(sk) {)sk

2/[σ(sk)/Iexp(sk)], Iexp(sk), and
σ(sk)} is the experimental intensity with its standard deviation
in the kth point. Series 1 containsM ) (L + 1)2 - 6 free
parameters and provides a spatial resolutionδr of ap-
proximatelyx5πRg/[x3(L + 1)].

In the second ab initio procedure using the DAMMIN
program (28), a sphere of diameterDmax is filled with densely
packed small spheres (dummy atoms) with radiir0 , Dmax.
The structure of the dummy atom model (DAM) is defined
by a configuration vectorX, assigning an index to each atom
corresponding to a solvent (0) or solute particle (1). The
scattering intensity from the DAM is computed using eq 2
with the partial amplitudes (28)

where the sum runs over the dummy atoms whereXj ) 1
(particle atoms),rj, andωj are their polar coordinates,Va )
(4πr0

3/3)/0.74 is the displaced volume per dummy atom, and
j l(x) denotes the spherical Bessel function. In keeping with
the low resolution of the solution scattering data, the method
searches for a configurationX minimizing f(X) ) ø2 + RP(X).
Here,ø denotes the discrepancy between the calculated and
experimental curves

whereN is the number of the experimental points andIexp(sk)
and σ(sk) are the experimental intensity and its standard
deviation, respectively. The “looseness” penalty termP(X)
ensures that configurationX yields a compact and intercon-
nected structure andR > 0 is a penalty weight selected to

have significant penalty contribution at the end of the
minimization. The latter is performed starting from a random
configuration and using the simulated annealing algorithm
[SA (28)]; details of the procedure are described elsewhere
(28, 29).

Prior to the shape analysis, a constant is subtracted from
the experimental data to ensure that the intensity decays as
s-4 following Porod’s (30) law for homogeneous particles.
The value of this constant is determined automatically by
DAMMIN from the outer part of the curve by linear
regression ofs4I(s) versus s4. This procedure yields an
approximation of the “shape-scattering” curve (i.e., scattering
due to the excluded volume of the particle filled by a constant
density).

SASHA and DAMMIN also allow one to incorporate
additional information about particle symmetry and anisom-
etry. The models were derived from the experimental data
assuming a 3-fold symmetry for the entire molecule, which
is justified given that the major part of the A1 ATPase
possesses a quasi-3-fold symmetry (10, 15). The symmetry
restrictions result in a significant reduction in the number
of free parameters in the models. The asymmetry of the
enzyme cannot be meaningfully analyzed at low resolution.

Trypsin Digestion Studies. A1 ATPase was incubated at a
concentration of 5.9 mg/mL with trypsin in a ratio of 900:1
(w/w) in 20 mM Tris-HCl (pH 7.5) and 150 mM NaCl at
30 °C. Trypsin cleavage was stopped by addition of the
protease inhibitor Pefabloc SC (8 mM). Afterward, the
protein samples were applied to a gel for electrophoresis
[17.5% total acrylamide (T) and 0.4% cross-linked acryl-
amide (C)]. For identification of the trypsin fragments, the
protein samples were blotted on a polyvinylidene difluoride
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FIGURE 3: Low-resolution models of the A3B3CDF complex of
the A1 ATPase. (Left) Envelope model and (right) a DAM obtained
by simulated annealing. The bottom rows are rotated counterclock-
wise by 90° around theY- andX-axes. The models were displayed
on an IBM-PC/NT workstation using the program MASSHA.3
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membrane (pore size of 0.45µm; Bio-Rad) (31). Filter
pieces with the respective fragments were used directly for
N-terminal sequence analysis using a protein sequencer
(model 473A, Applied Biosystems). The identity of pro-
teolytic fragments was also resolved by use of antisera
against subunits A-C and F as described in ref15. The
generation of the antisera will be described elsewhere.1

RESULTS AND DISCUSSION

OVerall Dimensions and Shape of the A3B3CDF Complex.
The A1 ATPase fromM. mazeiGö1, containing the five
subunits (A-D and F), was isolated to high purity and
homogeneity (Figure 1). The ATP hydrolysis rate as isolated
was 8 ( 0.5 µmol of ATP hydrolyzed per milligram of
protein per minute. The composite X-ray solution scattering
of the A1 complex is shown in Figure 2. The complex has a
maximum dimension of 18.0( 0.1 nm and a radius of
gyration of 5.03( 0.1 nm (Figure 2B). Qualitative analysis
of the distance distribution function suggests that the enzyme
consists of a globular core yielding a principal maximum in
thep(r) at 0< r > 12 nm with a protuberance giving rise to
a shoulder between 12 and 18 nm (Figure 2B). The Porod
volume of the hydrated particle is 710( 20 nm3, in good
agreement with the molecular mass estimation of the complex

calculated from the amino acid sequence (15), native gel
electrophoresis, and gel filtration.1

The shape scattering curve in the range of the momentum
transfer up to ansmax of 3.0 nm-1 was used to restore the
low-resolution particle shape with two ab initio procedures,
assuming that the particle had a 3-fold symmetry axis. The
outer part of the curve contained a significant contribution
from the scattering of internal structure and was discarded

3 P. V. Konarev, M. V. Petoukhov, and D. I. Svergun, manuscript
in preparation.

FIGURE 4: RASMOL drawing of the polypeptide backbone of the
R3â3γ subunits of theE. coli F1 ATPase using the crystallographic
coordinates of Brookhaven Protein Data Bank (43) entry 1D8S (34).
The structure is superimposed on an envelope of the A3B3CDF
complex of the A1 ATPase fromM. mazei.

(C)

(B)

(A)

FIGURE 5: Time course of trypsin cleavage of A1 ATPase fromM.
mazei. (A) A1 ATPase (6µg) was incubated with trypsin (900:1,
w/w) for the indicated time before the reaction was stopped by
addition of the protease inhibitor Pefabloc SC (8 mM). Samples
were electrophoresed on a 17.5% total acrylamide and 0.4% cross-
linked acrylamide gel. (B) Density scanning profile of A1 ATPase
before (s) and after 20 (-‚-) and 70 min (‚‚‚) of proteolysis. The
image analysis was performed using the program Quantity One
(Bio-Rad). (C) Immunoblot of the same samples in the time course
of 30-70 min with antibodies against the A and B subunits and
immunoblots of the untreated and trypsinized (30 min) A1 complex
with an antiserum directed against the F subunit.
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in the shape analysis. Shape determination using the envelope
function (eq 1) is unique when the number of Shannon
channels (32, 33) in the dataNs ) smaxDmax/π exceeds 1.5
times the number (M) of parameters describing the envelope.
The shape scattering curve of A1 ATPase contains 17.2 (Ns)
channels and allows one to use harmonics up toL ) 6 (M
) 17), providing a spatial resolutionδr of 3.0 nm. The
restored envelope in Figure 3, left column, yields the fit to
the data in Figure 2A with a residualRI of 7 × 10-3, a radius
of gyration Rg of 5.10 nm, and an excluded volumeVp of
737 nm3.3

In the second ab initio procedure, a sphere with a diameter
Dmax of 18.0 nm was filled by 4213 densely packed dummy
atoms with radiir0 of 0.5 nm. The restored structure at a
default penalty weightR of 0.01 (Figure 3, right column)
contains 1020 dummy atoms, yields anRg of 5.11 nm and a
Vp of 722 nm3, and fits to the experimental data with aø of
0.66 (curve 3 in Figure 2A).

Both shape determination methods independently yield a
similar low-resolution structure with a headpiece which is

approximately 9.4 nm long and 9.2 nm wide. Superposition
of the low-resolution structure of the A1 complex with the
atomic model of theR3â3γ complex of the closely related
F1 ATPase fromE. coli (34) reveals a striking similarity,
especially with respect to the disposition of the nucleotide
binding F1 subunitsR andâ, with homologous A1 subunits
B and A, respectively (Figure 4). This structural similarity
lends support to the view that A and F ATPases share a
common catalytic mechanism for ATP synthesis. The overall
structure of the hydrated particle is asymmetric due to the
stalk which is approximately 8.4 nm long and 6.0 nm in
diameter. These structural features are also found in nega-
tively stained images of theM. mazeiA1AO which show a
headpiece approximately 10 nm in diameter and a stalk that
accounts for linking the catalytic site events with proton
pumping in the AO portion (15, 35). A stalk with the
dimensions shown in Figure 4 could accommodate subunits
C-F with a total molecular mass of about 80 kDa, assuming
a C1:D1:F1 stoichiometry. The shape and length of the stalk
domain of the A1 ATPase strongly resemble those of the
closely related V1 ATPase fromManduca sexta, which is
approximately 11 nm in length, as determined from solution
X-ray scattering [Figure 7 (14)]. In contrast, the low-
resolution structure and atomic model of theE. coli F1

ATPase (14, 34) and the most recently determined crystal-
lographic model of the complete bovine F1 ATPase (R3â3γδε)
(36) reveal that the stalk of the F1 ATPase is significantly
shorter, approximately 4.0-4.5 nm in length and 5.0-5.3
nm wide [Figure 7 (7, 14, 34, 36)]. This pattern is consistent
with the proposed close evolutionary linkage of A1 and V1

ATPases, which are thought to have evolved from common
ancestral genes (5, 37).

Trypsin Treatment of the A1 ATPase. Protease digestion
studies of the A3B3CDF complex were undertaken to

FIGURE 6: Effect of proteolysis on the enzyme activity of the A1
ATPase.

FIGURE 7: Comparison of the low-resolution envelopes of the A1 (A), V1 (B) (14), and F1 ATPases (C) (14, 44). The atomic model of the
E. coli R3â3γ subcomplex (34) is positioned inside the low-resolution envelope of the A1 complex fromM. mazeiand the low-resolution
model of the hydratedE. coli F1 ATPase (R3â3γδε; shown in gray sticks).
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examine the topology of the smaller subunits (C-F), as well
as the functional importance of individual subunits of this
enzyme. The time course of proteolysis was probed by SDS-
PAGE, in which the trypsin-treated samples were compared
with a control sample of untreated A1 ATPase (Figure 5A,B).
The first stalk subunit which is cut is subunit C followed by
subunit F, which becomes cleaved into fragment F1 (up to
30 min), resulting in a slightly slower migration in the gel
as shown by immunoblotting (Figure 5C); it implies that both
subunits are exposed in the complex. Cleavage of subunit C
leads to fragments C1 and C2 and with prolonged incubation
with trypsin to the disappearance of C, C1, and C2 and the
formation of C3 (up to 30 min). N-Terminal sequence
analysis suggests that the cleavage of products C1-C3

occurred after residues Lys20, Lys21, and Arg209, respectively
(Table 1). The accessibility of trypsin to subunit C is
consistent with the assembly of the evolutionary linked V1

ATPase in which subunit C, which is homologue to the C
subunit of A1 as shown by the immunotechnique (not shown),
is at the periphery of the stalk (10). In the intact A3B3CDF
complex of the A1 ATPase, subunit D was well-protected
from the effect of trypsin. A scan of the lanes of the untreated
and trypsinized A1 complex indicates a similar quantitation
of the staining intensity of subunit D before and after
proteolysis (Figure 5B). The shielding to trypsin of subunit
D is an important finding since this subunit has been
proposed as a structural and functional homologue of theγ
subunit of F ATPases (15), which is partly intercalated into
the cavity of theR3â3 hexamer [Figure 4 (7-9, 34)] and
protected by stalk subunitε (38, 39).

The nucleotide-binding subunits A and B were cleaved in
relatively small amounts, leading to fragments B1, A1, and
A2, as analyzed by immunoblotting using antibodies against
subunits A and B (Figure 5C). With longer incubation times
(up to 30 min), fragments A3-A5 are formed. Protein
sequencing of polypeptides B1 and A1-A3 indicates that the
protease cleavage occurred after residues Arg270, Arg299,
Arg364, and Arg453, respectively.

The time course of trypsinolysis was also examined by
ATPase activity of the A1 complex (Figure 6). After trypsin
treatment for 10 min, the ATPase activity was slightly
inhibited by 10% more than before proteolysis. There was
also significant removal of the C subunit and partial clipping
of subunits A and B, based on SDS-PAGE. Prolonged
proteolysis (30 min) results in∼30% inhibition of ATPase
activity and a higher yield of fragments B1, A3-A5, C3, and
F1. However, the remaining complex containing subunits A,
B, and D still retains a high ATPase activity. By comparison,
prolonged digestion of the relatedE. coli F1 ATPase with
trypsin resulted in an active complex retaining the core
subunitsR, â, andγ (40, 41). This pattern is consistent with

the comparison of the kinetic properties ofR3â3 andR3â3γ
complexes from the thermophilicPS3F1 ATPase, indicating
that theγ subunit is necessary for catalytic promotion and
active site cooperativity (42).

In summary, the quaternary structures obtained using two
ab initio shape restoration procedures show independently
that the A3B3CDF complex of the A1 ATPase is organized
as two well-defined domains, with a knoblike domain
approximately 9.2 nm in diameter and 9.4 nm in height,
presumably containing the alternating three copies each of
subunits A and B and a stalk approximately 8.4 nm in length.
Trypsin digestion studies left an active core complex
containing subunits A, B, and D, implying a central arrange-
ment of subunit D in the A3B3 core. The observation that
subunits C and F are susceptible to trypsin places them at
the periphery of the stalk. In the near future, electron
micrographs of the A3B3CDF complex labeled with an
antibody to subunit D may reveal the spatial arrangement in
the complex and thus provide the basis for exploring its
function.
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