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ABSTRACT. The V; ATPase from the tobacco hornwoivtanduca sextand theEscherichia coliF, ATPase

were characterized by small-angle X-ray scattering (SAXS). The radii of gyrefigrof the complexes

were 6.2+ 0.1 and 4.7 0.02 nm, respectively. The shape of tie sextaVi ATPase was determined

ab initio from the scattering data showing six masses, presumed to be the A and B subunits, arranged in
an alternating manner about a 3-fold axis. A seventh mass with a length of about 11.0 nm extends
perpendicularly to the center of the hexameric unit. This central mass is presumed to be the stalk that
connects Y with the membrane domain @Y in the intact \Vo-ATPase. In comparison, the shape of the

F1 ATPase fronE. coli possesses a quasi-3-fold symmetry over the major part of the enzyme. The overall
asymmetry of the structure is given by a stem, assumed to include the central stalk subunits. The features
of the Vi and R ATPase reveal structural homologies and diversities of the key components of the
complexes.

Some bhiomolecular assemblies consist of a mosaic of containing membrane(8). More structural information
globular structural units including domain or supersecondary is available on the F-ATPases. The recently determined high-
structures. These structural units also serve as functional unitgesolution structures of thes3sy subcomplex of the beef
that play specific roles in the activity. V- and F-ATPases heart mitochondriad) and rat liver mitochondriafpart (L0)
represent clear examples of mosaic structures. They belongorovide a picture in which the three and 8 subunits are
to a class of pumps that couple synthesis or hydrolysis of arranged in a hexagon around a part of subunithe latter
ATP to the translocation of Hor Na“ across the membrane. extends from the bottom of;finto a stalk that separates the
Each enzyme consists of a peripheral part,ov F;, that F1 and membrane-embedded parts. Unfortunately, in the
contains the catalytic sites and a membrane-bound part, V two crystal forms of k, the smaller Fsubunitsé ande are
or Fo, that conducts the ion flowl-3). The two major disordered g, 10).
catalytic subunits in the ¥V ATPase A and B) with a Here, we report for the first time structural studies of the
stoichiometry ofAsB; and in the i ATPase ¢333) have more V; ATPase from the tobacco hornworanduca sextan
than 25% primary sequence similarity, whereas it is difficult solution using small-angle X-ray scattering (SAXSJThe
to identify Vi subunits that would have any similarity to the overall structure of the YATPase allows a comparison with
smaller polypeptides of;reven though the sequences of most the shape of th&scherichia coliF, ATPase determined in
of these subunits have been determinéds]. close to physiological conditions.

The smaller \{ subunits C, D, E, F, and G are described gypERIMENTAL PROCEDURES
as “stalk” subunits®) and appear to bridge the;\and Vo } i
parts as seen in electron microscopy images of V ATPase- Scattering Experiments and Data Analysifie synchro-
tron radiation X-ray scattering data were collected on the
X33 camera 11-13) of the European Molecular Biology
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of the buffer was subtracted, and the difference curves were
scaled for concentration using the program SAPOKO (Sver-
gun & Koch, unpublished results).

The maximum dimensionSn.« of the V; and R ATPase
were estimated from the experimental curves using the
orthogonal expansion progra®RTOGNOM (15). The
distance distribution functions(r) and the radii of gyration G_

Ry were evaluated by the indirect Fourier transform program F— -

GNOM(16, 17). The Porod volume¥, were calculated from

the processed (backtransformed from th(g)) scattering

curves as described by Feigin and Svergi®),(Ch. 3.3.3. FicurRe 1: V; ATPase purified from starvinilanduca sextéarvae.

The low-resolution particle envelopes were restored from V; ATPase (1ug) was applied to an SDSolyacrylamide gel,
the experimental data using the ab initio shape determinationand the subunits were stained with silver.
procedure of Svergun and Stuhrmari®)(and Svergun et _ _ )
al. (20, 21). The particle shape is represented by an angular SDS-polyacrylamide gel electrophoresis, and ATPase activ-
envelope functionr = F(w) where () are spherical ity measurements were performed as described previously

A
-
L
m—

B,
Cf
D—
E

coordinates. The envelope is parametrized as (24, 25). The purification of E. coli F, ATPase was
accomplished according to Grer et al. £6). The protein
Lo concentration of Fwas determined according to Dulley and
Flw) = Z) Z fim Yim(®) (1) Grieve @7), and ATP hydrolysis was measured as described
=0 m=-1 by Fiske and Subbarow2®) and Arnold et al. 29).

where Yin(w) are spherical harmonics and the multipole pegyLTS AND DISCUSSION
coefficientsfi, are complex numbers. Series (1) contains in _ _
the general cas® = (L + 1)? parameters and provides a For the experiments described here theAIPase of the

spatial resolution of approximatelyr = v5xRy/[v3(L + larval M. sextamidgut was isolated to homogeneitg4).
1)]. The scattering intensity of the envelope is evaluated as Figure 1 presents an SDS-polyacrylamide gel (17.5% total
22) and 0.4% cross-linked acrylamide) of the XTPase used

in the small-angle X-ray studies. The enzyme contains the
o | seven subunits A, B, C, D, E, F, and G. At first glance,
I(s) = 27° Z} > A9 2 subunit C appears to be present in substoichiometric amounts.
=0 m=-1 However, as our data will show, the;Vcomplex is
homogeneous; moreover, as shown previously, the intensity
of subunit C in silver-stained SDSolyacrylamide gels is
weak in comparison to gels stained with Coomassie [80¢ (
31). So far there is no unequivocal indication for the presence
of subunit H which is a constituent member of the catalytic
N V; complex in yeast (Vmal38g)) and in bovine clathrin-
Zl {W(s)II(s) — Iexp(g)]}2 coated vesicles (SFD38)). The ATP hydrolysis rates as
, = isolated were 1.@mol of ATP hydrolyzed per milligram of
R*= N ®3) protein per minute in the presence of 25% methanol. Figure
[W(q)l (%)]2 2 shows the experimental solution X-ray scattering profile
121 exp of 10 mg of \; ATPase per mL. The asymmetric profile of
the distance distribution functiqu(r) is characterized by the
where N is a number of experimental points and the radius of gyrationRy; = 6.2+ 0.1 nm, peak position at 6.7

where the partial amplitude&,(s) are calculated from the
coefficientsfi, using the recurrence relation of r&d. These
coefficients can be determined by minimizing the discrepancy
between the calculated and the experimental curves

weighting function isW(s) = s%[0(S)/1ex(S)], whereleys £ 0.3 nm and the maximum particle dimensidy., at
(s) ando(s) are the experimental intensity and its standard 22.0 £ 0.1 nm (see Figure 3). This indicates that, in the
deviation in thegj-th point, respectively. present solvent condition, the structure of theATPase is

The major parts of the molecules of,\dnd  ATPase rather elongated. Comparison of the normalized forward
are known to possess quasi-3-fold symmefty23). This scattering with the values obtained for a reference solution
symmetry restriction leads to selection rules for the coef- of bovine serum albumin yields a molecular mass of 550
ficients fi, and was employed to reduce the number of 20 kDa, in agreement with a molar ratio 0§:R3:C:D:E:F:
parameters in series 1. Thus, at a resolutioh. ¢t 5 the Gs and apparent molecular masses of 67, 56, 40, 32, 28, 14,
description of a symmetric envelope using series 1 requiresand 16 kDa. These indicate that aggregation of the enzyme
M = 12 parameters instead bf = 36 for the general case. complex does not occur at the concentrations used. The Porod
The shape determination was performed assuming a 3-foldvolume of \; is 970+ 30 nn#, and this is in good agreement
symmetry by the minimization prograBASHA(20, 21). The with the molecular mass estimation. The hydrolytic activity
program starts from a spherical initial approximation and of the V; ATPase after exposure to X-rays was 2ol of
fits the experimental data by a nonlinear optimization ATP hydrolyzed per milligram per minute, indicating that
procedure with additional penalties to keep the particle the enzyme was not damaged by X-rays.
surface smooth and its envelope function positive definite.  The low-resolution envelope of Mvas determined ab

Other MethodsPurification of the \{ ATPase fromM. initio from the experimental data as described in Materials
sexta protein determination with Amido Black, standard and Methods assuming a 3-fold symmetry. The maximum
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Ficure 2: Experimental and calculated curves of the (¥) and

F, ATPase (2): dots, experimental data; solid lines, scattering from
the restored envelopes in Figure 3. The ddrves are displaced
down one logarithmic unit for clarity. The VATPase (10 mg/
mL) was dissolved in 20 mM Tris-MOPS (pH 8.1) and 30 mM
NaCl. The X-ray scattering of thE. coli F; ATPase (10 mg/mL)
was measured after incubation (10 min) with 2 mM MgATP (ratio
of 1:1) at room temperature.

p, relative

(1
o)

r, nm

Ficure 3: Distance distribution functions of;\(1) and ik ATPase
(2) evaluated by the progra@NOM The functions are normalized
to a maximum value of unity for better visualization.

order of harmonicd in series 1 was chosen to keep the
number of free parameteks close to the number of Shannon
channels in the experimental d#a= SyaDmadT. As shown

by Svergun et al.Z0), shape determination is unique when
M does not exceed INa. The value ofNs was 14.4 allowing

the use olL = 6 (M = 17) for the restoration. The restored
envelope of \ (spatial resolution 3.6 nm) is presented in
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Ficure 4: Low-resolution envelopes of ATPases; admplex (left
panel) and Fcomplex (right panel). The atomic model of the beef
heart mitochondriaxsfs subassemblyoppl9—-510, arp25—510,
0g24—-510, and39—474) and the part of subunit(y1—45,y73—

90, andy209-272 (9)) are positioned inside the low-resolution
model of theE. coli F; ATPase (right panel): bottom images, view
along the 3-fold axis (Z); top images are rotated counterclockwise
around theX axis by 90. The models were displayed on a SUN
Workstation using the prograliSSA(48).

E 5 rvm

L =

the discrepancies in the outer part of the curve contribute
less to the entir® factor. The form of theR factor (3) was
found to be optimal for low-resolution shape restoration in
earlier studies34). The outer part of the scattering curve
cannot be fitted neatly, because of the increasing contribution
from the scattering due to the internal inhomogeneities at
higher angles, and also because of the resolution limitations
of the spherical harmonics representation of highly aniso-
metric shapes. However, the deviation at higher angles does
not influence the following conclusions about the gross
features of the particle shape as those are defined by the
initial part of the curve§ < 1 nnr3).

The envelope of Y ATPase is rather elongated with a
globular structure at the top consisting essentially of six
masses, assumed to be the subunits A and B, arranged in an
alternating manner (see Figure 4). An elongated, symmetrical
“stalk” with a length of about 11.0 nm runs perpendicularly
to that hexameric mass. These structural features are also
those found in images of negatively stained single particles
of this V; complex showing six major masses of density in
a pseudohexagonal arrangement surrounding a central sev-
enth mass (Rademacher, Ruiz, Wieczorek, andb&mu
unpublished data). A stalk of the dimensions shown in Figure
4 could accommodate the mosilyhelical and elongated
subunits C, D, E, F, and GB%—39) with a total molecular
mass of about 162 kDa, assuming a stoichiometry of C:D:
E:F:G;. It should be noted that, in comparison to recent
electron micrographs of negatively stained V-ATPase from

Figure 4. The final agreement to the experimental data is Clostridium fewidus (40), the headpiece of thigl. sextaV;

displayed in Figure 2, yielding & value of 2.5x 1072

TheR values were evaluated using eq 3 in the entire range.

Note that, as the scattering curves decrease rapidly syith

complex exhibits a more rounded feature. Whether this
difference is due to negative staining cannot be decided at
present; studies applying cryoelectron microscopic techniques
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which help to preserve speciments of the enzyme in their 3.
native structure in a thin layer of amourphous ice may solve 4.
this problem. Correspondent studies are ongoing in our
laboratoury.

Previously, we have characterized the ATPase (stoi- 6
chiometry ofsyde) from E. coli by small-angle X-ray
scattering in the presence of 10% glycerol, which prevented
the interpretation of the scattering data at larger angles (
1.5 nnt?Y) (41). As demonstrated in the scattering profile in 8
Figure 2 the data could be improved (G:1s (hm™) > 2.0) 9
using buffer without glycerol, which allowed the comparison
with the scattering profile of the MATPase described above.  10.
The Ry and Diay for the i complex have values of 4.F
0.02 and 15.6t 0.5 nm, respectively. The Porod volume of
F, is 640+ 20 nn#, in agreement with the molecular mass 12
estimate of 39Gt 20 kDa. The profile of the(r) function
has a peak at 6. 0.2 nm, and a Fmolecule thus appears  13.
more compact than the;\bne.

The shape of FATPase at a resolution of 3.2 nm was
evaluated ab initio from its solution scattering curve yielding 15
R = 9.3 x 1073, and a compact envelope function obtained 16.
is illustrated in Figure 4. The central part of the envelope
has a pronounced 3-fold symmetry and can be identified as 17-
the asf; subcomplex as described recentl¢i) see also 18.
Figure 4). The overall asymmetry of the structure is given 19
by a short stem at the bottom of the molecule, assumed to
include the central stalk subunijtsande, which are involved 20.
in the conformational coupling that links catalytic site events
in the a3 complex with ion pumping through thesBSector
(42—46).

The structural parameters and the shape determination of 22,
V; and R obtained from small-angle X-ray scattering give  23.
a well-defined description of the structural features of these
complexes. The major differences in the quaternary structure
of the two molecules are that the; omplex is not only
larger but also more anisometric than thecBmplex. The 25
significant length of the stalk of ¥ which separates the
catalytic part from the ion-conducting part, requires confor-
mational coupling of the stalk subunits during ATP hydroly-
sis. This implies an enzymatic mechanism which postulates
movement of stalk subunits or parts of them with respect to
one another as well as to the peripheral A and B subunits. 28.
The key to understanding the mechanism of catalytic
coupling is to characterize the structural changes in the V
complex during ATP hydrolysis. If they are sufficiently large,
the conformational changes of macromolecular assemblies
are better studied in solution to avoid the interference with 31.
the packing forces in the crystal on the changes, as already
observed in other cased4?). Small-angle X-ray scattering
combined with other techniques to study these conforma-
tional changes in the future should lead to a rational 33
interpretation of the mechanism of conformational coupling.
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