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Abstract

The electron microscopic data available on CFyF; and its subcomplexes, CFy, CF;, subunit III complex are collected and
the CF; data are compared with the high resolution structure of MF;. The data are based on electron microscopic
investigation of negatively stained isolated CF;, CFoF; and subunit III complex. In addition, two-dimensional crystals of
CF(F, and CFF; reconstituted liposomes were investigated by cryo-electron microscopy. Progress in the interpretation of
electron microscopic data from biological samples has been made with the introduction of image analysis. Multi-reference
alignment and classification of images have led to the differentiation between different conformational states and to the
detection of a second stalk. Recently, the calculation of three-dimensional maps from the class averages led to the
understanding of the spatial organisation of the enzyme. Such three-dimensional maps give evidence of the existence of a

third connection between the F( part and F; part. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

H™-ATPases (‘ATP synthase’, ‘F-type ATPase’,
‘FoF’) catalyse proton transport coupled with ATP
synthesis and ATP hydrolysis in bacteria, chloro-
plasts and mitochondria, i.e. they use the free enthal-
py (‘Gibb’s free energy’) derived from a transmem-
brane proton transport to synthesise the [-y-
phosphate bond in ATP from ADP and phosphate
[1]. All F-type H*-ATPases have a similar structure:
they consist of a membrane-integrated, hydrophobic

Abbreviations: SDS, sodium dodecyl sulphate; CFyF;, H"-
translocating ATPase from chloroplasts
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part, Fy, which contains the proton binding sites,
and a hydrophilic part, Fy, which contains the nucle-
otide and phosphate binding sites.

The holoenzyme, FoF;, can be separated into the
hydrophilic F; part and the hydrophobic Fy part.
The structures of the holoenzyme FyF; and of the
F; and F, parts have been investigated by electron
microscopy. Since the structure of the F; moiety
from mitochondria (MF;) has been solved by X-
ray diffraction to a resolution of 2.8 A [2], this review
is mainly focussed on the holoenzyme. F-type ATP-
ases are multi-subunit enzymes showing differences
in their subunit composition for enzymes from differ-
ent sources. The H"-ATPase from Escherichia coli,
EFyF,, is the most simple one with eight different
subunits, the most complex one is the enzyme from
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mitochondria, MFyF;, with at least 13 different sub-
units. The H'-ATPase from chloroplasts, CFyFy,
has nine different subunits. An overview of the sub-
unit compositions is given in Table 1. Homologous
subunits are shown in the same row. The table also
gives an overview for which subunit and subunit
complex structural data are available and the method
for structural determination.

The CF; part consists of five different subunits
designated by Greek letters [3] with the stoichiometry
033370¢ [4,5]. The same subunit composition is found
in EF,. The CF, part consists of four different sub-
units designated by Roman numbers [6,7] with the
likely stoichiometry I II III;; IV [7]. Subunits I and
II are both homologous to the b-subunit in EFyF,
of which two copies are present. Subunit III forms a
stable complex which can be isolated and is stable
even in the presence of SDS. When CFyF; was in-
cubated in buffer containing SDS for 5 min at room
temperature instead of 95°C before electrophoresis,
subunit III was not observed at its 8 kDa position,

but an additional band corresponding to a molecular
mass of approx. 100 kDa was found. It was con-
cluded from the observed molecular masses that the
100 kDa complex contains 12 copies of subunit III
[9]. However, it should be mentioned that this esti-
mation is based on the electrophoretic mobility of
the protein, and that the exact number of copies
cannot be determined from these data. The reported
stoichiometries of subunit III range between 6 and 12
[8,9]. The c-subunit of the HY-ATPase from E. coli is
homologous to subunit III and the chemically deter-
mined stoichiometry of subunit ¢ in E. coli was 10+ 1
[10]. Recent genetic fusion/cross-link experiments on
the homologous subunit ¢ of EFyF; indicate that the
exact number of copies is most likely 12 [11]. Subunit
IV in CFyF; was discovered rather late, since it is
stained very weakly by Coomassie blue on a SDS-
gel, and for a long time it was thought to be an
impurity in the samples. After preparative gel elec-
trophoresis and amino acid sequencing the sequence
was compared with that deduced from the chloro-

Table 1
Stoichiometry of subunits and structural information on F-type H"-ATPases and their subcomplexes
E. coli Chloroplasts Mitochondria
Subunits Structural data Subunits Structural data Subunits Structural data
(stoichio- (method, Ref.) (stoichio- (method, Ref.) (stoichio- (method, Ref.)
metry) metry) metry)
o 3 o 3 o 3
B 3 B 3 B 3
Y 1 Y 1 Y 1
o 1 NMR [24] S 1 OSCP 1
€ 1 NMR [21,22] € 1 ) 1
X-ray [23]
- - € 1
EF, EM [29-31] CF, EM [43-45] MF, X-ray  [2,15-20]
EM [46-49]
a 1 v 1 a 1
b 2 NMR [25] LI 1 b 2
c 12 NMR  [26-28] 111 12 EM 9] c 12
d 1
Fs 1
e 1
f 1
g 1
EF, AFM  [36,37] CF, MF,
EM [35]
EF,F, EM [32-34] CF,F, AFM  [38] MF,F, EM [39,50-52]
EM [39-42] 1F, 1

Homologous subunits are given in the same rows. Subunit stoichiometries of the F( parts are estimated. IF; is the inhibitor protein
of MFF;. EM, electron microscopy; NMR, nuclear magnetic resonance; X-ray, X-ray diffraction; AFM, atomic force microscopy.
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Fig. 1. Electron micrograph of n
mal staining conditions [43].

plast gene atpl [12,13]. It turned out that the isolated
subunit IV is identical to the gene derived sequence,
the first 18 amino acids being removed before sub-
unit IV is assembled into CF(F; [7]. The amino acid
sequence of subunit IV shows homologies with the a-
subunit of E. coli [13].

All the existing structural information to near
atomic resolution was either derived from MF;
(0.28 nm resolution structure of a3P3y) or from single
subunits of EFoF; (NMR and X-ray of epsilon,
NMR of ¢, NMR of parts of & and parts of b).
The structure of the holoenzyme is still unknown.
Table 1 indicates that, at present, there are no high
resolution data available on CFyF,, although there is
a crystallisation note on CF; [14]. The only existing
structural information on CFyF; is of medium reso-
lution and derives either from electron microscopic
or atomic force microscopic investigations.

2. Structure of CF;

The hydrophilic CF; part can be separated from
the membrane-integrated CF, part [53]. Since no de-
tergents are present in such F; preparations, the in-
vestigation of the F; parts is greatly facilitated. We
have investigated the structure of isolated CF; by
electron microscopy of negatively stained CF; [43].

(large particles) for opti-

The CF; complexes show distinct domains (see Fig.
1). Most of the molecules have a preferential orien-
tation on the carbon support film. The resulting pro-
jections show a pseudo-hexagonal arrangement of
domains. This view is called the hexagonal or top
view. The low signal-to-noise ratio does not allow
reliable interpretation of the finer details in an image
of a single molecule. Therefore, the signal-to-noise
ratio has been enhanced by averaging the images of
similarly oriented molecules [54-57]. First, the elec-
tron micrograph is scanned with a densitometer and
the light-dark pattern of the different molecule pro-
jections is measured. These digitised images are
stored in a computer and one of the images is chosen
as a first-reference molecule. The variance of the
light-dark pattern of each image is normalised.
Then, these images are oriented with regard to the
reference molecule, i.e., they are rotated over an an-
gle and also shifted translationally until the highest
cross-correlation to the reference is obtained. Finally,
the oriented images are added to give an average
image, which now has an improved signal-to-noise
ratio. This average image is then taken as a new
reference image and the whole sequence is repeated
until there is no further improvement. This proce-
dure is carried out with different reference images
(‘image analysis’). In the case that the molecules do
not have a preferential orientation or vary in their
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Fig. 2. Molecular projections of CF; and its interpretation. (A) Projection of the MF; X-ray structure [2] at the resolution level of
the electron microscopic data, showing the positions of the o- and B-subunits and parts of the y-subunit. (B) Class average from elec-
tron micrographs obtained with CF; without the &- and &-subunits [44,45]. (C) Class average from electron micrographs from CF;
[43]. (D) Schematic interpretation of the electron microscopic data based on the MF; structure; T refers to B-subunit with bound
AMPPNP, L to B-subunit with bound ADP, O to B-subunit without bound nucleotide.

functional states, averaging yields an image which
does not correspond to a particular projection of
the molecule and is therefore difficult to interpret.
The differences between individual projections in
the data set can be analysed by multivariate statisti-
cal techniques. This allows grouping of the molecule
projections into different classes according to their
similarity (‘classification’). The images within the
same class can then be averaged [54-57].

The images of 3300 CF; molecules were aligned
and classified into 16 classes [43]. Fig. 2C shows
one class from this data set. In order to interpret
this structure the following comparisons were
made. The atomic model of MF; derived from X-
ray analysis shows the three o-subunits, the three -
subunits and parts of the y-subunit [2]. For compar-
ison to the electron microscopic data, this model was
used to calculate a three-dimensional map. For sim-
plicity, only the a-carbon atoms of the amino acids
were included. The resulting three-dimensional map

was filtered suppressing information in the image
with spatial frequencies smaller than 1/7.5 nm™!
and larger than 1/2.2 nm~!'. This creates a map
which has a similar resolution and modulation of
the contrast transfer function as observed in data
derived from electron microscopy. The resulting
three-dimensional map was then projected to give a
similar hexagonal view as found by electron micros-
copy. This projection of MF; is shown in Fig. 2A.
Since the MF; map contains no information about
the localisation of the §- and the e-subunits, a pro-
jection map of CF; lacking these subunits [44,45] is
shown in Fig. 2B. Both maps show a pseudo-hexag-
onal arrangement of densities surrounding a smaller
density which is placed slightly out of the centre. The
asymmetry of this arrangement allows a plausible
assignment of the large densities in the original elec-
tron microscopic projection map and the projection
map calculated from the atomic model of MF;. A
possible model is shown in Fig. 2D. The o- and j-



408 B. Bottcher, P. Grdber| Biochimica et Biophysica Acta 1458 (2000) 404-416

subunits are labelled according to the X-ray data.
The position of the y-subunit follows from the pro-
jection map of the atomic model and corresponds to
the central density. The position of the e-subunit and
d-subunits, which are missing in the atomic model,
can be deduced from comparison of projection maps
of CF, (Fig. 2C) and projection maps of CF; lacking
either the e-subunit, the 3-subunits or the - and 6-
subunits (Fig. 2B).

3. Structure of CF,

The shape of CFyF; has been investigated by elec-
tron microscopy of detergent-solubilised enzyme
after negative staining with uranyl acetate [39]. Fig.
3 shows a gallery of electron micrographs of CF(F].
Single CFyF; molecules and different aggregates
(strings) can be seen. Additionally, a schematic inter-
pretation of the observed structure is given [39]. The
Fy parts (shaded areas) are strongly hydrophobic
and, therefore, have a tendency to aggregate if not
enough detergent is present. At the ends of each
string detergent molecules presumably surround the
hydrophobic parts. The F; parts are bigger than the
Fy parts and, therefore, the positions of F; will alter-

nate along the strings in order to avoid overlap. In
Fig. 3 one can see that in most of the strings the F;
parts of adjacent CFyF; are alternating. The con-
tours of the F; parts in the strings can be seen
clearly. They are connected to the aggregated F,
parts by a stalk. The thickness of the aggregated
Fy parts is 8.3 nm. For comparison, a typical bilayer
membrane has a thickness of about 5 nm.

The dimensions of the Fy part parallel to the
strings cannot be measured directly from the micro-
graphs as these parts stick tightly together and can-
not be recognised as individual units. Additionally,
detergent should be present at least at both ends of
the strings. In such a case, the length of one Fy part
can be determined as follows: the length of well-pre-
served strings was measured and plotted versus the
number of attached F; parts. Fig. 4, left, shows a
plot of such data. The slope of this curve gives the
increase in length of the string per CF;. A length of
6.2 nm resulted and this represents the maximal di-
mension of the Fy part along the string. If additional
molecules (e.g. detergent, lipids) are present in the
string, the diameter of Fy is smaller. If the curve is
extrapolated to zero, a value of 3.6 nm is obtained.
This is exactly the length expected if octylglucoside
(1.8 nm) surrounds both ends of the strings. It is,

Fig. 3. Selected parts of electron micrographs of CFoF; with schematic interpretation of its structure. The hydrophobic CF, parts of
CF(F,; (shaded parts in the schemes) interact and form aggregates of different lengths. The number of attached CF; parts represents

the minimal number of CF, parts of the aggregate [39].
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Fig. 4. Determination of the diameter of CFy. (Left) The lengths of the aggregates shown in Fig. 3 are plotted as a function of the
number of attached F; parts. The slope gives the aggregate length per CF, i.e., the maximal dimensions of CF, along the string axis
[39]. (Right) The diameters of the subunit III stacks shown in Fig. 5 are plotted as a function of the number of complexes. The slope

gives the minimal diameter per complex [9].

however, not clear from these results whether the F
part has a spherical or an elongated shape.

The hydrophobic CF( part can be isolated from
the reconstituted CFyF; [58]. It contains subunits I,
II, IIT and IV. Electron microscopy of isolated CF
showed string-like structures. Presumably, these
strings represent aggregates of CFy sticking together
with their hydrophobic sides with an appearance sim-
ilar to the hydrophobic parts of the strings shown in
Fig. 3, shaded area. Individual molecules could not
be distinguished (unpublished observations).

Subunit III forms an oligomeric complex with an
apparent molecular mass of 100 kDa that was iso-
lated by SDS-gel electrophoresis with subsequent
electroelution of the gel. Fig. 5 shows the results of
electron microscopic investigations of this complex
[9]. The complex forms roll-like structures with up
to 35 units of the 100 kDa complex arranged along
the axis of one stack. The complexes are seen in a
side-view projection perpendicular to their hydro-
phobic belt. The diameter of the stacks varies, indi-
cating that one (Fig. 5, left, monomers), two (Fig. 5,
centre dimers) or three (Fig. 5, right, trimers) com-
plexes can form the repeating unit of a stack. At the
bottom of Fig. 5 a schematic interpretation of the
structure is depicted, and the different parameters
are defined which can be measured: a;, a, and a3
are the diameters of the stack units, b is the repeating
distance along the stack, ¢ is the diameter of one
100 kDa subunit III complex, and d is the length
of the detergent, in this case sodium dodecyl sul-
phate.

Fig. 4, right, shows a plot of the diameter of the
stack units versus the number of units. From the
slope of the curve the diameter ¢ of one complex
was calculated and it resulted in ¢=6.2 nm. Extra-
polation to zero gives 4.4 nm in agreement with the
estimated thickness of the sodium dodecyl sulphate
shell. The membrane spanning length b of the sub-
unit III complex was 6.1 nm [9].

4. Structure of CFF,;

The electron microscopic investigations as re-
ported above have been carried out on samples neg-
atively stained with uranyl acetate. This method is
fast and easy to use and results in micrographs
with a high contrast. However, treatment with
heavy-metal salts and drying of the sample do not
ensure the preservation of a functionally and struc-
turally intact enzyme. Embedding biological macro-
molecules by rapid freezing in a thin layer of vitrified
buffer is a more gentle preparation procedure and
most likely preserves the molecules in their native
state. These samples can be imaged under low dose
conditions in an electron microscope at temperatures
between —160°C and —180°C reducing the effects of
beam damage. The contrast of the resulting image is
merely a phase contrast between molecules of very
similar electron density, i.e. between water, protein
and lipid. Fig. 6 shows an electron micrograph of
CFyF reconstituted in phosphatidylcholine liposomes
with approx. 50 CFyF; per liposome [40]. The
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Fig. 5. Selected parts of electron micrographs of the subunit III complex. The subunit III complex shows two different types of aggre-
gation. Along the vertical stack axis there is an interaction of the hydrophilic domains as indicated by the stain accessible cleft be-
tween the complexes. Along the horizontal axis there is hydrophobic interaction between the complexes resulting in an aggregation

without a cleft. The interpretation of the structure is shown below [9].

vesicles show spherical projections with diameters
between 20 and 200 nm. The outer edge of the vesicle
projections has a bilayer structure. At the border of
the vesicles darker lollipop-like structures are projec-
ting out of the membrane. A small stalk connects the
spherical part of the lollipop to the membrane. These
structures were interpreted as side-view projections
of the CF(F;. For image analysis a data set of 483
individual projections showing CFyF; in vesicles in
side-view position was used. This data set was
aligned to a common reference. Fig. 7 shows the
average image of the H"-ATPase in a side-view pro-
jection. The molecule consists of three structural
parts: the membrane integrated Fy moiety (in the

membrane), a small stalk projecting out of the Fy
moiety and the spherical F; moiety (in an aqueous
environment). The mass distribution inside the CF;
moiety is not homogeneous. The lowest mass density
is observed in the middle of the CF; moiety. There
are two similar centres of higher densities inside the
F; moiety, which are elongated with their long axis
perpendicular to the plane of the membrane. The CF,
part can be seen in the lipid bilayer. The diameter of
the CF( part cannot be determined from this figure
since the averaging procedure combines different
views of the asymmetrical CF, part. Full ATP syn-
thesis activity was demonstrated for the reconstituted
CFF, after freezing and thawing. This indicates that
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view projection at the vesicle membrane and in a top-view and bottom-view projection in the centre of the vesicles [40].

electron cryomicroscopy measures a functional active
enzyme [40].

CFoF; can be aggregated in two-dimensional or-
dered arrays (‘two-dimensional crystals’). These ar-
rays were investigated by electron cryomicroscopy
(see Fig. 8, top) and the signal-to-noise ratio was
improved by image analysis. Fig. 8, bottom, shows
the result of such an analysis [41]. This image is a
projection through the holoenzyme and it is, there-
fore, not possible to say which part of the density in
the average image results from which subunit. How-
ever, we can compare the structure of negatively
stained CF; (see Fig. 2C) with that of the CFyF,
crystals (Fig. 8, bottom). It is evident from this com-
parison that CF; appears to be rather 6-fold sym-
metric and that the attachment of CF, leads to a
strong asymmetry of the molecule. This might be
due either to a rearrangement of the o~ and B-sub-
units when CFj is attached to CF;, or it reflects the
asymmetric positioning and structure of CFy. Possi-
bly, both effects might play a role.

For the isolated Fi, it was shown that during hy-
drolysis the central y-subunit rotates with respect to
the o~ and B-subunits [59-62]. The e-subunit was
shown to rotate together with the y-subunit. This
was concluded from the results of cross-link experi-
ments in EFyF;, where cross-linking of the €- and y-

subunits had no influence on Mg?>*-ATPase activity
[63], from cross-link experiments in EF;, where the
v- and e-subunits are shown to be essentially ran-
domly distributed between the o-subunits [64] and
from direct observation of the rotation with single
molecules [65]. The structural and functional data
were combined in a tentative model in which the
rotating portion (‘rotor’) is formed by the y- and
e-subunits and a complex of 12 copies of subunit
III. The static part (‘stator’) is formed by subunits
I, IT and & and the (of); complex [66].

The rotor-stator concept requires two stalks con-
necting F; to Fy. To check whether evidence for a
second stalk can be found, we reinvestigated CFyF,
preparations by electron microscopy and image pro-
cessing of negatively stained samples [42]. We pre-
pared a monodisperse sample of CFyF;. About
4750 individual CFyF; particles from 72 different
micrographs were aligned to a common reference
and classified using multivariate statistical analysis
and then a multi-reference alignment was carried
out [54-57]. Alignment and classification steps were
repeated until no further improvement was observed.
All class averages show a larger F; and a smaller F
domain separated by a gap. The Fy part has a com-
pact appearance with a width of about 9.2 nm and a
height of 8.2 nm. It might still be surrounded by a
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detergent micelle. Therefore, the measured width of
Fy could be overestimated. The different class aver-
ages represent different projections of the enzyme
and some of them show two stalks. One class aver-
age, which shows the largest separation between the
two stalks, is shown in Fig. 9, left. One of the two
stalks has a higher density. It connects the central
part of F; to a part slightly out of centre in Fj.
The central origin of this stalk in F; is consistent
with the protruding part of the y-subunit in the
atomic model of mitochondrial MF; [2]. It is con-
cluded from cross-link experiments that this stalk is
formed by the y- and e-subunits [63] and is connected
to the subunit III complex [67,68], which would be
consistent with a place slightly out of the centre of
Fy. According to the model proposed by Engelbrecht

5 i i, 2 9 o VR4
Fig. 7. Structure of CFoF; in the liposome membrane. With
483 side-view projections an average image was calculated [40].
The average image shows clearly the CF; part and the stalk.
Within the liposome membrane the CF; part can be seen.

el

Fig. 8. Ordered two-dimensional array of CFyF; in vitrified ice.
(Top) Electron micrograph. (Bottom) Top-view projection of
CF(F,. Data from 30 fragments from ordered arrays were ori-
ented and averaged [41].

and Junge [66], this stalk would form part of the
rotor of the H*-ATPase.

The other stalk is less prominent and connects a
peripheral part of Fy to a peripheral part of Fy (see
Fig. 9, left). Tt is presumably formed by subunits 6, T
and II. Atomic force microscopy [36,37] and electron
microscopy [35] on EF, indicate that subunits I and
I (the two b-subunits) are located at the outside of
the subunit III complex (subunit c) at the periphery
of Fy, which is consistent with the peripheral location
of the outer stalk in Fy. The 8-subunit can be cross-
linked to (off); in the upper outer third of F; [69].
The second stalk in the class average shown in Fig. 9
connects Fy to a peripheral part of F;, but cannot be
traced to the upper part of F;. A possible explana-
tion could be a close interaction between the stalk
and the (of); complex, which would result in projec-
tions in which F; and the outer stalk overlap. The
main distances in this average image are summarised
in Fig. 9, left. The two stalks are approx. 3.3 nm
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Fig. 9. Side-view projection of CFyF; showing two stalks. (Left) Class average displaying the largest separation of the two stalks.
This class contains 270 particles out of 4750 used for classification. The dimensions of the enzyme are indicated [42]. (Right) Sche-
matic interpretation of the structure based on electron microscopic and biochemical data.

apart, which is roughly half the diameter of the sub- The stalk region comprises a relatively weak den-
unit III complex [9]. A schematic interpretation of sity compared to the large and small domain. There-
the results from electron microscopy based on the fore, classification is much more influenced by the
biochemical data discussed above is given in Fig. 9, modulation in the F; part than by different arrange-
right. ments in the stalk region. Hence classification was

Fig. 10. Three-dimensional view of EFyF;. The images of about 5000 EF,F; molecules were collected and a multi-reference alignment
was carried out. The spatial relation between the class averages was determined by sinograms [70] and a three-dimensional map was
calculated. A surface representation of the three-dimensional map is shown with different directions of the view [71]. Rotation was
carried out around a vertical axis running through the centre of EF¢F;. The view on the left was obtained by a 60° counterclockwise
rotation of the view on the right.



414 B. Bottcher, P. Grdber| Biochimica et Biophysica Acta 1458 (2000) 404-416

repeated, limiting the area for classification either to
the stalk region or to the whole enzyme. It is impor-
tant to note that similar results are obtained inde-
pendent of the chosen area of classification. The dif-
ferent appearances of the class averages, especially
the observation of one or two stalks, are most likely
due to different side-view projections of CFyF;. Side-
view orientations can be expected where the two
stalks overlap in projection and appear to form a
single stalk [42]. In earlier investigations on CFyF;
[40], particles were aligned and averaged with no
further classification. Under these circumstances an
asymmetric weak feature like the second stalk would
just average out if the particle can have different
side-view orientations. Indeed, if an average of all
particles presented here is calculated, the result is
very similar to the ‘old’ data (Fig. 7), showing no
second stalk. Consequently, the detection of the sec-
ond stalk is less a question of the parameters chosen
for the classification than for doing a classification at
all. Therefore, we conclude that the second stalk is a
genuine feature of CFyF;. This is in agreement with
other findings from electron microscopic investiga-
tions of EFyF; [34] and MFyF; [52].

Recently, we have investigated the isolated H'-
ATPase from E. coli (EFF;) by electron microscopy
of samples of negatively stained monodisperse mole-
cules. The class averages were calculated by single
particle image processing as described above. In ad-
dition, the spatial relation between the class averages
was determined using sinograms [70], and a three-
dimensional map of EF¢F; was calculated [71].

Fig. 10 shows a surface representation of the three-
dimensional map in two different views. The view on
the left is rotated by 60° counterclockwise with re-
spect to the view on the right around the vertical axis
through the centre of EFyF,. The resulting surface
representations in Fig. 10 show an asymmetric par-
ticle. The Fy part is slightly elongated in one direc-
tion. Since F is likely to be surrounded by a micellar
arrangement of detergent molecules, its dimension is
probably overestimated by up to 4-5 nm (see Figs. 4
and 5). These results support the current view of the
Fy structure with the a- and b-subunits attached to a
ring of a subunit ¢ complex at one side. This is in
accordance with the results from atomic force mi-
croscopy experiments on EF, [36,37].

Most interestingly, at this contour level three con-
nections between the Fy part and the F; part become

Fig. 11. Comparison of electron microscopic data from EF,F
to the X-ray structure of MF;. A similar three-dimensional
view is shown as in Fig. 10, right. In the three-dimensional
map, the front surface of the enzyme was removed and the
MF; structure placed into the EF; part [71].

visible. The thick central stalk had an oval cross-
section and was built of two distinct parts, one closer
to the base of Fy, the other part closing the cavity in
the Fy moiety. It is widely agreed that the stalk is
formed by subunits € and y [63-65]; this assignment
is consistent with the position of the two areas of
higher density between the F; and F, part observed
in our maps. The e-subunit would then correspond
to the region of density closer to the Fy part as in-
dicated by cross-link experiments [63,72]. The second
smaller connection between Fy and F; which prob-
ably forms the stator can only be detected with con-
fidence when a classification of the FyF; images is
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carried out (see Fig. 9). It is assumed that this struc-
tural element is partly formed by the b-subunits.
Since there are two of these subunits per EFyF; com-
plex, one possibility would be that the second stalk
consists of two of these subunits. When the three-
dimensional reconstruction was calculated from the
electron microscopic data, a third connecting element
becomes visible between the F; and Fy part which
was smaller than the second stalk. In Fig. 10, right,
the third connection is seen on the right, in Fig. 10,
left, it is seen at the front. This tiny third stalk is
formed presumably by a single a-helix. Such a small
structural detail can only be detected under excep-
tionally favourable circumstances in negatively
stained samples at this level of resolution. It is almost
more surprising to detect this kind of detail at all
than missing it out. Therefore, this observation
must be further investigated by biochemical methods,
before conclusions concerning the mechanism of the
enzyme can be drawn. Currently, we have no hint
which subunit might form the third stalk. This en-
courages new speculations on the structural arrange-
ment of the different subunits for the ‘stator’ ele-
ments.

In Fig. 11 a similar view is shown as in Fig. 10,
right. For comparison with the high resolution struc-
ture of MF;, the front surface of the image of EF(F;
was removed and the MF; structure was placed in
the F; part of the holoenzyme. The X-ray structure
of MF; fits reasonably well with the F; part of the
E. coli ATPase. The small differences might be due to
several effects, first of all there might exist species-
specific differences, second in the MF; structure in-
formation on 9§, €, parts of vy and the N-terminal ends
of o and B are missing, and third, in order to obtain
information on very tiny structures, the contour line
of the three-dimensional map has been chosen near
to the noise level. Presumably, the latter effect is
responsible for most of the observed differences.
Therefore, the electron microscopic data at this con-
tour level overestimate the size.

It should be mentioned that, recently, a third con-
nection between the Fy part and the F; part has also
been reported for V-type ATPases [73]. Thus, the
structural connection between the two parts of the
F-type and V-type ATPases seems to be more com-
plex than previously thought.

5. Note added in proof

Recently an electron density map obtained by
X-ray analysis of the yeast mitochondrial H*-ATP-
ase subcomplex has been reported and the subunit
c-complex shows a ring of 10 c-subunits [74,75]. The
subunit III-complex of the H*-ATPase from chloro-
plasts was investigated with atomic-force-microsco-
py. In this work, a ring structure of the subunit
II-complex with 14 III-subunits was observed.
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