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Abstract The structure of Escherichia coil FoFI-ATPase (ATP 
synthase), and its Fo sector reconstituted in lipid membranes was 
analyzed using atomic force microscopy (AFM) by tapping-mode 
operation. The majority of FoF1-ATPases were visualized as 
spheres with a calculated diameter of -~ 90 A, and a height of 

100 A from the membrane surface. F0 sectors were visualized 
as two different ring-like structures (one with a central mass and 
the other with a central hollow of ->18 A depth) with a calculated 
outer diameter of ~ 130 A. The two different images possibly 
represent the opposite orientations of the complex in the 
membranes. The ring-like projections of both images suggest 
inherently asymmetric assemblies of the subunits in the Fo sector. 
Considering the stuichiometry of Fo subunits, the area of the 
image observed is large enough to accommodate all three Fo 
subunits in an asymmetric manner. 
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1. Introduction 

The FoF~-ATPase (ATP synthase) of bacteria, mitochon- 
dria and chloroplasts catalyzes ATP synthesis, and is a large 
complex formed from the catalytic El sector and the trans- 
membrane proton-channel, F0 sector [1-3]. Sufficient structur- 
al information on the F1 sector has been obtained by electron 
microscopy [4-6] and X-ray crystallography [7,8]. The higher- 
ordered structure of the catalytic subunit complex is consis- 
tent with the binding-change mechanism of ATP synthesis [9]. 

The bacterial F0 sector is composed of a, b and c subunits 
with a stoichiometry of 1:2:10-12, and all three subunits are 
necessary to reconstitute a functional sector [2,10]. Each sub- 
unit of F0 traverses the membrane; subunit a is very hydro- 
phobic and crosses the membrane several times (perhaps 6 
times), whereas subunit b may cross the membrane with a 
single transmembrane helix, leaving a polar domain exposed 
to the cytoplasm. This polar domain along with parts of F1 
subunits constitutes the stalk region connecting F1 and F0. 
Subunit c has a hairpin structure with two transmembrane 
helical domains with a polar cytoplasmic loop in between. 
NMR spectroscopy [11,12] supports a transmembrane hairpin 
model for subunit c. Asp-61 of the c subunit is known to be 
critical for the formation of a proton pathway together with 
the specific a subunit residues [1,2]. 

In this study, Escherichia coli F0 and FoF1 complexes were 
imaged using atomic force microscopy (AFM). The AFM 
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images were critically evaluated and a model of F0 is pro- 
posed. 

2. Materials and methods 

2.1. Reconstitution of purified Fo and FoF1-A TPase in lipid membranes 
FoF1-ATPase was purified from membranes of E. coil strain DK8 

carrying pBWU13: >95% pure, as judged on polyacrylamide gel 
electrophoresis in the presence of sodium dodecyl sulfate [13]. The 
F0 sector was purified using urea as described previously [14]. The 
purified FoF1-ATPase and its F0 sector were reconstituted with phos- 
pholipids (protein/lipid ratio, 1:1) and the reconstituted membranes 
exhibited ATPase activity of 30.8 units (lamol/min per rag), and 
showed significant proton transport activity, respectively [13]. 

2.2. Preparation of specimens for atomic force microscopy (AFM) 
Electron microscopy of a negatively stained specimen revealed the 

high quality of the membrane preparations. The membrane prepara- 
tions (2 mg protein/ml) were spread on a freshly cleaved mica surface 
for 5 min, rinsed with water, dried for a few hours to remove excess 
water, and then imaged by AFM. In some experiments, the mem- 
branes were treated with 1% aqueous uranyl acetate as described 
previously [15]. This procedure gave the samples mechanical strength. 

2.3. AFM 
Samples were imaged using AFM by the tapping-mode. The free 

vibrating amplitude was set at about 3 V and the set point was defined 
as 2.25 V (about 3/4 of the free vibrating amplitude). Data were 
collected immediately upon finding an area of interest. The images 
were stored in a 256 x 256 pixel format. Quantitative data were ob- 
tained by analyzing orthogonal sections of the images at 200 nm. No 
filtering or enhancement was performed to augment the obtained 
images. Both data acquisition and analysis were performed with Na- 
noscope III software (Digital Instruments). 

3. Results and discussion 

3.1. Imaging Fo and FoF1-A TPase in reconstituted membranes 
Examination of reconstituted lipid membranes by electron 

microscopy (EM) revealed that the FoF1-ATPase with a F1 
sector of about 90 .& diameter was distributed randomly with- 
in a given membrane vesicle (data not shown). The surface 
topology of the membranes studied by AFM revealed that 
FoF1-ATPases were frequently observed as pairs of spheres 
(Fig. 1A,C). However, these pairs of FoFa molecules were 
reasonably well separated from each other, and the height 
of individual molecules (dimers) was measured to be 
(97 +_ 15 A; mean + S,D. for 50 individual molecules). In con- 
trast to the images of F1 sectors, AFM images of F0 sectors 
did not show any large particles like F1. The height of the F0 
sector out of the membrane was measured to be very small 
( <  10 ,~) (Table 1). Instead, two ring-like structures were 
consistently observed; one with a central hollow of -> 18 ,& 
depth, and a similar one with a central mass (Fig. 1B,D). A 
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tig. 1. Molecular imaging of FoF1 (A,C) and F0 sectors (B,D) by AFM. The reconstituted membranes were adsorbed onto a mica surface, and 
imaged after staining with 1% uranyl acetate. The images obtained were direct 500 nm scans of the samples. (A) Several dozens of FoF1-ATP- 
a~e molecules with F1 sectors facing the scanning tip. (B) Several dozens of F0 sectors exhibiting ring-like structures: one with a hollow and 
tile other with a central mass in the middle. These two different images may represent different orientations of F0 in the membranes. In the re- 
~ 9nstituted FoF1 complex, the F0 sector could not be detected, because it was not possible to image, at the same time, two different objects 
vith very different heights of ~ 100 ,~ (FoF1) and -<10 ,~ (F0) due to technical limitations. (C,D) Three-dimensional representation of FoF1 
02) and F0 (D) in an area (125× 125 nm) of reconstituted membranes selected from A and B, respectively. Surface plot program of Nanoscope 
1 I was used. 

t lose look at the individual molecules revealed that half of  the 
l '0 populat ion had a central mass. The height of  the central 
l~lass from the surface of  the membrane was essentially the 

~me as that of  the surrounding structures. 

. .2. Critical evaluation of  the dimensions o f  A F M  images 
The actual height of  an isolated complex can be determined 

l : om an A F M  image, as indicated in Fig. 2A: regardless of  
lae finite dimensions of  the scanning tip, the measured height 

,~ 100 ,~) of  FoF1 complexes on A F M  should reflect the real 
height of  the sample assuming that flattening of  the sample is 
l~finimal. The values are in good agreement with those esti- 
1hated on electron microscopy [4-6]. However,  the apparent 
t:orizontal dimensions of  well isolated molecules determined 
by A F M  are generally much larger than the actual dimensions 
lgr the following reasons: (i) The force exerted by the A F M  
t p  is large enough to flatten the sample [15]. (ii) The measured 
17 orizontal dimensions of  samples depend on the radius of  the 
curvature of  the scanning tip and the actual height of  the 
sample, as shown schematically in Fig. 2A. In particular, 

the outer diameters of  samples are exaggerated, with an un- 
avoidable large edge effect (Fig. 2A). The relationship between 

Table 1 
Two types of F0 images obtained on AFM 

F0 with a central F0 with a central 
hollow mass 

Outer diameter 175+ 16 ( ~  1 3 0 )  177+12 ( ~  130) 
Inner diameter 43 + 8 40 + 3 
Depth of hollow 18 + 2 a 
Height of central mass 5 + 1 
Major ridge width 87 + 7 81 + 4 
Major ridge height 6 + 2 7 + 3 
Minor ridge width 48 + 1 51 + 4 
Minor ridge height 5 _+ 1 6 + 1 

Mean values (A) with standard deviations are shown for the dimen- 
sions of the two F0 images. These values were obtained from AFM 
images for three separate F0 specimens (15 images for each specimen). 
Corrected values are shown in parentheses for the outer diameters. 
aMinimum possible dimension for depth due to the limitations of the 
AFM technique (see Fig. 2B). 
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Fig. 2. Relationship between the curvature of the scanning tip and the apparent dimensions obtained by scanning a specimen. Tip movement 
in vertical direction during a scan in horizontal direction is used as information about the height and width of the specimen. (A) Schematic re- 
presentation of two tips with different curvatures imaging different samples. The measured horizontal dimension (apparent width) involves an 
'edge-effect' that prevents the scanning tip from gaining access to the edge of the sample. The measured horizontal dimension depends on the 
radius of curvature of the tip (b,c) and the height of the sample (a,b). The relationship between the error in the width (e), the radius of curva- 
ture (r) of the scanning tip and the height of the sample (h) is shown. The measured height, which is not dependent on tip dimensions in the 
case of well isolated samples, represents the real dimension. In the case of globular samples of height twice that of the radius of curvature of 
the tip (as in the case of the F1 sector), the error will be the same as that of a rectangular sample of height equal to the radius of the globular 
sample (see a). (B) Schematic representation of the case in which a pore (or pit) is scanned with two different tips, showing that the both tips 
will give the same inner diameter, but different apparent depth. AFM cannot distinguish between a pit and a pore (compare second and third 
examples). 

the error in horizontal dimensions (e), the radius of curvature 
of the tip (r) and the height of the sample (h) is given by 

e = 2 × { ( r 2 - ( r - h ) 2 }  1/2 (1) 

However, when h>--r, the equation is not  valid, and a con- 
stant error (2×  r) would be obtained (Fig. 2A, right). The 
diameter of one F1 sphere determined directly from the image 
was 187 + 24 ,~ (mean + S.D. for three preparations, 25 images 
for each preparation being inspected). The curvature of the 
A F M  tip used for this scan was estimated to be ,~ 50 A by 
imaging D N A  double helix of 20 ,~ diameter [16]. Since the 
height of the F1 sector (97 ,~) was greater than the radius of 
curvature of the tip, a possible real diameter of the F1 sector 
( ,~90 A) was obtained. This calculated dimension and the 
measured height ( ~  100 ,~), as well as the overall shape of 
a single molecule (one sphere), are consistent with the struc- 

tural information obtained on electron microscopy of FoF1- 
ATPase and through X-ray diffraction studies on the F1 cat- 
alytic subunit  assembly [7,8], and support the idea that the 
images obtained represent the top views of F1 sectors. 

Two distinct ring-like images of F0 sectors with outer di- 
ameters of 170-180 ,~, were obtained (Fig. 1B,D). Considering 
the height of the ring (6 ,~) (Table 1) and the apparent 
changes in dimensions due to the curvature of the scanning 
tip used (Fig. 2A), the real outer diameter of the F0 sector 
ring could be estimated to be ,~ 130 ~, (Eq. 1). It is important  
to note that, in contrast to the outer diameter of the F0 sector, 
the diameter of the pore (,~ 40 ,~) determined by A F M  should 
correspond roughly to the real dimension, since the error due 
to tip dimension is very small and negligible when compared 
to the error in outer dimension as shown schematically in Fig. 
2B. In addition, the depth obtained from A F M  images is the 
least possible depth (Fig. 2B), and the real depth is always 
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Fg. 3. Schematic models of the subunit assembly of F0. The thick 
s¢,lid lines represent the boundaries of the F0 sectors that are identi- 
fied by AFM. Model A may be consistent with an assembly having 
otter and inner diameters of 130 and 40 A, respectively. The a and 
b subunits directly contribute to the asymmetry of the ring-like 
st~ucture consisting of the c subunits. Model B suffers from a dis- 
agreement of the space occupied by the c subunits with the area of 
the ring-like structure of F0 obtained from AFM images. It is hard 
tc explain using this model how a central hollow can be formed. 

et~ual to or greater than the measured dimension. Thus, a pit 
a~=d a pore cannot  be distinguished by A F M  imaging unless 
tl~e other side is imaged as in this study. 

3 3. Molecular organization of  the Fo sector 
According to the A F M  images, F0 seems to be an inher- 

eJ~tly asymmetric assembly in the following two aspects. First, 
two kinds of ring-like structures were consistently observed; 
o~le with a hollow (depth - 18 .~) in the middle, and the other 

,~th a central mass (Fig. 1B,D). These images possibly repre- 
sent two surface views of F0 oriented differently in the recon- 
s~ ~tuted membrane.  Second, further analysis of these two ring- 
lii:e structures at higher resolution (Fig. 1D) revealed that, in 
b~th types of rings, one half of  the ring was about  twice as 
thick as the other half (Table 1), although both halves (ridges) 
of the ring-like structures exhibited similar heights ( < 10 A). 
S~lch asymmetry of the F0 sector was also found in a recent 
electron microscopic study [17]. It is noteworthy that, regard- 
le~s of the presence of a central mass, a similar ring structure 
~as  observed in this study (Table 1). 

The two asymmetric A F M  images suggest a possible struc- 
tlare of F0 comprising a, b and c subunits having 6, 1 and 2 
t~ ~nsmembrane helices, respectively [1,2,10]. The central mass 
of the ring-like image may not  represent the t ransmembrane 
h~lices of these subunits because other images showed a hol- 
l~w (depth -> 18 ~,). Thus, a model with central a and b sub- 
u~lits surrounded by 10-12 copies of the c subunit  is unlikely 
(I 'ig. 3B). 

In our model, the a and b subunits are attached to the ring- 
like structure formed by the c subunits (Fig. 3A). This allows 
a~ least 12 c subunits to form a symmetrical ring, taking into 
a~:count the fact that each c subunit  contains two transmem- 
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brane cx helices (total 24 cx helices for 12 c subunits). An 
asymmetric F0 structure could be formed through the associa- 
tion with a and b subunits to one side of the symmetric ring 
formed by the c subunits. About  15 residues at the cytoplas- 
mic amino terminus of the c subunit  may extend beyond one 
side of the membrane,  and form the central mass observed in 
a ring-like structure. Subunit  b crosses the membrane with a 
single t ransmembrane helix, leaving most of the protein ex- 
posed to the cytoplasm [2,10]. However, such a structure 
could not  be observed on AFM,  although the F0 preparation 
contained a stoichiometric amount  of subunit  b. Thus, it may 
be possible that the b subunit  could not  be maintained as part 
of  the stalk and thus formed the central mass observed on 
AFM. 
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