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Abstract Scanning force microscope images of membrane-
bound Escherichia coli ATP synthase Fy complexes have been
obtained in aqueous solution. The images show a consistent set of
internal features: a ring structure which surrounds a central
dimple and contains an asymmetric lateral mass. Images of
trypsin-treated Fy complexes, which have lost part of their b
subunits, show a reduced asymmetric mass, while images of c-
subunit oligomers, which lack both the a and b subunits, show a
ring and dimple but do not have an asymmetric mass. These
results support models in which the Fy complex contains a ring of
9-12 ¢ subunits with the b subunits located outside this ring, and
show that scanning force microscopy is able to provide structural
information on membrane proteins of molecular mass less than
200000 Da.
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1. Introduction

F1Fy ATP synthases are large, multisubunit protein com-
plexes found in the plasma membrane of bacteria, the mito-
chondrial inner membrane of animals and plants, and the
chloroplast thylakoid membrane of plants, where they synthe-
size ATP from stored electrochemical energy in the form of a
transmembrane proton gradient. The proton gradient is gen-
erated by electron transport chains associated with either oxi-
dative phosphorylation or photosynthesis, and the F1F, ATP
synthases are the main source of ATP in all aerobic and
photosynthetic organisms. Structurally, they are composed
of two distinct parts: the Fy sector, which is membrane inte-
grated, and the F, sector which is normally joined to F; by a
narrow stalk 4045 A in length [I—4]. The F, sector in all
organisms is composed of five different subunits, o, B, v, 9,
and ¢ in the molar ratio 3:3:1:1:1, with catalytic sites located
in each of the three B subunits. The recent high-resolution
crystal structure of mitochondrial F; has provided detailed
information on the o, B, and a major part of the y subunit
[5]. Tt shows the three o and three B subunits arranged in a
hexagon with a long cylindrical hollow through the center.
The y subunit runs the length of this hollow and extends
from one end to form part of the stalk. More recently, the
structure of the & subunit of ECF; (the Escherichia coli Fy)
has been determined by NMR [6]. This subunit interacts with
other F, subunits and also the ¢ subunits of the F, sector and
is, therefore, also a part of the stalk region.

The Fy sector is much less characterized than the F; part.
In its simplest form, as in E. coli, the F sector contains only
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three different subunits, a, b, and c, in the stoichiometry
1:2:9-12 [3]. Chloroplast F, contains four types of subunits
which appear to be similar to the E. coli subunits with an
extra variant of subunit b [7]. In mitochondria, the F; sector
has a core complex that seems to be similar to the E. coli F,
but contains 5-8 additional subunits which probably play a
regulatory role [8]. E. coli Fy (ECFy) is therefore a relatively
simple model for the Fys of many organisms.

The key function of F is to act as a channel through which
protons pass from high concentration on one side of the mem-
brane to low concentration on the other. In ATP synthesis the
energy provided by this proton translocation is transferred to
the catalytic sites of the Fy sector, through the stalk, over a
distance of at least 90 A. The mechanism of this energy trans-
duction is an open question which is unlikely to be fully an-
swered until the structure of F, is better known. To date,
attempts to obtain either two-dimensional crystals for electron
diffraction or three-dimensional crystals for X-ray diffraction
have failed, and even the gross arrangement of the a, b, and ¢
subunits within ECFy; is not well defined, although several
different models have been proposed [9,10].

To address this problem, scanning force microscopy (SFM)
has been used to image E coli Fy in membrane bilayers.
Recently, SFM has begun to emerge as a general method in
structural biology. Several membrane proteins have been im-
aged successfully in two-dimensional crystals [11-13], and
show the same features as have been identified by electron
microscopy. Attempts to use SFM on membrane proteins
that do not form ordered arrays are limited, but there are
two recent reports: an analysis of the 124 MDa nuclear
pore of Xenopus laevis [14], and a preliminary study of cholera
toxin B-oligomers bound to model membranes [15]. In the
present work, we show that it is possible to obtain SFM
images of E. coli Fyy with sufficient resolution to reveal internal
structural details and distinguish among competing models of
the subunit arrangement of ECFy,.

2. Materials and methods

2.1. Sample preparation

ECF,F, was prepared from the overproducing strain AN1460 as
described by Foster et al. [16] and modified by Aggeler et al. [17].
Reverse-phase liposomes were prepared according to Szoka and Pa-
pahadjopoulos [18] in 20 mM glycylglycine, 20 mM succinic acid, 20
mM NaCl, pH 8.0 (buffer A). After ether evaporation, the suspension
of vesicles (16 mg/ml egg phosphatidylcholine (egg PC) and 0.8 mg/ml
egg phosphatidic acid) was filtered through polycarbonate membranes
(Nucleopore) with 0.4 and 0.2 um pore diameter in consecutive steps,
yielding liposomes of approx. 150 nm. ECF,Fy was reconstituted into
these preformed liposomes as described by Richard et al. [19] by
mixing the liposome suspension with purified enzyme and Triton X-
100 followed by slow removal of the detergent with BioBeads. The
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concentration of ECF,F, was chosen so that the average number of
protein complexes per vesicle was between 10 and 15. For such low
enzyme concentration, this procedure has been shown to yield a uni-
form distribution of protein per vesicle and a uniform outwards orien-
tation of F1F; complexes. In all cases except the real-time stripping
experiments, the F;, sector was exposed for imaging by removing
(‘stripping’) the F, sector as in Lotscher et al. [20]: Vesicle suspen-
sions of ECF; Fy were pelleted (1 h at 285000 X g) and resuspended in
stripping buffer (0.5 mM HEPES, 0.5 mM EDTA, 1| mM DTT, 4%
giycerol, pH 8.0). The resuspended vesicles were then incubated for 1 h
at room temperature, pelleted and resuspended a second time, and
incubated for a second hour. The thoroughly stripped membranes
were then pelleted a final time and resuspended in buffer B (50 mM
HEPES, 0.5 mM EDTA, 2.5 mM MgCl,, pH 8.0). After stripping, the
presence of intact Fy was verified by measuring the ATP hydrolysis
activity bound to the membrane after addition of purified F;. Recov-
ery of activity was typically 95-100%. For the real-time stripping
experiments unstripped vesicles were deposited initially, and stripping
was carried out in situ using 1 M KSCN [21].

In some experiments, the hydrophilic portion of the b subunit was
removed by trypsinization of the F, liposomes. The liposomes were
incubated for up to | h with a trypsin to protein ratio of 1:25 (w/w).
The reaction was stopped by dilution of the sample and centrifuga-
tion. The cleavage of the b subunit was monitored using SDS-PAGE
by the disappearance of the 17 kDa band.

For experiments with c-subunit oligomers, the c¢ subunit was iso-
lated from the full ECF,Fy complex by diethyl ether extraction, either
of the stripped Fy liposomes or of unstripped F;F, liposomes [22-24].
In the latter case, the absence of the other F;Fy subunits after extrac-
tion was verified by SDS/PAGE. After extraction, the diethyl ether
phase containing lipids and ¢ subunit was sonicated with buffer A, the
ether slowly evaporated as described in Szoka and Papahadjopoulos
[18], and the vesicle suspension filtered through polycarbonate mem-
branes as described above.

2.2. Scanning force microscopy

To deposit the samples for SFM imaging, the reconstituted proteo-
liposome suspension was diluted with buffer B (50 mM HEPES-
NaOH, 0.5 mM EDTA, 2.5 mM MgCl,, pH 8.0) to 50 pg/ml lipids,
a droplet of the diluted suspension was place on clean parafilm, and a
freshly cleaved mica sheet floated on top. Excess liquid was absorbed
with filter paper, while allowing the remaining suspension to spread
on the mica surface. After about 20 min, the mica was rinsed thor-
oughly with buffer B, and the wet samples were inserted directly into
the tapping mode fluid cell of a Nanoscope III SFM (Digital Instru-
ments, Santa Barbara), filled with buffer B. The experiments on all
F|Fy-related systems were carried out using commercial silicon nitride
triangular cantilevers with force constant approx. 0.3 N/m and reso-
nance frequency 3040 kHz (in air) or, on a few occasions, force
constant 0.06 N/m and resonance frequency near 15 kHz (in air)
[25). In all cases the original pyramidal tips on these cantilevers
were enhanced with ‘e-beam’ tips grown by electron-beam deposition
in a scanning electron microscope [26,27]. Imaging was performed at
tapping frequencies between about 8 and 40 kHz, depending on the
response characteristics of individual cantilevers. The set-point voltage
(tapping force) was set to the minimum value consistent with good
tracking of the sample surface. At high set point values the sample
was damaged, and at very low values the SFM feedback loop was not
able to follow the surface. After acquisition, images were usually
flattened using the Nanoscope software to remove background bands
and slopes caused by laser mode switching and thermal drift. Enlarge-
ments of specific regions within larger images were created by bilinear
interpolation. SFM images are intrinsically three dimensional in na-
ture (maps of sample height vs. xp position), and can be displayed
either as two-dimensional gray-scale maps (Fig. 1) or as three-dimen-
sional surfaces (Fig. 3) without additional processing.

3. Results

3.1. SFM images of Fy

Three types of samples were imaged: unmodified ECF,,
trypsin-treated ECF, and reconstituted complexes containing
only the ¢ subunit. Fig. 1 is a tapping mode SFM image of
ECF, in egg phosphatidylcholine (egg PC) membrane ad-
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sorbed to a mica substrate in buffer. Attempts to image the
same samples in contact mode were usually not successful,
due to increased shear force between the tip and the sample.
The area shown is an enlarged region (825 nm square) from
an image acquired at larger scan size (about 1.5 um square).
At scan sizes smaller than about 1 um, damage increased to
unacceptable levels. This is because as the scan size is reduced,
individual protein particles receive an increasing number of
tip-sample contacts in the course of collecting an image. The
total ‘exposure’ thus increases with increasing magnification,
much as in electron microscopy. The conditions reported rep-
resent the best compromise between maximum areal pixel
density and minimum sample damage. Under optimum con-
ditions, one or two images could be collected from a single
sample area of about 1-2 pm before damage became severe.
The image in Fig. 1 contains a number of uniformly sized
particles which are absent in control samples without protein,
and were therefore tentatively identified as ECF, complexes.
Subsequent real-time stripping experiments confirmed this as-
signment (see below). The apparent diameter of the particles is
in the range 15-22 nm, which is several times larger than the
estimated diameter for Fy. Exaggeration of the lateral dimen-
sions is a common feature of SFM images, caused by the
relatively large size of the probe tip [11,28,29]. Assuming a
typical tip end radius of 10 nm and the measured average
height above the membrane of 1.5-2 nm, the estimated actual
diameter is 6-7 nm, as expected for ECFy. ECF; membranes
were examined in many experiments in which the lipid-to-
protein ratio was varied, and with many different probe
tips. The quality of the images was quite variable but, in a
few instances, a large number of the particles showed a char-
acteristic ring and dimple, as can be seen in several particles in
Fig. 1. Enlarged images of five of these particles (labeled a—e)
are shown as insets at the bottom of Fig. 1. There is consider-
able variation, but the main qualitative features — the ring,
dimple, and asymmetric mass — are clearly visible in all five,
as well as in other particles within the field of view shown in
Fig. 1.

3.2. Real-time stripping

In principle, ECFy or ECF;F; membranes may deposit on
the mica substrate either face up, with the cytoplasmic surface
of Fy accessible to the SFM tip, or face down, with the peri-
plasmic surface exposed. To determine which face of the
ECF, complex was visible, and to verify the identity of the
particles shown in Fig. 1, a real-time stripping experiment was
performed. Reconstituted ECF;Fy vesicles were deposited on
mica and placed in the SFM fluid cell as before. Several initial
images were taken and then the fluid cell was flushed with a
stripping solution (1 M KSCN) to rapidly solubilize the F,
sector, leaving the Fj sector in the membrane. Before strip-
ping, the images showed many high, structureless particles.
After exposure to the stripping solution for a few minutes,
the particle height decreased and the characteristic ring-and-
dimple features of the Fy sector appeared. A histogram of
particle heights taken before and after stripping shows a large
shift to lower values and a narrowing of the distribution after
stripping (Fig. 2). The broad distribution of heights in Fig. 2A
is consistent with some loss of F; even before stripping, or
with a tendency for the SFM tip to push aside the relatively
unstable F; sector during imaging. After stripping, the mean
height of the particles changed from 6.9+ 1.5 to 441 nm,
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Fig. 1. SFM image of ECF, in egg phosphatidylcholine membrane. The area shown was enlarged by bilinear interpolation from an original im-
age of 512512 pixels collected at the 1.5 pm scale. Particles labeled a-€ are shown in enlarged views (insets). Scale bar, 200 nm.

but a more meaningful comparison is between the largest sig-
nificant values in the ‘before’ distribution, about 10 nm, and
the peak of the ‘after’ distribution, about 3-3.5 nm. This is a
change of almost 7 nm, consistent with the loss of the F;
sector. The preferred orientation of the membranes on mica
is therefore face up, with the cytoplasmic surfaces of Fy and
FiFy, exposed to view. The ‘ring-and-dimple-with-lateral-
mass’ is clearly the F; sector.

3.3. SFM images of modified complexes

To help assign the ring and lateral mass to specific Fy sub-
units, images of the complete F; complex were compared to
images of two modified complexes: trypsin-treated ECF; and
c-subunit oligomers. Trypsin is known to cleave preferentially
the b subunit of ECFy, so a change in the appearance of
trypsin-treated ECF; should indicate the location of the b
subunits. Likewise, the ¢ subunit can be purified and recon-
stituted into membranes without the a and b subunits, where
it forms an oligomeric complex. Comparison of these oligo-
mers to intact ECF, should then allow the features associated
with the ¢ subunits to be identified.

Fig. 3 is a montage of images of single particles of either

ECF, (left-hand column), trypsin-treated ECF; (middle col-
umn), or c-subunit oligomers (right-hand column). The parti-
cles are displayed as three-dimensional surfaces to better show
changes in height of the asymmetric mass. Comparison of the
first and second columns shows that after cleavage of the b
subunit the lateral mass is shorter, but still present. Compar-
ison of the first two columns with the third shows that the c-
subunit oligomer has the ring-and-dimple appearance, but has
no clear lateral mass. The most reasonable interpretation of
these results is that the lateral mass contains the two b sub-
units and the ring and dimple features are associated with the
9-12 ¢ subunits.

4. Discussion

Three main structural features of ECF, have been identified
by the SFM: a ring with a central dimple and an asymmetric
mass. Since trypsin cleavage of the b subunits reduces the size
of the asymmetric mass, we conclude that the b subunits have
a peripheral location, as in the model of Deckers-Hebestreit
and Altendorf [9] (see also [30]), and are not centrally located
as in the model of Cox et al. [10]. Since the ring and dimple
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Fig. 2. Analysis of SFM images of membrane bound ECF;F, complexes (a) before stripping the F; part, and (b) after stripping. Histograms
are presented showing the distribution of heights before (a) and after (b) stripping. Before stripping, the distribution is broad with many high
particles. After stripping, the distribution has a well-defined maximum near 3.5 nm, and shows few high particles.

are present in the c-oligomer complex, which contains no a or proteins homologous to subunit ¢ are known to form channels
b subunits, we conclude that the ¢ subunits form a ring struc- and pores [31]. The gap junction-like protein from Nephrops
ture, as suggested in several models for ECFy. A number of norvegicus, which has homology to both subunit ¢ and also to

Trypsin-Treated c-Subunit
ECF, ECF, Oligomer

4 nm

Onm

Fig. 3. Montage of nine single-particle images in three-dimensional projection: three ECFy particles (left-hand column), three trypsin-treated
ECF, particles (middle column), and three c-subunit oligomers (right-hand column). Comparison across the columns shows that the lateral
mass is reduced in height after trypsin treatment and is absent in the c-subunit oligomers. All images were interpolated to increase the number
of pixels. The vertical scale has been stretched relative to the lateral scale to enhance the visibility of low features.
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the c-subunit analog in the V-type ATPases, forms well-de-
fined ring-like oligomers which can be crystallized into two
dimensional arrays and analyzed by electron diffraction. Their
structure is similar to the ring-and-dimple found here for the ¢
oligomer. Thus, both the results presented here and the results
of studies on related proteins are consistent with the idea that
the ¢ oligomer is a distinct, well-defined functional entity with-
in the larger ECF; complex.

The a subunit was not clearly identified in the present
study, and its location is still unknown: it could be in the
asymmetric mass or in the center of the c-ring. Since the a
subunit is quite accessible to lipid-soluble reagents [32], its
most probable location is outside the ring in the asymmetric
mass. We are now attempting to localize the a subunit by
labeling experiments with monoclonal antibodies or with
gold clusters. Longer term, we hope to obtain more detailed
structural information on the ECF; complex. To do this, it
will be important to explore systematically imaging conditions
to minimize damage, and to apply image averaging techniques
to the SFM data [33]. Preliminary calculations suggest that
single-particle statistical methods can be applied to SFM
images in much the same way as to electron microscope
data [34].

From a methodological perspective, these results show that
isolated membrane-bound complexes as small as ECF, (140-
165 kDa, 6-7 nm diameter) can be imaged in physiological
buffer using tapping mode SFM. The effective resolution is
about 30 A laterally and 2-5 A vertically, and it has been
possible to distinguish structural changes in related molecules.
Earlier experiments on ECF,F, using contact mode SFM
were not successful, and the ability to use tapping mode in
aqueous solution [25] has played a crucial role in our results.
Finally, one of the most exciting aspects of SFM imaging is
the ability to observe structural changes on single molecules in
real-time or almost-real-time [11]. Several models for the ATP
synthases suggest a physical rotation of the F; sector relative
to Fy [1,5,35], or rotation of the ¢ oligomer relative to the a
and b subunits [36]. The success of these initial experiments
may help to pave the way for future experiments in which
such models can be tested by direct imaging.
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