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E. coli F,Fo ATP synthase has been reconstituted into membranes and visualized by electron microscopy 
of unstained samples preserved in thin layers of amorphous ice. Unlike previous observations in negative 
stain, these specimens are not exposed to potentially denaturing or perturbing conditions, having been rap- 
idly frozen from well-defined conditions in which the enzyme is fully active. The structures visualized in 
views normal to the lipid bilayer clearly show the presence of a narrow stalk approx. 45 A long, connecting 

the F, to the membrane-embedded F,,. 

F, F,; ATPase; Cryoelectron microscopy; Energy coupling 

1. INTRODUCTION 

The ATP synthases (ATPases) of energy- 
converting membranes, including bacterial plasma 
membranes and chloroplast and inner mitochon- 
drial membranes, are structurally similar in that 
they consist of two functionally and physically 
separable parts, F1 and FO (reviews [1,2]). The Fl 
portion contains the catalytic sites for ATP syn- 
thesis and hydrolysis, and is extrinsic to the mem- 
brane. The integral membrane part of the 
assembly, Fo, forms the proton channel which 
couples ATP catalysis to the transmembrane pro- 
ton gradient. 

Electron micrographs of negatively stained 
specimens of chloroplast and mitochondrial mem- 
branes have shown the F1 part of the ATPase to be 
separated from the membrane bilayer (and Fo) by 
as much as 50 A [3,4], leading to the proposal of 
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a three-domain structure for the assembly, in- 
cluding a stalk between the F1 and FIFO domains 
[2]. Selected images of rat liver ATPase, dissolved 
in the ionic detergent 3-[(3-chloramidopropyl)di- 
methylammoniol-1-propanesulfate (CHAPS) and 
stained with uranyl acetate, have been interpreted 
as tripartite structures consisting of two globular 
domains joined by a narrow stalk [5]. However, 
the existence of a stalk between the F1 and FO do- 
mains in active ATPase is not universally accepted. 
The possibility of artifacts generated by the 
negative staining of specimens for electron micro- 
scopy has brought into question the validity of the 
observations cited above [6-81. Furthermore, 
chemical labeling and crosslinking experiments 
have been interpreted as indicating the close 
proximity of F1 and FO subunits [9,10], and some 
models of the ATPase place F1 and FO in direct 
contact [ 111. 

We are undertaking a structural analysis of the 
ATPase from Escherichia coli (ECF,Fo). This en- 
zyme is the simplest of the ATPases in polypeptide 
composition, containing only eight subunits: cy, ,8, 
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Fig. 1. Electron micrographs of unstained ECFrFo complexes, preserved in a thin layer of amorphous ice. (A) An 
overview of a field of specimens is shown. The holey carbon support film is visible at the left corners of the figure. 
(B,C) Enlargements of an apparently intact vesicle and a narrow ribbon of membrane, largely in side view, are shown. 
Note the clearly visible bilayer profile in both micrographs. Arrows point out some of the free ECFr molecules visible. 
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y, 6 and 6 in Fi in 3 : 3 : 1: 1: 1 stoichiometry, and 
a, b and c in the FO in the ratio 1:2: lo-12 [1,12]. 
Here we present electron micrographs of ECFiFo 
reconstituted into an active, membrane-bound 
form, which clearly show the presence of a stalk 
between the Fi and FO domains. The specimens 
were rapidly frozen from a stable and fully active 
state, in the absence of stain or other chemical per- 
turbant, and maintained in an amorphously frozen 
state during microscopy. Analysis of minimal-dose 
images yields the dimensions of the ECFiFo com- 
plex, including those of the stalk. 

2. MATERIALS AND METHODS 

ECFiFo was prepared by a modification of the 
method of Foster and Fillingame [13] from an 
overproducing strain of E. coli, kindly provided by 
Dr A.E. Senior, University of Rochester. The en- 
zyme was isolated at concentrations of 
OS-l.5 mg/ml protein from sucrose gradients 
containing 0.4 mg/ml of egg phosphatidylcholine 
(Sigma), 0.9% sodium cholate (Sigma, recrystalliz- 
ed from ethanol), and 1.5% sodium deoxycholate 
(Sigma). ECFiFo was reconstituted into mem- 
branous form, without the addition of further 
lipid, by dialysis against buffer [50 mM Tris or 
3-(N-morpholino)propanesulfonic acid (Mops)] 
containing 50 mM KCI, 1 mM MgC12, 1 mM 
dithiothreitol and 20% glycerol, pH 7.5, for 2-3 
days at 4°C. These preparations have ATPase ac- 
tivities in the range of 12-20rmol ATP hydro- 
lyzed/min per mg, and exhibit 90-95% inhibition 
by 20pM N,N’-dicyclohexylcarbodiimide (DCCD) 
reacted for 1 h. 

Samples used for electron microscopy were 
either frozen directly from the above buffer, or 
dialyzed further to vary the buffer composition, 
particularly the Mg2+ and glycerol concentrations. 
Drops of the suspensions (at approx. 1 mg/ml pro- 
tein) were applied to holey carbon films, blotted to 
remove excess liquid, and immediately plunged in- 
to partially solidified liquid ethane. Specimens 
were transferred to and stored under liquid 
nitrogen until insertion into the microscope. 

Specimens were loaded into a Gatan cold stage 
under liquid nitrogen, and examined in Philips 
EM400 and CM12 electron microscopes, operated 
at 100 kV. Micrographs were recorded by 
minimal-dose methods on Kodak SO163 film at 

magnificiations of 35000-60000. The electron 
dose varied from approx. 5 to 20 e-/A2 over this 
magnification range. Microscope magnifications 
were calibrated by photographing catalase crystals 
or calibration grids (Pellco). 

Micrographs used for image analysis were 
chosen from those recorded at x 60000, with 
defocus values sufficiently small to place the first 
zero of the contrast transfer function outside a 
resolution of 25 A. Micrographs were digitized us- 
ing a scanning raster of 25 pm, corresponding to 
4 A steps at the specimen. Images of individual 
molecules were selected on the basis of their orien- 
tation, clarity, and lack of obvious overlap with 
their neighbors. The particles were aligned by cor- 
relation methods, using the SPIDER image 
analysis programs [ 141. 

3. RESULTS AND DISCUSSION 

Electron microscopy revealed the reconstituted 
ECFiFo preparations to be mixtures of vesicles and 
sheets of membrane (fig. 1 A), both covered with FI 
molecules similar to the globular structures 
visualized in negatively stained preparations [3-51. 
The lipid bilayer profiles, approx. 60 A wide, are 
visible both at vesicle edges and in favorably 
oriented sheets (fig.lB,C). The sheets were com- 
monly in the form of narrow ribbons of mem- 
brane, which were often oriented with the plane of 
the bilayer approximately normal to the sup- 
porting layer of amorphous ice. ECFi assemblies 
extended from both sides of these ribbons (fig. lC), 
indicating that their orientation in the sheets is 
scrambled. Specimens were frozen from a variety 
of buffer conditions, including the presence or 
absence of 10% glycerol, nucleotides and Mg2+, 
without any visible difference in the structures. 
Very little free ECFi was seen if glycerol, 
nucleotides and Mg2+ were all present, but rather 
more dissociation of Fi from the membranes was 
noted if some or all of these reagents were omitted. 

For an initial analysis of the ECFiFo images, 40 
molecules were selected from three different 
micrographs. The chosen particles were incor- 
porated in sheets which appeared to be oriented 
along the beam direction, as judged by the 
thickness of the bilayer and visibility of its distinc- 
tive three-layered profile. Similar images were visi- 
ble at vesicle edges, but were not chosen for 
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analysis because of the difficulty of assessing their 
orientation and the problems inherent in the cur- 
vature of the membrane. Ten of the images were 
discarded due to the obviously poor alignment of 
the major features (the Fr domain and the lipid 
bilayer). The remaining particles were averaged to 
yield the side view of the ECFrFe shown in fig.2A. 
The aligned particles were also visually subdivided 
into classes based on the appearance of the ECFr 
portion. Ten images from each of two obvious 
categories, those with a bilobed Fr and those with 
a more solid Fr domain, were selected to make up 
the averages shown in fig.2B and C. 

All of the averaged ECFrFo images shown in 
fig.2 have consistent overall dimensions: a mem- 
brane thickness of 60 A, ECFr dimensions of ap- 
prox. 110 by 90 A normal and parallel to the 
bilayer, respectively, and a separation from the 
bilayer of approx. 45 A. The ECFr is linked to the 
ECFo by a narrow stalk, often visible in individual 
images, and clearly visible in the averages. The 
thickness of the stalk appears to be about 20 A, 
though this measurement is at the limit of the 
resolution of these micrographs. Two classes of 
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views of the ECFr are represented most often in the 
filtered images: those with a relatively solid ap- 
pearance and those with an apparent cleft normal 
to the membrane. Few of the particles examined 
have the pseudohexagonal structure commonly 
seen both in negatively stained Fr [ 15-181 and un- 
stained free ECFr (arrows, fig.lC). The different 
images of membrane-bound ECFr are probably 
different projections of otherwise identical 
molecules, rotated about an axis parallel to the 
stalk. However, different states of the enzyme may 
also be represented. We hope to understand fur- 
ther the spatial relationship of ECFr to ECFe by 
analysis of a more extensive set of views of both 
ECFiFo and free ECFi. 

The most important result of this preliminary 
analysis is the clear evidence for the presence of a 
stalk joining the ECFr and ECFe domains. It has 
been visualized by electron microscopy of ECFiFo 
in the absence of negative stain or other chemical 
or mechanical perturbant. This structure is close to 
50 A long and only about 20 A wide, approximate- 
ly the size of four to five closely packed a-helices. 
It must serve to couple proton translocation across 

Fig.2. Averages of side views of ECFrFo were computed from (A) all 30 particles which aligned well by correlation 
methods; (B) 10 particles which have a cleft in the ECFr domain; (C) 10 particles with a more solid ECFr domain. 
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the membrane (via the ECFo) to the synthesis or 
hydrolysis of ATP by the ECFi. Coupling could be 
by proton transfer along a channel through the 
ECFo and the stalk, a distance in excess of 100 A. 
It is unlikely that vectorial proton movement can 
be insulated from the surrounding aqueous phase 
in a structure as narrow as the stalk. A more 
probable coupling mechanism is a conformational 
change in the stalk, induced by proton transfer 
across the membrane, which is then transmitted to 
the catalytic sites in the ECFi. A similar long-range 
conformational change is required to explain the 
inhibitory effect of DCCD modification of subunit 
c of ECFo on the binding of nucleotides in the 
catalytic sites of ECFi [19]. 
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