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Abstract V-ATPases are multisubunit, membrane-bound, energy-converting, cellu-
lar machines whose assembly and disassembly is innately connected to
their activity in vivo. In vitro V-ATPases show a propensity for disassem-
bly that greatly complicates their functional, and, in particular, structural
characterization. Direct structural evidence for early stages of their disas-
sembly has not been reported yet. We analyzed the structure of the V-
ATPase from Thermus thermophilus in a single negatively stained two-di-
mensional (2-D) crystal both by electron tomography and by electron
crystallography. Our analysis demonstrated that for 2-D crystals of fragile
macromolecular complexes, which are too heterogenous or too few for
the merging of image data from many crystals, single-crystal 3-D recon-
structions by electron tomography and electron crystallography are expe-
dient tools of analysis. The asymmetric unit in the 2-D crystal lattice
contains two different V-ATPase complexes that appear to be in an early
stage of disassembly and with either one or both peripheral stalks not
being visualized, suggesting the involvement of the peripheral stalks
in early stages of disassembly.

Keywords rotary ATPase, 2D crystal, electron microscopy, tilt-series, labile protein
complex, dissociation
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Introduction

A multitude of cellular tasks are fulfilled by so-called
cellular machines. Cellular machines are large
macromolecular assemblies marked by the con-
certed interplay of multiple protein subunits, sub-
complexes and co-factors, often involving relative

intra-complex movements on the nanometer scale.
Prominent examples are the ribosome, the spliceo-
some, fatty acid synthase, the proteasome, pyruvate
dehydrogenase complex and rotary ATPases (F- and
V-ATPases). Their readily changing assembly state in
the living cell is often an important means of
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regulating their activity. This, however, is often con-
comitant with a high degree of fragility, impacting
on the experimenter’s ease to extract an intact and
homogenous sample from the cell for functional and
structural characterization.
V-ATPases are a member of the family of

membrane-bound energy converters termed rotary
ATPases. These molecular machines are comprised
of a cytosolic, water-soluble V1 domain that acts as
an ATP-driven rotary stepping motor coupled by per-
ipheral and central stalks to a membrane-bound Vo

domain that acts as an electric-energy-driven rotary
stepping motor [1,2]. In eukaryotes, V-ATPases are
dedicated proton pumps whose physiological role is
to maintain the pH homeostasis of cellular compart-
ments so as to enable various cellular functions
such as receptor recycling, antigen processing, lyso-
somal protein degradation, synaptic vesicle neuro-
transmitter uptake or vacuolar transport [3,4]. In
the non-respiring bacterium Enterococcus hirae,
V-ATPase acts as a primary sodium pump, and re-
cently the first high-resolution structures of its V1

complex have been reported [5,6].
A unique mode of regulation in eukaryotic

V-ATPase is the reversible dissociation of the V1 and
Vo domains [7]. It has been suggested that a promin-
ent role in the reversible dissociation is played by its
three peripheral stalks that connect the ATPase cata-
lytic V1 domain with its proton pumping, membrane-
bound Vo domain [8–10]. Recent structural evidence
suggests that among the three peripheral stalks of
the enzyme in yeast, one might play a role as a
primer for V-ATPase disassembly [11]. The V-ATPase
from the eubacteria Thermus thermophilus (some-
times termed A-ATPase) presents a minimal version
of the complex with a subunit stoichiometry of
A3B3DF for the V1 domain [12] and IL12CE2G2 for the
Vo domain [13,14]. Though its physiological role is
the synthesis of ATP [15] and reversible dissociation
is not part of its in vivo activity regulation, homology
of its EG peripheral stalk subunits and the so-called
non-homologous region of its catalytic A subunit
allow comparison to eukaryotic V-ATPase.
The existing methods for structural investigation

of biological macromolecular complexes necessi-
tate the averaging of signal from many identical
complexes. Early stages of disassembly in cellular
machines are rarely characterized by stable

intermediates and as a consequence are marked by
heterogeneity between individual complexes.
Hence, structural insights into early stages of disas-
sembly processes, whether they are of physiological
or non-physiological nature, remain scarce.
Electron crystallography and electron tomography

are both techniques of molecular electron micros-
copy that are productive means of studying the struc-
ture of membrane protein complexes [16]. Previously,
we succeeded in growing well-ordered two-
dimensional (2-D) crystals of the V-ATPase from the
eubacteria T. thermophilus through a 10-day, three-
step crystallization procedure [17]. In the first step (I),
dialysis at acidic pH resulted in multi-layered aggre-
gates. (II) Large single layer sheets were formed after
change to a cold, basic buffer. (III) Ordered arrays
appeared after a brief heat-annealing step. A schemat-
ic representation and electron micrographs of the
specimen at the three stages of the procedure are
shown in Figure 1. However, heterogeneity of crystal
packing and the low number of crystals found on
electron microscopic grids limited our structural ana-
lysis of negatively stained crystals to a projection map
calculated from merged non-tilted micrographs.
Here we report 3-D reconstructions of a single

negatively stained 2-D crystal both by electron tom-
ography and by electron crystallography, which
clarify the crystal’s packing and reveal two states
of T. thermophilus V-ATPase disassembly.

Methods

2D crystallization and specimen preparation

Intact V-ATPase was purified from T. thermophilus

and 2-D crystals grown as previously described [17]
(Figure 1). Shortly after crystal formation, V-ATPase
2-D crystals were absorbed onto continuous
carbon-film-coated copper grids, which were glow-
discharged and stained with 2% uranyl acetate.
Fifteen-nanometer gold fiducial markers were
added to the back of the carbon film.

Electron microscopy

Images were recorded using a Tecnai F-30 micro-
scope (FEI, Eindhoven, Netherlands) equipped with
a post-column energy filter (GIF) and a 2K × 2K
CCD camera (Gatan, Pleasanton, CA). Tilt series
were recorded using the automated acquisition
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software SerialEM [18]. A series of 101 tilted
images, starting at +55°, were collected at ×40,000
magnification, corresponding to a pixel size of 6.1
Å, every 1° until −55°, and then the sample was
rotated 90° and the process was repeated.

Image processing for electron crystallographic

reconstruction

The collected CCD images were transformed into
MRC format. All the images were processed with
the MRC 2D crystal processing package [19] to
correct lattice distortions [20]. The contrast transfer
function of each image was checked by whether its
CTF zero was beyond a 15 Å resolution, using
square frequency filtering in combination with peri-
odogram averaging [21]. All the data were merged
using LATLINE [22] at an 18 Å resolution. EM
density maps of V1Vo ATPase have been deposited
in the EMDataBank (http://www.em.databank.org/:
accession code EMD-2328).

Image processing for tomographic reconstruction

The eTomo graphical user interface of the IMOD
tomography package [18,22] was used to calculate

the 3-D reconstruction. The images in the tilt series
were aligned using the gold fiducial markers and
the final tomogram was calculated by weighted
back projection.
All figures and movies were prepared using either

UCSF Chimera [23] or the IMOD tomography
package [22].

Results

A total of 212 images were taken of a single negatively
stained T. thermophilus V-ATPase 2-D crystal on a
double axis tilt series in one-degree steps ranging
from −55° to +55° and −60° to +40°, respectively (see
Supplementary movies S1 and S2). The tomographic
reconstruction provides a 3-D overview of the crystal
sheet in which a high degree of patchiness and
crystal defects are easy to discern (Supplementary
movie S3). Perhaps the most striking feature in the
tomogram is the clearly visible A3B3 hexamers in
some of the z-slices of the reconstruction (Figure 2).
A 3-D density map was successfully calculated

from the area of highest order in the crystal sheet
(outlined in Figure 2) by electron crystallographic
reconstruction using all the images taken in the

Fig. 1. To grow 2-D crystals of the Thermus thermophilus V-ATPase from mixed micelles of detergent-solubilized V-ATPase and lipids, a
three-step dialysis protocol was employed. Dialysis at acidic pH resulted in multilayered aggregates (I), which formed large single-layer sheets
after change to a cold, basic buffer (II), which exhibited ordered arrays (III) after a brief heat-annealing step. The resulting 2-D crystals were
very fragile and disappeared in a few hours. A key motivation for this study was to gain structural insights at molecular level of why the
obtained 2-D crystals were both defective and short-lived.
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dual axis tilt series. Non-tilted micrographs for both
axes, their Fourier transforms and representative
lattice lines are shown in figure 3. The quality of the
lattice lines and a low phase residual of 25° (14° for
weighted IQ values) demonstrate the high quality of
the reconstruction (Table 1). Figure 4 shows the
two complexes of one unit cell depicted in blue and
gold, which for the following will be termed blue
and gold complexes, respectively. Interestingly, the
two V-ATPase complexes of the unit cell are not
identical and show distinctly different features. As a
consequence, the crystallographic symmetry is
reduced to p1 and earlier assumptions of the higher
crystallographic symmetry of p22121 based on a pro-
jection map have to be corrected. The V1 domain is
discernible by the strong density of the A3B3

hexamer in both complexes of the unit cell.
A strong central density connects the V1 domain to

a lower oval-shaped density, which we identify as
the central stalk and the Vo domain, respectively. In
the blue complex, an additional density that con-
nects the V1 with the Vo domain peripherally is
assumed to stem from one of the two peripheral
EG stators. This peripheral stalk density is missing
in the gold complex, which instead shows a bulging
density in V1 that does not connect to Vo. Another
additional density is seen between the V1 domains
of the blue and the gold complexes, possibly stem-
ming from a disconnected and disordered EG
stator. Both complexes feature a strong tilt of the
V1 domain with respect to the Vo domain. In add-
ition to this tilt, the central stalk of the blue
complex appears to be twisted along its axis.
Additionally, a side-view of the unit cell reveals that
both complexes are tilted with respect to the x–
y-plane of the crystal by 45° (Fig. 4c).

Fig. 2. Z-slice of the tomogram at a height at which the A3B3 hexamer of V-ATPase complexes in the crystal area that was used for the
electron crystallographic reconstruction are clearly visible. The area of highest coherence is marked by a red line and a central area of the
crystal is shown enlarged in the upper right inset with one A3B3 hexamer encircled in blue.
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Discussion

Our previous analysis of 2-D crystals grown from
the T. thermophilus V-ATPase, though limited to
non-tilt data, already revealed heterogeneity in unit
cell size between individual crystals [17]. With the
3D reconstruction of a single 2-D crystal now at
hand, it becomes clear that the observed heterogen-
eity between individual crystals likely originates
from heterogeneity in the intactness of the

individual V-ATPase complexes. The non-intactness
of both complexes in the crystal’s assymetric unit is
apparent from the strong kink between the V1 and
Vo domains, exceeding 50° in the blue complex, and
the absence of density for one or both peripheral
stalks. These features are in stark contrast to the
straight connection between the V1 and the Vo

domains and the presence of two peripheral stator
stalks visualized in single-particle reconstructions
of detergent-solubilized intact T. thermophilus

V-ATPase [24–26] or even the wobbling movement
that is thought to occur during rotary catalysis in
the intact enzyme [27]. We speculate that the long
dialysis time during the crystallization process and
possibly also the changes in pH and temperature
have caused the fragile V-ATPase complex to start
to disassemble. Thus, the crystal offers a glimpse of
an intermediate disassembly state that is character-
ized by a loosening of peripheral stalks, but, has

Fig. 3. Left panels: non-tilt images of the crystal sheet and their Fourier transform from both axis of the tilt-series with unit cell size
and orientation in Fourier space indicated. Right panels: representative lattice lines of the crystallographic reconstruction.
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Table 1. Electron crystallographic data

Space group p1
Tilt angle range (increment angle) −55° to +55° (+1°)

−60° to +40° (+1°)
Number of images 212
Cell parameter (Å) a = 232, b = 132,

γ = 90°
Total number of observed reflections 14,270
Overall phase residuals (weighted IQ):
IQ ≤ 6

25.2 (14.8)
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not yet advanced to the point of complete separ-
ation of the V1 and the Vo domains. The two com-
plexes in the unit cell do both maintain a central
stalk connection between the V1 and the Vo

domains, but appear to have lost one or both per-
ipheral stalk connections to the A3B3 complex.
Absence of peripheral stalk density is not necessar-
ily caused by physical absence, but rather indicates
disorder through dislocation. The reported stability
of the T. thermophilus Vo complex comprising sub-
units IE2G2CL12 [13] makes a dislocation from the
A3B3 complex interface the likeliest cause of
missing peripheral stalk density. This prompts us to
speculate that loosening of only one EG complex
from the A3B3 complex is enough to destabilize the
V1-to-Vo connection and start complete disassemble
via detachment of the second peripheral stalk, and

finally the central stalk. This interpretation is in
agreement with the experimentally observed short-
lived nature of the 2-D crystals. Thus, we think
that the observed disassembly states present a
meta-stable state mainly stabilized by the heat-
annealing-induced crystal contacts. We, therefore,
propose that the in vitro disassembly of V1 and Vo

is not a random process, but rather goes through
three distinct stages that involve, first, a stepwise
release of EG complexes and then the dissociation
of the central stalk DF subunit’s foot from the rotor
ring connected C subunit. This proposed sequence
of events in the disassembly of the T. thermophilus

V-ATPase complements a recent study that probed
the association of V1 and Vo by FRET analysis and
highlighted the important role of the EG peripheral
stalk for the intact complexes stability [28].

Fig. 4. The crystallographic reconstruction. (a) Projection view of the crystal with the unit cell outlined in red and the two V-ATPase
complexes depicted in blue and gold. The V1 domain and the Vo domain of the gold complex are indicated by purple and green dots,
respectively. (b) Side view of the b-axis side of the same region turned �30° anti-clockwise. The gold complex V1 domain is connected to the
Vo domain by only one strong central density, whereas the blue complex shows one additional peripheral connection. The rough position of
the membrane is indicated by two yellow dashed lines. Z-slices in the tomogram at the height of the A3B3 hexamer or the Vo domain are
indicated by dashed black lines and shown in two inset panels on the right. (c) Side view of the a-axis side. The strong 45° inclination of both
V-ATPase complexes with respect to the x–y-crystal plane is clearly visible. The corresponding view in the tomogram with the blue complex
inserted for comparison is shown in the inset panel on the right. (d) Schematic representation of the intact T. thermophilus V-ATPase drawn
from EMD-1888 of the intact complex with the V1 domain in yellow, the Vo domain in dark red and the peripheral stalks depicted in lighter
hues. The scale bar represents 50 Å.

472 M I C RO S CO P Y , Vol. 62, No. 4, 2013

 by guest on A
pril 17, 2014

http://jm
icro.oxfordjournals.org/

D
ow

nloaded from
 

http://jmicro.oxfordjournals.org/
http://jmicro.oxfordjournals.org/


. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Experimental conditions in our study are far
removed from the actual physiological conditions
relevant during the in vivo disassembly of the T.

thermophilus V-ATPase and even farer from the
process of controlled, reversible dissociation in eu-
karyotic V-ATPases. Still, it is tempting to see the
common importance of the peripheral stalks as not
being a coincidence, but as an indication that one
of the peripheral stalks serves as a preferred point
of departure for the whole process of V-ATPase
disassembly.
Variation in the disassembly states in the crystal

sheet is likely also a prime cause of many patchy
areas and a large number of point defects visible in
z-slices of the tomographic reconstruction of the
crystal sheet. The observed high tilt of 45° to the
crystal’s x–y-plane is the root cause of our previous
deduction that the crystals unit cell contains four
instead of two complexes and is of p22121 instead
of p1 symmetry. The high tilt of the V-ATPase com-
plexes in the crystal is also difficult to accommo-
date with the previously assumed lipid bilayer
reconstitution. Since the low critical micellar con-
centration detergent Triton X-100 was used as the
solubilizing amphiphile during V-ATPase purifica-
tion, a reasonable interpretation of the observed
high tilt is that the complexes in the 2-D crystal are
not embedded in a lipid bilayer but are rather sur-
rounded by a bicelle of Triton X-100 and lipid.
From the above-described experience, we have to
conclude that correct interpretation of projection
maps calculated from 2-D crystals grown from mul-
tisubunit membrane complexes, especially when
they contain large extra-membranous domains, is
not trivial and is prone to mistakes.
Considering the detailed insights we gleaned into

the crystal packing and molecular content of the
unit cell, we find that electron tomography and elec-
tron crystallographic reconstructions from a single
negatively stained crystal can be powerful analytical
tools in efforts that challenge the crystallization of
large, fragile cellular machines.

Concluding remarks

In this study, we have shown that a combination of
electron tomography and electron crystallography
can be employed to yield detailed insights into the

crystal packing of a single negatively stained 2-D
crystal grown from macromolecular complexes. In
addition, our electron crystallographic reconstruc-
tion offers a first glimpse of two early stages of in
vitro disassembly of the eubacterial V-ATPase from
T. thermophilus. The visualization of only two and
one stalk connections suggests a sequential disas-
sembly of the three stalks that connect the V1 and
the Vo domains in the intact complex.

Supplementary data

Supplementary data are available at http://jmicro.
oxfordjournals.org/.
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