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ABSTRACT Semiautomatic single-axis tilt electron tomography has been used to visualize the three-dimensional organi-
zation of actin filaments in “phantom cells,” i.e. lipid vesicles. The instrumentation consisted of a 120-kV electron microscope
equipped with a postcolumn energy filter, which was used in the zero-loss imaging mode. Apart from changing the tilt angle,
all steps required for automated tomography, such as recentering the image area, refocusing, and centering the energy-
selecting slit, were performed by external computer control. This setup permitted imaging of ice-embedded samples up to
a thickness of 800 nm with improved image contrast compared with that produced by tomography with a conventional
electron microscope. In spite of the missing-wedge effect that is especially obvious in the study of membrane-filament
interaction, single-axis tilt tomography was found to be an appropriate (in fact the only available) method for this kind of
investigation. In contrast to random actin networks found in actin gels, actin filaments in and on vesicles with a bending radius
of less than ~2 um tend to be arranged in single layers of parallel filaments and often induce an elongated shape of the

vesicles. Actin filaments located on the outside usually associate with the vesicle membrane.

INTRODUCTION

Embedding in vitreous ice has opened up new possibilities
for imaging biological structures in a close-to-native state
by electron microscopy (Dubochet et al., 1982). Recently
the method has been applied in combination with energy
filtering to macromolecular structures such as decorated
actin filaments (Schroder et al., 1993) and ribosomes (Frank
et al., 1995). Ice-embedded vesicles have been investigated
in two dimensions (Lepault et al., 1985; Siegel et al., 1994)
and in three dimensions by automated electron tomography
(Dierksen et al., 1995). Whereas molecular structures are
ideally embedded in ice less than 50 nm thick, larger struc-
tures not only need thicker ice but also may protrude out of
an otherwise flat ice film (Grimm et al., 1996b). Vitrified
vesicles and whole cells are typical structures that are em-
bedded in an ice film thicker than 200 nm.

The vesicles portrayed in this paper are in the size range
between 200 nm and 2 um. The embedding ice is 100-500
nm thick, a thickness range in which unfiltered images are
considerably blurred by inelastically scattered electrons.
Zero-loss energy filtering removes all inelastically scattered
electrons, thereby improving image quality (Schroder et al.,
1990; Langmore and Smith, 1992; Grimm et al., 1996a). A
typical example is shown in Fig. 1. A large vesicle with a
diameter of 2 um is recorded zero-loss filtered (Fig. 1 a and
b) and unfiltered (Fig. 1 ¢) with a charge-coupled device
(CCD) camera. The difference in observable image detail
between the two images is clearly visible in areas where the
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ice is ~200 nm thick. Essentially no high-resolution infor-
mation is left in the unfiltered image in areas thicker than
600 nm.

Here we investigate the relationship of actin filaments to
the vesicle membrane. The vesicles were produced in a
G-actin solution. After the swelling formation of the lipid
membranes, the monomers were polymerized. We used
these “phantom cells” as a model to evaluate the feasibility
of visualizing macromolecular structures in a natural envi-
ronment (see also O’Toole et al., 1993). To localize the
actin filaments, one needs to know the three-dimensional
structure of the vesicles. It can be obtained by automated
single-axis tilt electron cryotomography as described by
Dierksen et al. (1992; 1993). Automation is necessary to
limit the electron exposure to the specimen to permit imag-
ing of frozen-hydrated samples without damage. An in-
depth discussion of the use of actin-containing vesicles in
the study of actin-membrane interactions and a more de-
tailed account of the vesicle preparation will be given in a
separate publication (Bérmann et al., in preparation).

MATERIALS AND METHODS
Vesicle preparation

Dimyristoylphoshatidylcholine (DMPC) vesicles were prepared by elec-
troswelling based on the method described by Dimitrov and Angelova
(1987). A solution of DMPC containing 2.5% A23187 ionophore was
applied onto two indium tin oxide-coated glass slides and thoroughly
dried. These slides were inserted into a swelling chamber with the coated
sides facing each other, held apart at a 0.5-mm distance by a Teflon spacer.
The solution in the chamber contained 7 uM G-actin and 7 uM phalloidin
in G-buffer (2 mM Tris/HCI, pH 7.5, 0.5 mM ATP, 50 uM MgCl,, 0.2 mM
DTT, 1 mM NaNj;) and was held at 30°C. An alternating field of 1 V at 10
Hz was applied to the slides for 2 h. After swelling, 7 uM DNAse I was
added to prevent the polymerization of the actin outside the vesicles.
Magnesium ions from a 100 mM MgCl, stock solution were added up to
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FIGURE 1

Contrast enhancement by zero-loss filtering in the image of a large vesicle (12,000X magnification). a, Unprocessed zero-loss filtered image.

b, Same image as in a but divided into three regions to illustrate the full range of the CCD camera. ¢, Unfiltered image displayed in three regions. The
approximate average specimen thickness was 200 nm in the lower right corner, 500 nm in the center, and 800 nm in the upper left corner. The dose for

each image is ~200 electrons nm™2

, where only one or two electrons were collected in one CCD pixel in the upper left corner of the filtered image. Scaling

was done by selection of similar regions from the images’ histograms. The absolute scaling in CCD counts was 0—6000, 0-900, 0—100 for the filtered
image and 2000-16,000, 2000-9000, and 2000—4000 for the unfiltered image. The conversion rate of the CCD camera was 27 counts per incident electron.

a final concentration of 2 mM to induce the polymerization of the actin
inside the vesicles. The phalloidin was used to stabilize the filaments
(Wieland, 1977). For electron microscopy, the solution containing the actin
vesicles was then applied to holey carbon film upon a copper grid, blotted,
and rapidly frozen in liquid ethane by use of an open plunging device
(Dubochet et al., 1982). The grid was inserted into a Gatan cryoholder
(Gatan Inc., Pleasanton, CA) and transferred into the microscope.

Electron microscopy

The setup of our energy-filtering microscope is shown in Fig. 2. The
microscope, a CM 12 (Philips, Eindhoven, The Netherlands) was equipped
with a standard eucentric goniometer (tilt range *+60°) connected to a
digital angle readout with an accuracy of 0.1°. The goniometer was not
interfaced to a computer, so the tilt angle had to be changed manually
during the recording of a tomographic tilt series.

A postcolumn energy filter (Gatan Imaging Filter GIF 100; see Kriv-
anek et al., 1995) was attached to the bottom flange of the viewing chamber
of the microscope. The filter was equipped with a 14-bit 1024 X 1024 pixel
slow-scan CCD camera with a P43 screen as the recording device. The
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FIGURE 2 Setup of the filter microscope used for tomography. The
microscope lenses are controlled by a (Power Macintosh) computer,
whereas the goniometer tilt for every angle is (as yet) adjusted manually.
The energy-selecting slit is electronically adjustable. Acquired images are
later transferred and converted for processing by use of the EM system on
a workstation.

count conversion rate of the slow-scan CCD camera was ~27 digits per
incident electron. Low-dose imaging with the filter was done with two
settings, corresponding to magnifications of 12,000X and 33,000X on the
slow-scan CCD camera (Grimm et al., 1996a). The defocus was 5 pum
unless otherwise stated. The microscope was controlled by Digital Micro-
graph 2.5 software (Gatan). After acquisition of a tomographic tilt series,
images were transferred to a workstation for further image processing. A
typical series took ~2 h to record and consisted of 59 images taken in 2°
intervals from —58° to +58°. The actual tilt range was determined by the
fact that an increasing area of the specimen grid is occluded from the
electron beam by the rim of the head of the cryoholder with increasing tilt
angle.
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FIGURE 3 Repetitive part of a flow diagram of automated tomography.
The procedures are fully automatic, except for the change of tilt angle. A
trigger is used to detect unreasonable image shift or defocus measurements,
in which case intervention by the user is required.
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Alignment of the projections of the tilt series and three-dimensional
reconstruction by weighted backprojection were done with the EM system
(Hegerl, 1996) on an SGI Indigo 2 workstation (Silicon Graphics, Moun-
tain View, CA). The program package AVS (Advanced Visual Systems,
Waltham, MA) was used for surface rendering (Sheehan et al., 1996).

Energy-filtered electron tomography

Before data collection the sample is scanned at overview magnification
(12,000X in our case). When an appropriate object for a tilt series is found,
the magnification is increased. Because the ice thickness on grids holding
large frozen hydrated samples varies considerably, it is necessary to choose
an appropriate position along the direction of the tilt axis used for autofo-
cusing during the tilt series.

The key steps of the tomography procedure are indicated in the flow
diagram shown in Fig. 3. After the tilt angle is changed, we center the
energy-selecting slit of the filter by taking a sequence of images at the
focus position while changing the current in the filter’s magnetic prism,
thereby detecting one edge of the slit. The slit is set to a width of 10 eV,
whereas the energy drift of the primary beam is 3-20 eV during a series.
This energy shift is compensated for by adjustment of the magnetic prism
instead of the high voltage because the response time of the magnetic prism
is much faster. The total energy shift during a series is small enough not to
affect the defocus measurably.

Autofocusing is performed by the beam-tilt method as described by
Koster and de Ruijter (1992). Two images are taken to determine the
defocus, and an additional image is used to correct for specimen drift. The
accuracy of defocus correction by this method is within £50 nm at
33,000X magnification (the pixel size at the specimen level is 0.73 nm for
this magnification).

To permit computation of the specimen thickness by means of the
log-ratio technique (Malis et al., 1988; Grimm et al., 1996b), the 0°
projection is automatically recorded with and without an energy-selecting
slit during a tomographic series.

Together with the acquired images, the microscope data, including the
correction steps used when the tilt series is recorded, are saved. The data
of a typical series are displayed in Fig. 4. Shown are image shifts perpen-
dicular to the optical axis, the focus corrections, and the shifts of the
primary beam energy. The tomography procedure is now implemented as
an interpreted script with the Digital Micrograph software. For the align-
ment of the projections, a single gold cluster was used. A single cluster is
sufficient for our purposes because the direction of the tilt axis had
previously been determined from a tilt series of a carbon grid at room
temperature by use of four gold markers (Lawrence, 1992). The final
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FIGURE 4 Plots of corrections for lateral shifts, focus, and energy shifts
during recording of a tomographic series (shown in Fig. 5) from —58° to
+54° in 2° increments at 33,000X magnification and 5-um underfocus.
The series was recorded in the zero-loss filtering mode.
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reconstructed volumes were obtained by 4 X 4 pixel binning (correspond-
ing to a voxel size of 2.9 nm).

RESULTS AND DISCUSSION

For our specimen we measured a threshold for bubbling of
50,000 to 130,000 electrons nm ™2, with substantially lower
values for multilamellar vesicles and on the carbon support
film. As these numbers are higher than previously reported
in the literature (Conway et al., 1993; Frederik et al., 1993),
we chose to use a higher dose for the tomographic series
than usual so we could obtain an improved signal-to-noise
ratio. As the aim of this study is the localization of actin
filaments, the imaging conditions were chosen in such a
way that small structural changes within the actin or in the
lipid were not detected. Approximately 20% of the electron
dose indicated for each series is used for alignment of the
specimen area.

An example of a tilt series of actin-filled vesicles and its
three-dimensional reconstruction is shown in Fig. 5. Several
images from the tilt series are displayed in Fig. 5 a. For the
reconstruction, the images are rotated in such a way that the
tilt axis is parallel to the vertical side of the image. The
surface-rendered model (Fig. 5 g and h) shows well-defined
actin filaments oriented parallel to the elongated vesicles.
Only the large vesicles, of which some are nested, contain
visible actin filaments. Because of the r° law of the volume,
vesicles of 20-nm diameter, for example, statistically con-
tain fewer than two monomers. As the individual slices of
the reconstruction show, the actin strands are most clearly
visible on the upper and lower sides of the vesicles, whereas
the vesicle membranes are best defined in the vicinity of the
central x—y plane. This effect is due to the missing wedge in
single-axis tilt tomography (see Hoppe and Hegerl, 1980;
for the special case of vesicles see Dierksen et al., 1995) and
because of it the top and bottom parts of the vesicle mem-
brane are missing and the actin filaments near the central
x-y plane, where they are directly on top of each other in the
z direction, are fused. Fig. 6 shows a detail from the recon-
struction in Fig. 5, where the actin is clearly seen inside the
vesicle membrane. The filaments are oriented along the
direction of elongation of the vesicle and are slightly in-
clined with respect to the x—y plane.

The parallel arrangement of actin filaments inside vesi-
cles was also observed by light microscopy using polarizing
filters (Miyata and Hotani, 1992), although in this case
electrostatic interaction with negatively charged lipids may
have been involved. Throughout our investigations we
found this arrangement of filaments, in most cases com-
bined with an elongated shape of the vesicles. On the
light-microscopic scale, shape changes in vesicles owing to
actin polymerization usually result in much more complex
membrane deformation (Cortese at al., 1989; Bidrmann et
al., 1992). Because of the larger curvature of the vesicles
observed in electron microscopy, the kinetics of filament
formation is much more restricted, and the number of fila-
ments that induce the change in shape is much smaller,
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FIGURE 5 Actin filaments inside various vesicles. The specimen thickness ranges from 50 to 300 nm. The total dose used for the series was 20,000
electrons nm ™2, a, Gallery of selected views from the tomographic tilt series. b, Zero-loss filtered image at 0° tilt angle. c—f, Slices parallel to the x—y plane
from the three-dimensional reconstruction, showing actin filaments and vesicle membranes. The slices are 3 nm thick and are located 0, 24, 38, and 47 nm,
respectively, above the central plane. g, Surface rendering of the upper half of the reconstructed volume containing the slices shown in ¢—f. Same
reconstruction as for g but viewed from below (rotated 180° about the y axis). c~k Have been rotated so that the tilt axis is parallel to the y axis. The area

indicated in c is displayed in detail in Fig. 6.

20-50 for the vesicles shown in this paper. Additionally,
phalloidin suppresses the dynamic equilibrium between G-
actin and actin filaments—once formed—almost com-
pletely. Therefore no deformations more complex than
elongation were observed.

An interesting question related to the resolving capacity
of the method was whether it was possible to differentiate

between filaments attached to the inside of the membrane
and those attached to the outside. Figs. 7 and 8 display
another reconstructed vesicle, in this case a tube several
micrometers in length, for which actin filaments are found
on the outer surface of the lipid bilayer. A comparison of the
areas indicated by boxes in Fig. 7 ¢ and d confirms this
location of the filaments. There are clearly actin filaments
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FIGURE 6 Detail from the data set displayed in Fig. 5 (as indicated in
Fig. 5 ¢). The bottom picture shows the membrane as seen from a view-
point inside the vesicle, viewed along the direction of the arrow in Fig. 5
c. The images above are tilted 20°, 40°, and 60° about the horizontal axis
to give a three-dimensional impression of the geometry. The actin fila-
ments are observed on the membrane in the bottom picture, extending into
the region where no membrane is visualized because of the missing wedge
in the top image.

running on the outer surface of the vesicle membrane on the
right-hand side of Fig. 7 ¢, whereas the same membrane
appears smooth on the inside (Fig. 7 d). An additional proof
is provided by the filament indicated by the arrow in Fig. 7
¢, which is pointing away from the membrane, while its
lower end is on the vesicle. Actin filaments were always
observed in close proximity to vesicles. This suggests that
some actin monomers on the outsides of the vesicles were
not inhibited by the DNAse and were subsequently poly-
merized just like the actin inside the vesicles in other cases.
When no magnesium was added for polymerization we
observed only spherical vesicles. Therefore the elongated
vesicle shape, as shown, for example, in Fig. 7, must be
induced by the actin filaments on the outside. The observa-
tion of “wagon train” shapes of elongated vesicles held by
continuous actin filaments running in parallel (Fig. 9) sup-
ports this conclusion. As DMPC is a neutral lipid, there
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should be no electrostatic interaction between the actin
monomers and the vesicles, and the reason for the actin
attachment on the outside remains unclear. Electrostatic
interaction has, however, been reported between actin and
negatively charged surfaces (Weisenhorn et al.,, 1990) as
well as between actin positively charged liposomes (Gic-
quault and Laliberté, 1988). For the case when the motion of
the filaments is restricted to the membrane surface, theory
predicts that the filaments will be arranged in parallel (On-
sager, 1949).

The three-dimensional reconstruction of the actin net-
work in Fig. 10 indicates the parallel orientation of the
filaments in single layers on the membrane in another
vesicle. In the 0° projection in Fig. 10 b we see the edge of
an actin-filled vesicle and a well-defined mesh of filaments
that does not seem to be contained by a visible membrane.
The single slices of the reconstruction reveal the filaments
inside the vesicle (fop row, Fig. 10 ¢) as well as two
populations of filaments in a structure on top of the vesicle
(bottom row). One layer is running parallel to the x axis
(right), and the other is inclined ~30° (left; arrow). The two
orientations can best be distinguished in the first and the last
images of the bottom row, whereas they are slightly mixed
in the second and the third slices in the bottom row of Fig.
10 c. From the surface-rendered volume we can infer that
this meshwork of filaments is actually contained in a flat-
tened vesicle, where the top and the bottom membranes are
brought into close proximity.

CONCLUSIONS

From the three-dimensional reconstructions of several ves-
icles containing actin we conclude that actin filaments in-
side electron-microscopically small vesicles, polymerized
and stabilized with phalloidin, induce a deformation of the
vesicles. Two-dimensional imaging and three-dimensional
reconstructions of DMPC vesicles smaller than 2 um in
diameter reveal a parallel orientation of the filaments on the
vesicle membrane. The individual filaments are 10—20 nm
apart and form a well-ordered single layer (for a 7-uM
initial actin monomer concentration). The parallel arrange-
ment is independent of whether the filaments are located on
the inner or the outer surface of the vesicle membrane. In
both cases the filaments usually appear to be closely at-
tached to the membrane and also often deform the vesicle to
an elongated shape. As the filaments on the outside are in
principle not limited in length, they often hold several
vesicles linearly arranged like wagons of a train.
Automated electron tomography is currently the only
available method for three-dimensional structure determi-
nation of unique objects at a molecular resolution. The
method is limited mainly by the effect of the missing wedge,
leading to ill-defined regions in the reconstruction of
smooth surfaces. Tomography is possible with an energy
filter as long as the energy-selecting slit can be recentered
from time to time. The filtering provides a better signal-to-
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FIGURE 7 Long, hoselike vesicle and actin filaments (33,000 X magnification, 5-um underfocus, tilt angles —56° to +52°, 15,000 electrons nm ™2 total
dose, 250-nm-thick ice). a, Projection at 0° tilt angle. The inset shows the vesicle at a lower magnification. b, Surface rendering of the reconstructed volume.
The vesicle is slightly flattened. ¢, Upper half of the reconstruction in b as seen directly from the top. d, Same surface rendering as in ¢ but viewed from
below, to look at the membrane from the inside (rotated 180° about the y axis). Actin filaments are observed at some distance from the vesicle as well as

attached to the membrane from the outside (c).

noise ratio in the images and therefore a better resolution in
the final reconstructions.
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automated electron tomography and Dr. R. Hegerl, J. Walz, and A. Stos-
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work using Gatan’s Digital Micrograph are available on the Internet on our
energy filtering page at http://www.biochem.mpg.de/baumeister/Energy-
Filtering. html.
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FIGURE 8 Stereo pair of the recon-
structed volume displayed in Fig. 7 b. De-
noising using a steerable pyramid algorithm
(Stoschek et al., 1996) has been applied to
facilitate the visibility of the single actin
filaments on the top and the bottom of the
vesicle. The denoising procedure smooths
the appearance of the actin filaments on the
vesicle membrane as shown in Fig. 7 c.
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FIGURE 9 Gap between two elongated vesicles, which are held in line
by actin filaments running on the outside. The two vesicles are part of a
wagon train,” several micrometers long, consisting of ~10 vesicles.
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FIGURE 10 a, Assembly of vesicles and actin
filaments at overview magnification. b, View of
the area investigated by tomography (angular
range —58° to +54° at 33,000X magnification,
90,000 electrons nm™2 total dose). A part of a
large vesicle is observed on the right-hand side,
whereas an actin meshwork that does not seem to
be enclosed in a vesicle stretches diagonally from
the lower left comer. c, Series of slices parallel to
the x—y plane through the reconstructed volume.
The individual slices are 3 nm thick and 15 nm
apart. The first three slices show the actin network
associated with the large vesicle on the right,
which is apparently deformed in the vicinity of the
smaller enclosed vesicle on the right-hand side
(arrow). The last four slices show a dense actin
network, which displays the typical parallel order-
ing of the filaments. The arrows indicate two sets
of filaments inclined ~40° with respect to each
other. d, Surface rendering of the top half of the
reconstructed volume containing the large mesh-
work as seen from the inside of the large vesicle.
e, The same surface rendering viewed from the
top, i.e., rotated 180° about the x axis relative to d.
The meshwork displays a well-defined edge at the
front, which appears to be the continuous mem-
brane of a flattened vesicle (arrows). As this ves-
icle is extremely flat, it does not show up clearly in
the original projection image (b).
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