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Abstract

Electron cryotomography can be used to solve the three-dimensional structures of individual large macromolecules, assemblies,
and even small intact cells to medium (~4-8 nm) resolution in a near-native state, but restrictions in the range of accessible views are
a major limitation. Here we report on the design, characterization, and demonstration of a new “flip—flop” rotation stage that allows
facile and routine collection of two orthogonal tilt-series of cryosamples. Single- and dual-axis tomograms of a variety of samples are
compared to illustrate qualitatively the improvement produced by inclusion of the second tilt-series. Exact quantitative expressions
are derived for the volume of the remaining “missing pyramid” in reciprocal space. When orthogonal tilt-series are recorded to £65°
in each direction, as this new cryostage permits, only 11% of reciprocal space is left unmeasured. The tomograms suggest that further
improvement could be realized, however, through better software to align and merge dual-axis tilt-series of cryosamples.
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1. Introduction

The highest resolution technique currently available
for three-dimensional structural studies of unique
objects is electron tomography, in which a specimen is
imaged multiple times in an electron microscope (EM)
while being incrementally tilted through a range of
views. The method has the potential to couple the exqui-
site spatial resolution of modern electron microscopes,
which in some cases can now be even sub-Angstrom
(Batson et al., 2002; Hosokawa et al., 2003), with three-
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dimensional structure determination through a variety
of reconstruction algorithms. Thus, electron tomogra-
phy is emerging as a powerful new technique in both
materials and life science research (Baumeister, 2004;
Subramaniam and Milne, 2004; Ziese et al., 2004).

There are several practical limitations for biological
samples, however, including radiation damage and the
typically restricted range of tilt-angles from which
images can be recorded. The tilt-angle limitation arises
because most EM samples are thin disks of material
approximately 3 mm in diameter and ~30-500 nm thick,
and as these samples are incrementally tilted, the depth
of material the electron beam must pass through
increases as one over the cosine of the tilt-angle. At high
tilt-angles, most samples become prohibitively thick.
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In addition, the edges of standard sample holders block
the electron beam at high tilt-angles. Because each pro-
jection image provides the amplitudes and phases of just
one central section of the specimen’s three-dimensional
Fourier transform, this data collection constraint trans-
lates into a “missing wedge” of information in reciprocal
space.

Early in the development of electron tomography,
this missing wedge problem was significantly reduced for
room temperature samples by collecting two tilt-series
about orthogonal axes, thus reducing the missing
“wedge” to just a missing “pyramid” (Mastronarde,
1997; Penczek et al., 1995). This procedure was relatively
straightforward because room-temperature samples
could be removed from the microscope and the specimen
holder, manually rotated 90°, and replaced for collection
of the second tilt-series without much challenge. Despite
complications due to the shrinking and warping of plas-
tic-embedded sections during data collection, dramatic
improvements in the quality of the tomograms were real-
ized by inclusion of the second tilt-series, and dual-axis
tomography became the recognized standard, best prac-
tice (McEwen and Marko, 2001).

Concurrently, various improvements in microscope
technology and sample preparation made it possible to
image biological materials in a life-like, “frozen-
hydrated” state. Such samples are produced by either
plunge-freezing thin films (Dubochet etal, 1988) or
cryosectioning high-pressure-frozen bulk samples
(Al-Amoudi et al., 2004; Hsieh et al., 2002). These devel-
opments have made it possible to study the three-dimen-
sional structures of unique objects including even whole
cells in their near-native states (Baumeister, 2004), and
strong efforts are now being invested to maximize resolu-
tion and interpretability.

One of the challenges has been the development of a
cryostage that allowed facile collection of two perpendic-
ular tilt-series. Because frozen-hydrated samples must
always be kept at very low temperatures (standard prac-
tice is to maintain better than —160°C) to prevent ice
crystallization, they cannot be simply removed from the
microscope, rotated 90° and replaced unless it is done
under cold nitrogen gas. This is awkward at best, and is
not routinely successful because of the difficulty of fine
grid manipulations under these conditions and the fre-
quency of grid contamination. In an attempt to allow
grid rotation within the microscope column, the Martins-
reid group in collaboration with Gatan modified a
standard cryostage and then used it to collect dual-axis
tilt-series of at least one frozen-hydrated sample (Nickell
et al., 2003), but the stage was not described and seems
not to have been used in recent work from the same
group (Beck et al., 2004; Cyrklaff et al., 2005; Griinewald
et al., 2003; Kiirner et al., 2005). A motor-driven tilt-rota-
tion holder (the Gatan CT3500RT) has also been devel-
oped for standard side-entry goniometers, but no results

of its use in this context are yet available. Here we report
on the design, characterization, and experimental benefit
of a new “flip—flop” cryorotation stage that allows rou-
tine dual-axis cryotomography in the FEI Polara trans-
mission electron microscope, and identify new image
processing challenges this type of data presents.

2. The flip—flop rotation stage

The “flip—flop” rotation stage was an experimental
product designed and built by Gatan UK (RCM) in con-
sultation with Caltech (GJJ) and others. The prototype
was then tested and characterized experimentally at Cal-
tech, as reported below. The stage is a derivative of the
new cartridge-based, multispecimen stage system imple-
mented to accommodate liquid-helium sample-cooling
in the new Polara series of TEMs from the FEI Com-
pany. Frozen-hydrated grids are first clamped into car-
tridges, and then up to six cartridges at a time are loaded
into a multispecimen holder. The holder is sealed, evacu-
ated, mounted on the microscope column, and then
opened to the column vacuum. Individual cartridges are
picked up with an insertion tool and introduced into the
column proper, where they are threaded onto a perma-
nently inserted specimen rod.

The flip—flop rotation stage consists of modified car-
tridges and a special rotation tool in the multispecimen
holder. The modified cartridges house an inner, rotation-
ally mobile cup into which the grid is clamped (Fig. 1A).
This mobile cup has two protrusions extending out
beyond the edge of the cartridge in opposite directions.
The rotation tool is like a two-car garage, in that it can
house cartridges in either side, but unlike a garage, it
moves over and around the cartridges while they remain
fixed (Fig. 1B). When a cartridge is docked in the multi-
specimen holder, the rotation tool can be pushed over
the cartridge (Fig. 1C) in such a way that it catches one
of the protrusions on the inner cup and causes the cup to
rotate 90°. Depending on which docking position the
cartridge occupies in the multispecimen holder, pushing
the rotation tool causes the cup to be rotated into either
the “flip” position or the “flop” position, 90° away.

Collection of a dual-axis tilt-series proceeds as follows.
A cryosample is clamped into the cup of a flip—flop car-
tridge and loaded into the multispecimen holder. The mul-
tispecimen holder is mounted onto the microscope, the
flip—flop cartridge is moved to position 5 in the multispeci-
men holder, and the rotation tool is pushed over the car-
tridge to ensure the cup begins in the “flip” position. Then
the cartridge is introduced into the column, threaded onto
the specimen rod, and a suitable specimen is located and
imaged through one tilt-series. The cartridge is then
retrieved from the column and placed into position 6 of
the multispecimen holder, all the while protected by the
microscope’s column vacuum. The rotation tool is once
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