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Abstract

Single particle reconstruction using the random conical tilt data collection geometry is a robust method for the initial determination of
macromolecular structures by electron microscopy. Unfortunately, the broad adoption of this powerful approach has been limited by the
practical challenges inherent in manual data collection of the required pairs of matching high and low tilt images (typically 60° and 0°).
The microscopist is obliged to keep the imaging area centered during tilting as well as to maintain accurate focus in the tilted image while
minimizing the overall electron dose, a challenging and time consuming process. To help solve these problems, we have developed an
automated system for the rapid acquisition of accurately aligned and focused tilt pairs. The system has been designed to minimize
the dose incurred during alignment and focusing, making it useful in both negative stain and cryo-electron microscopy. The system
includes a feature for montaging untilted images to ensure that all of the particles in the tilted image may be used in the reconstruction.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Single particle reconstruction from electron micrographs
is increasingly used for the determination of macromolecu-
lar structures in the range of several MDa down to several
hundred kDa at resolutions up to 6A (Bottcher et al.,
1997; Cheng et al., 2004; Ludtke et al., 2004; Stark et al.,
2001). While higher resolution structures are typically
determined by iterative projection matching methods using
unstained cryo images, the random conical tilt (RCT)
method is useful for accurately determining an initial struc-
ture at lower resolution. RCT simplifies the task of deter-
mining the orientation of each particle by collecting
micrographs as tilt pairs. The tilt geometry defines two of
the three Euler angles required for each particle, while
alignment of the untilted particles defines the remaining
azimuthal angle. A further advantage of the RCT method
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is that particles can be classified by their untilted views to
ensure that a structurally homogeneous set is used in each
reconstruction (Radermacher et al., 1986; Radermacher,
1988).

A significant hurdle in the wide adoption of the RCT
method has been the difficulty of collecting accurately
aligned and focused tilt pairs. When the sample is even
slightly non-eucentric, the imaging area shifts dramatically
during tilting; at high magnifications the area imaged in
the untilted micrograph may be shifted entirely out of the
field of view. Typically, the microscopist must make shift
and focus adjustments manually during tilting, a time con-
suming and often inaccurate process. Although it has been
possible to perform RCT of particles embedded in vitrified
ice (Ruiz et al., 2001), the high percentage of tilted images
suffering from defects due to drift and charging has general-
ly limited RCT reconstructions to negatively stained
samples.

RCT is an important first step in many single particle
reconstructions, as it provides a reliable initial model for
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projection matching (Cheng et al., 2006). In addition, a
recently proposed modification of RCT, the orthogonal tilt
reconstruction (OTR) method (Leschziner and Nogales,
2006), holds great promise in that it makes use of the ori-
entation restraints imposed by the tilt geometry, but does
not suffer from the “missing cone” of data which results
from having a limited tilt angle. OTR relies on randomly
oriented particles, which will result in the need for much
larger data sets in order to have sufficiently populated clas-
ses. With the increased interest in RCT and OTR, it is
important to overcome the limitations inherent in manually
acquiring micrographs in tilt pairs.

While the automated collection of tilted images has been
solved for use in tomographic data collection (Koster et al.,
1992; Rath et al., 1997; Ziese et al., 2002; Zheng et al.,
2004), RCT is more demanding due to a combination of
the higher magnification, more stringent focus require-
ments and the large tilt angle separating the image pairs.
Together these constraints require an optimized strategy
for efficient RCT data collection. To solve this problem,
we have developed an automated scheme that rapidly
and robustly acquires accurately aligned and focused tilt
pairs. The system tracks and compensates for image shifts
at intermediate tilt angles, and employs a beam-tilt based
autofocusing routine at both the tilted and untilted posi-
tions. An option allows for the acquisition of multiple,
adjacent 0° micrographs so that all of the particles in the
tilted image will have untilted partners and therefore be
useful for the reconstruction. Importantly, the electron
dose for tracking and focusing is limited to only 6% of
the total, making the system useful for RCT data collection
from both negatively stained and frozen hydrated samples.
Currently, the user must manually define targets for acquir-
ing tilt pairs, but future integration with the automated tar-
geting and acquisition software Leginon (Carragher et al.,
2000) is underway.

2. Automated acquisition strategy
2.1. General system implementation

The manual collection of properly aligned and focused
tilt pairs is quite challenging. Non-eucentricity of the spec-
imen as well as misalignment between the optical axis and
the tilt axis both contribute to large shifts in the imaging
area and in defocus during tilting. To correct for the trans-
lational movement and focus change induced by tilting, the
automated routine tracks specimen movement at several
intermediate angular steps before reaching the final tilt
angle. A single image is taken at each angular step and
cross-correlated with the previous one to determine the
tilt-induced sample displacement, which is then compensat-
ed for by adjusting the image/beam shift coils (Koster
et al., 1992). The defocus is estimated in both the tilted
and untilted positions to ensure that the images are taken
at the desired defocus, using a modification of the beam-tilt
method proposed by Koster et al. (1992).

Recording additional images during tracking and focus-
ing introduces an undesirable added dose to the specimen.
While it is possible to reduce exposure time for these steps
relative to the conical tilt images, too low a dose results in a
poor signal to noise ratio (SNR), making cross-correlation
based displacement measurement, and thus the alignment
and focusing, less accurate. One challenge in developing
an automated RCT data collection scheme was to maintain
an acceptably low electron dose while achieving accurate
alignment and focusing. As done in some tomography
implementations (Rath et al., 1997) one possible solution
is to track and focus using an area remote from where
the conical tilt images are taken. With such a scheme the
same exposure levels could be used for tracking and focus-
ing as used for the conical tilt images, leading to very accu-
rate cross-correlation due to high SNR in the images. To
closely reflect the displacement and focus change of the
true image area, the auxiliary area would have to be
defined along the tilt axis either manually or by some auto-
mated means prior to each data collection. User identifica-
tion of the tracking and focusing area is not desirable for a
fully automated routine, and automatic identification
would increase system complexity as verification that the
selected secondary area is appropriate for tracking and
focusing would be necessary.

Instead, we have developed an on-site scheme where
tracking and focusing are performed at the same location
as the final conical tilt images. Lower magnifications are
used to substantially reduce dose and to allow larger tilt
steps. Additionally, we use 4x on-CCD binning to enhance
the SNR in the tracking and focusing images. The tilted
micrograph, which contains the particles actually used in
the reconstruction, is acquired first to minimize its cumula-
tive dose, while the untilted micrograph, which is used only
for particle alignment, is taken second.

The general steps in our automated scheme are as fol-
lows (Fig. 1): (1) Tilting from 0°, where it is generally easier
for the user to select the desired sample region, to the user-
defined tilt angle at a lower magnification, with images tak-
en at several intermediate angles to avoid losing the sam-
ple. (2) At the desired tilt angle a modified beam-tilt
based focusing approach is used at an intermediate magni-
fication to set the defocus to the user-specified value. (3)
The tilted conical image is acquired at a user-defined mag-
nification. (4) The stage is returned to 0° and the original
microscope settings are restored, including the stage posi-
tion. (5) To correct for drift and stage non-ideality induced
displacements, another low magnification tracking image is
taken and correlated with the first 0° tracking image. (6)
Defocus is again set as in (2). (7) The untilted conical image
is recorded.

2.2. On-site tracking scheme
In general, more accurate alignment can be achieved by

increasing the number of tracking steps. However, this
must be balanced against the added dose received by the
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Acquire images at
0°,10°, 33°, 45°, 54°, 60°
adjust image shifts at each step

l tracking mag.
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Fig. 1. General steps in the automated RCT data collection. The
magnification at each step is indicated. Typical magnification values are
14,500x for tracking, 29,000x for focusing, and 62,000x for acquiring the
tilt pair. The steps where the tilt pair images are acquired are indicated in
bold outline.

specimen and the overhead time for image acquisition,
cross-correlation, and stage relaxation at each step. Track-
ing the specimen shift at a lower magnification (typically
14,500x) reduces the severity of the eucentric error, allow-
ing for a fairly coarse tilting step. To compensate for the
short exposures used for tracking, images are acquired at
9 um defocus and with 4x on-CCD binning to increase
contrast.

The similarity between a pair of tilted images with fixed
angular difference decreases with increasing tilt angles.
Even with only a 4° angular difference between images
there is a severe elongation of the cross-correlation peak
at high tilt angles, leading to inaccurate determination of
the image shift (Fig. 2). With the larger tilt steps used in
our tracking scheme, the elongation of the cross correlation
peak is even more severe. To correct for the angular dissim-
ilarity, the image at higher tilt (o;) is stretched relative to
the image at lower tilt («;_;) in the direction perpendicular
to the tilt axis prior to computing the cross correlation
based upon the stretching factor (sf;) defined in Eq. (1)
(Guckenberger, 1982).

_ COS O

sf = i=1...n (1)

COS 0;

The magnitude of the stretching factor increases at high-
er tilt angles. For example, in tilting from 10° to 20°
sf=1.015, whereas tilting from 50° to 60° sf=1.285, a
near 30% expansion of the image. While a small amount
of stretching can effectively correct for the angular dissim-

Fig. 2. Central regions of cross correlation images calculated from two
pairs of tilted images with a 4° angular difference. (A) Images acquired at
8° and 12° tilts and (B) images acquired at 36° and 40° tilts show the
increasing distortion of the cross correlation peak (highlighted with a
circle) at higher tilt angles.

ilarity, excessive stretching can lead to alignment errors due
to imperfection in the determination of the tilt axis. To
avoid unreasonable stretching at high tilts we have devised
a ‘“‘constant stretching” scheme where each tilting step is
adjusted such that sf remains constant. For tilting from
0° to 60°, each tilting step can be calculated as follows:

L cos 0°
=" = = 2 2
gsf’ ¢ cos 60° (2)
sfi=sfr==sf,=2" (3)

Application of the “constant stretching” with five steps
yields tilt angles o = 0°, 29°, 40°, 48°, 55°, 60°. In practice,
however, we have found that the initial tilting from 0° to
29°, even at lower magnifications, frequently leads to align-
ment errors. For greater tolerance to eucentric error and
more robust tracking, we use 10° as the first tilt step and
vary the angular steps thereafter, yielding steps at o = 0°,
10°, 33°, 45°, 54°, 60°. The specimen displacement at sub-
sequent steps is then predicted based on the shift measured
at the last angular step (Zheng et al., 2004). The micro-
scope optical system (image/beam coils) is adjusted to the
predicted position prior to taking the next tracking image
so that only a single image is needed at each tilting step.
A total of seven low magnification images (including one
for recentering when the stage returns to 0°) are acquired
during tracking. In practice, we have found that this track-
ing scheme is very accurate, with mean shifts between the
untilted and tilted images of 30 + 7 nm perpendicular to
the tilt axis and 60 + 4 nm parallel to the tilt axis (see
Fig. 5 for an example of an aligned tilt pair). The routine
is also extraordinarily robust, with a eucentric error toler-
ance of up to 5 um.

2.3. Autofocusing

We have employed a beam tilt based approach for focus
estimation (Koster et al., 1992). While approaches based
on the direct measurement of defocus from the image itself
can be more accurate, they are limited by the requirement
for clearly visible Thon rings in the Fourier transform.



S.Q. Zheng et al. | Journal of Structural Biology 157 (2006) 148-155 151

Although the Thon rings are prominent for images
acquired on carbon supported specimens, ice embedded
images taken under low dose conditions usually do not
have sufficient signal for accurate focus estimation. The
precision of the beam tilt approach can be impaired by
many factors including astigmatism, stage drift, and the
defocus ramp in the tilted position. As discussed in detail
below, by recording one extra image it is possible to largely
cancel out these factors. Thus even when using a lower
magnification (typically 29,000x), it is possible to focus
with sufficient accuracy to allow both tilted and untilted
images at much higher magnifications to be recorded at
the desired defocus. In total, six lower magnification
images are required for focus estimation for each tilt
pair— three for the tilted image and three for the untilted
image.

2.3.1. Correction for drift and astigmatism
Koster et al. (1992) derived the mathematical expression
for beam-tilt induced image shift:

d = (f[F] + al) + b[B]) - ¢ 4)

where ¢ and d are the beam tilt and the induced image shift
vectors, respectively, f'is the defocus and [F], a two-dimen-
sional (2D) matrix, represents the effect of magnification
and spherical aberration. ¢ and b are the values of astigma-
tism in the two axes. [4] and [B] are the corresponding 2D
matrices that reflect the contribution of astigmatism to
beam-tilt induced image shift. These matrices need to be
pre-calibrated before Eq. (4) is used for measuring focus.
If a fixed beam tilt vector is used for both pre-calibration
and focus measurement, Eq. (4) can be simplified into a
vector form:

d=fF+4 (5)

F and A4 correspond to the contributions from defocus and
astigmatism to the beam tilt induced image shift d, respec-
tively. Eq. (5) can be further modified to reflect the contri-
bution of mechanical and specimen drift by addition of a
new term 7:

d=fF+A+r (6)
To minimize the effect from drift, three images are taken:
the first is recorded when the beam is tilted to the negative
end, the second at the positive end, and the third at the neg-
ative end again by tilting the beam back from the positive
end. The second image is cross-correlated with the first and
then the third in order to measure the image shifts along
the direction from negative tilt to positive tilt, expressed
as d; and d,, respectively. Since the drift vector reverses
its direction if it is measured in the reversed temporal or-
der, the drift vector contained in d; is opposite to that in
d,. By assuming that the drift has a constant rate and direc-
tion during the short period when these three images are
taken and the time interval between two neighboring
beam-tilted images is the same, the drift in d; can be treated

equal but opposite to that in (;2 Therefore the average of
d, and d, should have minimal contribution from the drift
as shown in Eq. (7).

- di+d
dm =

2

The determination of F and 4 can be pre-calibrated togeth-
er by measuring d,, at two defocus settings by applying the

same amount of defocus (Af) above and below true focus,
as are given in Eqgs. (8) and (9).

—fF+4 (7)

- o dml - dm2
Y ®)
2 _ dm ‘;dmZ 9)

With the pre-calibrated F and 2, the focus can thus be
measured based upon Eq. (10) by taking three images as
suggested above for drift minimization.

(dm—A4) - F

UNTTE

(10)

2.3.2. Minimization of errors induced by C2 settings

We have also noticed that on our Tecnai microscopes
changes in C2 lens current can change the image shifts
induced by tilting the beam. A series of measurements were
performed using a gold-labeled carbon film on our FEI T20
transmission electron microscope with an accelerating volt-
age of 200 kV. The specimen was set to 7 um defocus and
the image shifts were measured at 50,000 magnification
at various C2 settings. An equal and opposite beam tilt
(4 mrad) was applied separately in both beam tilt axes.
There is a clear increase in image shift with increasing C2
lens current (Fig. 3).

The differences in the image shift in the x and y direc-
tions may be caused by astigmatism or by different respons-
es of the beam deflection coils that control beam tilt in x
and y directions to the excitation current. To avoid the
error caused by the variation of C2 settings, it is useful
to perform the focus calibration and focus measurements
at the same C2 setting. Since the beam-tilt induced image
shift changes less rapidly at larger C2 settings, we generally
use a large C2 current for both calibration and focus
measurement.

2.3.3. Correction for microscope misalignment

To improve versatility and simplify user operation,
tracking, focusing and data collection are all performed
on the same image areas, with the alignment images taken
at reduced magnifications in order to minimize radiation
damage. Due to practical limitations in the accuracy of
the microscope alignment, switching magnifications can
change the focus. A pre-calibration approach is used to
correct for this focus misalignment on either a test sample
or an unimportant sample area. First true focus is set at the



152 S.Q. Zheng et al. | Journal of Structural Biology 157 (2006) 148-155

—y -y —y

rn b o

o (=4 o
T T

Image Shift (pixel)
8 38

| —o— Beam tilt in x axis
|| —+— Beam tilt in y axis

0.4I55
C2 Setting

40 i i
0440 0445  0.450 0460 0465 0470

Fig. 3. Beam-tilt induced image shifts vs. C2 lens current. Measurements
were performed at 7 um defocus, 50,000x nominal magnification, and
4 mrad beam tilt.

magnification where the conical tilt data will be taken, then
switched to the focusing magnification to perform the cal-
ibration of F and 4. The switch from high to low magnifi-
cation may induce a change in focus. Therefore, Eq. (9) can
be modified to add the induced defocus term f;,.

D:ﬁF+A:@%#E (11)
The average of the two displacement vectors obtained at
two defocus settings now represents the combined effect
from astigmatism and focus misalignment. Therefore,
the calibrated D is stored along with the calibration of
F and later used to determine the defocus unbiased by
astigmatism and focus misalignment during data
collection.

2.3.4. Autofocus at tilted position

Tilted images have a focus gradient perpendicular to the
tilt axis, resulting in two adverse effects on focus measure-
ment: elongation of the cross-correlation peak between
focusing images and a high-contrast region near the edge
of the field of view that is more defocused than the central
area (Ziese et al., 2003). The elongation of the cross-corre-
lation peak results in less accurate determination of the
beam tilt induced image shift, and therefore less accurate
defocus estimation. The higher contrast region due to the
larger defocus near the edge contributes more signal to
the cross correlation, biasing the defocus estimate toward
the defocus near the edge. Ziese et al. (2003) proposed a
scheme to correct for the elongation of the cross correla-
tion peak by tilting the beam perpendicular to the tilt axis.
As a result, one image is effectively further tilted due to the
tilting beam and correspondingly the other is less tilted.
Cosine stretching of the more tilted image is thus used prior
to computing the cross correlation. While this scheme can
reduce the peak elongation, tilting the beam perpendicular

to the tilt axis brings additional oppositely defocused areas
into the field of view and increases the focus difference
between these two tilted images, making them less similar
to each other. The common area between two tilted images
is further reduced because of the tilting geometry. To over-
come these disadvantages we propose to tilt the beam along
the tilt axis instead. As a result, the two images acquired at
positive and negative beam tilts have the same tilt angle
and no stretching is needed. More importantly, the focus
difference between these two images is also minimized
because of the constant focus distribution parallel to the tilt
axis and the common area is maximized. The resulting
cross-correlation peak between two focusing images is very
well defined, despite the low contrast due to a very short
exposure time (Fig. 4).

2.4. Montage of untilted micrographs

The imaged area of the specimen is greater in the tilted
position than in the untilted position. This results in parti-
cles in the tilted image that cannot be used for the recon-
struction because their corresponding untilted views are
not available. To remedy this, we have included an option
to acquire a montage of adjacent images in the untilted
position. First a central untilted image is acquired, fol-
lowed by two images shifted perpendicular to the tilt axis
and overlapping the first image by about 30% (Fig. 5). In
practice, this approach has doubled the number of useful
particles per tilt pair (see Section 4).

3. Dose estimate

Doses were measured on an FEI T20 transmission elec-
tron microscope using the tool provided in the FEI low-
dose server at all the magnifications and beam intensities
used during the data collection. The doses at nominal mag-
nifications 6%,000><, 29,000, and 14500x were 9.49, 1.21,
and 0.27 e "/A%s, respectively. Tracking and focusing imag-
es can be acquired with only one tenth the exposure time
used for the conical tilt images, limiting the additional dose
required for all tracking and focusing steps to 6% of the
total (Table 1). Keeping additional dose to a minimum
allows for data collection under both negative stain and
cryo conditions with little radiation damage to the sample
(see Section 5 and Fig. 6).

4. Automated data collection—a sample data set for single
particle reconstruction

The automated system has been used to acquire numer-
ous RCT data sets of negatively stained samples. As part of
an ongoing project, a set of 47 tilt pairs of the yeast Tub4
complex in negative stain was acquired in a single four and
a half hour microscope session. The 2048 x 2048 pixel
images were taken at 50,000x magnification, at an acceler-
ating voltage of 120 kV with a defocus of 1.7 um and an
average total dose of 20 ¢ /A2 The average time to acquire
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Fig. 4. Cross correlation of focusing images at the tilted position. (A and B) Images acquired at a stage tilt angle of 60°. The beam was tilted along the tilt
axis by 3 mrad. (C) Phase weighted cross correlation of the two images; the peak is highlighted with a circle. The images were acquired with a 0.05 s
exposure at 29,000x magnification, and 4x binned to 1024 x 1024 pixels.

Fig. 5. Tilted micrograph pair of the yeast Tub4 complex in negative stain. (Top) Micrograph acquired at 60° tilt angle. (Bottom) Aligned, montaged 0°
images. The central micrograph is outlined. The tilt axis is vertical in these images. Scalebar, 100 nm.

Table 1

Typical electron doses for automated collection

Image type Magnification Exposures Dose per exposure (e‘/x&z) Cumulative dose (e‘/Az)
Tracking 14,500 6 0.027 0.162
Focusing 29,000 3 0.121 0.525
Tilted image 62,000 1 9.49 10.015
Tracking 14,500 1 0.027 10.042
Focusing 29,000 3 0.121 10.405
Untilted image 1 62,000 1 9.49 19.895
Untilted image 2 (optional) 62,000 1 9.49 29.385
Untilted image 3 (optional) 62,000 1 9.49 38.875
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Fig. 6. Tilt pair acquired under cryo copditions. (A) Tilted (top) and untilted (bottom) images of frozen hydrated E. coli 70S ribosomes were recorded with
a cumulative dose of less than 20 e /A? for the tilted image. The tilt axis is vertical in these images. Scalebar, 100 nm. (B) Average power spectra of
256 x 256 pixel regions boxed out along the lines indicated by arrows in (A). The isotropic power spectra indicate a lack of drift or charge induced blurring.

each set of tilted images was 2 min, with an additional
1-2 min spent in manual target determination. Each of
the image pairs had particles that could be used in the
reconstruction data set.

A total of 4142 particle pairs were selected using the tilt-
ed particle picking routine in WEB (Frank et al., 1996).
The montaging feature more than doubled the number of
useful particles—1955 particles were picked from the cen-
tral untilted micrograph alone while 2187 particles were
selected from the two additional untilted micrographs. This
single data collection session provided enough data for the
RCT reconstruction of two classes of particles to a nominal

resolution of 25 A. The details of this structure will be pub-
lished separately.

To determine the accuracy of the autofocusing routine,
the defocus of each micrograph was estimated from its
power spectrum with SPIDER (Frank et al., 1996). For
the tilted micrographs, average power spectra were calcu-
lated along strips parallel to the tilt axis, and the average
value across the defocus ramp was determined. The
user-defined defocus was 1.7 um for both the tilted and
untilted particles; the average measured defocus was
1.79 £ 0.07um  for  the untilted images and
1.88 £+ 0.14 um for the tilted images. The greater deviation
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from the user-defined defocus in the tilted images is likely
due to imperfect beam alignment; the image center at the
lower focusing magnification is shifted relative to the image
center at higher magnification.

5. Data collection under cryo conditions

We used Escherichia coli 70S ribosomes as a sample for
testing the performance of the automated RCT system
under cryo conditions. We collected several micrograph
pairs to demonstrate the ability of the system to accurately
track and focus with frozen samples (Fig. 6A). While
mechanical drift can be a considerable problem when
moving a cryostage, we have found that the approximately
40 s required for tracking and focusing after the stage has
been moved to the tilted position is sufficient time for the
stage to stabilize before acquiring the high magnification
image.

Another common problem with RCT under cryo condi-
tions is the greater thickness of ice along the electron path
at the tilted position. This frequently leads to charging of
the sample, causing a fraction of the images to be blurred
and therefore unusable. While our system cannot eliminate
charging, it does offer the advantage of being able to rapid-
ly collect a large number of tilt pairs from which the best
images can be kept after screening for defects induced by
charging or drift (Fig. 6B).

6. Summary

Both random conical tilt and the recently proposed
orthogonal tilt reconstruction methods require the collec-
tion of hundreds of tilted image pairs. The difficulty of
manually acquiring accurately aligned and focused tilt
pairs has led us to develop an automated RCT data col-
lection system which is useful for both negatively stained
and frozen hydrated samples. The system can collect an
accurately aligned and focused conical tilt pair in 2-
4 min, with average alignment errors of less than 70 nm
and variation in defocus of 140 nm for tilted images and
70 nm for untilted images. The alignment and focusing
scheme limits the dose required for the tracking and
focusing steps to about 6% of the total. Additionally,
an image montage at 0° greatly increases the number of
particles recorded in the tilted image that can be used in
the reconstruction. The RCT software has been integrated
into UCSF Tomography (Zheng et al., 2004), which can
be freely downloaded for academic use at www.msg.ucs-
f.edu/tomography.
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