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Abstract

AutoEM is a software package developed by Zhang et al. [J. Struct. Biol. 1356, 251] for semi-automated acquisition of cryo-elec-
tron micrographs from Tecnai series electron microscopes and is used frequently at the lowest level of automation. We report here on
the new progress that we have made based on their preliminary work. A fourth low-dose state is created where the system can pre-
select all the good holes in a grid square from a single CCD image taken at low magniWcation, making the system operative at much
higher levels of automation. An additional control interface enables the operator to monitor the status of the program and the qual-
ity of the data, interact with the program, and direct the execution process according to intermediate results. When data acquisition
is in progress, all useful information is automatically saved in certain text Wles which are easily accessible by a database. More
detailed improvements and general advantages are illustrated and discussed. We have started to use the program to perform routine
data collection. A number of applications show that the performance of the program is satisfactory and the quality of the micro-
graphs and their power spectra acquired by the program is comparable to those manually collected under the same conditions.
  2005 Elsevier Inc. All rights reserved.
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1. Introduction

Cryo-electron microscopy combined with single
particle reconstruction techniques have become increas-
ingly powerful methods for determination of 3D
structures of large macromolecular complexes in their
native state (Frank, 1996). In recent years, many eVorts
have been made to improve resolution to a much higher
level. While a large number of 3D density maps of vari-
ous macromolecules and viruses at intermediate
resolution have been reported, near-atomic resolution
maps (»3 Å) are still not on the horizon. To determine a
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high-resolution structure of a complex, acquisition of
suYcient cryo-electron micrographs of good quality
under low-dose conditions is required as a crucial step
for the subsequent image processing and structure deter-
mination. To date, nearly all 3D density maps published
have been reconstructed from data collected using the
conventional method which requires manual operation
of the electron microscope by an experienced microsco-
pist. It is expected that with improved image processing
techniques, millions of particles would yield structures at
atomic resolution, which generally requires collection of
thousands or tens of thousands of micrographs, depend-
ing upon the number of particles in each micrograph
(Henderson, 1995). It is clear that manual collection of
such large numbers of electron micrographs is ineYcient,
time-consuming, and labor-intensive.
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In the past decade, automation in image acquisition,
processing, and analysis procedures has been of great
interest and viewed as a prerequisite for greatly improv-
ing the throughput in macromolecular structure determi-
nation. Automated electron tomography has been fully
described and successfully implemented, and software
packages are available and even commercially provided
by instrument manufacturers (Dierksen et al., 1992, 1993;
Fung et al., 1996; Koster et al., 1992). Leginon is a soft-
ware package developed for automated data collection
for single particle and helix reconstruction and has been
successfully applied to various specimens on the Philips
CM200 transmission electron microscope (Carragher
et al., 2000; Potter et al., 1999; Rouiller et al., 2001). It is
also now available for Tcanai instruments (Mouche et al.,
2003). The software package AutoEM by Zhang et al.
(2001, 2003) which implements the same three-state
imaging procedures (generally termed Search, Focus and
Exposure states) as the low-dose kit, is a semi-automated
system for the FEI Tecnai 12 transmission electron
microscope. As mentioned in the paper by these authors,
AutoEM is most frequently used at the lowest level of
automation, where the operator needs to manually select
a suitable hole for each image to be acquired.

The authors kindly made their script available to us in
July 2001, right before the paper (Zhang et al., 2001) was
published. This work represents an extension of the
work described in the paper by Zhang et al. (2001).
Because the new system has substantial new improve-
ments as described in Section 3 and discussed in Section
4, it is conveniently named AutoEMation in this paper
to distinguish it from the AutoEM system. The AutoE-
Mation system is currently running on our Tecnai F20
microscope equipped with a Gatan 2K £ 2K camera. It
has also been extended to some other Tecnai series of
microscopes equipped with a Gatan MSC camera. In
this paper, we focus on new features we have imple-
mented, which greatly improve the performance of the
program. We describe the implementation of a fourth
low-dose state which facilitates rapid selection of holes
containing ice of suitable uniform thickness. We also
developed a control interface which makes interaction
between the user and the system available, thus provid-
ing data collection not only under monitor but also
under user control. Many other aspects of the new
system are also detailed.

2. Methods

2.1. Specimen preparation

R 2/4 Quantifoil grids (Quantifoil Micro Tools
GmbH, Jena, Germany) are most frequently used in
our automated as well as manual data collection
experiments. The grids were prepared by blotting a
buVer containing puriWed specimen with Wlter paper
and plunging rapidly into liquid ethane slush cooled
by liquid nitrogen. Grids were stored under liquid
nitrogen.

2.2. Scripting

The current system works on FEI Tecnai-series elec-
tron microscopes interfaced to a Gatan CCD camera.
The computer used for controlling microscope uses
Windows 2000 operating system and runs programs
such as Tecnai user interface (TUI), digital micrograph
(DM), Tecnai imaging and analysis (TIA), and Micro-
soft Internet Explorer. Scripting modules such as Tec-
nai, TIA, Low Dose, as well as File System Object and
TecnaiTomo were used for programming, and all scripts
were written in the JScript language. The latter two
modules were newly exploited, with File System Object
being used for saving important information in text
Wles, while TecnaiTomo is being used for saving images
in MRC format. Programs TUI, DM, TIA, and script-
ing modules Tecnai, TIA, Low Dose, and TecnaiTomo
are included with the instrumentation, while the pro-
gram Microsoft Internet Explorer and scripting module
File System Object are included in the operating system.
Generally, there is no need to purchase special software
to run the system on the microscope computer. To
remotely monitor and control the system from any
other location, for example, a remote computer, soft-
ware, i.e., PC anywhere, needs to be installed to connect
the remote computer to the microscope computer
through a local area network.

2.3. Electron microscopy

Grids wre observed in a Tecnai F20 transmission elec-
tron microscope operating at 200 kV. The microscope is
equipped with a Gatan 2K £ 2K £16 bit MSC camera
with 30�m physical pixel size. Electron micrographs were
recorded either on photographic Wlm or CCD camera
under low-dose conditions and at underfocus values
ranging from 2.25 to 3.5 �m. Film images were acquired
at the nominal magniWcation of 50 000£, as indicated by
the microscope at the level of Wlm plate, and were digi-
tized on a Zeiss/Imaging scanner (Z/I Imaging, Hunts-
ville, AL) with a 7�m pixel size, yielding a pixel size of
1.4 Å at the specimen level. CCD images were acquired at
the same nominal magniWcation and under the same low-
dose conditions. A post-magniWcation ratio of 1.3£ is
required to account for the diVerence in magniWcation at
the level of the CCD camera. Thus, the eVective CCD
magniWcation is 65 000£, corresponding to a pixel size of
4.61 Å at the specimen level. CCD images were gain-
corrected after subtraction of the dark background signal
by using the gain and dark references generated automat-
ically by the system during the initialization process.
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3. Results

3.1. User interface

AutoEM is a program currently running on the FEI
Tecnai 12 electron microscope with a special user inter-
face for Tecnai 12 (Zhang et al., 2001, 2003). It supports
three diVerent levels of automation. The lowest and
medium levels involve manual selection of good holes or
good grid squares, respectively. The full level performs
automated scanning of grid squares after orientation
and size of grid squares has been manually calibrated. It
is most frequently used at the lowest level. The system we
are using is currently running on our Tecnai F20 elec-
tron microscope and has been extended to some other
Tecnai series electron microscopes equipped with a
Gatan MSC Camera. For example, it also work on our
Tecnai F30 microscope with a helium system when the
microscope was interfaced to a Gatan 2K £ 2K camera
(which is now replaced by a Tietz 4K £ 4K £ 16 bit cam-
era). The user can select the corresponding microscope
model from the master interface, as shown in Fig. 1,
which is closed automatically after launching the speciWc
user interface for this microscope. Fig. 2 outlines the user
interface for Tecnai 20/F20. The main improvements
implemented are listed in the following.

(i) The fourth low-dose state, which we termed
Square state, is one of the most important imple-
mentations, facilitating data collection at higher
levels of automation. In this state, the quality of
an entire grid square is evaluated, the specimen Z-
height is adjusted, and all the holes that have a
fairly uniform ice layer within this grid square are
quickly preselected simply from a low-magniWca-
tion image. Because of this implementation, the
medium level of automation, which is now the
default setting, is most frequently used for data
collection. The lowest level of automation, which
is time-consuming and labor-intensive due to
user’s involvement in manual selection of suitable
holes, especially for large data collection, is
almost never used except when there is a special
interest in particular locations. From now on, we
mainly describe the medium level of automation,
unless the other cases are speciWcally pointed out.

(ii) The new system allows the user to switch the
recording medium between the CCD camera and
Wlm freely in a single experimental session. To
acquire CCD images at resolutions comparable to
Wlm, it is generally required to specify diVerent set-
tings (magniWcation, spot size, and exposure time)
for diVerent recording mediums. The settings of
both recording mediums for high-magniWcation
acquisition are speciWed on the user interface,
while the current recording medium is selected on
the control interface. More detailed advantages
will be described in the next section regarding the
control interface.

(iii) Exposure defocuses are well conWned within a
desired range given by lower and upper limits, and
high-magniWcation micrographs are repeatedly
recorded at a set of defocus values within the
range. In contrast, the exposure defocuses in
AutoEM vary monotonically. Thus, the upper-
limit exposure defocus is dependent on the number
of micrographs Wnally acquired, which is unknown
in advance. The user would use a very small step
size for defocus increasing upon expectation of
acquisition of very large number of micrographs.
Consequently, under this regime only low defocus
micrographs might be acquired if the actual
number is far less than that expected. In contrast,
the user would use a medium step size upon
expectation of acquisition of a moderate number
of micrographs. An unattended system may
acquire micrographs with number much higher
than expected, where the Wnal micrographs have
extremely high defocus values that are not
acceptable.

(iv) An option is available to take an image at high
defocus along with a close-to-focus image. Since
the contrast is weak in the images collected close to
focus, the defocus images at high defocus are very
useful in providing the locations of particles to be
boxed out from the close-to-focus counterparts.

(v) A more Xexible setting is available for drift
measurement as described in the subsection
regarding the program execution.

(vi) Besides mean density, reXecting ice thickness, the
density variance is used as a criterion to check
whether the hole is suitable for imaging. Applica-
tion of this second criterion is very useful in
increasing the percentage of acceptable high-mag-
niWcation micrographs by discarding holes that
contain a less uniform ice layer.

(vii) An option is available to save images in MRC
format, a format that can be easily handled by
most image processing packages. TIA has its own
EMI format, which currently cannot be directly
used by any other image processing package with-
out format conversion.

(viii) HIf automated acquisition of CCD images is
applied to the same specimen more than once,
the Wrst Wle number for each experimental
session can be easily adjusted according to the
last Wle number, which is automatically shown
on the user interface of the last experimental
session. Thus, all the CCD images collected from
diVerent experimental sessions can be conve-
niently merged together to form a set suitable
for further processing.
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3.2. Control interface

The user interface basically provides some useful infor-
mation and a starting point for the data collection. It is
essential to keep the data collection process fully under
user control, and a control interface has been newly

Fig. 1. Master interface for selecting microscope and launching its
speciWc user interface.
introduced for this purpose. Fig. 3 shows the control inter-
face for the medium level of automation, which is
launched at the start by the system, providing overall
monitoring and control of the experiment, as well as infor-
mation on the current status. It allows the user to stop or
temporarily suspend the program if the user wants to do
so for some reason or if the program execution is carried
out improperly. If all four checkboxes on the upper left
are left unchecked, the system will run unattended except
for the required periodic reWlling of the cryogen.

We specify the recording medium on the control
interface instead of the user interface. Three options,
namely CCD only, Wlm only, and Wlm + CCD are avail-
able for high-magniWcation acquisition. The user can
switch among these three options freely while data
collection is in progress. Thus, both CCD and Wlm
images can be collected in the same experimental session.
If the system runs out of Wlm plates during Wlm data col-
lection, it may continue with CCD data collection with-
out any human intervention, or the user can decide from
the prompt messages whether to stop data collection or
continue with Wlm data collection after the Wlm cassette
is changed. Although ice thickness and consistency are
routinely assessed from low- and intermediate-magniW-
Fig. 2. User interface for Tecnai 20/F20 with default values of key parameters as well as useful information listed. Some parameters can be modiWed
on control interface when data acquisition is in process.
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cation images, inspection of the high-magniWcation
image is still sometimes of interest because only the high-
magniWcation image will show whether it contains
enough particles and whether particles are well dispersed
in this location. The assessment of information from
high-magniWcation images is also useful in reWning the
choice of parameters at low and intermediate magniWca-
tions. In the present implementation of the system, at
any time during data collection, the user can make selec-
tions on the control interface to show and visually
inspect the latest CCD image and its power spectrum. As
a result, the user is able to decide whether or not to skip
the current location and move onto the next one.

Because the user must manually change the camera
cassette every 56 plates, it is normally necessary that
only high-quality micrographs are acquired to Wlm. An
experienced microscopist usually inspects high-magniW-
cation CCD images before starting manual acquisition
of Wlm images from a new grid square, and inspects it
again every several Wlm images to be sure that images are
taken from areas free of contamination, containing uni-
formly and densely distributed particles. All three
options for high-magniWcation acquisition may be
involved in a practical automated acquisition of Wlm
images. Before taking any Wlm images from a grid
square, the user can select the CCD-only option and
visually inspect the high-magniWcation CCD images and
their power spectra. If the quality is not good enough,
the user can skip the current grid square quickly and
move onto the next one. Otherwise, the user can switch
to either the Wlm-only or Wlm + CCD option to start
acquisition of Wlm images. The latter option, which
allows for acquisition of a CCD image at high defocus
after regular acquisition of a Wlm image from the same
location, enables direct examination of a Wlm image by
inspection of its corresponding CCD image during the
experiment. The user can switch back to the CCD-only
option at any time during acquisition of Wlm images to
monitor the quality of the data. If the appropriate box is
checked, the system automatically begins with the CCD-
only option for each new grid square, so that CCD
images can be taken from adjacent areas within the same
grid square and inspected prior to acquisition of Wlm
images. If the CCD camera is the preferred medium for
high-magniWcation image acquisition, the user can stay
with the CCD-only option. Similarly, CCD images can
also be inspected for making a decision as to whether
further data collection from the same grid square is nec-
essary.

All options and parameters displayed on the control
interface, including those pre-speciWed on the user inter-
face, can be modiWed interactively while data acquisition
is in process. The control interface is also a platform for
monitoring the system. It displays information on each
scanned hole and the current status of the experiment.
The information on every step of the program execution
Fig. 3. Control interface at medium level of automation providing overall monitor and control of experiment and information on the current status.
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is also shown on the control interface, as well as on the
output window of TIA. It is not shown on the user
interface because, due to a technical issue, the user
interface is blurred during the program execution, which
produces diYculties in direct tracking of the system.

3.3. Program execution

The automated data collection is mainly divided into
two processes: initialization and data acquisition, as
outlined in Figs. 4 and 5, respectively. If some basic
alignments have been carried out well by an experienced
microscopist, the initialization process, which involves a

Fig. 4. Schematic Xow diagram of automated system at medium level
of automation with main steps in initialization process illustrated.
Data acquisition process is outlined separately elsewhere.
series of manual and semi-automated steps, usually takes
less than half an hour to complete. The initialization
setup is very stable and reproducible. At the start of the
initialization, the system gets parameters from the user
interface and sets up instruments. The system then
searches for existing gain references automatically. If
gain references do not exist, or if their quality is uncer-
tain, the user is required to Wnd an empty location and
the system will create all gain references automatically.
We also have a script which allows for automated prepa-
ration of gain references before starting the program.
MagniWcation calibrations in TIA and instrumental
image shift calibrations, which are essential to maintain
image feature at the center of the viewing screen, are also
checked. Templates of an edge-sharpened hole are cre-
ated according to the type of quantifoil grid and magni-
Wcation setting for further hole center detection.

Calibrations for automatically setting focus are per-
formed in a procedure using the method based on beam-
tilt-induced image shift (Dierksen et al., 1992, 1993;
Fung et al., 1996; Koster et al., 1992). Since beam setting
at high magniWcation, which should be well maintained
during data collection, is greatly aVected by objective
lens excitation, it is very important to keep the focus
around the eucentric plane. Therefore, it is necessary to
set the correct Z-height before setting the defocus. A
procedure has been implemented to acquire calibrations
for automatically setting Z-height based on stage-tilt-
induced image shift.

Manual data collection normally requires that low-
dose conditions are explicitly set in advance. The Search
state must have an independent image shift relative to
the Exposure state to allow accurate alignment of the
Search image to that of the Exposure image, to ensure
recording of the proper area when coming from a Search
state at much lower magniWcation. To set the Search
state image shift, the operator normally switches to the
Exposure state and centers a recognizable image feature
with the goniometer, then switches back to the Search
state and centers the same feature with image shift. It
should be pointed out that there is typically one order of
magnitude change between intermediate and high-mag-
niWcation images and the center of the viewing screen is
usually not exactly aligned with the center of the Wlm
plate or CCD camera. As a result, the eVects on the
image of any inaccuracies in centering the image feature
at intermediate magniWcation are scaled up by a corre-
sponding factor in the high-magniWcation image. It
should also be noted that a fourth low-dose state at low
magniWcation is available in our system and errors asso-
ciated with setting image shift in this state relative to the
Exposure state can be even worse due to two orders of
diVerence in magniWcation. In the present implementa-
tion, a pre-stored low-dose Wle is not necessarily required
but a well-speciWed one can provide a good starting
point for subsequent setting. We have a semi-automated
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Fig. 5. Schematic Xow diagram of data acquisition process at medium level of automation.
procedure which facilitates settings of all four low-dose
states. Both the Search and Square image shifts can be
set accurately simply by moving the cursor over the
CCD image and clicking the same image feature. It
should be noted that the nominal type of quantifoil grid
selected on the user interface might not be correct in
terms of the hole diameter and spacing. The system has a
semi-automated procedure to determine the actual hole
diameter and spacing, and thus the Focus state oV-axis
shift can be automatically adjusted according to the
actual type of quantifoil grid.

The lowest and medium levels of automation require
that the user manually selects locations suitable for data
collection. An option is available to acquire low- or
intermediate-magniWcation CCD images and display
them automatically to assist the user in conWrming
locations which will result in a reduction of time spent
on bad or fair locations during data collection. A proto-
col has been implemented to prevent selecting the same
location more than once. Although it is diYcult to
predict how many locations are required in an
experimental session, there is no need to spend too much
time in storing as many locations as possible in the ini-
tialization process, since the user now has an opportu-
nity to store additional locations after all pre-stored
locations have been used up for data collection without
restarting a new session.

After the initialization process is completed, the data
acquisition process at the medium and full levels of
automation begins with the evaluation of grid squares.
AutoEM takes a CCD image in the Search state, which
can only cover a small portion of a grid square to evalu-
ate the quality of the grid square, and then moves the
stage to the center of each hole starting at the center of
the grid square in a spiral sequence. However, it is more
advantageous to assess the entire grid square, and it is
not necessary to spiral out all the holes within it as
many of them may not be suitable for further image
acquisition at high magniWcation. In AutoEMation, we
introduced a fourth low-dose state which facilitates
data collection at higher levels of automation. In this
state, a low-magniWcation image of an entire grid square
can be acquired after moving the stage to the center of
the grid square. Its quality is assessed and a decision is
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made as to whether it is good for further processing.
For a good grid square, stage Z-height is automatically
set based on calibrations obtained in the initialization.
The coordinates of the hole center are determined by
cross-correlating the image of the grid square with the
template created in the initialization, and searching for
local maxima in the correlation map. Algorithms
related to the grid type are implemented to check if each
of the selected maxima corresponds to a hole. Ice thick-
ness is estimated by calculating the mean value of the
image intensity within each hole and comparing it to
that of an empty hole (Eusemann et al., 1982; Lepault
et al., 1983). Constancy of ice thickness within each hole
is also assessed by calculating the variance of the inten-
sity within the hole. Only those holes are selected that
have a fairly uniform ice layer. Thus, all the holes in a
grid square are identiWed for subsequent high-magniW-

cation image acquisition simply from a single low-
magniWcation image. An example is shown in Fig. 6,
where all the suitable holes in a grid square have been
identiWed and the center of each hole has been marked
and labeled by the system automatically, indicating the
sequence in which holes are to be further processed. Fig. 6
shows that holes will be targeted in the order according to
quality so that best holes will be recorded Wrst. We also
have an option to acquire images in the order according
to the geometry so that the stage movement within a
grid square is minimized to reduce the drift rate.

Once all the target holes have been pre-selected, each
hole must be centered in the Weld of view to ensure
recording of the proper area. Because some locations
have been exposed to beam at high magniWcation in the
initialization, a protocol has been implemented to skip
these stored locations and their adjacent areas, thus pre-
venting recording of fairly high-dose specimens. A CCD
image of an entire hole is acquired at Search magniWca-
tion and ice thickness and consistency are estimated
again, providing a much more reliable result for making
a decision regarding whether the hole is suitable for fur-
ther analysis compared to the estimate obtained at low
magniWcation. The mean intensity of CCD images
acquired at a certain location is remeasured at certain
intervals, and the exposure times can be adjusted to take
into account the changes in the beam intensity over time.
It is required that the center of the target hole and the
center of the Weld of view be within a certain distance so
that only the target hole will be selected. We use two
methods to reduce the error distance between the center
of the target hole and the center of the Weld of view.
Because stage positions of holes are estimated from an
Fig. 6. Image of an entire grid square at a nominal magniWcation of 550£. Center of all target holes containing suitable and uniform ice layer is auto-

matically identiWed, marked with a cross, and labeled with a number indicating the sequence of further processing.
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image acquired in the Square state, we have a semi-auto-
mated procedure to set both the Square and Search state
image shifts accurately for the low-dose setup during the
initialization. We use a method employing two-step
goniometer movement to reduce the backlash error by
always approaching the desired location from the same
direction. The target hole is relocated at the center of
Weld of view using image shift according to the result of
cross correlation between the image of the hole and the
template created in the initialization.

Once the hole has been identiWed to be good and cen-
tered in the Weld of view, the drift rate of the specimen
stage needs to be monitored and the focus needs to be
adjusted. As mentioned in the initialization process, the
Focus state oV-axis shift can be automatically adjusted
according to the actual type of quantifoil grid, overrid-
ing the setting of an existing low dose Wle. Thus, only the
area located between the holes will be used for the drift
measurement and focus correction to ensure that these
steps are performed under low-dose conditions.

The drift rate is estimated by acquiring pairs of
images at user-speciWed intervals and by using cross-cor-
relation techniques to measure the displacement between
images in each pair. The system continues to measure the
drift rate until the speciWed maximal number of mea-
surements are completed or the drift rate drops below
the speciWed value. Normally, the drift rate should be
continuously monitored. But if the drift rate is always
far below the speciWed value, the user may temporarily
deactivate the drift measurement option to save time
and choose to reactivate this option to measure the cur-
rent drift rate at any time, typically when the stage is
moved to a new location, i.e., a new grid square, over a
long distance. In our system, all the parameters for the
drift measurement can be modiWed interactively during
the program execution. For example, the user may tem-
porarily use a long interval to get a more accurate drift
rate. After that, in order to save time spent on the drift
measurements, the user can reduce the interval to a value
which is suitable to provide fairly accurate drift rates for
the routine drift check.

Because the beam and image are very sensitive to the
focus at high magniWcations, it is essential to keep the
focus around the eucentric setting when the focus is
adjusted during the automated focus correction. The
eucentric focus setting is recorded right after the succes-
sive Z-height and focus calibrations in the initialization
process. The automated focus correction is performed in
two steps using methods based on beam-tilt-induced dis-
placements (Carragher et al., 2000; Dierksen et al., 1992,
1993; Fung et al., 1996; Koster et al., 1992; Zhang et al.,
2001). The Wrst step Wnds the focus plane and presets the
defocus to a user-speciWed value. The second step Wnds
the focus plane again and sets the desired defocus value
for the acquisition of a high-magniWcation image. The
focus plane is determined based on the displacement
between two images measured using cross-correlation
techniques. Because cross-correlation calculation is
prone to giving false peaks, the focus plane calculated in
either or both steps could be wrong. Therefore, in addi-
tion to checking if the result of the second step is anoma-
lous, by comparing the defocus diVerence calculated
from the displacement with the user-speciWed value pre-
set in the Wrst step, we always check if the calculated
focus plane is around the eucentric setting in both steps.
If the calculated focus plane is far oV the eucentric set-
ting, the defocus will not be reset and the focus setting
before the focus correction will be restored. If the focus
correction in the Wrst Focus substate gives an anomalous
result, which most frequently happens at the holes
located close to rims of grid square, a second Focus sub-
state is used in this system to try again at an alternative,
adjacent position.

In the last step, a high-magniWcation image can be
acquired either to Wlm or to a digital CCD camera. A
second high-magniWcation image of the same location
can be acquired at high defocus to the same recording
medium, if preferred. When using Wlm plate for high-
magniWcation acquisition, a high-magniWcation CCD
image of the same location can also be acquired after
acquisition of the Wlm image, allowing for direct exami-
nation of the Wlm image during the experiment.

The entire experimental session can be fully moni-
tored and controlled by the user through the control
interface as described above.

3.4. File management and experimental log

There is no need to prepare any reference images and
templates, or create folders in advance, before starting
the program. In the folder speciWed on the user interface,
Wve sub-folders are created by the system automatically
to accommodate intermediate images, high-magniWca-
tion images, image pairs, images taken after acquisition
of Wlm, and text Wles, respectively, making all the Wles
well-organized and readily identiWable. All text Wles are
created and saved automatically to avoid loss of any use-
ful information. The program execution information on
each step shown on the control interface is saved simul-
taneously in a text Wle, enabling the user to review the
whole experiment after the program is completed.

The Tecnai user interface allows the user to specify an
exposure log Wle where each line records some basic
information on each acquired Wlm image in a real-time
mode. Likewise, the automated system always automati-
cally saves information in a text Wle, with each line corre-
sponding to a high-magniWcation Wlm image. In addition
to all the information included in the exposure log Wle,
this Wle also contains information on the associated hole
and grid square. Furthermore, similar Wles are also saved
for high-magniWcation CCD images, image pairs (both
Wlm and CCD), and CCD images taken after Wlm
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acquisition. These exposure-log-like Wles give the user
quick reference regarding high-magniWcation images
and are easily accessed by a database. More detailed
information is saved in another text Wle during data
acquisition and thus can be found if required.

3.5. Timing

Table 1 shows some typical running times for the
various steps involved in recording a high-magniWcation
micrograph. The system runs on a 1.2 GHz Pentium III
PC under Windows 2000. Generally, the average time
required per image is less than 70 s for CCD data
collection or less than 2 min for Wlm data collection. The
actual rate at which the data can be acquired is
dependent on the speed of acquisition, processing and
analysis of CCD images, the stability of the stage, and
the quality of the grid. The speed of acquisition, process-
ing, and analysis of CCD images is signiWcantly aVected
by the type of the CCD camera and the speed of the
computer. The timings listed here apply to the 2K £ 2K

Table 1
Typical timing on automation steps

Note. Procedures in the Square state such as the evaluation of a grid
square, Z-height setting and identiWcation of suitable holes are only
carried out once for all the selected holes within the grid square. There-
fore, the time spent in the Square state should be averaged over the
actual number of micrographs collected from the grid square. Note
that this only applies to the medium and full levels of automation
while the lowest level of automation does not spend that time in the
Square state. The drift measurement has a very Xexible setting whose
parameters can be modiWed interactively through the control interface
while data acquisition is in process. If the measured drift rate is far less
than a user-speciWed value, the user can deactivate the drift measure-
ment option (in this case, the time spent on the drift measurement is 0),
which can be reactivated at any time if required. The time spent on the
drift measurement is also dependent on the speciWed time interval
between acquisition of two successive CCD images for the evaluation
of the drift rate. In most cases, the focus correction can be completed
in the Wrst Focus sub-state. The second Focus sub-state, which will
double the focusing time for each micrograph, is seldom required to
perform the focus correction. The centering of the electron beam is
routinely re-carried out at a speciWed interval (presently set to be 1 h).
Thus, the time consumed on this step should be averaged over the
number of micrographs acquired within this interval.

a n1, number of micrographs collected from a grid square.
b n2, time interval between acquisition of two successive CCD

images for the evaluation of the drift rate; n3, number of drift measure-
ments (n3 D 0 if the drift measurement option is deactivated).

c n4 D 1 if the Focus sub-state 2 is not required; n4 D 2 if the Focus
sub-state 2 is required.

d n5, number of micrographs acquired within a speciWed interval
(presently set to be 1 h).

Step Seconds

Square statea 120/n1
Search state 10
Drift measurementb (10 + n2)*n3

Focus correctionc 21*n4
High-magniWcation acquisition 17 (CCD), 40 (Film)
Beam centeringd 40/n5
CCD camera we use while the corresponding timings
will be much longer if a 4K £ 4K CCD camera is used.
The quality of the grid, which is represented by the num-
ber and distribution of good grid squares on the grid and
suitable holes within grid squares, is the most important
factor that aVects the rate of data acquisition for a given
facility.

3.6. Application

We have tested and evaluated the performance of our
system by using it to collect data for our ribosome
projects many times. Because of the limited area of spec-
imen imaged by the 2K £ 2K camera compared to Wlm
at equivalent resolution, images are as a rule acquired to
Wlm, and only Wlm images are used in the Wnal
reconstruction work. We describe here the automated
acquisition of micrographs of Escherichia coli 70S ribo-
some at the medium level of automation. One grid
square was examined and 69 holes were pre-selected as
having ice layer of suitable and uniform thickness, and
56 high-magniWcation (50 000£) images were acquired
to Wlm. The whole experiment lasted around 2 h and
10 min including nearly half an hour spent on the initial-
ization process. After visual inspection and evaluation of
digitized images and their power spectra, 38 images were
selected for further analysis, from which 28,574 particles
were picked for 3D reconstruction. An example of one of
these digitized images and its power spectrum is shown
in Fig. 7. The remaining 18 images were rejected mainly
due to small amounts of drift and astigmatism. Before
automated data collection was started, manual data
collection from the same grid was carried out the same
day by a microscopist, where 56 Wlm images were taken
from three grid squares. Thirty-eight images were
selected for further analysis, from which 30,609 particles
were picked. The result shows that the quality of
micrographs collected using the automated system is
comparable to those manually collected. These two data
sets were merged together with other data sets to yield a
3D reconstruction.

4. Discussion

The improvements for medium level of automation
mentioned above generally apply to the full level of
automation, as well. The only additional improvement
made especially for the full level involves specifying the
scanning range of the grid which is conWned by the range
of the specimen stage movement. In the current imple-
mentation, all the grid squares within the range of the
specimen stage can be fully reached if required while
reaching areas out of the range of the specimen stage is
prohibited. On the full level, the microscope follows a
spiral path from a given starting point to select grid
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squares, some of which may not have good quality, and
the quality of each grid square is evaluated. The
eYciency in identifying good grid squares is dependent
on the quality of the grid, in terms of the number of
good grid squares and their distribution on the grid, and
on the algorithms and criteria implemented for
evaluating the grid squares. It is expected that the full
level is mostly eYcient for large data collection from
those grids, where a contiguous region of suYcient good
grid squares exists.

We have implemented a set of procedures to enhance
the stability and eYciency of the system. We use a
method employing two-step goniometer movement to
reduce the backlash error by always approaching the
desired location from the same direction. Cross-correla-
tion calculation, which is prone to yield multiple local
maxima, is frequently carried out in the program. We
have improved the cross-correlation performance by
introducing appropriate Wlters and image modulation,
applying gain correction, as well as a procedure to rule
out the auto-correlation peak. Besides automated stage
Z-height setting, a protocol is implemented to keep the
focus around the eucentric plane when resetting
defocus. Many other improvements are also applied to
maintain smooth execution of the system and reduce
the chances of an unexpected crash. The control inter-
face allows the experiment to be fully monitored and
controlled. In the event something goes wrong, the data
collection can be manually stopped from the control
interface and then the user’s predeWned low-dose setting
will be fully restored by the system. In many cases,
acquisition of images at low defocus is preferred. How-
ever, it is very diYcult to identify and box out particles
from images acquired close to focus due to the low con-
trast. A second image acquired at high defocus from the
same location would then be very useful. The control
interface ensures that the quality of the data can be
monitored when data acquisition is in process. The user
can determine how good the grid square is according to
an examination of high-magniWcation CCD images and
decide whether it is necessary to continue with the cur-
rent grid square. The ability to inspect high-magniWca-
tion images acquired in digital format, prior to large-
scale data acquisition from a grid square, reduces time
spent on bad squares and increase productivity dramat-
ically, and is thus extremely useful for image acquisition
on Wlm which cannot be examined without development
and digitization.

The AutoEMation system is currently running on our
Tecnai F20 microscope equipped with a Gatan 2K £ 2K
camera. It has been also extended to some other Tecnai
series of microscopes equipped with a Gatan MSC cam-
era. For example, it also ran successfully on our Tecnai
F30 microscope when the microscope was equipped with
a Gatan 2K £ 2K Camera (which is now replaced by a
4K £ 4K Tietz Camera). We have not yet tested it on any
other Tecnai series of microscopes interfaced to the same
or diVerent Gatan MSC camera, but we believe that it
can be conveniently implemented on those instruments
after some associated parameters in the scripts are
adjusted and reWned, which can only proceed from some
tests required to be carried out on those instruments. At
the current stage of development, the system cannot be
applied to Tietz CCD cameras because TIA only sup-
ported Gatan CCD cameras when the system was pro-
grammed. Since the new version of TIA which is
interfaced to Tietz cameras is being released, we will
eventually extend our system to Tietz cameras as one is
installed on our Tecnai F30 microscope.

Because the Wlm cassette needs to be replaced every
56 plates and the exposed plates need to be developed
and digitized, Wlm is not an ideal option for high
throughput data collection and processing. Currently,
we can only use Wlm as the recording medium because
we only have a 2K £ 2K Gatan CCD on our Tecnai
F20 microscope. The timing demonstrated that the sys-
tem could acquire 1000 CCD micrographs a day with
this CCD camera. We believe that data collection using
Fig. 7. (A) A digitized Wlm image of Escherichia coli 70S ribosome at a nominal magniWcation of 50 000£. (B) A power spectrum of the image in (A).
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a 4K £ 4K CCD camera with performance comparable
to Wlm can be used directly for single particle recon-
struction and thus bypasses the time-consuming and
labor-intensive steps associated with Wlm data collec-
tion. The system is advantageous for large data collec-
tion on both Wlm and CCD. For instance, to acquire
1000 micrographs, the manual data collection method
and the lowest level of automation require that more
than 1000 holes need to be manually selected. At the
medium level of automation, which is our default set-
ting, normally manual selection of less than 20 good
grid squares in a Quantifoil 2.0/4.0 grid during the ini-
tialization may yield 1000 micrographs. After the ini-
tialization is completed, the system emulates all the
manual operations, including Z-height setting, hole
preselection, hole targeting, focusing, and Wnally, high-
magniWcation acquisition. Thus the system can be left
unattended except for the required periodic reWlling of
the cryogen. It can also be remotely monitored and
controlled from any location through a local area net-
work if corresponding software is installed. We have
not tested the long-term performance of the system.
The reason is that the current cryogen containers on
our Tecnai F20 microscope cannot last overnight. Our
Tecnai F30 microscope has a special stage and cryo-
genic system which make it ideal for long-term data
collection due to the fact that a full helium reservoir
will last for at least 6 h, while a full nitrogen reservoir
has a hold time of approximately 24 h.

The application experiment using E. coli 70S
ribosome is not a typical example. We have started to
use the AutoEMation system to perform our routine
data acquisition and have successively collected a num-
ber of data sets on Wlm at the medium level of automa-
tion for our ribosome projects with quality comparable
to those manually collected. We believe that the system
will assist us in collecting more data eYciently and serve
as a reliable alternative to manual data collection.

5. Software availability

The software described will be made freely available
upon request.
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