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Abstract

Background CryoEM has gained popularity due to advancements in both hardware and software, making it pos-
sible to visualize biological molecular structures in detail. However, despite its growing use, cryoEM remains a costly
technique, and limited access to cryo-capable TEMs is slowing research efforts. By refining experimental design

and streamlining data collection approaches, researchers can significantly boost efficiency and reduce costs, making
this technique more accessible and impactful.

Method This work presents a guide to some of the session setup parameters for automated cryoEM data collection
using Thermo Fisher’s EPU software.

Results The TIFF and MRC formats were compared, and the Faster acquisition mode was evaluated against the Accu-
rate acquisition mode. Acquired TIFF files were significantly smaller than MRC files without any notable loss of reso-
lution in the data. By minimizing stage movements, the Faster acquisition mode increases data collection speed,
while Accurate acquisition provides precise centering on the optical axis. The models generated from all experiments
exhibit similar resolutions, approximately 2.12 A. These findings suggest that the Faster mode, coupled with recent
advancements in hardware and software, can increase data collection speed by nearly 5 times.

Discussion This guide offers practical insights into optimizing data collection strategies based on the study’s target

and sample nature. Such optimization ensures the efficient use of resources, leading to reduced costs and time dur-

ing both data collection and processing. Based on our findings, we recommend using the Faster mode with counted
super-resolution, binning 2, and non-gain normalized TIFF output file format for all strategies outlined below.
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Introduction

Transmission electron microscopy (TEM) allows for
the visualization of structural elements of matter at the
atomic scale and has numerous applications in materi-
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visualization of biological objects from the molecular
level (single proteins) to the cellular level (single cell or
tissue) in near-native conditions. CryoEM can be uti-
lized in three major approaches: conventional imaging,
cryo-electron tomography (cryoET), and cryo-electron
scanning microscopy (cryoSEM). While cryoET and
cryoSEM offer significant benefits for imaging samples
at the cellular level to study surface topology and cellu-
lar or subcellular structures [11-15], conventional TEM
imaging, followed by single particle analysis, recon-
struction, and modeling, remains the primary method
for study smaller targets, such as single proteins
and protein complexes [13, 16]. Another significant
advancement in structural studies using TEM was the
development of direct electron detector (DED) cam-
eras. Unlike traditional cameras, DED cameras directly
detect electrons and convert them into a signal, which
is then processed to create an image. Nowadays, one of
the most widely used models is the K3 camera, manu-
factured by Gatan, which is part of the BioContinuum"
K3® system, consisting of the K3 camera and the GIF
Continuum" filter. The K3 camera can capture images
at a rate of 1500 frames per second, enabling it to
detect and record individual electron events (electron
counting) as they reach the sensor. This capability not
only enhances image quality but also reduces noise,
improving sensitivity. Unlike the previous K2 detector,
the K3 always acquires movies or images in super-res-
olution mode. Super-resolution imaging provides spa-
tial resolution twice as fine as the physical pixel size.
This is achieved by analyzing a single electron event
across multiple pixels, allowing the detector to calcu-
late the center of the electron event with sub-pixel pre-
cision. By evaluating the same electron multiple times
from different pixels, the electron signal is significantly
enhanced, enabling the capture of more detailed infor-
mation and improving the signal-to-noise ratio [17].
High-resolution structural information is essential
for understanding biological processes at the molecular
level. Such precision enhances our understanding of the
flow and regulation of molecular mechanisms, improv-
ing drug development and the design of highly specific
and efficient therapeutics [18-20], as well as advancing
our understanding of physiological processes. To obtain
these details, a large volume of data must be collected
and processed. Despite the rapid development of cry-
oEM microscopy, it remains an expensive high-end tech-
nique. Additionally, the physical availability of cryoEMs
impacts data collection. Currently, available microscopes
are struggling to meet the growing demand for structural
information, which often leads to cost and availability
constraints that hinder the speed of research. A correct
experimental design and approach to data collection can
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save time and funds, significantly increasing the progress
of research projects.

Significant advancements have been achieved in devel-
oping and utilizing automation for cryoEM data collec-
tion [21, 22]. Over the past decade, both academic groups
and commercial entities have developed numerous data
collection software packages [23, 24]. The most com-
monly used packages include Leginon [25] and SerialEM
[26] from academia, JADAS [27] for JEOL microscopes,
and EPU [28] for Thermo Fisher Scientific microscopes.
Additionally, Latitude can be used with TEMs equipped
with Gatan detectors. Thermo Fisher is the world’s largest
supplier of cryoEM instruments and equipment. Their
cryoEM offerings include the Krios, Arctica, Glacios, and
Tundra microscopes. EPU data acquisition software is
usually included in the standard Thermo Fisher cryoEM
package during microscope acquisition, making it avail-
able at the majority of cryoEM facilities. Optimizing the
use of EPU data collection parameters will be beneficial
for many cryoEM researchers.

Recent software updates for most data acquisition soft-
ware, including EPU, now support modes of automatic
data acquisition based on either accurate stage move-
ment to center each imaging area on the optical axis or
image/beam shift for imaging multiple areas with each
stage movement (Fig. 1). The difference between the
two modes of data acquisition is that stage movements
are used to locate and center specific regions to illumi-
nate by the electron beam; or the stage movement is used
to locate a center of the region and remain stationary,
while the beam itself will be moved to illuminate numer-
ous spots around the center. The minimization of stage
movements significantly increases the rate of data acqui-
sition [21].

EPU offers two methods (Fig. 1), based on the prin-
ciples described, each consisting of three prepara-
tory steps. The first step involves setting up the general
session settings (Fig. 1A). The second step allows for
selecting squares and holes within these squares that
are suitable for data collection (Fig. 1B). The third step
involves setting up the acquisition template by defin-
ing the acquisition areas within the hole and selecting
the location for autofocus (Fig. 1C). Once preparation
is complete, you can view the running session screen,
where you can monitor the areas where images are being
taken and see the latest acquired image (Fig. 1D). Optical
centering with Image/Beam Shift is called Faster acqui-
sition. In Faster acquisition mode, EPU processes the
Foil Holes in groups. The Faster acquisition procedure
uses stage movements to center multiple Foil Holes at
once as a group. This reduces the number of stage move-
ments, magnification changes, and lens normalizations.
Mechanical centering with stage movement is called
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Fig. 1 Example of the automated data collection setup within the EPU software. A Initial session setup; B Grid square selection; C Template setup;

D Running session

Accurate mode. In Accurate mode, EPU processes each
individual Foil Hole independently from its surrounding
Foil Holes. EPU first locates the individual Foil Hole, and
then accurately centers it in the camera field of view. This
procedure requires magnification changes, lens normali-
zations, and uses small stage shifts to mechanically adjust
the position of the specimen.

Here we compare these two automated data acquisi-
tion modes and solved cryoEM maps obtained from the
processing of collected micrographs. We utilized the
VitroEase Apoferritin Standard protein sample available
from Thermo Fisher Scientific, which is one of the most
used protein standards for microscope quality assurance.
We describe the advantages of each mode and provide a
comprehensive guide on how experimental design can be
approached by utilizing these modes and adjusting spe-
cific parameters.

Materials and method

Cryo-EM grid preparation

VitroEase Apoferritin Standard protein (3.5-4.0 mg/ml),
purchased from Thermo Fisher Scientific, was used for
testing the different modes of data acquisition. Quanti-
foil holey carbon grids (1.2/1.3; 300 mesh Copper) were
glow-discharged for 60 s at 15 mA in a glow discharger

(PELCO easiGlow). A 3.5 pL aliquot of Apoferritin pro-
tein was applied to the freshly glow-discharged grid using
an FEI Vitrobot Mark IV plunger (Thermo Fisher Scien-
tific, USA) under conditions of >90% humidity at 4 °C,
with a blot time of 4 s and zero blot force. The grids were
then plunge-frozen in liquid ethane, clipped in autogrid
rings, and stored in liquid nitrogen (Supplementary
Table 1).

Data collection

Vitrified grids were imaged using a Titan Krios micro-
scope (ThermoFisher, USA) at the Hormel Institute,
University of Minnesota cryoEM facility, operating at
300 kV. The microscope was equipped with a K3 direct
electron detector and a Gatan BioContinuum energy
filter. Six datasets were collected in different modes: (i)
Counted super-resolution mode (non-gain normalized
TIFF, accurate, with binning 2), (ii) Counted super-res-
olution mode (non-gain normalized TIFF, faster, with
binning 2), (iii) Counted super-resolution mode (non-
gain normalized MRC, accurate, with binning 2), (iv)
Counted super-resolution mode (non-gain normal-
ized MRC, faster, with binning 2), (v) Counted super-
resolution mode (non-gain normalized TIFF, faster,
with binning 1), and (vi) Counted mode (non-gain
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normalized TIFF, faster, with binning 1). All data sets
were collected on the same grid, with different squares
selected for each dataset. Automated data collection
was performed using the EPU 2.8.0.1256REL software
package (Thermo Fisher Scientific) at a slit width of
20 eV and a nominal magnification of 130,000 X, with
a pixel size of 0.664 A for five datasets and 0.332 A for
one data set. For all data sets, the exposure was set
with an electron dose of 50 e-/A72 distributed over
40 frames. A total of ~ 1,200 movies were collected for
each data set, with nominal defocus values ranging
from —2.5 to —0.75 pm.

Image processing

Cryo-EM data were processed using cryoSPARC v4.5.3
[29], and the procedure was applied consistently across
all data sets. Dose-fractionated movies underwent
Patch motion correction and Patch CTF estimation.
Initial particle picking was performed using the auto-
mated Blob picker, with particle diameters set between
100-150 A. The particles picked by Blob picker were
extracted from micrographs using a box size of 336 A.
The extracted particles were subjected to several
rounds of 2D classification, and the best 2D classes
were selected for automated template-based particle
picking. The maximum particle diameter for the tem-
plate particle picking was set to 150 A, and the particles
were extracted using the same box size of 336 A. These
particles then underwent additional rounds of 2D clas-
sification. The best 2D classes from this step were used
for Ab-initio reconstruction into three classes, employ-
ing octahedral symmetry. Octahedral symmetry was
chosen based on the previously solved single-particle
cryo-EM structure of Apoferritin. The best Ab-initio
classes were selected based on visual inspection of the
volume maps in ChimeraX [30], with preference given
to the class containing the highest number of particles.
This class was used for homogeneous refinement under
octahedral symmetry. To ensure consistency across all
data sets, ~ 180,000 particles were selected for further
processing from each dataset. These particles were sub-
jected to local motion correction, using a box size of
336 A, followed by homogeneous refinement with octa-
hedral symmetry applied (Supplementary Figs. 1-7).
Additionally, the datasets were reprocessed with an
extra step: we included . XML files during the movie
import stage to input beam shift information. This,
along with the Exposure Group Utilities, allowed us to
correct any effects of potentially mis-calibrated AFIS
beam shifts (Supplementary Fig. 8A and 8B). Fitting of
the apoferritin model into the reconstructed maps and
figure creation were performed using ChimeraX [30].
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Result

Experimental sample and setup

Apoferritin protein has been widely used as a standard
for optimizing cryo-electron microscopy (cryoEM) data
collection strategies due to its symmetry, stability, and
well-characterized structure. To determine the most
effective strategies for single-particle cryo-EM data col-
lection using the EPU software on a Titan Krios micro-
scope, we purchased apoferritin protein commercially
from Thermo Scientific. This ensured consistency in the
protein samples used across various data collection strat-
egies, leading to more reliable and comparable results.
Our goal was to evaluate the impact of different data col-
lection strategies on total collection time, computational
storage requirements, and the quality of the final cryoEM
map reconstruction. For this purpose, we collected six
datasets using the same vitrified grid, selecting squares
of similar ice thickness for each dataset. Key param-
eters were kept constant across all experiments, includ-
ing magnification (130,000x), defocus range (—2.5 pm
to —0.75 um), and the number of frames per movie (40)
(Supplementary Tables 1-2). The primary variations
between the datasets lay in three areas: 1) Acquisition
mode: counted mode vs. counted super-resolution mode.
2) Data collection approach: accurate "mechanical cen-
tering with stage shift" vs. faster "optical centering with
image/beam shift", and 3) Movie file format: MRC vs.
TIFF (Fig. 2, Supplementary Figs. 1-8, Table 1).

Comparison of two modes and file formats

Each dataset comprised a similar number of movies,
ranging from 1,354 to 1,546. The data collection rate,
however, differed significantly between the Faster and
Accurate modes. For instance, the counted super-reso-
lution mode with binning 2 and faster optical centering
achieved a high collection rate of 736-758 movies per
hour. In contrast, the counted super-resolution mode
with binning 2 and accurate mechanical centering had
a slower rate, collecting between 134 and 160 movies
per hour. This difference in collection rates highlights
the trade-off between speed (Faster mode) and preci-
sion (Accurate mode). Data storage requirements also
varied depending on the format of the movie files.
Movies saved in TIFF format required approximately
166 MB per file, while those saved in MRC format
required significantly more storage, averaging around
920 MB per file. All datasets were processed using cry-
oSPARC v4.5, following identical workflows. Around
180,000 particles were selected for homogeneous
refinement in each experiment to maintain consist-
ency, applying octahedral symmetry. In terms of reso-
lution, the best cryoEM map was obtained using the
counted super-resolution accurate mode with binning
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Counted SuperRes Counted SuperRes Counted SuperRes
Accurate mode Faster mode Accurate mode
TIFF Binning 2 TIFF Binning 2 MRC Binning 2
180,000 particles 180,000 particles 180,000 particles

2.19A 2.80A 2.34A

Counted SuperRes

Counted SuperRes Counted
Faster mode Faster mode Faster mode
MRC Binning 2 TIFF Binning 1 TIFF Binning 1
180,000 particles 180,000 particles 180,000 particles
2.79A 2.83A 2.77A

Counted SuperRes Counted SuperRes Counted SuperRes
Accurate mode Faster mode Accurate mode
TIFF Binning 2 TIFF Binning 2 MRC Binning 2
180,000 particles 180,000 particles 180,000 particles

2.14A 2.09A 2.12A

Counted SuperRes Counted SuperRes Counted
Faster mode Faster mode Faster mode
MRC Binning 2 TIFF Binning 1 TIFF Binning 1
180,000 particles 180,000 particles 180,000 particles
2,124 2.16A 2.30A

Fig. 2 Overview of data processing results. The final cryoEM maps for all six experiments. A-F Experiment 1-6; G-L Experiment 1-6 with Beam Shift
corrected. The inserts show the local maps with models and experimental summaries

2 in TIFF format (Experiment 1), yielding a resolution
of 2.19 A (Fig. 2A). In comparison, the counted super-
resolution faster mode with binning 2 in TIFF format
(Experiment 2) resulted in a lower resolution of 2.80 A
(Fig. 2B), despite the faster data collection rate. A simi-
lar trend was observed with the data collected in MRC
format. The counted super-resolution accurate mode
with binning 2 (Experiment 3) produced a resolution
of 2.34 A (Fig. 2C), while the counted super-resolution

faster mode with binning 2 (Experiment 4) yielded a
lower resolution of 2.79 A (Fig. 2D). Additionally, we
collected two datasets (Experiment 5 and 6) in counted
super-resolution and counted modes, using both Faster
mode and binning 1 for comparison. These datasets
were processed using the same workflow, resulting
in similar resolutions (Fig. 2E and F). However, the
file sizes differed by a factor of two, with the counted
super-resolution files being larger.
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Parameters Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 Experiment 6
(EMD-48840) (EMD-48841) (EMD-48842) (EMD-48843) (EMD-48844) (EMD-48845)

Pixel Size (A) 0.66 0.66 0.66 0.66 0.33 0.66

Acquisition mode Counted Super Counted Super Counted Super Counted Super Counted Super Counted
resolution resolution resolution resolution resolution

Mode Accurate Faster Accurate Faster Faster Faster

Image format TIFF TIFF MRC MRC TIFF TIFF

Binning 2 2 2 2 1 1

Bit depth 8 8 8 8 8 8

Images per hour 134 736 160 758 338 307

Total number 1354 1540 1582 1546 1542 1546

of images

CTF average (A) ~25 ~25 ~25 ~25 ~25 ~25

Number of squares 5 5 5 5 5 7

selected

Number of holes 677 770 791 773 771 773

selected

Each movie size ~166 MB ~166 MB ~920 MB ~920 MB ~288 MB ~166 MB

Final number of par-  ~ 180,000 ~ 180,000 ~ 180,000 ~ 180,000 ~ 180,000 ~ 180,000

ticles

Symmetry Octahedral Octahedral Octahedral Octahedral Octahedral Octahedral

Resolution 219 A 280 A 234 A 279 A 283 A 277 A

Resolution 214 A 2.09 A 212 A 2124 216 A 230A

after beam shift cor-

rection

Upon observing discrepancies in the results, we decided
to reprocess our data by including the . XML files, which
contain information about beam shifts. This approach
corrects potential AFIS miscalibration or beam misalign-
ment in both the Accurate and Faster modes. The results
after beam shift correction showed minimal improvement
for the Accurate mode but significant enhancement in the
resolution of models reconstructed from data acquired in
Faster mode. Specifically, after correction, Experiments 1
and 3 achieved resolutions of 2.14 A and 2.12 A, respec-
tively (Fig. 2G and I), while Experiments 2 and 4 improved
to 2.09 A and 2.12 A, respectively (Fig. 2H and J). This
suggests that Faster mode, with its much faster acquisi-
tion speed and comparable movie quality, may now offer
greater benefits. Following reprocessing, Experiments
5 and 6 showed resolution improvements similar to
those of Experiments 2 and 4 (Fig. 2K and L). Addition-
ally, the choice of file format (TIFF vs. MRC) significantly
affects data storage requirements, with the MRC format
demanding substantially more space without significantly
improving resolution.

Discussion

Utilization of cryo-EM has greatly increased over the
past 10 years, as evidenced by the year-over-year trend
of rising numbers of cryoEM structures deposited in

public databases and published in peer-reviewed jour-
nals. However, the technical development of hardware
and software, coupled with the need for appropriate
facilities to house the equipment and expensive service
contracts for maintenance, creates a high overhead cost
for cryoEM research. While national cryoEM research
centers may offer free data collection, access is typically
limited to applicants who provide strong preliminary
evidence and detailed experimental annotations, rea-
soning, and planning. Additionally, there is often a long
waiting time for free data collection at these facilities.
Other facilities may pass on at least some of their costs
to the researchers utilizing their cryoEM resources.
Therefore, it is essential to know how to efficiently
acquire the data needed for a cryoEM project.

Acquisition speed and its effect on experiments

The speed of data collection is one of the main factors
affecting a user’s time and associated fees. Thermo Fisher
Scientific’s EPU software offers two modes of data acqui-
sition known as Faster and Accurate. The Faster mode
utilizes the Aberration Free Image Shift (AFIS) software
to enable imaging of areas that are not on the optical axis
without requiring stage movement. Cryo-EM grids with
an array of holes can have images collected from multi-
ple holes with a single stage movement for each grouping
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of holes using this mode. However, the Image/Beam Shift
may induce coma and astigmatism under sub-optimal
conditions, which may decrease the final image quality
[22, 31, 32]. Now with the introduction of AFIS in a data
collection workflow, the faster mode should produce data
of comparable quality. Like any other component, AFIS
calibration requires regular maintenance. However, if the
AFIS calibration is not ideal, it can still be addressed dur-
ing the image processing stage. For example, cryoSPARC
software offers Exposure Group Utilities. Acquired mov-
ies can be imported along with .XML files that contain
information about the image/beam shifts in X and Y
coordinates. This allows for the grouping and correc-
tion of micrographs based on this data. Additionally, this
approach can help to potentially improve the quality of
data acquired with Accurate mode by correcting poten-
tial beam shifts or misalignments. An improvement in
the presented structure is marginal but could be more
significant depending on a particular dataset or data
collection.

In Accurate mode, the stage is moved to center each
Foil hole on the optical axis, and images are acquired
from only one hole per stage movement. The more fre-
quent stage movements in Accurate mode, along with
changes in magnification and lens normalization, sig-
nificantly slow down the rate of data acquisition. In fact,
Accurate data acquisition may be up to five times slower
than Faster data acquisition (Table 1). Consequently, the
differences in data acquisition modes provide distinct
advantages in terms of the quantity of data collected
within a specific timeframe.

For example, if the sample has a preferential orien-
tation problem, more images may be required to ade-
quately sample the less-represented views. Faster speed
can also be beneficial when coupled with the online data
processing approach using cryoSPARC Live. The higher
volume of data allows for further assessment of the struc-
ture. For example, if the solved structure indicates non-
optimal sample conditions (such as chemical compound
not binding to the target protein or an incomplete or
damaged protein structure), appropriate decisions can be
made to optimize conditions or switch to different sam-
ples for the remainder of data collection period. Addi-
tionally, the more practical side of faster data collection
is that it can accommodate more user slots in a facility
shared by numerous users.

File format and space requirements

Another parameter tested was the format of stored
data. The main difference between MRC and TIFF
images, from our perspective, is their size since Experi-
ments 1 and 3 (Movies collected in Accurate mode), or
2 and 4 (Movies collected in Faster mode) show similar
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resolutions during processing (Table 1). TIFF images take
roughly 5 times less space, making storage management
significantly easier. The quality of information stored in
both formats is comparable (Fig. 2G-L), with the main
difference being how metadata is stored within the file.
Both formats also have an 8-bit pixel depth. As our data
processing results show, the quality of solved models is
nearly identical, with negligible variation between 2.12
and 2.09 or 2.14 A for MRC and TIFF format stored
data respectively. Such a difference does not contain any
significant information that affects the final structural
model. Different file formats may impact compatibility
with various software used for data processing, but there
are usually methods to convert TIFF to MRC if neces-
sary. Storage space is another factor that influences the
potential cost of an experiment, especially since movies
recorded in TIFF format under LZW file compression
would be the optimal choice.

Binning and its effect

Binning of the collected data affects both data collection
speed and file size. Binning changes how pixels are rep-
resented between the sensor and the image: binning 1
corresponds to a single sensor pixel per image pixel while
binning 2 groups four sensor pixels into one final image
pixel. Higher binning enhances the contrast of naturally
low-contrast biological samples. The K3 always collects
images in super-resolution mode, producing output
that closely corresponds to images collected in super-
resolution counting mode with binning 1 (unbinned),
resulting in a pixel size of 0.33 A in our case. During data
collection with EPU and the K3 camera, binning can be
performed in two ways. When data is collected using
counted super-resolution mode with binning 1, the K3
collects movies in its default super-resolution format and
directly transfers them to EPU without binning at super-
resolution. If data is collected using counted super-reso-
lution mode with binning 2, the K3 collects movies in its
default super-resolution format, bins them twofold, and
transfers them to EPU with a physical resolution. When
data is collected in counted mode with binning 1, the K3
collects movies in its default super-resolution format and
transfers them to EPU, where twofold binning is applied
to achieve a physical resolution. Therefore, movies col-
lected in counted mode with binning 1 and those col-
lected in super-resolution mode with binning 2 should
have the same physical pixel size of 0.66 A. However,
binning in EPU is slower than binning on the camera
(EPU vs. Gatan Microscopy Suite (GMS), respectively).
This difference results in approximately twice the speed
of data acquisition and a twofold reduction in file size
between counted binning 1 and counted super-resolution
binning 2 (Table 1). Although higher binning decreases
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the resolution of the final image [33], the quality of the
final maps from our experiments remains similar for
counted super-resolution mode with binning 2 or bin-
ning 1 (Table 1, Fig. 2G-K). However, counted with bin-
ning 1 shows slightly lower resolution compared to the
others (Table 1, Fig. 2L). The maximal physical resolution
provided by the hardware is often not achievable for the
biological samples, so trade-offs between binning, data
acquisition speed, and expected maximum quality of the
final image may be considered to optimize time and com-
putational resources.

Counted super-resolution vs counted

The difference between counted and super-resolution
counted modes theoretically allows for a twofold increase
in maximum achievable resolution. Data in experiments
5 and 6 were collected in counted super-resolution and
counted modes, respectively. Both data collections were
performed with binning set to 1, under faster collection
mode, and with output movies saved in the non-gain
normalized TIFF format. We observed that the data col-
lection speed for both attempts decreased by 2.3 times,
from ~750 movies per hour to~325 movies per hour,
but remained similar for both counted super-resolution
and counted modes. Movies saved in counted mode
required ~ 166 MB per file, while counted super-resolu-
tion movies ~ 288 MB per file. Data processing followed
similar methods as in previous experiments, resulting in
two cryoEM maps with nearly identical resolutions of
2.83 A and 2.77 A or 2.16 A and 2.30 A after AFIS cor-
rection (Fig. 2E, F, K and L) for the counted super-res-
olution and counted modes, respectively. Following the
binning logic described earlier, counted super-resolution
and counted modes with binning set to 1 will have similar
data collection speed. However, counted super-resolution
could theoretically yield better results due to the smaller
pixel size of 0.33 A. While counted super-resolution with
binning set to 2 and counted mode with binning set to
1 will have similar pixel sizes but a twofold difference
in data collection speed. The lack of significant differ-
ences between the cryoEM maps may be attributed to
the excellent performance of the sample and the imposed
symmetry, which could smooth out any variations.

Experimental design suggestions

Maintaining a balance between cost and efficiency can be
quite challenging, and defining the desired experimen-
tal output is crucial in determining this balance. Aim-
ing for the highest resolution where it is not needed can
lead to significant cost increases. On the other hand, if
the obtained resolution doesn’t provide an answer, it
may lead to significant delays in the experiment and
cost increases due to the necessity of repeating data
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collection. Under comparable conditions, such as an
equivalent number of collected images and particles used
during processing, the Accurate mode yielded a 2.19 A
resolution map, while the Faster mode produced a 2.8 A
resolution map. This difference in resolution is attrib-
uted to the suboptimal AFIS calibration, as all datasets
achieved ~2.12 A resolution maps after image aberration
correction during data processing. When beam align-
ment and AFIS calibration are correct, no significant
resolution difference may be observed between Accurate
and Faster modes. It is also important to note that beam
shift grouping and correction can be performed during
data processing, even if AFIS calibration is not perfectly
aligned.

Depending on the goals of the experiment and avail-
able resources, the following points should be considered
(Fig. 3). Based on our findings, we recommend acquiring
data in Faster mode using counted super-resolution with
binning 2 and non-gain normalized TIFF output file for-
mat for all strategies described below.

The first strategy is screening, which primarily aims
to assess the initial quality and properties of the sample.
Screening is typically performed using mid-range equip-
ment, such as 100 kV or 200 kV microscopes (e.g., Tundra,
Glacios, or Arctica), for preliminary sample evaluation.
These microscopes are all compatible with EPU software.
Typically, up to one hundred movies can be collected, with
the number of movies depending on factors such as particle
density and sample concentration. Screening helps estimate
particle quality and quantity, and optimize biochemical and
freezing conditions, such as buffer composition, complex
assembly stoichiometry, and grid preparation conditions. A
key consideration during screening is selecting the appro-
priate magnification and pixel size. Generally, the pixel size
should be chosen based on the desired final resolution, typ-
ically about one-third of it, to achieve ~67% of the Nyquist
frequency. For larger objects, a larger pixel size is recom-
mended, as the magnification is lower to accommodate
their size. These parameters do not directly influence the
data collection settings but should be tailored to individual
samples for optimal downstream processing.

The second one is initial (trial) data collection. This can
be performed on both mid-range and high-end micro-
scopes, such as Glacios, Arctica, or Titan Krios, depend-
ing on availability. Based on the results from screening,
larger datasets—up to a thousand images—are typically
collected. For certain experimental purposes, trial data
collection may provide sufficient information to answer
the research questions. For example, if your target is well-
characterized biochemically and high resolution is not
required, such as for studying complex assembly or the
overall architecture of large molecular complexes, this
approach can significantly reduce both costs and time
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Fig. 3 CryoEM session design. Three general routes that can be used to optimize data collection cost and time for different samples and target

resolution

required for data collection, without aiming for the high-
est possible resolution.

The third one is large (final) data collection, typically
performed using high-end 300 kV microscopes like the
Titan Krios. The dataset size generally ranges from 2,000
to 8,000 movies, but it can be adjusted based on the sam-
ple requirements or desired resolution. For example,
when working with a previously characterized protein
or sample and aiming to improve resolution to visual-
ize specific structures, this step is essential. In contrast,
for novel or uncharacterized targets, or for dynamic and

flexible proteins or unstable binding partners, it may
be beneficial to collect even larger datasets. This allows
for particle sorting into subsets during data processing,
which can provide insights into dynamic molecular inter-
actions. Additionally, larger datasets may aid in refining
focus in specific regions.

Concluding remarks

In conclusion, based on our experience and results, EPU
automated data collection should generally be performed
using the Faster acquisition mode, which typically
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includes AFIS correction. Output movies should be
recorded in counted super-resolution mode with binning
2, using the TIFF file format with LZW compression. For
optimal results, data processing should incorporate the
import of . XML files and optical grouping.

Many steps in cryo-EM can be performed on lower-end
microscopes, and the data obtained may suffice, poten-
tially eliminating the need for more expensive equipment
or preparing the sample efficiently for cost- and time-
effective data collection. Researchers should clearly define
their experimental questions, as this will determine the
required resolution, resources, and time needed for data
collection. It is essential to assess whether higher reso-
lution is truly necessary to answer these questions. For
example, studying specific protein—protein interactions
may only require a resolution of around 3 A. While a 2.2 A
resolution could provide clearer details, the additional
time and cost to achieve it may not yield new insights.

Additionally, the dynamics and flexibility of the sample
can affect the final quality of cryo-EM maps, and these
factors may present biochemical constraints that limit
resolution. Therefore, optimizing the sample prior to data
collection is crucial to avoid delays and maximize the
efficiency of microscope usage. Future improvements in
data collection strategies will require analyzing a broader
range of samples and adjusting processing workflows
accordingly. A critical aspect of designing a cryo-EM
experiment is recognizing that different samples may not
behave similarly at all times. While similar samples may
show comparable behaviors, it is important to start with
tested conditions while remaining flexible to adjust as
needed in response to unexpected outcomes.
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