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Abstract

The cryoEM method Microcrystal Electron Diffraction (MicroED) involves transmission electron 

microscope (TEM) and electron detector working in synchrony to collect electron diffraction data 

by continuous rotation. We previously reported several protein, peptide, and small molecule 

structures by MicroED using manual control of the microscope and detector to collect data. Here 

we present a procedure to automate this process using a script developed for the popular open-

source software package SerialEM. With this approach, SerialEM coordinates stage rotation, 

microscope operation, and camera functions for automated continuous-rotation MicroED data 

collection. Depending on crystal and substrate geometry, more than 300 datasets can be collected 

overnight in this way, facilitating high-throughput MicroED data collection for large-scale data 

analyses.
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1. Introduction

The cryoEM method Microcrystal Electron Diffraction (MicroED) is gaining momentum 

and is at the stage at which automation could further expand its use. In MicroED, a 

nanocrystal that is continuously rotated is exposed to the electron beam in diffraction mode 

while the diffraction data is collected on a fast camera as a movie [1,2]. This mode of 

MicroED data collection is called continuous rotation and is analogous to the rotation 

method in X-ray crystallography [3]. Combined with a camera operating in shutterless 

mode, continuous-rotation MicroED avoids partially-measured reflections by sampling all 

reciprocal space throughout the rotation range of the crystal, and provides both faster data 

collection and simpler data processing [1]. Continuous rotation has also improved the 

quality of the measurements [1] and allowed MicroED to tackle more complex structure 

determination projects [4]; it has therefore become the standard method of data collection in 

MicroED.

MicroED data are collected from a grid which might contain thousands of nanocrystals. On 

most modern electron microscopes, a maximum of 140° of data can be collected per crystal 

(+/− 70° tilt) so that, depending on symmetry, a single nanocrystal may yield an almost 

complete dataset [5]. Data from several crystals can be merged to increase completeness if 

each crystal is oriented differently on the grid [6]. MicroED data is then processed using 

standard X-ray crystallography software where structures are determined and refined as 

described before [7,8].

MicroED could benefit from automation, where multiple targets are selected for acquisition 

in a single run, as is commonly done with other cryoEM modalities such as electron 

tomography (ET) [9] and single particle analysis (SPA) [10]. These methodologies utilize 

software that controls the electron microscope and camera in order to perform the operations 

necessary during long-running data acquisition sessions with minimum human intervention. 

Automation is appealing because it increases the throughput of the instrument, which is 

particularly relevant to busy facilities where microscopes are operated as shared resources. It 

also reduces error arising from manual execution of repetitive tasks and allows for data 

collection 24/7.

SerialEM [11] is a freely-available and open-source Microsoft Windows-based program 

used to coordinate microscope tasks and acquire digital images on TEMs. As of September 

2018, SerialEM has been installed on over 500 electron microscopes worldwide. It is 

compatible with modern electron microscopes and imaging detectors from several major 

manufacturers, and provides a consistent user interface across different hardware platforms. 

The software is highly extensible and allows microscope and camera acquisition tasks to be 

automated through its scripting command processor. Updates to the software and user-

created scripts have enabled increasingly automated SPA [12] and ET [13] data collection. 

Other TEM automation software programs exist [10], but SerialEM is currently the only one 

with the ability to control the microscope in diffraction mode in conjunction with a 

continuously-rotating stage.
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2. SerialEM data collection procedure

We developed a procedure using a script for SerialEM (http://bio3d.colorado.edu/SerialEM) 

which enables large-scale MicroED data collection on TEMs by Thermo Fisher Scientific 

(formerly FEI Company, Philips Electron Optics) coupled to electron detectors from various 

manufacturers. An overview of this procedure is presented in Figure 1 and generally follows 

similar protocols commonly used for collecting SPA data. Once a grid containing 

nanocrystals is loaded into the microscope, the operator identifies potential crystals either by 

inspecting the grid manually using low-dose imaging [14], or by montaging a whole-grid 

atlas. An atlas provides a fast way to visually screen an entire grid for crystals offline and 

keeps the exposure of the sample at a minimum. The location of each crystal is then marked 

in a similar way to selecting regions of holes/gridsquares for SPA data collection. The 

operator can then collect a sample diffraction pattern from each of the marked crystals to 

narrow down the selection of crystals for complete data collection (Figure 2). This step can 

be done either manually or automatically in SerialEM using its Navigator tools.

Before data collection can begin on a selected set of crystals, the eucentric height needs to 

be determined at each data collection point on the grid. Akin to crystal centering in X-ray 

diffraction, this ensures that the crystal does not move out of the confines of the 

measurement during the continuous-rotation experiment [2]. Several reviews and papers 

have been published on crystal identification, troubleshooting, and microscope setup for 

diffraction [2,7,15–17]. The stage coordinates of the selected, well-diffracting crystals are 

then loaded to the automated data collection pipeline.

Our pipeline coordinates all components to automate data collection. The operator inputs the 

desired rotation angle span (within the range from −70° to +70°), rotation speed (entered as 

a multiplier to the intended degrees per second), exposure time per frame (seconds), and 

destination directory for the data output; these are applied to all crystals on a job list. Data 

collection then proceeds in batch, where the SerialEM script directs the microscope 

sequentially through the list of selected crystals, one crystal at a time.

SerialEM synchronizes crystal rotation and the start of data collection, such that the crystal 

is rotating at the desired, constant rate when the first frame is recorded. The entire rotation 

range is recorded as set, then camera recording stops, the stage rotation stops, and the data is 

saved. SerialEM then continues to the next crystal location in the job list. The relevant 

metadata, such as rotation rate and camera configuration, are automatically stored with the 

diffraction images in directories on the filesystem of the data collection host. These output 

files need to be converted to formats readable by typical crystallography integration 

packages such as DIALS [18], iMosflm/MOSFLM [19], or XDS [20] using our conversion 

software [7], which is freely available from https://cryoem.ucla.edu/pages/MicroED. A step-

by-step protocol of SerialEM setup and instructions for MicroED data collection is 

presented in Supplementary Material.

3. Methods

Proteinase K was used a test sample for SerialEM-enabled MicroED data collection.
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3.1. Crystal growth.

The fungal serine protease Proteinase K (E. album) from Sigma-Aldrich (St. Louis, MO, 

USA) was prepared by combining 3 mL of protein solution (50 mg mL−1) with 3 mL of 

precipitant solution (1.0–1.3 M ammonium sulfate, 0.1 M Tris @ pH 8.0) [15] and set in a 

24-well tray as 4-μL hanging drops.

3.2. CryoEM sample preparation.

3 μL of proteinase K solution was pipetted onto a Quantifoil R 2/2 Cu 300-mesh grid 

(Quantifoil Micro Tools GmbH, Großlöbichau, Germany) which had been pretreated with 

glow-discharge plasma at 15 mA for 30 s (PELCO easiGlow, Ted Pella Inc., Redding, CA, 

USA). The grid was blotted onto 595 filter paper (Ted Pella Inc.) at a blot force setting of 5 

for 10 s and plunge-frozen into liquid ethane using a Thermo Fisher Vitrobot Mark IV 

(Thermo Fisher Scientific, Hillsboro, OR) with a chamber environment of 22°C and 100% 

humidity.

3.3. TEM configuration.

Vitrified grids were examined with a Thermo Fisher Talos Arctica TEM operated at 200 kV 

and fitted with a Thermo Fisher CetaD scintillated CMOS 4k × 4k camera. The specimen 

was kept at ~100 K in the microscope. Low-magnification imaging for whole-grid crystal 

searching/montaging was done at a microscope magnification of 155×. TEM diffraction 

beam settings were saved into the SerialEM Low Dose Control for low-dose diffraction 

imaging [14] and coherent-beam diffraction for data collection. In this Low Dose Control, 

the diffraction beam used for data collection was set to an electron dose of 0.01 e− Å−2 s−1 

and saved as the “Record mode” beam. The “View mode” beam setting was used for local 

(gridsquare) area imaging of crystals for screening on the FluCam (phosphor screen) of the 

Arctica TEM, and was set to an electron dose rate of ~1 × 10−6 e− Å−2 s−1. A diffraction-

defocus offset was applied to view the crystal using the SerialEM Low Dose Control’s 

defocus “offset for View mode” setting.

3.4. Microcrystal screening.

Grids were searched for thin ice and microcrystals first using the low magnification setting 

(155×). This initial search either took place manually, by observing the FluCam and moving 

the stage, or via the SerialEM Full Montage function, where a series of images are collected 

at the low magnification setting during a rasterization of the stage across the entire grid 

surface. Crystal stage coordinates were identified and saved to the SerialEM Navigator for 

later diffraction testing. To identify crystals suitable for data collection in an automated way, 

we set the Record mode camera parameters to collect a 4-second exposure. This uses the 

“Record Mode” diffraction beam setting as mentioned above for crystal exposure. The 

selected area (SA) aperture was inserted, the size of which was set to accommodate the 

dimensions of the largest crystal chosen for diffraction. We then used the “Acquire at 

Points” function to acquire diffraction pattern exposures at each previously-saved crystal 

coordinate. For those crystals which showed protein diffraction, the position was revisited to 

set the crystal at eucentric height using the microscope controls, then queued in the 

Navigator for batch MicroED data collection.
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3.5. MicroED data collection.

Microcrystal coordinates prepared for data collection were set to “Acquire” in the SerialEM 

Navigator in the previous section. Before starting, the parameters for data collection, 

particularly output directory, rotation speed, angular range, frame exposure time, and frame 

binning, were configured in the CRmov script for this batch run. A detailed protocol for 

SerialEM-automated MicroED data collection and the CRmov script are available in the 

Supplementary Material.

4. Discussion and Conclusion

This work lays the foundation for automating MicroED data collection by using software to 

control the repetitive and intricate tasks involved, allowing the experimenter to spend more 

time on those aspects of structure determination where computer-controlled procedures are 

not yet feasible, such as crystal optimization and TEM grid preparation. Our procedures may 

be further developed to automatically detect crystals on a grid and determine optimal data 

collection parameters as is often done at synchrotrons for X-ray crystallography (e.g., BEST 

[21], STRATEGY [22]). Currently SerialEM only has access to the necessary microscope 

commands on Thermo Fisher systems; work on compatibility with JEOL microscopes is 

ongoing and support for other microscopes and cameras is anticipated.

Once MicroED data is recorded, the CRmov script directs SerialEM to save the images as 

TIF files which are then converted to an image format that is readable by downstream X-ray 

crystallography processing software [7]. The data can be processed by several different 

standard crystallographic packages including DIALS [18], iMosflm/MOSFLM [19], and 

XDS [20]. Diffraction intensities are then integrated, scaled, and merged (as necessary). In 

order to generate high-resolution structures, these intensities are combined with phases 

calculated either from similar models by molecular replacement, or determined 

experimentally via ab initio direct methods [23], isomorphous replacement by heavy-atom 

derivatives, or by extracting phases from images of crystals.

Interest in cryoEM methods for biological investigation has recently surged as developments 

in hardware (increasingly stable electron optics, in-microscope robotic multiple-specimen 

holders allowing longer contamination-free storage times, and fast cameras allowing new 

ways of data collection) and software (automation for data collection and analysis) have 

opened cryoEM to the wider community. We show here that MicroED data can be collected 

in a consistent and automated way using the open-source software application SerialEM 

with minimal user intervention. This level of automation for MicroED simplifies the data 

collection experience for the end-user and makes MicroED accessible to laboratories and 

facilities without prior extensive experience. Depending on the type of camera used and the 

speed of rotation, data collection can take as little as 1 minute per crystal for a full 140° 

dataset that is often sufficient for structure determination. Under such a regime, data from 

more than 300 crystals can be collected autonomously overnight, bringing MicroED to the 

X-ray crystallography timescale and enabling analyses of big datasets that could be used for 

time-resolved studies, drug discovery, and protein dynamics. Thus, large-scale automation 

represents the next phase of MicroED studies.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A procedure for automating TEM and electron detector to collect MicroED 

data is described.

• The widely-used open-source software program SerialEM is used to 

coordinate TEM goniometer movement and detector image recording.

• A SerialEM script and usage protocol for Thermo Fisher TEMs is provided.
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Fig. 1. 
SerialEM automation workflow for MicroED. A cryoTEM grid containing protein 

nanocrystals is examined via a whole-grid atlas collected at low magnification. Crystal areas 

are then identified from this atlas and added into the SerialEM Navigator queue for 

subsequent diffraction screening. Diffracting crystals on this list are selected for subsequent 

MicroED data collection in batch. (a), (b), and (c) denote crystals selected for diffraction 

screening in Fig. 2.
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Fig. 2. 
Electron diffraction screening of selected crystals. (a), (b), and (c) are the resulting 

diffraction patterns of crystals (a), (b), and (c) in Fig. 1.
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