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Abstract

Electron crystallography is widespread in material science applications, but for biological samples
its use has been restricted to a handful of examples where two-dimensional (2D) crystals or helical
samples were studied either by electron diffraction and/or imaging. Electron crystallography in
cryoEM, was developed in the mid-1970s and used to solve the structure of several membrane
proteins and some soluble proteins. In 2013, a new method for cryoEM was unveiled and named
Micro-crystal Electron Diffraction, or MicroED, which is essentially three-dimensional (3D)
electron crystallography of microscopic crystals. This method uses truly 3D crystals, that are about
a billion times smaller than those typically used for X-ray crystallography, for electron diffraction
studies. There are several important differences and some similarities between electron
crystallography of 2D crystals and MicroED. In this review, we describe the development of these
techniques, their similarities and differences, and offer our opinion of future directions in both
fields.
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1. Introduction

Electron cryo-microscopy (cryoEM) has revolutionized structural biology. CryoEM includes
a set of techniques to investigate cryogenically cooled specimens using a transmission
electron microscope (TEM) [1]. These techniques are divided into those that focus a
scattered beam of electrons into images of the sample and those that utilize the scattered
electron beam (diffraction). Cryo electron tomography [2] and single particle cryoEM [3,4]
are two techniques that use the imaging mode. Tomography reconstructs the three-
dimensional structure of single objects by stitching together multiple high-resolution images
of the same object taken at many different angles. Single particle cryoEM takes images that
have many copies of a single protein in multiple orientations. The three-dimensional protein
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structure is modeled by classifying thousands of individual protein images (projections) into
many different views to reconstruct a three-dimensional representation of the specimen.
Biomolecules resolved in cryotomography use sub-tomogram averaging to solve individual
structures in much the same way as single particle reconstructions [5]. Though these
methods utilize the same mode of the electron microscope, tomography typically
investigates a single specimen of interest utilizing fixed tilt angles, whereas single particle
stochastically samples random orientations of different copies of the same protein. The
cryoEM diffraction methods can be similarly divided into two major methodologies:
electron crystallography [6] and MicroED [7°°]. Electron crystallography collects diffraction
data or images from two-dimensional crystals using still images over a range of tilt angles to
solve structures. A two-dimensional protein crystal is an array of regularly arranged protein
in X and Y (two dimensions) but is only a single protein layer thick. Each 2D crystal is
oriented differently on the grid and images of a thousand 2D crystals collected at different
tilt angles. The data is then combined to a single dataset that is then used for structure
determination. Phases come from images or by molecular replacement [8]. In sharp contrast,
MicroED is electron diffraction from three-dimensional crystals up to a micrometer thick
[9°°], not 2D crystals, and a single 3D nanocrystal is sometimes sufficient for the collection
of an entire dataset [10,11°]. The crystal is continuously diffracted and under continuous
rotation [10]. The data is collected on a fast camera as a movie and processed using standard
X-ray diffraction software [12]. In this way, electron crystallography of 2D crystals is a
more stochastic methodology, whereas MicroED is prescribed to a single 3D crystal sample.
These differences are reminiscent to the differences between single particle analysis and
cryotomography, respectively. There are clearly major differences between electron
crystallography of 2D crystals and MicroED and here we discuss such differences. We give
a brief overview of the ongoing developments in electron crystallography and MicroED, and
discuss exciting avenues to future development.

2. Milestones in electron crystallography of 2D crystals

Investigation on biological specimens by electron crystallography arguably began when
Parsons and Martius used electron diffraction to investigate the structure of muscle fibers in
1964 [13]. This same year Klug and Berger used electron microscopy images to corroborate
optical diffraction data [14]. However, this study did not utilize the signal from diffracted
electrons, nor did either study elucidate a novel structure. The first report of electron
crystallography that used Fourier transforms from images to visualize a three-dimensional
density and gain insight into a novel biological structure was done by DeRosier and Klug in
1968 on the structure of the T4 bacteriophage [15]. Hoppe et al. followed, discussing the
possibility of solvent replacement and phasing in electron crystallography, and correlated the
diffraction amplitudes of Myoglobin from X-ray and electron diffraction in 1968 [16].
Glaeser and Thomas demonstrated electron diffraction from a valine crystal to 1.06 A
resolution, and explored radiation sensitivity of biological specimens in 1969 [17]. Electron
microscopy was used by Labaw and Rossmann in 1969 to observe the lattice spacing in
lactate dehydrogenase (LAD) from dogfish muscle [18].

The first investigations of two-dimensional crystalline assemblies were done by Matricardi
in 1972 [19], followed by Taylor and Glaeser [20], and Unwin and Henderson in 1975 [21].
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However, it was not until Henderson et al. used the naturally occurring purple membrane
protein bacteriorhodopsin in 1990 that a near atomic model was elucidated by electron
diffraction at a resolution of 3.5 A (Fig. 1) [22"]. These studies used the transforms of high
magnification images to calculate the phases of the crystalline structure, and the square-root
of the intensities from electron diffraction for the amplitudes. These were combined at many
tilt angles to create projection maps of the structure being studied, and combined to form a
fully featured 3D reconstruction. From this work, many others using similar methodology
followed. Among these included work on light harvesting complex Il by Kuhlbrandt in 1994
[23], a higher resolution bacteriorhodopsin structure by Kimura et al. in 1997 [24], the
structure solution of tubulin from two-dimensional crystals by Nogales et al. in 1998 [25]
and the first structure of a water channel aquaporin-1 by Walz, Engel and Fujiyoshi [26].

The progress in the early 1990s of electron crystallography was largely fueled by the
development of rapid freezing of thin layers of ice (or in glucose or trehalose as embedding
media), resulting in vitrification rather than crystallization of the ice layer [27-29]. This
came after work by Taylor and Glaeser in 1974, that created frozen hydrated specimens by
sandwiched hydrophilic support films rather than plunge freezing [20]. In early 2000s a
number of additional water channel structures were determined at ~3 A resolution
[26,30,31].

In 2005, Gonen et al. used the electron microscope operating exclusively in diffraction mode
to collect thousands of diffraction data from two-dimensional aquaporin-0 (AQPO) crystals
producing a structure of the channel in a closed conformation at 1.9 A (Fig. 2) [32°]. It was
at this point that electron diffraction of protein samples entered the atomic age. This was the
first time that water was seen by cryoEM as well as the first structure of a eukaryotic
membrane. It was also the first study where diffraction data alone was used for structure
solution rather than coupling phases originating from images. Here protocols for molecular
replacement in electron crystallography were established [33°].

A major reason for the slow progress in membrane protein structure solution from electron
crystallography were often prohibitive sample requirements, lengthy and laborious data
collection and analysis procedures. Many milligrams of purified membrane protein are
necessary for 2D crystallization assays. Only 17 plane groups are allowed [34] while for 3D
crystals 65 packing symmetries are allowed. This means it is more difficult to coax proteins
to form a 2D crystal rather than a 3D crystal. Once 2D crystals are obtained, data collection
and analysis are laborious and time consuming. Issues with phase retrieval further curbed the
achievable resolution by electron crystallography. Solving a structure requires both
amplitudes and phases, where the amplitudes were taken from diffraction patterns, and
phases were collected from the Fourier transforms of high-resolution images. Where phases
are available from a known structure, one only needs the amplitudes, as was done in the case
of Aquaporin-0 [32°]. Using a known structure or homologue to solve the phase problem is
known as molecular replacement [35]. This is a procedure that attempts to find a model that
fits the experimentally measured intensities among the known structures scanning the model
over the possible rotational and translational possibilities. Molecular replacement was used
in electron crystallography only in the mid-2000s [30,32°] but traditionally phases originated
from images of the 2D crystals. Collection of high resolution images from 2D crystals at
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multiple tilt angles is much more technically challenging than diffraction patterns:
diffraction is translationally invariant, making the effects of drift and charging essentially
unimportant. In 2011, Wisedchaisri and Gonen demonstrated that only low resolution
images are needed if high resolution diffraction patterns are also present, and that the low-
resolution phases can be extended to higher resolution to ultimately solve the 3D molecular
structure to atomic resolution (Fig. 3) [36].

3. Milestones in MicroED of 3D crystals

Microcrystal electron diffraction (MicroED) is a cryoEM method that was unveiled only
recently [7°°] to solve protein structures from three-dimensional crystals using a transmission
electron microscope. Electron diffraction of three-dimensional crystals was thought to be
intractable, as simulations suggest that the measured intensities in the diffraction spots
would be far too inaccurate due to dynamical scattering [37-39]. Dynamical or multiple
scattering is thought to occur when the electron undergoes multiple scattering events within
the same sample instead of a single scattering event. This is thought more possible in
electron scattering, because the interaction between electrons and matter is much greater
than the interaction between light and matter, as is the case for X-rays. However,
micrographs showing diffraction spots from three-dimensional crystals had been reported
earlier from catalase crystals at room temperature as far back as 1930, with diffraction from
catalase crystals at cryogenic conditions reported in 1974 by Taylor and Glaeser [20]. Unwin
and Henderson then created a density projection map from three dimensional crystals of
catalase in 1975 with a resolution of 9 A [40]. Wau Chiu et al. observed the electron
diffraction patterns from three dimensional crystals of tetanus toxin to create a general
density from a single reciprocal lattice pattern to deduce that the toxin molecules bundle
together in groups of 6 in each unit cell of the three-dimensional crystal [41], and then
determined the P4,22 space group and arrangement of crotoxin from thin, three-dimensional
crystals using projection maps from 2.2 A diffraction and 4.4 A imaging resolutions [42].
After his work with Unwin on the acetylcholine receptor, Toyoshima and Stokes observed
diffraction from Ca2*-ATPase crystals in the electron microscope, though ultimately solved
the structure by X-ray diffraction [43].

Lysozyme was the first protein structure solved from a three-dimensional crystal using
electron diffraction in 2013 (Fig. 4) [7**]. The method was named microcrystal electron
diffraction, or MicroED, and distinguishes itself from electron crystallography in that it
utilizes three-dimensional protein crystals up to 0.5 micrometer thick consisting of many
protein layers arranged regularly in three dimensions. MicroED also differs in both data
collection and processing methods. 74is first MicroED structure was solved by combining
still-diffraction data from 3 different lysozyme crystals. Data from each crystal span up to a
90-degree wedge of reciprocal space, allowing proper indexing and integration of the
partially recorded reflections. The data are collected at liquid nitrogen temperatures using an
ultra-low dose rate of ~0.1 e"A=2 s71. Diffraction spots were collected to a resolution of 1.7
A with a final refinement to 2.9 A. Each crystal yielded up to 90 degrees of rotation data due
to the ultra-low dose, allowing multiple crystals to be merged by accurately knowing the
positions of each crystal in reciprocal space relative to one another.
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The MicroED method was improved by the development and implementation of a new mode
of data collection called continuous rotation in 2014 [10]. Continuous rotation MicroED
uses a high frame rate CMOS or a direct electron detector to collect diffraction data while
the crystal is being continuously rotated in a single direction in the electron beam at a fixed
rotation speed. In this way, the data is output as a movie where each frame corresponds to a
fixed angular wedge of reciprocal space, rather than a stationary slice through it [9*°].
Continuous rotation is thought to reduce the contributions of dynamic scattering via
intensity redistribution similarly to the precession method used in materials science [44], and
therefore yields much more accurately measured reflections [12]. Oscillation of the sample
during diffraction seemingly averages the signal over the entirety of the rocking curve,
where the contributions of multiple scattering essentially cancel out, as first described by
Blackman in 1939 [45]. This method increases the amount of information gathered, since
full reflections can be collected on a single image as the crystal is rotated through the
diffracting condition for each Bragg plane. This method is analogous to the rotation method
in X-ray crystallography [46] so MicroED data can be indexed, integrated and merged using
modern X-ray crystallography software, such as iIMOSFLM, DIALS, and XDS [47-49]. In
this way, MicroED continuous rotation data was recorded, and processed in iIMOSFLM to
yield a fully refined model of lysozyme at 2.5 A resolution from a single nanocrystal [10]
and later to 1.5 A resolution [50]. Apart from the first proof of principle work that was done
with diffraction stills [7°*] all subsequent studies use continuous rotation exclusively.
Continuous rotation is the standard data collection method in current MicroED experiments.

As the first reported electron diffraction from three-dimensional crystals were from bovine
liver catalase back in 1930 [51], for historical reasons this protein was chosen as the next
structure studied by MicroED [11°]. Catalase is much larger than lysozyme (240 kDa
compared with 14 kDa, respectively), has lower symmetry and adopts a preferred orientation
on cryoEM grids. Nevertheless, a successful MicroED structure solution was found from a
single nanocrystal only ~8 protein layers thick [52]. This was the second time that a single
nano-crystal was sufficient for structure solution by MicroED. This structure showed
difference density in the binding site of the NADP when it was not present in the
replacement model, and the suggested conformational rotation of F197 upon protonation of
NADP to NADPH. This study demonstrated that MicroED could be used to deduce new
information from previously solved structures. Catalase was finally solved using electron
diffraction nearly 100 years after the first electron diffraction pattern had been published.

The first novel structure solved by MicroED was that of the toxic core of a-synuclein
published in 2015 [53°]. a-Synuclein is the protein responsible for Parkinson’s disease [54].
a-Synuclein is a small protein and at its core lies a stretch of 10 amino acids that are both
fibrillar and confer toxicity named the NACore. This fragment and its analogous non-
cytotoxic form were the first novel structures to be solved by MicroED [53°]. NACore
crystals were so small that they were dubbed “invisible” since they were smaller than the
wavelength of visible light at only ~50 nm wide and thick (Fig. 5). These crystals were far
too small for microfocus X-ray crystallography and were also not suitable for analysis by X-
ray Free Electron Lasers (XFELS) although they were tested extensively. MicroED delivered
structures of both oligopeptides at 1.4 A resolution, marking a new record for the highest
resolution protein structures solved using any form of cryoEM at the time. Furthermore,
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these structures explained why the crystals were unable to grow any larger and had been so
evasive: the twist in the beta sheet stacking of these peptides disallowed long range growth
along the c* direction of the lattice. This opened the door for other structures known to form
beta-sheet aggregates, but were unable to create crystals sufficiently large for X-ray sources,
to be solved using MicroED.

The first protein structures solved by MicroED at atomic resolution by ab /nitio direct
methods were published in 2016 [55]. Up until that stage, all structures determined by
MicroED were phased by molecular replacement. The protein fragments of the amyloid core
of the Sup35 prion protein yielded MicroED data to ~1.1 A resolution, and allowed the
structures to be solved by ab /nitio direct methods [56]. This was the first demonstration that
the intensities in MicroED experiments are accurate and maintain the relationship between
phase and amplitude when the resolution extends beyond 1.2 A — (the same resolution
requirement as with X-ray crystallography for ab initio methods) [56]. These experiments
also demonstrated that dynamical scattering did not affect the experimental phasing
indicating that MicroED is a viable method for structure determination. In fact, direct
methods have recently been used to solve a material hydrated gold nanoparticle novel
structure in a frozen-hydrated state using MicroED to 0.8 A resolution [57**] (Fig. 6).

4. Data collection and processing in electron crystallography of 2D crystals

Traditional data collection in electron crystallography is typically a two-step process:
collection of crystal images and collection of diffraction. Images contain information
regarding both the phase and amplitude of the 2D protein crystal [15]. Amplitudes and
phases may be extracted from the Fourier transform of the crystal image after motion and
drift correction [58]. Structures can be entirely determined by images alone in this way.
However, reliable high resolution imaging of 2D crystals remains difficult mainly because of
charging and motion of the sample. Images provide accurate and high quality phase
information but rather inaccurate amplitudes. The measured amplitudes are modulated by
the contrast transfer function; affected by the microscope’s optical properties, and charging
of the specimen during exposure causing movement and interference, ultimately lowering
the signal to noise ratio [59]. The second step is typically the collection of diffraction data
from 2D crystals. High resolution diffraction data is much easier to obtain than a high-
resolution image, as the signal is translationally invariant and is not affected by sample
charging or drift. Measured intensities from electron diffraction therefore tend to be much
more accurate than those obtained by high resolution imaging.

Samples in electron crystallography must be truly two-dimensional, ideally only a single
protein layer thick, and they must lay flat on the cryo grids. Data collection is laborious and
time consuming and could benefit from automation. Each 2D crystal typically lasts for a
single diffraction image. As a result, data collection typically involves the collection of 1000
diffraction images from 1000 different 2D crystals. Each crystal is oriented differently on the
grid and one collects different tilt angles (0—70°). Each pattern is indexed and the data
merged together. Assumptions are made regarding z* and the reflections interpolated using a
cardinal sin function (sinc). In such a way, the reciprocal space is built up to and including
95% completeness if the sample is tilted to £70° [60].
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Data in 2D electron crystallography is typically processed in the MRC suite of software [61]
and more recently images of 2D crystals can be processed by the GUI 2dx [62]. While many
packages exist, the overall processing pipeline has remained relatively unchanged since the
beginning of electron crystallography. Images or dose fractionated movies are recorded and
corrected for distortions and drift [63], corrected for the contrast transfer function [64], and
phases are extracted from the correct image Fourier transforms [14]. Intensities are recorded
from diffraction patterns by summing the spot intensities and subtracting the local
background. The phases and amplitudes for images at all tilt angles are used to model the
crystal lattice lines that are contiguous along z*. This phase and amplitude set are inverse
Fourier transformed to give a density map that has a model built into it. The model can be
refined using standard X-ray crystallography refinement pipelines. New software has
utilized maximum likelihood methods for reducing bias and making the most of lower
resolution data [65].

Although most structures 2D electron crystallography have made use of the phase
information from images, structures such as AQPO [32°] and AQP4 [31] were solved using
only diffraction data with the phases being solved by molecular replacement. Recent work
also demonstrated that phases originating from images can be extended to the higher
resolution of the electron diffraction [36].

5. Data collection and processing in MicroED

The largest difference in data collection between MicroED and 2D electron crystallography
is that entire data sets can be collected in MicroED from a single nano-crystal [10,11°].
Crystals are typically less than ~0.5 micrometer thick, consisting of many protein layers, to
maximize signal to noise while minimizing absorption artifacts. A single 3D nanocrystal in
MicroED is continuously diffracted while it is rotating slowly, uni-directionally in the beam
while diffraction data is collected on a fast camera as a movie [12]. This is referred to as
continuous rotation MicroED [10]. Depending on the symmetry of the crystal, a single
nanocrystal can yield >90% completeness allowing structure solution entirely on its own.
MicroED data is similar to X-ray rotation data and therefore is processed exclusively using
X-ray software [9°*,12].

Indexing poses a unique challenge in electron diffraction experiments. An electron
accelerated through a voltage of 200 kV has a wavelength of ~0.0251 A, whereas a typical
X-ray wavelength is ~1 A [66]. The Ewald sphere in X-ray diffraction is curved sufficiently
to allow indexing from one or two frames given good data [46]. The Ewald sphere in a
MicroED experiment is essentially flat compared to X-ray experiments. Spots appear in
rows and columns with individual spots flashing in and out of the diffraction condition along
those rows and columns during the experiment. An individual frame can be visually
inspected to obtain two cell axes relative to one another by the distance between spots in
adjacent rows and columns, but the third dimension requires knowledge of when a spot
reappears after some degrees of rotation. This leads to MicroED experiments only being
indexed by using a suitably large wedge of data, typically ~20° of Phi is sufficient for
accurate indexing [12]. Thus, far MicroED data has been processed in MOSFLM [47],
DIALS [49], XDS [48], and SHELX [67]. Detailed protocols have been written recently
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outlining the data collection [9**] processing [12] in MicroED. MicroED data has been
recorded on CMOS cameras such as oneview (Gatan), ceta (FEI) and F416 (TVIPS) as well
as direct electron detectors such as the falcon (FEI), k2 (Gatan), Timepix, and Direct
Electron.

6. Future directions in MicroED and electron crystallography

Electron crystallography is a well-developed technique with a rich history. However, there
are still many possibilities for further advancement. The more obvious being automation and
the use of newer hardware such as direct electron detectors and microscopes with advanced
optics. Advances in hardware and software are likely to benefit both electron crystallography
and MicroED. The potential future of electron crystallography likely lies in the ability to
study membrane proteins in differing lipid environments, ultimately gleaming new,
physiologically relevant information with greater context [68].

MicroED is a new and exciting cryoEM method that has shown continued growth in solved
structures year over year. MicroED experiments have typically been solved by molecular
replacement and by ab /nitio phase retrieval. Molecular replacement is the most common
method for solving the phase problem in crystallography [69], but requires the use of a
search model with at least 30% sequence homology [35]. Ab initio methods are useful only
when the diffraction extends to at least 1.2 A resolution with high completeness and low
noise [70]. Solutions of protein structures from ab /nitio methods are rare, as large globular
or membrane proteins contain large regions of high flexibility and therefore low crystallinity,
limiting the maximum resolution [71]. A robust, accurate method of phase retrieval for
MicroED experiments represents the next phase of method development. This was
recognized in X-ray crystallography by anomalous scattering wherein intensity mismatch
between Friedel mates occurs due to elemental absorption edges of heavy atoms [72,73]. No
similar absorption edges are known for any element at the wavelengths typical in electron
diffraction so such anomalous methods are impractical in MicroED. A promising avenue is
isomorphous replacement which requires significant exploration. Imaging 3D crystals is also
a possibility. As with 2D crystals, images will carry accurate phase information and those
low-resolution phases could be used for phase extension protocols [36].

Another emergent method to study nanocrystals are X-ray free electron lasers (XFELS)

[74°]. These use very short, high intensity bursts of X-rays shot at a large number of
nanocrystals to produce still diffraction patterns prior to obliteration of the crystal [75]. Each
crystal provides only a single diffraction pattern and a million diffraction patters originating
from a million crystals are merged together to yield complete data sets. The access to XFELSs
is rather limited but more importantly very large quantities of crystals are required and this
can be quite prohibitive.

The true promise of MicroED comes from the use of protein nanocrystals to inform about
the charged states in molecules. The structures studied by MicroED are built into maps of
electrostatic potential, rather than electron density maps as with X-ray crystallography. This
is because electrons are not scattered by the electrons and nuclei in the protein themselves,
but by their summed interactions with the surrounding environment. With adequate
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modeling of scattering and accurate data, MicroED can begin to tell us where charges are
moving in structures with different drugs or ligands bound, and go from a static picture of
structural biology to a more nuanced understanding of biological function at the atomic
level.
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Fig. 1.
(A) Structure solution of Bacteriorhopsin at 3.5 A resolution determined by electron

crystallography of 2D crystals. Density contoured at 1.50 level. (B, C) Biological assembly
showing the bacteriorhodoprin trimer arrangement in the membrane.
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Phe 144

Fig. 2.
The structure solution of Aquaporin-0 from electron crystallography at 1.9 A resolution

adapted from [35]. (A) Density for waters in the pore area, and (B) the full biological
assembly showing resolved lipids (grey) surrounding the channel tetramer.
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Combined phases Density Modification Final Structure
¢

Imaging phases

Fig. 3.
Phase extension in electron crystallography from low resolution scheme adapted from [37].

Low resolution phases and amplitudes are collected from cryo-EM images and combined
with phases from initially placed fragments. Density modification is done with phases from
the combined phases and the electron diffraction intensities. Density modification then
allows for final building and refinements.
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Fig. 4.
Lysozyme structure (A) and densities from MicroED with data collected from (B - 3J4G at

2.9 A) stills, (C - 3J6K at 2.5 A) continuous rotation, and (D - 5K70 at 1.8 A) continuous
rotation with fragmentation.
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Fig. 5.
(A) MicroED pattern from nanocrystals of the NACore of a-synuclein, inset with low-dose

micrograph of typical crystals; adapted from [49]. (B) The structure solution of the
asymmetric unit, and (C) arrangement of the biological assembly.
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Fig. 6.
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(A) Sub-atomic resolution MicroED data breaking the 1 A barrier from crystals of a segment
of the Sup35 prior protein with (B) corresponding ab /nitio direct methods solution to the
structure. (C) Diffraction from Aul146 crystals extending beyond 0.8 A, and (D) ab initio
direct method solutions showing clear density for all gold and sulfur atoms. Figures adapted

from [51,53°].
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