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Abstract

The bedrock of drug discovery and a key tool for understanding cellular function and drug
mechanisms of action is the structure determination of chemical compounds, peptides, and
proteins. The development of new structure characterization tools, particularly those that fill
critical gaps in existing methods, presents important steps forward for structural biology and

drug discovery. The emergence of microcrystal electron diffraction (MicroED) expands the
application of cryo—electron microscopy to include samples ranging from small molecules and
membrane proteins to even large protein complexes using crystals that are one-billionth the size of
those required for X-ray crystallography. This review outlines the conception, achievements, and
exciting future trajectories for MicroED, an important addition to the existing biophysical toolKkit.
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INTRODUCTION

Cryo—electron microscopy (cryo-EM) encompasses techniques that use transmission
electron microscopes (TEMS) to extract structural information about cellular, protein,
peptide, and chemical specimens (1-3). Since its inception, cryo-EM has provided
complementary methods for structure determination of samples that are challenged and in
some cases intractable by other structural techniques.

To date, of the nearly 150,000 protein structures deposited in the Protein Data Bank (PDB),
90%, 8%, and 2% were solved by X-ray crystallography, nuclear magnetic resonance
(NMR), and cryo-EM, respectively. Despite trailing in the overall number of structures
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determined, cryo-EM has experienced a recent surge driven by the advent of improved
hardware (4-6), data processing software (7-10), and practices for sample preparation

(112). Progress in electron detector technology, in particular, has arguably had the greatest
impact on the recent successes in cryo-EM (12). As a result, the number of high-resolution
structures determined by TEMs has grown rapidly since the first atomic-resolution cryo-EM
protein structure was determined in 2005 (13). Further, since TEM facilities have become
much more readily accessible in the last decade, on track to be on the scale of X-ray
crystallography, structural biologists around the globe are increasingly becoming equipped
to tackle notoriously difficult targets and to push the resolution limits that can be achieved
by cryo-EM (14). Owing to this progress, in 2017, for the first time, cryo-EM surpassed
NMR for the number of annual entries in the PDB (15).

This review discusses the accomplishments and future directions of the microcrystal

electron diffraction (MicroED) cryo-EM technique. MicroED was developed for structure
determination of proteins using very small three-dimensional (3D) microcrystals (16). In
2013, Shi et al. demonstrated that a single 3D lysozyme crystal could tolerate more than

90 exposures with limited radiation damage if the exposure to the electron beam was
dramatically reduced by two orders of magnitude (16). This seminal study generated the first
near-atomic-resolution protein structure from 3D microcrystals using electron diffraction,
leading to the birth of MicroED as a distinct branch of the cryo-EM modalities. Since 2013,
numerous improvements in the MicroED workflow and technology have been implemented
to streamline and democratize the application of MicroED for broader use.

Cryo-EM modalities include single-particle analysis (SPA) (17-19), cryo—electron
tomography (cryoET) (20-22), two-dimensional (2D) electron crystallography (23, 24),
and, most recently, MicroED (16, 25) (Figure 1). SPA uses high-magnification imaging

of purified samples, typically proteins, for the reconstruction of 3D models (26). During
SPA, thousands of 2D projection images of ice-embedded particles are captured. Because
particles are often positioned in random orientations on the electron microscope (EM)
grid, the images can be classified by particle orientation using alignment algorithms (10,
27, 28). The 2D projection averages obtained are then used to reconstruct 3D models
(29-31). Since SPA does not require crystallization, this technique is ideal for proteins that
resist forming well-ordered crystals, typical of large complexes, flexible, or highly dynamic
proteins. Another advantage to SPA is the ability to capture different conformational states
of proteins, particularly regions that may have high degree of flexibility (32). There are,
however, many challenges intrinsic to SPA, including bottlenecks associated with sample
preparation, vitrification, and imaging, that make obtaining high-resolution information
difficult. The molecular weight limit is arguably the greatest constraint on SPA. It is still
difficult to determine the structures of samples with molecular weights below 40 kDa (33,
34), which is larger than the average size of a protein in the cell.

In cryoET, imaging by TEMs is used to generate models of macromolecules in the

context of their native cellular environments (39-42). This technique provides valuable
insights into sub-cellular localization and organization of macromolecular complexes (42),
in particular those that may be too transient or difficult to capture in vitro. The workflow
for cryoET is similar to SPA, with a few key differences. Instead of purified proteins, whole
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microorganisms or cells are vitrified on EM grids and sliced into thin cross sections using a
scanning electron microscope coupled with a focused ion beam (FIB-SEM) (43-45). Images
are taken at different tilt angles, aligned, and merged to generate 3D reconstructions of the
regions of interest (22, 46, 47). The clear advantage of cryoET is the ability to recapitulate
models of macromolecular complexes within the context of their native cellular environment
(39-42, 48). The major drawbacks of cryoET are low-throughput workflow and difficulties
in achieving high resolution (49). The latter are mainly due to repeated high electron dose
exposure required for imaging of a single region, often leading to severe beam-induced
radiation damage.

Unlike SPA and cryoET, which depend on imaging, 2D electron crystallography and
MicroED take advantage of diffraction. 2D crystallography was developed for membrane
proteins that form crystalline lattices in lipid bilayers (50). Using a TEM, 2D crystals are
diffracted using a focused electron beam. The diffraction patterns are indexed and merged to
create a 3D model (51). The appeal of this technique stems from the opportunity to visualize
membrane proteins in environments that mimic cellular membranes (52, 53) and to isolate
native 2D crystals directly from cells (23, 54, 55). However, like X-ray crystallography, 2D
crystallography is often challenged by laborious optimization assays required to successfully
grow 2D crystals, which often require large amounts of highly pure protein (19). Another
limitation is that 2D crystals are highly susceptible to radiation damage (2, 17). As such,
acquiring a complete data set in 2D electron crystallography often requires diffraction and
merging of data from hundreds or even thousands of individual crystals (13, 56, 57).

MicroED was developed as a hybrid method that exploits the advantages of both cryo-EM
and X-ray crystallography (16, 58). In MicroED (Figure 2), an electron beam, set at

an ultralow dose rate, is used for diffraction of micro- and nanosized 3D crystals (58).
During the exposure, the crystal is continuously rotated by the sample stage (25, 59) as

the data are recorded as a movie using a fast camera. Each frame in the movie contains a
wedge of reciprocal space. As such, MicroED data can be processed using standard X-ray
crystallographic software to generate 3D models (60). The main advantage of MicroED

is the ability to diffract and extract high-resolution structural information from samples
that resist forming large crystals while using significantly less material. Further, whereas
X-rays yield only electron density maps (61), electrons, as charged particles, can probe the
electrostatic potential of matter (37, 62-64). Thus, MicroED offers users the advantage of
mapping the charged, electrostatic states of atoms in structures. As a testament to the power
of the technique, to date, all MicroED structures have been determined to relatively high
resolution.

With the recent surge of technological improvements introduced to cryo-EM in the last
decade, MicroED is becoming an increasingly important tool for structure investigation

of proteins and small molecules in drug discovery. To date, there are close to 100 PDB
entries reporting MicroED structures. These structures include a rapidly growing number of
entries that encompass globular proteins, membrane proteins, protein complexes, peptides,
and chemical compounds. The application of faster and more sensitive electron detectors,
including direct electron cameras, automated pipelines for data collection and analyses, and
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specialized computational methods, is expected to elevate the potential that MicroED holds
for transforming the capabilities of cryo-EM.

WORKFLOW

The MicroED workflow has been described in detail (65). Growing protein crystals for
MicroED follows the same pipelines as for X-ray crystallography; however, MicroED can
extract structural information from crystals that are one-billionth the size required for X-ray
diffraction (58). The initial identification of microcrystals for MicroED, however, requires
practice as they are difficult to visualize under light microscopes (66). To remedy this
hurdle, microcrystals can be identified in crystallization drop experiments using alternative
detection methods, including ultraviolet (UV) fluorescence, second-order nonlinear imaging
of chiral crystals (SONICC) (67), fluorescence microscopy, and negative-stain electron
microscopy (68). Crystallization drops that appear cloudy, which are ordinarily considered
failed crystallization experiments for X-ray diffraction, should be carefully inspected, as
small micro- and nanometer-sized crystals may be present (63). One should note that some
drops with protein precipitates do not contain microcrystals, and false positives can be
detected by UV. For instance, protein aggregates may appear as crystalline puncta when
exposed to UV light. Further, selective detergents used for solubilization of membrane
proteins can also fluoresce under UV.

Once microcrystals have been obtained, the crystal solution is applied to a glow-discharged
EM grid, blotted to remove excess solution, and cryo-cooled by plunging into liquid ethane
(60). For anhydrous samples, typically small molecules or natural products, the crystals,
often as powder, are applied directly to EM grids (69) and analyzed under cryogenic
conditions (58) to minimize radiation damage (70). In some cases where the samples are
robust, MicroED analysis can be conducted without cooling (71). When larger 1-5 um
crystals form, sizes that are still challenging for traditional X-ray crystallography but too
big for MicroED, fragmentation methods (72) or FIB-SEM can be used to generate smaller
crystals for electron diffraction (73-76).

Once the crystals are applied to the grid, the grids are then loaded onto the TEM under
cryogenic conditions for data acquisition. The grids are typically surveyed in bright-field
mode or overfocused diffraction to assess overall ice thickness and to identify areas that
contain crystals of appropriate sizes (25). Once crystals are located, a test diffraction pattern
is recorded to assess crystal quality. This step can be achieved using automated software
such as serial EM (25). If high-quality diffraction is observed, a data set is recorded on

a fast camera as a movie with the electron dose rate (exposure) set to 0.01-0.05 e~ A2

s~ while the crystal is continuously rotated on the sample stage (25, 60). The exposure
used in MicroED is ~100 times lower than what is used for other cryo-EM modalities

and significantly reduces radiation damage. Continuous rotation of the sample in MicroED
improves the accuracy of the reflection intensities and reduces the effects of dynamical
scattering (16, 25, 60, 77), a strategy that leads to data sets that are consistently superior to
those prepared by still-diffraction.
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Continuous rotation of the crystal at a fixed speed during diffraction in MicroED is
analogous to the rotation method used in X-ray crystallography, where individual frames

in the MicroED movie contain a wedge of the reciprocal space (25, 78). Thus, MicroED
data can be directly processed using standard X-ray crystallographic software (76, 78).
MicroED data have been successfully indexed, integrated, and scaled using standard X-ray
crystallography software, including XDS (79), iIMOSFLM (80), DIALS (81), SHELX (82),
and HKL2000 (78). High-resolution (better than ~1.2 A) data sets are required for solving
structures by ab initio methods (82). As such, historically, the majority of protein structures
solved by MicroED have depended on molecular replacement to solve the phase problem,
which is contingent on the availability of search models with high structural homology (83).
Recent breakthroughs in phasing strategies include the use of imaging (84-87), fragment-
based phase extension (37), ARCIMBOLDO (88), and radiation damage (89).

ADVANTAGES AND APPLICATION OF MICROCRYSTALS FOR MicroED

The growth of large and well-ordered single crystals suitable for X-ray diffraction analysis
is a major rate-limiting step for structure determination of proteins (90), especially those
that are integral to membranes or that form complexes. Quality biochemical preparation of
protein samples is essential for all structural characterization. This includes determining the
conditions required to obtain highly pure and stable proteins or their complexes. Because
electrons interact with matter more strongly than X-rays, and those interactions result in
more useful elastic scattering events (66), the crystals required for MicroED can often be
one-billionth the size of those needed for X-ray diffraction. As such, MicroED fills an
important gap in biophysics to enable structure elucidation from samples that may not be
tractable by other methods.

Small crystals, those that can be used for MicroED, offer several advantages over larger
crystals. Small crystals are typically much easier to obtain than larger ones, which also
often suffer from more detrimental pathologies such as twinning and multiple and/or
mosaic lattices (72, 91). Smaller crystals suffer fewer long-range defects and tend to be
better ordered (50). Comparative analysis of eight different samples using both X-ray

and MicroED found that smaller crystal fragments resulted in higher-resolution data than
the larger parent crystals (72). Moreover, there is no need to include cryoprotectants, a
customary practice in X-ray crystallography, because the crystals for MicroED are rapidly
vitrified. A recent study also demonstrated that soaking ligands into small crystals is more
efficient than for larger crystals, a phenomenon that sets the stage for high-throughput drug
discovery by MicroED (92).

The advantages offered by small crystals have expanded the application of MicroED

to the study of small organic and inorganic molecules as well as peptides and natural
products (16, 56, 57, 93, 94). Between 2016 and 2018, MicroED made important leaps
in determining the structure of small molecules from powders instead of grown crystals
(58, 69, 91, 95), and directly from mixtures (69). Chemical compounds often crystallize
as multiple different lattices, referred to as polymorphs. The presence of multiple crystal
lattices in a single experiment, particularly those in mixtures, has posed major hurdles
for structure characterization by X-ray diffraction (94). In sharp contrast, MicroED was
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able to obtain distinct structures from a mixture of powders containing several different
small molecules and natural products (25). In these studies, hydrogen atoms of the small
molecules, including carbamazepine, prescribed today for the treatment of convulsive and
bipolar diseases (96, 97), were resolved (Figure 3). Many other structures of small molecules
have been reported by MicroED recently, including Grippostad (94), an antiviral drug for the
treatment of the common cold and the flu (98), and a recent example of the nonfullerene
acceptor semiconductive material ITIC-Th (Figure 3).

While nanocrystals, smaller than ~500 nm, are ideal for MicroED, thicker crystals (that are
still too small for X-ray) can also be optimized for MicroED. Large crystals can be trimmed
to appropriate sizes for MicroED by mechanical fragmentation methods (72) or by using

a FIB-SEM (73-76). Several mechanical fragmentation approaches have been applied to
prepare large crystals for MicroED, including sonication, vigorous pipetting, and vortexing
(72). Generally, the gentler fragmentation through pipetting is better for fragile samples,
while harsher methods, such as vortexing and sonication, are needed to break more robust
crystals. As proof of principle, eight proteins including lysozyme, xylanase, thaumatin,
trypsin, proteinase K, thermolysin, transforming growth factor beta paired type 11 complex
(TGF-pm:TRRII), and a segment of the tau protein—with molecular weights ranging from
0.7 to 34.6 kDa and solvent contents between 30% and 60% were fragmented and their
structures determined by MicroED (72). The first six of these proteins are standard model
systems. The last two are nonstandard specimens that formed large, imperfect crystals. In
all examples, the large crystals were fragmented by one of the three mechanical methods
mentioned above before transferring onto EM grids for MicroED. The distribution of
micrometer- or nanometer-sized crystal fragments on the EM grid was relatively uniform,
and single-crystal data sets were collected by continuous rotation. The standard samples
obtained by MicroED are comparable or, in some cases, higher in resolution than those
obtained by X-ray diffraction (72). For the two nonstandard samples, the resolution obtained
from fragmented crystallites was better than the resolution of the parent crystals and, in one
case, the resolution of the structure improved from 8 A in X-ray to ~ 1 A with MicroED.
These results suggest that mechanical fragmentation itself does not lead to additional
damage to the crystal lattice and instead is a viable method for sample preparation for
structure determination by MicroED.

In addition to fragmentation, FIB-milling of frozen protein crystals is another approach to
trim large crystals for MicroED. During this process, the FIB is used to mill away and
remove excess material from the crystal to generate lamellae with appropriate thickness for
MicroED (73-76, 99) (Figure 4). During FIB-mill, precoating with a thin layer of platinum is
used to protect the specimens (73). Platinum coating can also enhance the physical stability
of the grid, functioning as a protective layer above the specimen. Cryo-FIB-milling of
lysozyme crystals has been shown to preserve the internal structure of trimmed lamellae

and maintain high-resolution diffraction capacity. In combination with MicroED, FIB-milled
lamellae of crystals generated a 1.9 A resolution structure of lysozyme (73). To further push
the boundaries of samples that could be used for structure determination by FIB-mill and
-MicroED, new crystal “polishing” protocols were established (75). Using proteinase K as

a model system, a lower-current ion beam was used as a final polishing step to trim away
flanking regions of lamellae. Because the final FIB current used was lower, the amount
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of radiation decay was reduced in the resulting lamellae. This strategy was successful in
improving the resolution of the proteinase K crystal lamellaes to 1.79 A (75). Fragmentation
and milling widen the application range of crystal sizes suitable for MicroED without further
additional optimization steps required for generating and screening for smaller crystals.

Structures of proteins bound with small-molecule ligands provide important information
about the mechanism of action, insights that are vital for dissecting protein function to
lay the groundwork for drug discovery and development (discussed further below). These
protein—ligand crystal complexes are generated by either cocrystallizing the protein with
the ligands or soaking ligands into preformed protein crystals (99). Here MicroED offers
another advantage because diffusion of small molecules is more efficient into small rather
than into large crystals (100). A recent study demonstrated that simply soaking small
molecules into preformed proteinase K microcrystals on the TEM grid was sufficient to
yield a high-resolution structure where several ligands were observed at high occupancy
(92). Thus, combining ligand-soaked crystals with MicroED offers strategies to improve the
current drug discovery pipeline.

A Robust Method for Structure Determination Using Single 3D Nanocrystals

The very first novel protein structure determined by electron diffraction from 3D crystals
was that of the water channel aquaporin-0 (13, 101). Although referred to as 2D crystals in
the publication, the very thin crystals had two layers, officially making them 3D crystals.
Electron diffraction data were collected from thousands of crystals. Of those, data from
more than 200 crystals were integrated and merged to yield a fully refined structure at

the atomic resolution of 1.9 A in 2005 (13). Additional examples of crystal samples that
were referred to as 2D but were actually 3D include aquaporin-4 (85) and the gap junction
connexin 26 (102), which formed two- and six-layer crystals, respectively. In these studies,
the electron diffraction data were phased using image data (13, 85, 103, 104). In 2013,
MicroED established robust, streamlined methods for the collection of data using single
3D nanocrystals. In 2015, the first novel structure was determined by continuous-rotation
MicroED: that of the amyloid structure of a-synuclein NACore (66) (Figure 5a), a hallmark
of Parkinson’s disease (105).

The a-synuclein NACore resisted structure determination for more than 10 years because
large crystals could not be obtained. The a-synuclein NACore microcrystals used for
MicroED were invisible by light microscopy and not suitable for X-ray diffraction studies.
These tiny crystals, however, yielded an atomic, 1.4 A resolution structure of a-synuclein
NACore by MicroED, enabling the observation of protons by cryo-EM (66). The structures
of another four prion peptides from Sup35 prion were also determined by MicroED at 1

A resolution in 2016 (91). The high resolutions achieved in these studies allowed ab initio
structure determination by direct methods (discussed below).

Membrane proteins that are crystallized in detergent micelles, bicelles, or lipid cubic phases
often have fewer crystal contact sites than soluble proteins. As such, membrane proteins

are especially fragile and tend to grow small crystals that diffract poorly by X-ray. In

2015, MicroED was successfully applied to determine a 3.4 A resolution structure of

the membrane protein Ca* ATPase using ultrathin 3D protein crystals (64) (Figure 5b).
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Importantly, the Coulomb potential maps that were generated by MicroED contained unique
information about the charged states of amino acid residues, cofactors, and ligands. Further,
in 2018, the structure of the nonselective cation channel NaK (Figure 5b) was captured

in two new conformations by MicroED (63). Because MicroED can be used to gauge

the charge states of chemical moieties in structures, several sodium ions were identified
inside the channel pore. A new transient state in which a partially hydrated sodium ion
occupied the entrance to the channel selectivity filter was also captured. Together, these
studies illustrate the capacity of MicroED to investigate dynamics and Coulomb potential in
membrane protein structures.

In addition to membrane proteins, MicroED has also successfully determined the structure
of TGF-pm:TPRRII (103). This complex formed large but poorly ordered crystals, posing
considerable challenges for X-ray crystallography. Breaking these crystals into fragments
produced well-diffracting microcrystals (discussed above) that yielded diffraction data at
atomic resolution (Figure 5c).

MicroED IN DRUG DISCOVERY

The challenges in structural characterization of proteins, as well as ligands and protein—
ligand complexes, present major bottlenecks in rational drug design and development. In
the short time since its conception, MicroED has already contributed to drug discovery
efforts through structure determination of protein—ligand complexes and supraresolution
(better than ~1 A resolution) of bioactive small molecules and natural products. The very
first drug discovery study using MicroED was that of the homohexameric HIV GAG capsid
protein in complex with the viral maturation inhibitor bevirimat (104). HIV GAG is a
structural protein required for the budding of mature, infectious viral particles from host
cells (106) (Figure 6). Before the release of the viral particles, the GAG proteins must be
processed through proteolytic cleavage by HIV proteases at several sites (107). Bevirimat
is a small-molecule ligand that binds directly to and blocks proteolytic processing of GAG
(108). The unprocessed and uncleaved GAG protein results in the release of immature and
noninfectious HIV particles (108). Although bevirimat reached Phase Ilb clinical trials, it
was never fully developed into a marketed therapeutic because of low efficacy and the fact
that many patients were unresponsive to the drug. At the time, the bevirimat mechanism

of action was unknown, abrogating efforts to reengineer this drug for its full therapeutic
potential. To better understand the mechanism of action, the structure of HIV GAG in
complex with bevirimat has been pursued by X-ray crystallography. Efforts to determine
the structure of the GAG-bevirimat complex by both cocrystallization and ligand soaking
failed to produce crystals amenable to X-ray diffraction. Ultimately, coupling time-resolved
studies with MicroED allowed for structure determination of this elusive complex. To obtain
MicroED data of the complex, bevirimat was added to GAG crystals on EM grids and
immediately frozen in liquid ethane. This strategy allowed for rapid diffusion of the ligand
into the crystals (see the section titled Advantages and Application of Microcrystals for
MicroED) while preserving the structural integrity of the GAG microcrystals (104) (Figure
6a). The protein—ligand MicroED structure revealed the binding site of the drug, wedged

in the sixfold axis of the GAG hexamer where bevirimat acts as an allosteric inhibitor to
prevent processing by proteases, trapping the immature form of HIV (104) (Figure 6b).
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This MicroED structure revealed the bevirimat mechanism of action, laying the groundwork
for chemical modifications of the ligand to tune the bioactivity of derivatives for future
therapeutic application.

Although MicroED was originally developed for studying protein assemblies (16, 38),

it rapidly expanded as a powerful tool for structural characterization of small molecules
and natural products. One of the first MicroED structures of a small-molecule drug was
that of carbamazepine in 2016 to 1 A resolution (95) (Figure 3). Importantly, the ab

initio carbamazepine structure was the first to demonstrate that MicroED data can be
obtained from samples prepared under anhydrous conditions, at room temperature, using
continuous rotation, and with phases solved by direct methods. These new developments
expanded the application of MicroED for structure determination of chemical compounds
by circumventing the challenging and, often, laborious steps involved in the preparation
of hydrated samples under cryogenic conditions (66). In 2018, the structure of frozen and
hydrated carbamazepine was determined using a breakthrough method for grid preparation
where powders instead of grown crystals were used for MicroED (69).

Under cryogenic conditions, the MicroED structure of carbamazepine was determined at a
higher resolution than in the room temperature study, and all hydrogen atoms were identified
in 2018. Later in 2018, the structures of 12 different small molecules (69) as well as

MBBF, (94), a methylene blue derivative with numerous medical applications including its
activity as a photo-activatable antimicrobial agent (109), were solved, further solidifying the
capabilities of continuous rotation MicroED for small-molecule structure determination (58)
(Figure 3).

Unlike small molecules, biosynthesized natural products are typically larger, structurally
dynamic, obtained in small quantities, and difficult to crystallize, posing considerable
challenges for X-ray studies. When natural products do crystallize, these crystals are often
too small and do not yield structures by X-ray diffraction (110, 111). Using the powder-to-
structure pipeline (69), MicroED determined the structure of brucine (Figure 7), an alkaloid
toxin with anticancer properties (112). The MicroED structure of brucine at 0.9 A resolution
allowed for the definitive assignment of its chiral centers, key for understanding its toxicity
and anticancer properties (58). Relative to brucine, amino acid—derived natural products
called ribosomally synthesized and post-translationally modified peptides (RiPPs) are large,
reaching several kilodaltons in size (113). Two examples of RiPP natural products with
structures determined by MicroED include 3-thiaGlu (110) and thiostrepton (114) (Figure
7). Thiostrepton is a RiPP antibiotic currently used in veterinary medicine (114). Although
thiostrepton has been studied by NMR (110) and X-ray crystallography (115), the ease of its
characterization by the powder-to-structure pipeline speaks to the robustness of MicroED for
structural characterization of large, flexible natural products (Figure 7).

Genome analysis of the plant pathogen Pseudomonas syringae pv. maculicola revealed a
gene cluster encoding an unusual combination of biosynthetic enzymes that produces an
unknown natural product (110). Analysis of the biosynthetic enzymes revealed that, unlike
other RiPPs, biosynthesis of the final natural product, later called 3-thiaGlu (Figure 7),
involves the extension of the peptide in an ATP- and amino acyl-tRNA-dependent manner,
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instead of the canonical scheme via the ribosome (110). Completion of the biosynthesis of
3-thiaGlu also requires several additional steps, including proteolysis of a terminal cysteine
for installation of the glutamylated thiol group, a peptide modification that blocks jasmonate
and ethylene signaling pathways (116). Despite considerable effort, X-ray crystallography
failed to generate a structure of 3-thiaGlu. Using nanocrystals, MicroED readily provided a
0.9 A resolution of the 3-thiaGlu peptide (PDB identifier: 6PO6) (110), allowing assignment
of its chiral centers and providing further evidence for the proposed biosynthetic scheme.

The structures of 3-methyloxindole and 1-methyl-2-indanone (Figure 7), like that of 3-
thiaGlu, were difficult to obtain and were finally solved by applying MicroED (111). These
non-canonical amino acids are products from the condensation of 3-substituted oxindoles
and L-serine, a reaction catalyzed by a TrpB enzyme engineered through directed evolution.
The MicroED structure of the 3-methyloxindole and 1-methyl-2-indanone products from the
engineered TrpB provided evidence of the newly installed S-configuration at the y carbon,
broadening the application of the enzyme for asymmetric catalysis. Here, the structures of
these amino acids obtained by MicroED were used to inform biosynthetic pathways for
green chemistry.

Thus far, MicroED still requires internal markers to determine the absolute configuration
of chemical compounds (110, 111). An internal marker, such as a naturally occurring L
amino acid, is typically incorporated and used to deduce the relative configuration of all
other centers in natural products and small molecules. Moving forward, the development of
strategies for determining the absolute configurations of chemical compounds without the
use of internal markers would widen the application of MicroED for drug discovery.

OVERCOMING RADIATION DAMAGE IN MicroED

Radiation damage remains a major obstacle for structural studies, leading to reduced
resolution, poor map quality, and structural damage caused by bond breakage and even gross
morphological decay (117). For protein X-ray crystallography, the first study that addressed
radiation damage dates back to 1962, when Blake & Phillips (118) measured the loss in
intensities of reflections as a function of time of X-ray exposure. Several subsequent studies,
including those by Hendrickson (119), moved the field from room-temperature to cryogenic
data collection to minimize the effects of radiation damage.

Radiation damage can be subcategorized into two forms: global and site specific. Global
radiation damage typically results from the disruption of the crystal lattice, which decreases
the intensities of diffraction patterns. This phenomenon can be detected during data
processing when changes in unit cell dimensions (120) and increases in B-factors are
observed (121). In contrast, site-specific radiation damage is not uniform, accumulates

at certain chemical moieties, is not typically detected during data processing, and is
observable only during an examination of the real-space map (122). For both global and
site-specific radiation damage, the degree of sample decay depends on, among other things,
the composition of the sample and the surrounding solution, and is proportional to the
amount of energy used (120-122).
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In the model system of proteinase K, both global and site-specific radiation damage have
been examined for MicroED (70). These studies illustrate that increased electron dosage
(from 1.1 e~ A2 t0 3.1 e~ A=2) resulted in greater loss of detectable reflections in higher-
resolution shells of MicroED data (70) (Figure 8a). The higher exposures during MicroED
experiments also resulted in increases in unit cell dimensions and B-factors, both indicators
of global radiation damage (Figure 8b). Similarly, higher exposures also led to greater
site-specific radiation damage that accumulated on specific amino acids, including glutamic
acid, aspartic acid, and cysteines, suggesting that radiation damage in MicroED follows
trends similar to radiation damage in X-ray crystallography (Figure 8c). To curb the effects
of radiation damage, samples are often vitrified (123). However, even with the combination
of vitrification, continuous-rotation data collection, and exposure to extremely low doses of
electrons (0.01 e~ A=2s71), samples can still suffer from radiation damage during MicroED
experiments (70). Recent studies suggest that using a faster and more sensitive camera, the
direct electron detector Falcon I11, is a strategy to further mitigate radiation damage for
MicroED experiments (110, 111, 124) (Figure 9).

SOLVING THE PHASE PROBLEM IN MicroED

In MicroED experiments, as with X-ray diffraction, phases are lost—a challenge referred

to in both techniques as the phase problem (125). For both MicroED and X-ray
crystallography, the phases can be recovered by molecular replacement and ab initio direct
methods (58, 66). While molecular replacement is dependent on topological similarities
between the search models and the structures to be determined (126), direct methods require
crystals that diffract to fairly high resolution, ~1 A or better (127). The PDB contains
150,000 deposited structures, many of which share conserved protein folds. Due to the
conservation of folds across families of proteins, molecular replacement is currently used to
calculate phases for roughly 90% of structures deposited to the PDB. Anomalous methods
(125) that are prevalent in X-ray crystallography are not possible in MicroED due to the very
short wavelengths of electrons (89).

For MicroED, several methods have been successful in solving the phase problem. These
include the use of image data (84-87), ab initio structure determination (91), and radiation-
induced damage for phasing (RIP) (89). During RIP, a single data set from the sample
crystal is split into two (128). The first part of the data set consists of earlier frames that
contain less accumulated radiation damage. The second set of frames comprises data that
were collected after the first set and consequently has accumulated more radiation damage
(128). Using a method similar to isomorphous replacement (129), the two halved sub—data
sets are subtracted from one another to generate a difference data set. The difference data set
is then used to identify focal points of specific radiation-damaged, such as the hydrolysis of
disulfide bonds or ionized metals. Because exposure to electron beams, even at low dosages,
can lead to radiation damage during diffraction studies (70), RIP is a promising strategy for
obtaining experimental phases for MicroED experiments.

To test if experimental phasing using RIP is a viable strategy for determining novel
MicroED structures, the previously solved structure of the prion heptapeptide corresponding
to the GSNQNNF sequence was used as a model system (89). To maximize completeness,
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11 crystals of the heptapeptide were used to collect two data sets: one with the exposure of
0.17 e~ A=2 and the second at 0.5 e~ A=2. The structure amplitudes of the low-dose data set
were subtracted from the high-dose data set to calculate a difference data set. The difference
was used to calculate a difference Patterson map to identify the location of radiation damage
resulting from higher doses of electrons (89). This strategy identified a single solution
corresponding to a zinc atom (Figure 10a). The zinc position was then used to calculate

the initial phases to generate a density map for model building of the peptide structure (89)
(Figure 10b-d).

In summary, MicroED is a relatively young field of study within cryo-EM. In less than

a decade since the conception of the technique (16), more than 100 MicroED structures
have been determined for proteins, protein complexes, natural products, peptides, and small
organic and inorganic molecules. As the method continues to be improved with better
hardware, automation, and software, the usefulness and broad applicability of MicroED will
only increase.
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Figure 1.

The four modalities of cryo—electron microscopy (cryo-EM). (4) A model of the kinetochore
assembly by tomography. Panel adapted from Reference 35 with permission from the
American Association for the Advancement of Science (AAAS). () Structure of a 17-kDa
protein, DARPIn, on a scaffold by single-particle analysis. Panel adapted from Reference 36
with permission from AAAS. (¢) The structure of bacteriorhodopsin determined by electron
crystallography of two-dimensional (2D) crystals. Panel adapted with permission from
Reference 37. (d) The structure of catalase determined by microcrystal electron diffraction

(MicroED) of 3D crystals. Panel adapted with permission from Reference 38.
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Figure 2.
An overview of microcrystal electron diffraction (MicroED). (@) An image of an electron

microscope grid in bright field during screening for microcrystals. (4) Once located, a
microcrystal is exposed to an electron beam in diffraction mode while being continuously
rotated on the sample stage. The diffraction data are then collected as a movie using a fast
camera.
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Figure 3.

Examples of structures of small-molecule chemical compounds solved by microcrystal
electron diffraction (MicroED). Structures of carbamazepine, MBBF,4, Grippostad, and
ITIC-Th are shown.
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Figure 4.
Focused ion beam (FIB) milling of crystals for microcrystal electron diffraction (MicroED).

(a) Image of select proteinase K crystals at high magnification before milling. The arrow
indicates the crystal that was milled in panel ¢. (6) FIB image of select crystal from panel a
after milling the top of the crystal. (¢) FIB image of crystal after milling and cleaning both
the top and bottom of the crystal, leaving a lamella indicated by an arrow. Figure reproduced
with permission from Reference 73.
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Figureb.
Examples of protein structures solved by MicroED that were challenging by other

techniques. (&) Structure of a-synuclein NACore (66) (PDB ID: 4ZNN). (6) MicroED
structures of the membrane proteins rendered as cyan and green ribbons for Ca2* ATPase
(PDB ID: 3J7T/U) (64) and NaK (PDB ID: 6CPV) (63), respectively. (¢) MicroED structure
of the TGF-Bm:TPRII protein-protein complex (PDB 1D: 5TY4) (72). Protein rendered as
pink and magenta ribbons for TGF-pm and TRRII, respectively. Abbreviations: MicroED,
microcrystal electron diffraction; PDB ID, Protein Data Bank identifier.
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Figure®6.
The structure of the HIV GAG-bevirimat complex solved by microcrystal electron

diffraction (MicroED) (104). (&) Overall architecture of HIV GAG-bevirimat complex.
(b) Expanded view of the bevirimat binding site in the pore of HIV GAG. Both panels
reproduced with permission from Reference 104.
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Figure7.
Brucine, 1-methyl-2-indanone, thiostrepton, and 3-thiaGlu are examples of natural products

with structures determined by microcrystal electron diffraction (MicroED).
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Radiation damage in microcrystal electron diffraction (MicroED) (70). (&) Proteinase K
recorded at various exposure rates. (4) Volume and B-factor were averaged across all the
crystals at each exposure for proteinase K. (¢) Density loss in arbitrary units for all the
amino acids, ligands, and ions present in the refined models of proteinase K. All panels
adapted with permission from Reference 70.
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Figure.
Expanding the use of direct electron detectors and mitigating radiation damage in

microcrystal electron diffraction (MicroED) (124). (&) The exposure dependency of the
completeness of proteinase K. The dotted horizontal line marks 95% completeness. (4) The
density around the two disulfide bonds for the considered cameras for proteinase K. Both
panels adapted with permission from Reference 124.
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a Initial experimental phases at 2.5 A b Experimental phases extended to 1.4 A
()

Figure 10.
Identification of heavy metal site and model building by radiation-induced damage for

phasing. (&) Fourier difference maps between the damaged and undamaged structure of
GSNQNNF using the phases of 6CLI at 2.5 A resolution contoured at 3o level. (4) The map
using the initial phases extended to 1.4 A resolution. (¢) Density maps at 1.0o contour for
intermediate building steps. (&) The final structure. All panels adapted with permission from
Reference 89.
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