Microcrystal electron diffraction for the study of protein-ligand interactions and the

potential for drug discovery

Lisa Clark, Guanhong Bu, Brent L. Nannenga” and Tamir Gonen’

Department of Biological Chemistry, University of California, Los Angeles, CA, USA

Lisa Clark and Tamir Gonen

Chemical Engineering, School for Engineering of Matter, Transport and Energy, Arizona State
University, Tempe, AZ USA

Guanhong Bu and Brent L. Nannenga

Center for Applied Structural Discovery, Biodesign Institute, Arizona State University, Tempe, AZ,
USA
Guanhong Bu and Brent L. Nannenga

Department of Physiology, University of California, Los Angeles, CA, USA
Tamir Gonen
Howard Hughes Medical Institute, University of California, Los Angeles, CA, USA

Tamir Gonen

*email: brent.nannenga@asu.edu and tgonen@g.ucla.edu

Abstract | Microcrystal electron diffraction (MicroED) is an electron cryo-microscopy (cryo-EM)
technique used to determine molecular structures with crystals that are a millionth the size needed
for traditional single crystal X-ray crystallography. An exciting use of MicroED is in drug discovery
and development where it can be applied to the study of proteins and small molecule interactions
and for structure determination of natural products. In this Perspective we discuss the current
applications of MicroED for structure determination of protein-ligand complexes and potential

future applications in drug discovery.



Introduction

Understanding the interactions between small molecules and their protein targets is critical for
fundamental studies of ligand binding, and drug development and optimization. The most
common method used to study high-resolution structural details of ligand-protein and drug-protein
complexes is X-ray crystallography . However, structure determination by X-ray crystallography
can be hindered by the requirement of large crystals, which can be difficult to produce. Moreover,
natural products are often isolated from native sources in very small amounts that are insufficient
for large crystal growth. Therefore, there is a need for the development of structure determination
methods for data collection using less material and, therefore, smaller crystals *®. Electrons are
able to produce diffraction data from significantly smaller crystals than those required for X-rays
910 __ electrons have a much stronger interaction with matter, and a reduction in damage per
elastic scattering event. Therefore, methods that use electrons rather than X-rays can employ
crystalline samples previously considered much too small for structural analysis by conventional
approaches. In addition to the development of electron-based approaches, cryogenic embedding,
which can preserve the samples and limit radiation damage, has also emerged. The cryo-electron
microscopy (EM) method microcrystal electron diffraction (MicroED) uses a transmission electron
microscope (cryo-TEM) to collect electron diffraction data, extremely low exposures for atomic
structure determination, and vanishingly small crystals that are sometimes seemingly amorphous
81112 The diffraction data are collected whilst the stage is continuously rotated, which produces
data analogous to data collected by single crystal X-ray diffraction. Thereby, the data can be
processed using commonly used programs developed for X-ray crystallography. Other electron
crystallography methods have also been developed, which can study radiation hardy materials,
inorganic salts and metal organic frameworks at room temperature (for example, Automated
diffraction tomography (ADT), Rotation electron diffraction (RED)) '*??; however, these methods
are currently not used for macromolecular protein structure determination. MicroED was
specifically developed for the study of macromolecular protein structure as an extension of
electron crystallography of 2D crystals in the field of cryo-EM. It has successfully been used to

determine structures from a wide variety of samples including globular protein macromolecules
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, membrane proteins and peptides , and it is also useful to study small organic
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molecules, natural products , and materials *4*®. While other cryo-EM modalities, such as

4951 "in this Perspective we focus on

single particle analyses, show promise for drug discovery
the use of MicroED for determining the structures of protein-ligand complexes, which will provide

the background and perspective on the application of MicroED within the field of drug discovery
52,53



MicroED methodology

Detailed procedures for MicroED have been described previously %*°'. Here, we summarize the
general MicroED process for the study of biomolecular samples. The workflow for MicroED
experiments begins with applying the sample to the surface of a carbon-coated EM grid, and
blotting away excess crystallization solution. Following the removal of excess solution, the grid is
plunged into liquid ethane for vitrification. Blotting and vitrification are generally performed using
standard automated or manual plunge-freeze devices that are commonly used across cryo-EM

%8 Recently, new MicroED specific sample preparation techniques have been

laboratories
developed *°, and new methods are expected to continue to enhance sample preparation.
Following vitrification, the samples can be analyzed by cryo-EM immediately or stored long-term
in liquid nitrogen.

MicroED is performed at liquid nitrogen temperatures using a cryo-EM that is equipped
with a high-speed scintillation-based camera, hybrid-pixel detector, or direct electron detector 376>
®_ We make a note that we have not used hybrid-pixel detectors in our respective laboratories,
so we cannot comment on the ease of use but have included these for reference. Depending on
the type of cryo-EM used, samples are either loaded onto a side entry cryo-holder or are placed
into a cartridge for loading into a cryo-EM equipped with an autoloader. Once in the microscope,
the samples are imaged at low magnification to locate regions of the grid with appropriate sample
thickness and microcrystal density. This can be done manually, or with the help of automation
software 5% Areas of interest are then investigated by imaging at a very low electron dosage
and higher magnification such that a single grid square occupies the field of view. At this point,
crystals are located and preliminary diffraction patterns are collected to determine the quality of
each individual microcrystal. MicroED data sets can then be collected from the crystals which
show high-quality diffraction (for example, sharp well-separated reflections to high-resolution).
MicroED data are collected by continuous rotation of the cryo-TEM stage with concurrent high-

24 Recent work with high-speed data collection using sensitive

speed detector recordings
detectors has demonstrated that MicroED data sets can be collected at extremely low doses (less
than 1 e~ A~ total dose), which greatly limits the exposure of the sample to the electron beam and
therefore limits radiation damage ©'°"® At these ultra-low doses, MicroED data sets can be
indexed, integrated, and merged through the use of standard crystallographic programs such as
MOSFLM, DIALS and XDS %2, Depending on the diffraction quality, crystal orientation, and
crystal symmetry, several data sets can often be merged together to increase crystallographic

completeness for structure solution and refinement. These data sets are then used for structure



determination and the resulting models and maps can be used for detailed structural analysis of

the sample.

Protein-ligand complexes

Protein-ligand complexes are important structures to study for drug discovery, and difficult to
study crystals of these complexes can be studied by MicroED. One of the early proteins examined
with MicroED was catalase from bovine liver 2. In this instance, a single microcrystal that was
approximately 150 nm thick was used to determine the structure of catalase to 3.2 A resolution.
The homotetrameric structure of catalase contains a bound heme in each one of its four
monomers, and this was used as an initial test for the ability of MicroED data to determine the
presence of ligands in the resulting structure. When the experimental maps were calculated with
a model lacking the heme ligands, there was significant positive density demonstrating that bound
ligands could be located by MicroED when they are not initially included in the atomic models
(Fig. 1a). A similar test was performed with these data on the catalase-bound NADPH, where one
NADPH molecule is tightly bound to each catalase monomer. As with the heme tests, maps were
calculated using a previously determined model lacking NADPH 2. These maps showed positive
differences for both the location of the NADPH as well as the NADPH-bound conformation of
residue F197 (Fig. 1b), which indicates that MicroED data are of sufficient quality to identify subtle
conformational differences due to ligand binding. In another study on catalase, the sensitivity of
electron diffraction to the effects of charge was demonstrated on the residues which interact with
the bound heme ligand *', which highlights the potential of this technique on the study of how
charge influences ligand binding.

While the initial work on catalase was an important demonstration of the ability to identify
ligands, the heme and NADPH molecules are already part of the native structure of catalase. An
improved method for the incorporation of new ligands into microcrystals was recently reported
using the enzyme proteinase K soaked with 5-amino-2,4,6-triodoisophthalic acid (I3C) . In this
approach, proteinase K microcrystals were applied to a carbon-coated EM grid and the excess
liquid was blotted away, similar to standard MicroED sample preparation procedures. However,
rather than immediately vitrifying the sample, additional crystallization solution containing the 13C
ligand was added to the surface of the grid to incubate together with the crystals. Following
incubation, the ligand solution was blotted from the grid and the sample was plunged into liquid
ethane for vitrification. The structure that resulted from MicroED data collected using these on-
grid soaked crystals showed strong positive denisty for four bound 13C ligands. When a similar

experiment was performed with larger crystals for X-ray crystallography only three I3C molecules



were identified, and these sites had lower occupancy and therefore less defined maps relative to
the MicroED maps (Fig. 2). This report suggests that soaking small microcrystals and using
MicroED for data collection has the potential of improving the modeling of bound ligands in protein

structures relative to soaking larger crystals.

Inhibitor-bound proteins

The drug bevirimat is an inhibitor of HIV maturation and acts on the HIV Gag capsid protein by
binding to it and preventing protease cleavage %’. The detailed interaction between bevirimat and
Gag and how this may prevent protease activity was difficult to determine as soaking large HIV-
1 Gag crystals with bevirimat reduced crystal quality and co-crystallization efforts were
unsuccessful. However, by soaking nanocrystals of the C-terminal domain SP1 spacer peptide
(CTD-SP1) HIV-1 Gag with bevirimat, crystal quality could be preserved, and MicroED could be
used to produce a 2.9 A resolution structure of bevirimat bound to HIV-1 Gag (Fig. 3a) #. This
structure sheds light on how bevirimat can bind to HIV Gag and the potential strategies for further
drug discovery to target this critical protein. Additionally, this study demonstrated how MicroED
could be used to determine the structure of difficult drug-protein complexes and aid structure-
based drug discovery.

In other work, MicroED has been used to determine the interaction of the sulfonamide
inhibitor, acetazolamide (AZM), with human carbonic anhydrase (HCA II) ®2. Here, the AZM bound
structure of HCA Il was determined to 2.5 A resolution, with sufficiently high-quality data to directly
fit the entire molecule into the experimental maps, which enabled a clear visualization of the drug-
protein interactions (Fig. 3b). Although the structure of AZM bound HCA Il had been determined
previously by X-ray crystallography ™, the MicroED structure of AZM-HCA Il further demonstrated
that MicroED can be used to model pharmaceutically relevant compounds bound to proteins at

high-resolution.

Drug—-membrane-protein interactions

Membrane proteins account for approximately 30% of all proteins, and carry out essential
functions, such as signal transduction, energy conversion, and selective transport. Thereby,
membrane proteins represent key drug targets. Membrane protein structure determination is
notoriously difficult, and novel methods for the study of membrane protein structure and function
are in high demand. Recently, MicroED has been applied to membrane protein structures, which
opens the door to the study of membrane protein to molecule interactions. The potential for high-

quality MicroED structures of membrane proteins was demonstrated by non-selective cation



channel NaK analysis %. NaK nanocrystals were used to produce a 2.5 A structure (Fig. 4a),
where two new conformations of the external Na* binding sites were determined.

While NaK crystals grow in a detergent solution, which makes them suitable for standard
MicroED sample preparation methods, many important membrane proteins are crystallized in
more viscous media, such as lipids, which make sample preparation very difficult. Therefore, new
methods of preparing these samples are required. A powerful tool for handling thicker samples is
the use of a cryo-focused ion beam (cryo-FIB), which allows the selected thinning of thicker
samples down to approximately 200 nm ">78, These thinned layers are then transferred from the
cryo-FIB to the cryo-EM and used for MicroED data collection. This cryo-FIB milling approach
was critical to the recent 3.1 A structure determination of a lipid embedded mammalian anion

channel %

. When the density maps are viewed for these data, additional unmodelled density was
observed surrounding the channel, which indicates the presence of lipids around the proteins.
Thereby, there is a potential for membrane protein bound molecules to be resolved even at
moderate resolutions by MicroED.

G-protein coupled receptors (GPCRs) are an important class of receptors, which are
typically crystallized in the viscous lipidic cubic phase (LCP). LCP is very difficult to work with and
produces samples that are still too thick to be handled by cryo-FIB milling. Therefore, additional
sample handling procedures were required to investigate samples grown in LCP with MicroED °.
When improved handling procedures were combined with cryo-FIB milling, it was reported that a
single GPCR microcrystal could be analyzed by MicroED to yield a high-resolution structure *.
The structure of the human adenosine (Aza) receptor was determined to 2.8 A resolution (Fig. 4b),
and several bound molecules were identified in the structure. Four cholesterol molecules could
be placed within the difference maps and an antagonist (ZMA), which was present during
crystallization, could be placed within the Aza receptor ligand binding site (Fig. 4c). This
demonstrates the use of MicroED to determine the structure of a GPCR from LCP along with the
successful identification of bound ligands, which paves the way for future MicroED driven

structural investigation of important GPCR-drug complexes.

Conclusion

While X-ray crystallography has been an important tool for drug discovery, MicroED has been a
successful method for high-resolution structure determination from nano and microcrystalline
material. By removing the need for larger crystal growth and, in some cases, improving the results
of ligand soaking experiments through the use of smaller crystals, MicroED can increase the rate

in which protein-ligand complexes can be studied. The main hurdles for MicroED so far have been



limited access to instrumentation and the ability to prepare high-quality samples for data
collection. As more institutions invest in cryo-EM, additional instrumentation is slowly becoming
available — although the maijority of microscope time is typically allocated to other cryo-EM
modalities, such as single particle cryo-EM and cryo-electron tomography, and not for MicroED.
For this reason, dedicated instrumentation for MicroED is needed and nationally funded centers
must be established to provide access to the technology. Moreover, through the development of
automation for other structural biology techniques, in addition to higher throughput data collection
methods for MicroED, and serial crystallography approaches, there is promise to further increase
the ease and volume of MicroED experiments 5608081 Ag with all cryo-EM methods, sample

preparation remains a challenging step in the overall pipeline. Recent advancements in sample

59,73,79 75-78
)

handling and preparation methods , including the application of cryo-FIB milling
promise to improve the success rate of MicroED experiments. However, continued improvements
and new sample preparation methods remain an important area of development. Another
interesting area to explore is how data can be modeled to increase the quality of the final
structures and to potentially allow the direct visualization of chemical bonding and atomic charge
within crystals. Previous reports have demonstrated charge modeling for certain groups 318284,
However, the extension of modeling charge for the entire protein or to visualize bonding, as has

been reported for small organic molecules and materials %%

, is still in development. Altogether,
the current applications of MicroED with the ongoing technological advancements promise to

make this technique an extremely useful and unique tool for structure-guided drug development.
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The structure of ligand protein complexes are critical for understanding protein fuction and drug
design efforts. This review discusses the use and future prospects of the microcrystal electron
diffraction (MicroED) method for determining the structure of protein-ligand complexes from

crystals too small for other methods.

Summary
Microcrystal electron diffraction (MicroED) can determine the structure of proteins from crystals
orders of magnitude smaller than other methods. Here the application of MicroED to protein-ligand

complexes is reviewed.



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

Figures

£

i .
s A
AN A
97 %, <74
'é‘ “. kYA
i o
¥ SR
& RS
3 - X

Fig. 1 | MicroED structure of catalase with bound heme and NADPH. a | Because the heme
ligands are present in the catalase protein, when they are omitted from the model, clear positive
signal in the difference maps (Foss - Fcarc) can be seen (green density), validating that these ligands
are present in the structure and allowing the modeling of the bound heme within the structure. b
| When maps are calculated using a model without bound NADPH (grey model), the difference
map shows positive potential (green density) for the NADPH as well as the correct position for
phenylalanine 197 (tan model). Models are from Ref. 23 (PDB ID: 3j7b)
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Fig. 2. 5-amino-2,4,6-triodoisophthalic acid (I3C) sites in Proteinase K. The structure of I3C
and the resulting MicroED density maps of the four I3C sites in Proteinase K are shown. The
density maps, which are the result of the MicroED experiment and used for model building, are
shown as both 2Fqss - Fcarc (blue) and positive Foss - Feaic (green) difference maps. These four
sites all refined to an occupancy of 75%, 58%, 61% and 59% for sites 1 to 4, respectively. These
occupancies are higher for MicroED when compared to the X-ray structure, which were reported
to be 75%, 21%, 0%, and 12%, for sites 1 to 4, respectively”®. Models are from Ref. 73 (PDB ID:

7jsy)

a p

Fig. 3. MicroED facilitates the modeling of inhibitors within the protein structure. a |
Modelled orientation of bevirimat bound to HIV-1 Gag. Here, the up orientation of bevirimat is
depicted. b | Modeled human carbonic anhydrase (HCA Il)-acetazolamide (AZM) interactions with
the and three highlighted amino acids and the Zn?** metal cofactor. Carbon, nitrogen, oxygen, and
sulfur atoms are colored in gray, blue, red, and yellow, respectively and the Zn?** metal cofactor
is shown as a dark-gray sphere. In each case, the structure determined by MicroED was able to
allow the modeling of each bound inhibitor within the structure, which shows the key interactions

between the molecule and the protein.
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Fig. 4. Membrane protein structures determined by MicroED. a | NaK was the first membrane
protein structure determined by MicroED and allowed the modeling of water molecules and
sodium ions within the channel pore. The model and surface view of NaK is shown from the top
(left) and side (right) relative to the membrane. The models shown in a are from Ref 29 (PDB
6¢cpv). b | The structure of the human adenosine Axa receptor, the first G-protein coupled receptors
(GPCR) structure determined by MicroED, viewed from the side. The membrane bilayer is
indicated by the black lines. The antagonist ligand (ZMA) is shown in pink and cholesterol is
shown in orange (known positions) and blue (newly determined position). ¢ | A magnification of
the binding pocking in b where the MicroED determined structure shows clear density for the co-
crystallized ZMA antagonist bound to the receptor. The models shown for b and ¢ are from Ref.
30 (PDB ID: 7rm5)



