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Summary

We present a perspective of our view of the application of cryo electron microscopy (cryoEM) to 

structure based drug design (SBDD). We discuss the basic needs and requirements for SBDD, the 

current state of cryoEM, and the challenges that need to be overcome for this technique to reach its 

full potential in facilitating the process of drug discovery.

Introduction

The importance of structural information in drug discovery has been understood since the 

mid-80s, and by the early 90s the first success stories started to appear (Roberts et al., 1990) 

(Erickson et al., 1990) (Dorsey et al., 1994). Nowadays, structure guided drug design is an 

integral part of the discovery platform in most pharmaceutical industries. This rapid 

evolution has been accelerated by the advent of proteomics and structural genomics, 

developments in information technology, fast-paced advances in cloning, expression, and 

purification of targets, development of high-throughput crystallography, and numerous 

advances in structure determination using nuclear magnetic resonance (NMR). Availability 

of faster computers and relatively inexpensive computer clusters has also played a role, 

increasing the speed of in silico lead identification and optimization.

Structure guided drug design is a very iterative process, that can last years before a new drug 

candidate is obtained, and involves many fields of research, from structural and 

computational chemistry to biology, pharmacology, and medicinal chemistry, just to name a 

few (Anderson, 2009). The very first (and necessary) step is the determination of the 

structure of the target of interest. Until now, the major methods utilized for structure 

determination were x-ray crystallography, and NMR, with homology modeling stepping in 

when an experimental structure could not be obtained. Crystallography and NMR combined 
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have produced over 130,000 structures in the public domain (as of January 2018, the PDB 

contains 122,681 x-ray structures and 12,102 NMR structures), and possibly many 

thousands more in the private sector, providing a wealth of structural information covering a 

wide spectrum of targets, from small soluble proteins to large assemblies to membrane 

bound targets. Nevertheless, structural information for a large portion of targets of interest to 

the pharmaceutical industry is still unknown, mainly for reasons that include molecular size, 

complexity, flexibility, and difficulties in production and purification that make them 

unsuitable for the established structure determination techniques like crystallography and 

NMR. In addition, structures determined by x-ray crystallography very often represent just 

one snapshot of one specific conformation of the target protein, which does not necessarily 

represent the most common conformation present at a cellular level and often cannot provide 

detailed information about flexibility and conformational motions.

In recent years, cryo electron microscopy (cryoEM) has emerged as a complementary 

technique to crystallography and NMR (Frank, 2017). While EM analysis of biological 

specimens has been in use for ~40 years, only in the past ~5 years has the method become 

capable of producing near-atomic level structures suitable for application in drug discovery 

(for example, (Shen et al., 2016) (Guo et al., 2017a) (Shalev-Benami et al., 2017) (Guo et 

al., 2017b) (Hirschi et al., 2017)). CryoEM also potentially provides several advantages over 

the more traditional methods: access to larger and/or more complex biological systems that 

have been intractable to analysis by x-ray or NMR; the advantage of analyzing proteins in 

solution (albeit vitrified) and, perhaps most importantly, the possibility of characterizing 

multiple conformational or compositional states from the same sample (Roh et al., 2017) 

(Frank et al., 2016), hence providing insights into states of the macromolecule theoretically 

closer to those that are biologically relevant (Nogales and Scheres, 2015).

While there are many relevant biological questions that can be answered by lower resolution 

structures (for example, the nuclear pore complex structure (Aitchison and P. Rout, 2012) 

(von Appen and Beck, 2016); heat shock protein binding modes (Shi et al., 2013); 

Glutamate receptor activation and mechanism (Meyerson et al., 2014)), the process of 

structure guided drug design has some specific requirements (resolution being only one of 

them) that need to be considered when selecting a protein target. In this review we will 

discuss the requirements for small molecule structure guided drug discovery, what the 

current state of cryoEM is in this area, what it can bring to the table, and what can be done 

(or expected) in the future to move this technique to the forefront of drug discovery.

Small molecule structure guided drug discovery: when and why

Structural information can be used to guide a drug discovery program from the very 

beginning, from understanding at an atomic level the mode of action of the target in 

question, to providing structure based alternatives to the traditional screening procedures, to 

structurally validating hits identified with other techniques (Figure 1). In very early stages, a 

structure can provide insights into the target activation and modulation, and possible 

conformational flexibility derived by interactions with partner(s) (small molecules or larger 

substrates). At this point, even low resolution structures (worse than 3–4 Å) can be used as 

input for computer based approaches such as in silico screening, docking and design, which 
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can identify and suggest preferred pharmacophores, optimal binding vectors, and essential 

interactions; this information can then be incorporated in a rational drug design process 

(Śledź and Caflisch, 2017). When accompanied by concurrent binding, activity and 

pharmacology assays, this approach can result in a faster discovery of initial hits, even 

without the need for further structural data. If a robust crystal system is in place, structure 

based fragment identification has also been shown to be a viable method for the 

identification of diverse chemical matter that can then be used as starting point for drug 

development (Jhoti et al., 2007).

The subsequent steps will generally require a more intense structural effort. Structural 

biology groups will be required to produce structures of the select target bound to different 

pharmacophores (or compound classes); this may be just a handful of structures, if only one 

example small molecule class is deemed sufficient but there may be as many as hundreds of 

structures if structural support is required throughout the entire process (Prongay et al., 

2007) (Stamford et al., 2012) (Scapin, 2015). Structural knowledge may be sought, for 

example, when apparently simple chemical changes to the small molecule cause major 

deviations from the expected pharmacology, or when large modifications are introduced into 

the small molecules to address issues such as solubility and cell penetration, or when 

ongoing issues such as potency and selectivity need to be addressed. This lead optimization 

is largely the time in which structure determination is most heavily used, albeit maybe not 

the period in which structural information is the most impactful. Very often it becomes a 

routine exercise, an assay run side by side with other assays, a fact that is helped by the 

increased ease of access to synchrotrons and their high level of automation in data collection 

and processing.

Small molecule structure guided drug discovery: requirements

There are several requirements that need to be kept in mind when discussion SBDD. The 

most relevant may be the resolution of the reconstructed maps. In the grand scheme of 

things, answers can be found at any resolution, it depends on the questions asked. For 

example, analyses of large conformational changes to understand the mechanism of action 

of a given protein can be done (and be very informative) even at resolutions of 4–8 Å or less 

(for example (Blees et al., 2017) (McGoldrick et al.,2018) (Lu et al., 2017)). But for a 

SBDD process we need to understand, explain and eventually predict changes in atoms 

positions, atom-atom interactions, and main chain or side chain motions as small as 0.5–1.5 

Å. Accuracy in atomic positions then becomes essential. The error on atomic coordinates is 

resolution dependent: a typical 2.0 Å crystallographic model has a coordinate error of less 

than 0.2 Å (Murshudov and Dodson, 2997), but for lower resolution structures, when even 

assigning the correct side chain position becomes a challenge, the uncertainty becomes quite 

high. As a result, ideally, a resolution of 3 Å or better is necessary for structure based 

predictions and drug design. Structures at lower resolution can still be useful; molecular 

dynamics and other computational methods can be used to fit and minimize the structure and 

assign the most probable loop conformations and residue rotamers (Trabuco et al., 2008) 

(Zhao et al., 2013) (Arenz et al., 2016) (Tordai et al., 2017), as well as build de novo 

structures (Das and Baker, 2008) or identify the position of chemically relevant waters 

(Wang et al., 2011) (Jukič et al., 2017). The combination of low resolution experimental 
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structures and modeling can become a powerful tool for SBDD, particularly if orthogonal 

validation methods and checks are available.

Other aspects that are often overlooked in the context of SBDD are timing and throughput. 

In order to initiate a successful structure guided drug development program, it is necessary 

to characterize and validate the selected target(s) from a three-dimensional point of view as 

early as possible in the program. This target validation step may be accomplished by 

generating just one or two structures, for example one of the target alone, and one in 

complex with its natural substrate or other modulators. In many cases, if the conformational 

differences between the various states are large enough, even medium to low resolution 

structures can be extremely useful in understanding the mechanism or identifying binding 

sites (Gao et al., 2016) (Guo et al., 2017b) (Meyerson et al., 2014). Early on in the project, 

structure determination can take a few months to a year, and still provide enough novel 

information to be useful. On the other hand, in order to be useful and make an impact in all 

other steps of the process, and especially during the compound optimization cycle, structural 

information needs to be delivered quickly, ideally within 24–48 hours from receiving the 

compounds. Chemistry and biology can generate and validate dozen of new compounds per 

week: assay results alone, when combined with molecular modeling, can easily guide the 

drug development process, and if the structural information is not timely, it could quickly 

become irrelevant.

Lastly, the conformational state(s) of the macromolecular target need to be carefully 

analyzed: mutations and/or truncations required for sample stability and crystallizability, the 

buffer(s) used for purification and storage, and crystal packing may affect the overall 

structure or induce local changes that can affect ligand binding (Scapin et al., 2001) 

(Cousido-Siah et al., 2012). This may be the area that where cryoEM could have the highest 

impact as a tool for structure determination, since it is a “solution based” methodology that 

can be applied to native proteins and provide in some cases a different view of the 

macromolecule (Bartesaghi et al., 2014).

Single particle cryoEM as a tool for SBDD: present state and outlook

As has now been much discussed (Frank, 2017) (Kühlbrandt, 2014) (Method of the Year, 

2016), cryoEM has recently gone through a very dramatic expansion and is now being 

rapidly adopted by most structural biologists. This expansion was triggered when a new 

camera that could directly detect electrons became commercially available about 5 years ago 

(Li et al., 2013) (Faruqi et al., 2003), providing the final technical advance that allowed near-

atomic resolution structures to be reconstructed from images of single particles embedded in 

vitreous ice. For very well behaved samples (e.g. apoferritin, 20S proteasome, aldolase) it is 

now possible to reach a resolution below 3A using a few hours of data collection and 

processing (Figure 2). Unfortunately most samples are not as well behaved. There are still 

some major challenges that need to be addressed to improve the chances of a successful 

outcome when approaching a structural analysis using cryoEM.

Sample Preparation—The first hurdle that needs to be overcome is preparing specimens 

suitable for imaging in a transmission electron microscope, preferably in a reproducible way 
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so that conditions identified for one target-ligand complex can be readily used for all 

subsequent complexes of the same target. Ideally these specimens will have the single 

particles embedded in a layer of vitreous ice just a little bit thicker than the diameter of the 

particles, and the particles should be distributed isotopically so as not to adopt a preferred 

orientation. The current method used for cryoEM specimen preparation is to apply a small 

aliquot (3uL) of sample onto an EM grid (typically copper or gold mesh covered by a thin 

fenestrated substrate of either carbon or gold), remove most of the sample by applying filter 

paper directly to one or both sides of the grid, and then immediately plunge the grid into a 

cryogen (typically ethane or propane). This process is not well controlled at the nanoscale 

level and the layer of vitreous ice that results is often of quite variable thickness (Figure 3) 

with the consequence that time must be spent searching out areas of the grid with ice of 

suitable thickness, reducing the throughput at the microscope. A much more critical problem 

however is that when the thin layer of liquid is formed just prior to vitrification, the particles 

have ample opportunity to collide with and potentially interact with the air-water interface. 

This may result in the particles adopting preferred orientations (Glaeser and Han, 2017) (Tan 

et al., 2017) and in the worst case, denaturing either partially or completely. To address this 

problem we have been developing a new process for preparing vitrified grids that uses a 

piezo dispensing tip to deliver 50 pL droplets to a self-wicking grid as it flies past the tip on 

its way to the liquid ethane (Jain et al., 2012) (Razinkov et al., 2016) (Dandey et al., 2018) 

(Wei et al., 2018). This method provides more control of the ice thickness (Figure 3) and 

particle distribution and we have used it to successfully freeze dozens of different samples 

several of which have resulted in sub 3Å structures. A further benefit of this new method is 

that the sample spends less time in the thin liquid layer prior to vitrification and as a result 

the deleterious effects of the air-water interface are reduced. We have shown that if we 

reduce the spot to plunge time to ˜100ms (compared to 1s when using traditional methods) 

we can substantially reduce preferred orientation at least in some samples (paper in 

preparation). The system, which we call Spotiton, is in the process of being commercially 

developed and the hoped for outcome is a fully automated and very reproducible process, 

factors which will likely be important in a commercial drug development pipeline.

Data Collection—A further challenge in using cryoEM for SBDD is that the resolution 

achieved for many structures falls short of what is desirable. Since 2014 (the year of the 

“resolution revolution” (Kühlbrandt, 2014)) the number of EM structures at a resolution of 4 

Å or better has been steadily increasing, and as of January 2018 there are 672 entries in the 

Electron Microscopy Database (EMDB) for single particles that meet the “4 Å or better” 

criteria (Figure 4). Of these, only 75 are better than 3 Å and only 12 reach the resolution of 

2.5 Å or better; many of these are of “test cases” used to test the advances in the technology 

and to push the resolution limits (for example (Kimanius et al., 2016) (Fan et al., 2017) 

(Herzik et al., 2017) (Feng et al., 2017) (Danev et al., 2017)). Among the sub-3 Å structures, 

five contain small molecule compounds and could be view as a starting point for SBDD 

(Shalev-Benami et al., 2017) (Merk et al., 2016) (Gao et al., 2016) (Banerjee et al., 2016) 

(Bartesaghi et al., 2015) (Wong et al., 2017). The limits in resolution are often inherent to 

the sample itself, arising from heterogeneity, flexibility, preferred orientation, denaturation, 

aggregation, etc., and can sometimes be somewhat overcome by increasing the number of 

particles contributing to the map: this approach though requires more time spent at the 
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microscope, with data collections spanning days to weeks. As timing and fast throughput are 

essential to allow for structural information to make an impact in a drug discovery process, 

in our opinion it will be critical to improve the efficiency of data collection at the 

microscope by an order of magnitude for cryoEM to be competitive in the later stages of 

SBDD. These improvements may come from a variety of technical advances, including new 

cameras with higher speeds and larger pixel arrays, better stages that are more stable and can 

be used to rapidly move from one target to the next with no delay due to thermal instabilities 

or hysteresis, and better automation software at every stage of data collection (from sample 

loading and exchanging, to calibration, target queuing and image acquisition). This can limit 

the need for slow steps and guide the optimization of data collection protocols, similarly to 

what is done with synchrotron automated data collections (Winter and McAuley, 2011).

Data Processing, structure determination and structure validation—With a 

speedup in data collection, the workflow bottleneck will be moved to the processing phase. 

While most of the best used software packages are now semi automated (e.g. EMAN (Tang 

et al., 2007), Relion (Scheres, 2012), CryoSparc (Punjani et al., 2017), cisTEM (Grant et al., 

2018), Scipion (de la Rosa-Trevín et al., 2016)) there are none so far that can take in images 

and produce a 3D map without the help of human intervention. Most of the intervention is 

required for selecting particles from the individual images and in assessing the degree of 

heterogeneity in 2D classes and 3D maps. While most particle picking is done automatically, 

it normally initially requires some input form the user in terms of optimizing parameters or 

providing templates. Many users also sort out “good” from “bad” particles by doing several 

rounds of 2D alignment and classification and rejecting classes that appear to be junk or 

otherwise unsuited for further processing. The 3D reconstruction also requires user input in 

terms of deciding how many 3D classes to determine and which can be carried forward to 

refinement. It is our belief that many of these steps that currently require human input will 

be replaced in the near future with deep learning methods. For example several “general” 

particle pickers are under development, see for example (Wang et al., 2016a), and it seems 

feasible that similar methods may be developed to accept or reject 2D and 3D classes. Once 

this is achieved, then a truly fully automated pipeline can be developed that can provide 

feedback during data collection and drive decisions as to the optimal number of images that 

should be acquired for any given sample (which may vary from few to many thousands).

For SBDD applications however the maps are not the end-point, but rather the experimental 

set onto which the pursued atomic structure needs to be built, with enough precision and 

accuracy that allow the model to be used in all subsequent steps of drug design. Automated 

model building, refinement and validation then become as important as obtaining good maps 

in the first place. Ideally, the resulting map (and 3D model(s), when available) can be input 

to a density-to-structure pipeline that would automatically carry out structure solution, 

ligand fitting and model refinement. In crystallography, software packages such as 

Phenix.refine (Afonine et al., 2012), ARP/wARP (Lamzin et al., 2012) and GlobalPhasing 

PipeDream (Sharff et al., 2011) are designed to link and automate (in different ways and to a 

different extent, depending on the package) a structure solution stage, structure refinement 

step(s) and automated ligand fitting. While these packages are still mostly designed for use 

with x-ray diffraction data, modifications have been implemented to allow working with EM 
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maps (for example CCPEM (Wood et al., 2015) (Burnley et al., 2017), Phenix CryoFit 

(Kirmizialtin et al., 2015) or Rosetta (Wang et al., 2016b)). Next steps should be linking 

these EM-specific variations into a single pipeline, which would ideally require minimal 

user input, and output a final model ready to be used for further drug design. The last step of 

the process (validation of the resulting maps and coordinates) should not be underestimated: 

the quality of the model will affect the quality of the results obtained using that model as a 

starting point for any of the computational approaches (virtual screening, docking, ligand 

design) used in the SBDD process. The need for validations processes and standards for both 

maps and coordinates is well understood within the community: in 2010 the Electron 

Microscopy Validation Task Force (EM VTF) met at Rutgers University to consider possible 

validation standards for 3D maps and models produced by electron microscopy 

reconstruction methods, and produced a series of recommendations summarized in 

(Henderson et al., 2012). Since then, two map validation servers and a 3DEM validation 

pipeline, which produces an EM validation report similar to the validation reports produced 

by wwPDB for structures from X-ray crystallography, have been introduced and are 

available through the wwPDB and the EMDB (Patwardhan and Lawson, 2016). Inclusion of 

the validation report when submitting manuscripts for review should become a standard 

procedure.

Industrial interest and some potentially applicable results

A clear confirmation of the transition of cryoEM to a mainstream structural biology tool, 

and of its potential for facilitating SBDD, comes from the fact that many pharmaceutical and 

biotech companies have embraced this new technique, and are quickly setting up new 

internal facilities and/or collaborations with existing academic laboratories or companies 

that specialize in the technique (Peplow, 2017). A few companies historically focused on 

providing crystallography services are also moving into the field, and now offer cryoEM as a 

tool for structure determination. Two of the largest suppliers of crystallography tools are 

now offering a variety of cryoEM supplies, bringing both expertise and innovation to the 

field (see table 1 for a summary).

Most papers of possible interest for drug development reveal previously unknown structures 

of difficult targets that have the potential to facilitate further drug design, or of interesting 

target-drug complexes. For example, Baretić and coworkers (Baretić et al., 2017) report the 

structure of human ataxia telangiectasia mutated (ATM) protein, a large kinase involved in 

DNA repair and cancer: the protein is shown in two conformations (open and closed) and 

provides the first glimpse into the kinase structure; Fitzpatrick et al (Fitzpatrick et al., 2017) 

report the first structure of Tau filaments from Alzheimer’s patients’ brain, identifying a 

stretch of amino acids that could be the template for aggregation, and suggesting that 

targeting this peptide may provide a new way for the design of specific inhibitors of Tau 

aggregation; the structure of TRPV1 in lipid nanodiscs (Gao et al., 2016) allows for the first 

visualization of the interactions of lipids with transmembrane helices, and the identification 

of the binding site for two known drugs, capsazepine and resiniferatoxin. Scapin et al very 

recently reported the first structure of insulin bound to its receptor (Scapin et al., 2018)), a 

very well established target for the treatment of diabetes. Other similar examples have been 

summarized elsewhere (Subramaniam et al., 2016) (Merk et al., 2016).
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There still are very few reports of cryoEM driven SBDD (optimization of a drug based on 

structural information). A single exception is the paper by Wong and coworkers (Wong et 

al., 2017), in which they identified the antimalarial mefloquine (MFQ) binding mode to 

Plasmodium falciparum 80s ribosome, and used the information to develop MFQ derivatives 

with improved potency (Figure 5). Nevertheless, the outlook is promising: the field is 

growing steadily, and both hardware and software are still improving. If sample preparation 

can become more automated, and we can get one order of magnitude improvement in the 

efficiency of data collection and analysis, cryo-EM could become a very useful technique for 

visualizing protein-ligand complexes and accelerate the process of drug discovery.
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Figure 1: 
Schematic representation of the drug discovery and development process. The areas in the 

R&D process where structural information can be used are highlighted. In the Target ID 

space, one structure may be sufficient to identify the target binding site and characterize its 

mechanism. During the Hit ID stage, a few structures may be required to structurally 

characterize the lead compounds identified during screening. If a robust structural system is 

in place, X-ray can be used to run fragment screening campaigns. The heaviest request for 

structural data happens at the Lead ID/Opt stage, in which several iterations (from 

compound synthesis to structure/acitivity to SBDD back to synthesis) may happen in few 

weeks.
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Figure 2. 
Timeline for CryoEM structure determination. The figure shows the timeline from data 

collection to a 2.5Å structure for a well behaved aldolase sample (unpublished results, Ed 

Eng et al.. NYSBC). Steps from data collection to particle picking are almost all fully 

automated and require minimal user input (Suloway, et al., 2005) (Lander, et al., 2009). 

Reconstruction was carried out with Cryosparc (Punjani, et al., 2017).
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Figure 3. 
Sample preparation. The figure shows a comparison between a grid vitrified using a standard 

plunger (top) and a grid prepared using SpotItOn (Jain, et al., 2012) (Razinkov, et al., 2016), 

bottom. In the grid vitrified with the standard plunger the ice distribution is highly variable 

across the grid, and identification of suitable areas for data collection can be a lengthy 

process. In the SpotItOn grid, one single narrow strip of very uniform ice is visible and 

almost every square in the stripe is available for data collection.
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Figure 4: 
Analysis of EM maps deposited in the EMDB. Left: trend of released maps achieving given 

resolution levels (as of December 2017). Right: as of December 2017, 645 maps at a 

resolution of 4 Å or better were deposited in the EMDB (red shaded area). These included 

69 maps better than 3 Å and 12 at a resolution greater than 2.5 Å. During January 2018, 27 

maps better than 4 Å and 6 better than 3.0 Å were added to the EMDB.
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Figure 5: 
Using cryoEM structures to guide structure based drug design. A) Density for the 

antimalaria mefloquine as visualized in the 3.2 Å cryoEM map (Panel A and B were 

generated with PyMol, from map EMD-8576 and PDB 5UMD). B) The structure revealed 

an empty pocket within the ligand binding site (red circle). C) Structure guided design of 

modified mefloquine, with the piperidine replaced by a larger substituents, resulted in 

derivatives with a ~2-fold fold potency enhancement towards the parasite (Wong, et al., 

2017).
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Table 1:

Commercial options for cryoEM imaging and supplies

Name Type

Cambridge Pharmaceutical cryoEM 
consortium

Consortium
https://www2.mrc-lmb.cam.ac.uk/cambridge-pharmaceutical-cryo-em-consortium/

NanoImaging Services CRO https://www.nanoimagingservices.com/

TetraGenetics CRO http://www.tetragenetics.com/drug-discovery-technology/structure-based-design/

Novalix CRO http://www.novalix-pharma.com/

Creative Biostructure CRO https://www.creative-biostructure.com/cryo-em-services 4.htm

MiTeGen Supplier https://www.mitegen.com/product-category/cryo-em/

Molecular Dimensions Supplier https://www.moleculardimensions.com/products/c503-Cryo-Electron-Microscopy

SubAngstrom Supplier www.subangstrom.com

Scapin et al., present their perspective of the possible application of cryo-electron microscopy (cryoEM) to structure-based drug design (SBDD) 
approach. They discuss SBDD requirements, cryoEM current state, and the challenges that need to be overcome for this technique to reach its full 
potential in facilitating the process of drug discovery.
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