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Electron cryo-microscopy (cryo-EM) is a powerful technique for the structural character-
ization of biological macromolecules, enabling high-resolution analysis of targets once
inaccessible to structural interrogation. In recent years, pharmaceutical companies have
begun to utilize cryo-EM for structure-based drug design. Structural analysis of integral
membrane proteins, which comprise a large proportion of druggable targets and pose
particular challenges for X-ray crystallography, by cryo-EM has enabled insights into
important drug target families such as G protein-coupled receptors (GPCRs), ion chan-
nels, and solute carrier (SLCs) proteins. Structural characterization of biologics, such as
vaccines, viral vectors, and gene therapy agents, has also become significantly more
tractable. As a result, cryo-EM has begun to make major impacts in bringing critical ther-
apeutics to market. In this review, we discuss recent instructive examples of impacts
from cryo-EM in therapeutics design, focusing largely on its implementation at Pfizer. We
also discuss the opportunities afforded by emerging technological advances in cryo-EM,
and the prospects for future development of the technique.

Introduction
Structure-based drug design (SBDD) has been an essential tool in pharmaceutical development for
decades. Structures of macromolecular drug targets, especially when bound to modulators, can reveal
ligand-binding pockets and pinpoint protein–ligand interactions that influence the mechanism of
action, potency, and specificity. Used iteratively and synergistically with biochemistry, pharmacology,
and input from medicinal and computational chemists, SBDD is a powerful tool for optimizing drug
efficacy and safety. Its ability to speed and inform compound screening and design has helped to
bring many first-in-class drugs to market. While X-ray crystallography was long the cornerstone of
SBDD, the rise of cryo-electron microscopy (cryo-EM) in recent years, driven by advances in sample
preparation, imaging, and data processing technologies, has changed the landscape of SBDD and
structural biology more broadly. Between 2010 and 2020, the proportion of PDB depositions solved
by EM grew from 0.7% to 17%, with nearly 50% of reported cryo-EM structures in 2020 solved at
resolutions of 3.5 Å or better [1], and of these, 72% were solved with a small-molecule ligand.
Cryo-EM, which bypasses crystallization and requires relatively small quantities of protein, has begun
to make impacts in structure-based therapeutics design across multiple modalities [2].
While pharmaceuticals target a broad range of protein families, integral membrane proteins consti-

tute some of the largest and most important, by some estimates already comprising over 60% of
known small-molecule drug targets [3,4]. Cryo-EM has been particularly enabling of SBDD for these
targets, partly because they have often proved challenging to crystallize. For this reason, we have
devoted much of this review to three of the largest classes of druggable membrane proteins: G protein-
coupled receptors (GPCRs), ion channels, and solute carriers (SLCs).
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GPCRs form the largest class of druggable membrane protein targets, with ∼800 members in humans.
GPCRs are targeted by 30–50% of all currently marketed small-molecule drugs [5,6], but nearly 100 remain
‘orphaned’, with their biological ligands unidentified. Cryo-EM has enabled over 150 novel GPCR structures in
the last 5 years [7], a seismic shift in our ability to target these proteins with therapeutics.
Ion channels, comprising over 400 known genes in humans, are targeted by 15–20% of all current drugs

[6,8], modulating homeostatic mechanisms linked to ion balance, blood pressure, and cell division. They are
also important neuromodulators, with consequences for cognition, sensation, and motor control. Structural
analysis of ion channels is particularly critical for reducing off-target effects.
An emerging target family, SLC proteins comprise over 400 members in 66 families [9,10], widely distributed

among tissues and cell types, which regulate ion gradient-driven uptake of metabolites including amino acids,
sugars, lipids, nucleotides, and others. SLCs are linked to a variety of human disorders, including cancer [11],
and over 100 single-gene diseases are linked to SLC defects, giving them enormous potential as therapeutic
targets [12].
Large molecular assemblies, such as viruses and ribosomes [13–16], were some of the earliest success stories

for cryo-EM. As pharmaceutical companies develop vaccines and biologics, cryo-EM has revealed the structural
details underlying vaccine efficacy and informing design. This work is still highly relevant, particularly in the
face of emerging infectious threats, such as SARS-CoV-2.
In this review, we discuss recent structural analyses of selected targets by cryo-EM at Pfizer and elsewhere

and how this powerful tool can be used to inform therapeutics design. We also discuss the current techno-
logical landscape and exciting opportunities for drug design from emerging technologies that will revolutionize
our use of cryo-EM in the coming years.

GPCRs
GPCR structures have been enabled by cryo-EM at an increasing rate in recent years. While class A GPCRs
form the bulk of novel structures, other receptor classes, including B1, B2, C, D1, and F, are beginning to
appear in structural databases. Most have been enabled in the active state with agonist peptides, small molecules
or positive allosteric modulators (PAMs) by forming complexes with β-arrestin or heterotrimeric G-proteins
stabilized by auxiliary antibodies or nanobodies (for example: Nb35 and ScFv16) [17,18]. In the active state,
protrusion of the G protein complex from the transmembrane region facilitates particle identification and align-
ment from cryo-EM datasets, enabling high-resolution structures. A growing toolbox, including truncated
(miniG) [19], dominant negative [20], and chimeric [17] forms of the G protein alpha subunit, as well as
GPCR-cytochrome b562RIL (BRIL) fusions with associated Fab fragments [21], has simplified the process of
solving agonist-bound GPCR structures. While a growing number of unliganded GPCR structures are now
emerging, only a few have been determined with antagonist small molecules, with prominent examples in
GPCR family C being the γ-aminobutyric acid type B (GABAB) receptor subunit 1 with the inverse agonist
CGP-55845 [22], GABAB receptor subunit 2 with antagonist CGP-54626 [23,24], the metabotropic glutamate
receptor mGluR2 with antagonist LY341495 [25], and the calcium-sensing receptor with the NAM NPS-2143
[26,27]. In these examples, the absence of the G protein makes structural solution challenging, but receptor
dimerization in family C GPCRs, as well as the large receptors’ extracellular domains, provided enough protein
mass to support reconstruction.
Glucagon-like peptide 1 receptor (GLP-1R) offers an instructive example of the use of cryo-EM to under-

stand the pharmacology of GPCRs for drug discovery. Targeted for the treatment of type 2 diabetes and
obesity, GLP1-R is a class B1 GPCR found in pancreatic β-cells, with a role in the regulation of insulin secre-
tion. The structure of rabbit GLP-1R with heterotrimeric Gs-protein was initially determined by cryo-EM in
the presence of the GLP-1 peptide [28], followed by its human ortholog in the presence of exendin-P5 [29]. In
2020, cryo-EM was used to characterize the mode of action of an agonist compound, PF-06883365 [30]. The
structure of GLP-1R bound to PF-06883365 revealed a mechanistically critical tryptophan residue (W33)
unique to primates. Rotation of the GLP-1R extracellular domain shifts W33 to close the ligand-binding pocket
by forming hydrophobic interactions with PF-06883365. This phenomenon explains the compound’s reduced
potency in other mammals, where serine occurs in the equivalent position, and was confirmed by mutational
analysis. The structure also offered structure–activity relationship (SAR) insights for this compound series by
explaining a potency gain from the introduction of a 6-carboxylic acid motif to the compound’s benzimidazole
region, which creates productive interactions with R380. Recently published cryo-EM structures, from the
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Monash Institute of Pharmaceutical Sciences, of GLP-1R complex bound to Pfizer clinical candidate
PF-06882961 and CHU-128 [31] (Figure 1A), confirmed this agonist series’ binding mode and the role of W33
in species selectivity, providing important knowledge needed for pre-clinical screening of compounds in non-
human species. Multiple structures within a chemical series are also important for establishing SAR.
C–C motif chemokine receptor 6 (CCR6) is expressed in dendritic and memory T cells and recruits

pro-inflammatory IL-17-producing T cells to inflammation sites on skin or mucosa by activating heterotrimeric
Gi or Go protein. As such, it is a target for the treatment of inflammatory and autoimmune diseases, such as
psoriasis and irritable bowel syndrome. In 2020, the first cryo-EM structure was reported of CCR6 bound to its
activator, the C–C chemokine CCL20, with an engineered mini-GO protein complex stabilized by scFv16 [32].
This structure, the first ever of an agonist peptide-bound chemokine receptor, revealed a novel activation mech-
anism. The CCL20 ligand binds an unusually shallow pocket (Figure 1B), making minimal contacts with the
transmembrane helices of CCR6. This binding event allosterically activates a non-canonical toggle switch
formed by residues Q267, Y125, and N271, over 15 Å from the binding site. Breaking hydrogen-bonding inter-
actions between these residues induce the opening of helices 6 and 7, required for G protein binding. The
mechanism revealed by this structure helped to explain prior mutagenesis studies, showing that extensive
ligand–receptor contact is not required for activation, and highlighted the broad array of ligand-binding modes
accommodated by GPCRs. Compounds mimicking the active CCL20 peptide could be designed to take advan-
tage of the same interactions in this shallow pocket to act as agonists, or conversely, could be modified to
inhibit CCR6 activity.

Ion channels
Given their high symmetry, ion channels enabled some of the earliest high-resolution cryo-EM structures
[33,34]. They are also therapeutically important, being involved in a broad array of processes. Academic groups
and companies, including Pfizer, Genentech, and Novartis, have reported novel cryo-EM structures of thera-
peutically relevant channels in recent years [35–39]. For instance, of therapeutic interest as sensory modulators,
the transient receptor potential vanilloid (TRPV) channels form a family of six ligand-gated calcium channels
in humans. Known for their role in heat sensation (thermoTRPV sub-family; TRPV2, 3, and 4), they are also
modulated by natural ligands including capsaicin and cannabinoids. The first structures of TRPV-family chan-
nels, TRPV1 and TRPV2, were determined by cryo-EM in 2013 and 2016 [34,40], respectively, and more
recent work has elucidated the structures of several other family members [41–44].
TRPV5 offers a useful example of how structural information, even at moderate resolution, can provide

useful mechanistic information. Found in the apical membrane of kidney distal tubule epithelial cells (alongside
the more ubiquitous TRPV6), TRPV5 is critical for calcium reabsorption and is linked to kidney stones.
TRPV5/6 are constitutively active, but are modulated by intracellular ligands, including calmodulin and PIP2.
Two common topical antifungals, econazole, and miconazole, were found to inhibit the activities of both
TRPV5 and TRPV6 [45,46]. The restricted tissue distribution of TRPV5, however, makes it a more attractive
therapeutic target. In 2018, the structure of TRPV5 bound to econazole was determined by cryo-EM at 4.8 Å,
with regions near the core reaching 3.5 Å [44]. Econazole binds a hydrophobic pocket normally bound by
phosphoinositides and vanilloids in the related TRPV1 channel (Figure 1C). Despite the structure’s relatively
low resolution, molecular dynamics simulations and comparison to the capsazepine-bound structure of TRPV1
[47] allowed the ligand’s binding site and inhibitory mechanism to be inferred, suggesting inhibitor binding
was associated with movements in the S1–S4 helical bundle and the S4–S5 linker, rearranging a loop with key
residues (M578, F574, and H582) that rotate into the pore to block ion flow. When mutated, residues flanking
the econazole binding site reduced its inhibitory activity in a two-electrode voltage clamp assay in Xenopus
oocytes, increasing confidence in its interactions and mechanism of action. Knowledge of key interactions in
the ligand-binding pocket can also be used to design more potent and selective compounds.
While many membrane proteins are solubilized in detergents for structural solution, the compatibility of

cryo-EM with other solubilization tools, such as nanodiscs [48], amphipols, peptidiscs, and styrene-maleic acid
copolymers (SMALPs), can reduce structural perturbations and preserve critical protein–lipid interactions.
Understanding such interactions can help to elucidate mechanistic details of protein function and identify
potentially druggable pockets. TRPV2 plays important roles in neuronal development, cardiac function,
immunity and cancer. Cannabidiol (CBD), a channel agonist, inhibits cell proliferation in glioblastoma multi-
forme, making TRPV2 an attractive anti-cancer target [49]. Several structures of TRPV channels in their apo
forms, determined by cryo-EM and crystallography, suggested multiple potential ligand-binding sites, including
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Figure 1. Liganded GPCR, ion channel, and solute carrier protein structures solved by cryo-EM. Part 1 of 2

(A,B) GPCRs: (A) Ligand-bound GLP-1 structures. Right panel, Structure of GLP-1 signaling complex (PDB 6X19), as solved by

Sexton and colleagues [31], bound to CHU-128. Upper left inset, Structure of the ligand-binding pocket of GLP-1R bound to

PF-06882961 [31]. Middle left inset, Structure of the ligand-binding pocket of GLP-1R bound to CHU-128. Lower left inset,

Structures of the ligand-binding pocket of GLP-1R bound to LY3502970 [95]. (B) CCL20 peptide-bound CCR6 structure. Left

panel, Cartoon representation of CCR6-G protein complex bound to CCL20 (PDB 6WWZ). Right inset, CCR6-CCL20

interaction interface with key interacting residues indicated. (C,D) Ion channels: (C) Econazole-bound structure of TRPV5

channel. Right panel, Structure of tetrameric TRPV5, colored by domain, bound to econazole (PDB 6B5V). Upper left inset,

TRPV5 calcium-binding selectivity filter, colored by subunit, formed by D542 (shown in stick representation) from each subunit.
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some occupied naturally by lipids [41,44,47,50,51]. In 2019, cryo-EM structures were reported of nanodisc-
bound rat TRPV2 in two unliganded conformations and two bound to CBD [52]. These structures revealed
CBD in a novel binding site (Figure 1D) between helices S5 and S6 of adjacent subunits in non-conducting
conformations (pre-open or desensitized states). This novel binding site offers avenues for SBDD based on this
scaffold. Interestingly, both the apo and liganded maps contained ordered density attributed to bound lipids, as
seen in other TRPV channel structures. Electrophysiological studies revealed the channel to be active in the
presence of CBD when reconstituted in liposomes, but to open occasionally for extended periods even in the
apo form, suggesting membrane lipids may modulate its activity. A follow-up structure of TRPV2 was reported
this year in the presence of piperlongumine, a naturally occurring alkaloid with selective anti-cancer properties
[53]. Notably, the activity of piperlongumine was predicted computationally using SPIDER, a tool used to iden-
tify associations between small molecules and their protein targets, and it was subsequently validated in vivo as
a TRPV2 antagonist. The cryo-EM structure of TRPV2 bound to piperlongumine identified a transient binding
site, normally occupied by lipid, in the interface between two subunits (Figure 1D). Binding results in potent
allosteric antagonism of TRPV2 activity and offers an alternative avenue for TRPV2 inhibition, while further
highlighting the importance of lipid binding sites on its transmembrane surface for modulating its activity.

Solute carrier proteins
SLCs have emerged in recent years as a promising class of drug targets. Comprising facilitated transporters,
antiporters, and symporters, SLCs are mechanistically diverse, and cryo-EM has been critical in teasing out
their mechanisms of action, with significant implications for the druggability of this family. Three recent struc-
tures, solved by cryo-EM, highlight the diversity of this class of transporters while opening design opportunities
for more potent and selective small-molecule inhibitors.
SLC1A5, a trimeric sodium-dependent amino acid antiporter, is the only SLC1 family member that trans-

ports glutamine, and serves as the primary glutamine transporter in cancer cells. Its inhibition reduces endo-
metrial cancer cell growth and induces rapid cell death in breast cancer cells, making it a promising anti-cancer
target. To elucidate its transport mechanism, cryo-EM structures of SLC1A5 were determined in its apo and
L-glutamine-bound forms (Figure 1E) [54], which adopt an outward-facing conformation. This made SLC1A5
the first eukaryotic sodium-dependent neutral amino acid transporter to be solved in both inward and
outward-facing states by cryo-EM [54,55]. Taken together, these structures revealed conformational changes
underlying a finely tuned ‘elevator’ transport mechanism mediated by independently functioning protomers, in
which each protomer’s substrate-binding transport domain moves relative to a scaffold domain to carry sub-
strate across the membrane. This mechanism is made possible by conformational changes in the HP2 loop,
which serves as an extracellular gate controlling substrate access. This ensemble of structures clarified

Figure 1. Liganded GPCR, ion channel, and solute carrier protein structures solved by cryo-EM. Part 2 of 2

Bound calcium ion is indicated in green and econazole shown in blue stick representation. Lower left inset, Econazole binding

site. Side chains within 4.0 Å of the ligand during MD simulations are labeled and shown as sticks. (D) Liganded structures of

TRPV2 channel. Left panel, Cryo-EM map for TRPV2 tetramer (EMD-20686) state 1 bound to cannabidiol (CBD), with a single

subunit colored in violet and other subunits in gray. Upper right inset, Close-up of CBD binding site, with TRPV2 model

cartoon (PDB 6U8A) shown in violet and CBD in space-filling representation shown in green. Residues forming the ion pore are

indicated. Lower right inset, Piperlongumine binding site of TRPV2 (PDB 6WKN [53]), with TRPV2 cartoon colored by subunit

and piperlongumine in stick representation. Key interacting residues are shown as sticks. (E–G) Solute carriers: (E)

Substrate-bound structure of SLC1A5. Upper panel, Cryo-EM map for SLC1A5 trimer bound to glutamate (EMD-9188), with

one subunit highlighted in green. Lower inset, Glutamate binding site of SLC1A5 in the outward-facing conformation (PDB

6MPB), with protein shown as cartoon in green, with glutamate in violet and interacting residues shown as sticks. (F) Structure

of ligand-bound NaCT. Upper panel, Cryo-EM map of dimeric NaCT-PF-2 complex (EMD-22456), with one subunit colored in

purple. Lower inset, Close-up of PF2 binding site, with NaCT shown in cartoon representation (purple, PDB 7JSJ), and

compound and sodium ions colored as indicated. (G) Structures of MCT1 stabilized by ligands in outward- and inward-open

conformations. Upper panels, Cartoon representations of MCT1 (pink)/basigin-2 (beige) complex in outward-open (left, PDB

6LYY) and inward-open (right, PDB 7CKO) conformations. Lower panels, Close-ups of compound-binding sites in

outward-open (left, compounds superimposed and colored as indicated) and inward-open (right) states.
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the molecular determinants of substrate recognition and engagement, insights that would be critical to inhibitor
design.
NaCT/SLC13A5, a sodium-dependent citrate transporter found in the liver with an important role in citrate

homeostasis, is one of three SLC13 family dicarboxylate transporters. Citrate’s central role in carbon metabol-
ism, particularly as an acyl-CoA precursor for fatty acid synthesis, makes NaCT an important target for treating
obesity, and NaCT is often elevated in patients with non-alcoholic fatty liver disease. This year, cryo-EM struc-
tures of NaCT bound to citrate, as well as a potent and selective inhibitor, PF-06649298 (PF2), were reported,
revealing its sodium-dependent elevator mechanism [56] (Figure 1F). Citrate binds in a basic pocket flanked by
two SNT motifs that co-ordinate its carboxylate moieties. Mutations in these SNT motifs abolish transport
activity. Moreover, density for two of the four sodium ions required for transport was discernable in the map.
PF2, a competitive inhibitor, contains two carboxylate moieties that occupy the citrate binding pocket of NaCT
in the inhibitor-bound structure, while key interactions with the NaCT scaffold domain block the sliding of the
transport domain to the outward conformation, explaining the basis of its inhibition. Importantly, key side
chains neighboring the inhibitor binding site, G409 and A57, are replaced by bulkier residues in other SLC13
family members that would clash with the inhibitor, which helped to rationalize its selectivity for NaCT.
Indeed, mutation of G409 to asparagine, as found in orthologs, significantly reduced PF2 potency. These
insights could inform the design of inhibitors with improved selectivity and potency.
MCT1 (also called SLC16A1), one of four proton-coupled transporters that catalyze the transport of mono-

carboxylates (such as lactate, pyruvate, ketone bodies), is part of a shuttling system that maintains lactate
homeostasis between glycolytic and oxidative cells. Given its enhanced expression in some tumors, with a pos-
sible role in ‘metabolic symbiosis’ (extracellular lactic acid can confer immune tolerance), MCT1 is an import-
ant target for the treatment of cancer. This year, Wang et al. [57] reported 5 cryo-EM structures of MCT1 with
its partner basigin-2, bound to lactate and several inhibitors. While the inhibitors bound the orthosteric site,
these structures revealed multiple modes of inhibition, with MCT1 adopting the outward-open conformation
in the presence of lactate and inhibitors BAY-8002 and AZD3965 (Figure 1G, left panel and inset), but an
inward-open conformation when bound to inhibitor 7ACC2 (Figure 1F, right panel and inset). These structures
revealed a transport mechanism by which relative rigid-body rotations of two domains expose substrate-binding
sites alternately to opposite sides of the membrane. More importantly, this study identified the molecular deter-
minants for subtype-specific sensitivities to AZD3965, which is currently in Phase I clinical trials for the treat-
ment of cancer, by MCT1 and MCT4, critical for optimizing inhibitor selectivity [58].

Vaccines
Cryo-EM is a powerful tool in vaccine development to enable better antigen design, map epitopes through ana-
lysis of antibody–epitope complexes, and illuminate the molecular basis of vaccine efficacy. While vaccine effi-
cacy relies on a host of factors, a key element is the design of an immunogen that will provoke a strong and
lasting immune reaction. Human cytomegalovirus (HCMV), which commonly infects the human central
nervous system, can cause severe disorders in immunocompromised carriers. Vaccines against HCMV have
typically targeted glycoprotein B, which mediates membrane fusion with the host cell during viral entry, but
their protection is often short-lived. For several viruses, its pre-fusion conformation has proven more effective
at eliciting neutralizing antibodies, but the pre-fusion conformation of HCMV gB is unstable. To stabilize gB in
its pre-fusion conformation, Liu et al. purified the protein from virions with an HCMV-specific fusion inhibi-
tor, WAY-174865, [59,60], and crosslinked the protein to rigidify its conformation for cryo-EM. While success-
ful in stabilizing the pre-fusion conformation (Figure 2A), this strategy did not prevent all particles from
transitioning to post-fusion conformation. As a result, both the conformations were present in the sample,
allowing structural solutions for both from a single dataset, at 3.6 Å and 3.5 Å, respectively [61]. Critically, the
pre-fusion structure was congruent with models derived from cryo-electron tomography studies of intact
viruses (Figure 2A, left panel) [62–64]. WAY-174865 ligand density was discernable in the pre-fusion conform-
ation, revealing its mode of inhibition and the underlying mechanisms of inhibition escape mutations
(Figure 2A, inset). On the basis of this evidence, it was concluded to represent a genuine pre-fusion conform-
ation of HCMV gB. Neutralizing antibody epitopes were mapped onto the protein surface, reinforcing the
hypothesis that interference with gH/gL binding is a potential mechanism of neutralization. Given that the
reversibility of WAY-174865 binding makes it unsuitable as a vaccine stabilizer, these structures also offered the
possibility of designing an inhibitor-free pre-fusion-stabilized vaccine antigen.
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Figure 2. Cryo-EM structures for vaccine development.

(A) Cryo-EM structure of trimeric pre-fusion-stabilized HCMV gB, shown in cartoon representation bound to WAY-174865 (PDB

7KDP), superimposed with tomographic reconstruction [62] (EMD-9328; left panel) and its single-particle cryo-EM map [61]

(EMD-22828; middle panel). Three unmodeled regions of density in the map correspond to a Fab fragment from a neutralizing

antibody (SM5-1) against gB. Right inset, WAY-174865 binding pocket in gB trimer. (B) Cryo-EM structures of SARS-CoV-2

vaccine antigens BNT162b1 and BNT162b2. Left panel, Cryo-EM structure of dimeric ACE2 (pink) bound to two copies of

BNT162b1-encoded SARS-CoV-2 spike protein RBD (blue, PDB 7L7F), superimposed with its cryo-EM map (EMD-23211).

Inset shows ACE2-RBD binding interface, with key residues highlighted. Right panel, Cryo-EM structure of trimeric

pre-fusion-stabilized SARS-CoV-2 spike protein (PDB 7L7K) encoded by BNT162b2, superimposed with its cryo-EM density

(EMD-23215). Subunits are individually colored, with RBD domains separately colored in green.
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Cryo-EM has also long been invaluable for identifying protein epitopes bound by antibodies, which is useful
for designing vaccines and understanding the factors underlying their efficacy. In early 2020, as a novel SARS
coronavirus, which causes COVID19, emerged as a global public health threat, Pfizer, collaborating with
German firm BioNTech, rapidly mobilized to develop a novel mRNA-based vaccine that would deliver viral
spike protein-coding sequences to patient cells. Two major candidate antigens were evaluated. BNT162b1
encoded an artificially trimerized version of the spike protein receptor-binding domain (RBD), in contrast with
a pre-fusion-stabilized version of the full-length spike protein (BNT162b2). Given the novelty of mRNA-based
vaccines, structural characterization was critical to ensure the correct epitopes are presented to patients’
immune systems. To enable antigen characterization by cryo-EM, the small and flexible RBD trimer encoded
by BNT162b1 was combined with the human receptor for the spike protein, ACE2, which improved its size
and rigidity. The structure of this complex revealed that the RBD trimer adopts its active fold and binds to the
receptor via its native interface (Figure 2B left panel), making it effective in stimulating neutralizing antibody
production. The structure of BNT162b2, which ultimately formed the basis of the vaccine now in use, revealed
not only its native conformation (Figure 2B right panel), but also highlighted the conformational dynamics of
the RBDs, whose conformations are critical to vaccine efficacy [65]. Pfizer/BioNTech’s COVID19 vaccine,
which was granted emergency use authorization by the US FDA in December 2020 and full approval in August
2021, is currently in use around the world to help control the spread of COVID19.

The future of cryo-EM in drug discovery
Cryo-EM technology continues to evolve rapidly and its user base is expanding rapidly. The costs of equipment
and maintenance and the computational requirements of data processing, which have been hurdles to more
widespread adoption, are being addressed by the development of smaller, less-costly microscopes, the establish-
ment of government-funded cryo-EM data collection centers, and the growing use and availability of cloud
computing resources [66,67]. Recent publications suggest that the newer generation of smaller, less costly
microscopes are becoming capable of routinely producing high-resolution structures, encouraging new entrants
to the field [68–70].
In an industrial setting, it must be possible to iteratively determine high-resolution liganded structures to

enable SBDD. For cryo-EM to play this role, each step, from sample preparation to data processing, must be
optimized for rapid structural solutions. Preparation of high-quality samples will likely remain the rate-
determining step for many cryo-EM structures, but new sample deposition technologies, with prominent exam-
ples being the Spotiton method (supported by the Chameleon system and self-blotting grids) [71–73] and the
Vitrojet system [74] offer greater control of sample deposition on grids, while allowing quality assessment on the
fly to reduce grid screening time. Furthermore, data acquisition software now offers automated hole and ice
thickness assessment, selecting the best ice for data collection [75,76]. The newest generation of direct electron
detectors, which boast high frame rates and increasingly stable and effective energy filters, improve micrograph
signal-to-noise ratios to allow high-resolution reconstructions from fewer particles [77], reducing the data collec-
tion time per structure. The recently reported structures of β3 GABAA receptor at 1.7 Å and mouse apoferritin
at 1.22 Å demonstrate the power of these technologies to enable true atomic-level structural details [78].
Increasingly sophisticated software has also accelerated the transition from dataset to structure, offering

better tools for aberration correction [79,80], particle extraction [81–84], classification, and selection, and de
novo 3D reconstruction [85], with increasing impacts from machine learning and artificial intelligence
[81,82,84,86,87]. The use of maximum likelihood methods combined with GPU-enabled computation, as
implemented in RELION, revolutionized the speed and accuracy of cryo-EM reconstructions from raw data
[88,89]. The advent of on-the-fly data processing, implemented in tools such as CryoSPARC Live [85], now
enables the assessment of dataset quality in 3D concurrently with data collection. As the selection of grids, ice,
and particles becomes better optimized, the computational burden of filtering good from bad particles is
reduced, and we anticipate that further streamlining will continue to reduce computational needs and speed
data processing. Recent iterations of data processing software have included improved tools for processing par-
ticles with inter-domain flexibility or conformational changes, even in the absence of discrete structural states,
allowing higher-resolution modeling of proteins in multiple conformations and analysis of their conformational
dynamics [90–92], with even time-resolved structures beginning to emerge [93,94].
In the longer term, improvements in both hardware and software to support cryo-electron tomography are

expected to better enable the imaging of proteins in their native cellular context at high resolution. Eventually,
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particle picking algorithms may allow the effective extraction of single particles in situ from images of cells
thinned by focused ion beam (FIB) milling for single-particle analysis [83]. This approach offers the advantage
of true native conditions without protein purification, which could eliminate a major bottleneck to structure
determination. While this technology is still under development, rapid improvements may soon make it an
important part of the structural biologist’s toolbox.
Despite the rapid growth of cryo-EM and the development of powerful new tools, the preparation of more

inherently challenging samples and intensive computational work makes certain tasks like the iterative solution
of ligand-bound structures more difficult with cryo-EM. X-ray crystallography still excels where repeated struc-
ture determinations need to be made. SBDD benefits from structures at the highest resolutions possible, with
the ability to resolve atomic positions and confidently place ordered water molecules with high accuracy. In
this sense, the use of cryo-EM for SBDD remains in its infancy except for the limited number of well-validated
samples. Technological development to address these limitations in the coming years will be key to establishing
cryo-EM firmly in drug discovery pipelines across the industry. The remarkable achievements of the past few
years, however, suggest that the fruition of this reality may be closer than we think.

Perspective
• Cryo-EM has become an indispensable structural biology tool, accounting for a growing per-

centage of newly solved protein structures.
• Cryo-EM has enabled structural analysis of challenging drug targets to support SBDD, driving

the development of novel therapeutics, including biologics.
• Technological innovations continue to increase the power of cryo-EM in drug discovery, posi-

tioning it to play a major role in pharmaceutical development going forward.
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