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Abstract

Electron cryo-microscopy (cryo-EM) has revolutionized structure determi-
nation of membrane proteins and holds great potential for structure-based
drug discovery. Here we discuss the potential of cryo-EM in the rational de-
sign of therapeutics for membrane proteins compared to X-ray crystallog-
raphy. We also detail recent progress in the field of drug receptors, focusing
on cryo-EM of two protein families with established therapeutic value, the
y-aminobutyric acid A receptors (GABAsRs) and G protein—coupled re-
ceptors (GPCRs). GABA,Rs are pentameric ion channels, and cryo-EM
structures of physiological heteromeric receptors in a lipid environment
have uncovered the molecular basis of receptor modulation by drugs such
as diazepam. The structures of ten GPCR-G protein complexes from
three different classes of GPCRs have now been determined by cryo-EM.
These structures give detailed insights into molecular interactions with
drugs, GPCR-G protein selectivity, how accessory membrane proteins al-
ter receptor-ligand pharmacology, and the mechanism by which HIV uses
GPCRs to enter host cells.
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INTRODUCTION

Membrane proteins account for 20-30% of the human genome (1, 2) and have great therapeutic
value since they are the target for approximately 60% of the drugs used in the clinic (3). Struc-
tural information is a key component in the rational design of drugs, providing a platform to
increase the success rate of computational modelling used to design and improve drug specificity
and potency (4). Until recently, the only method to obtain protein structures of receptors was
X-ray crystallography, which, for membrane proteins, requires heroic efforts and has limited suc-
cess rates. Cryo-electron microscopy (cryo-EM) offers several advantages over X-ray crystallog-
raphy and has revolutionized structural biology of membrane proteins, providing fundamental
insights into both the molecular mechanisms of membrane receptors and the binding modes of
therapeutic drugs. Examples of this progress include the structures of y-secretase (5, 6), the cystic
fibrosis transmembrane conductance regulator (7, 8), the hERG K™ channel (9), and a chimera
of the voltage-gated sodium channel Na,1.7 (10). There are many other recent reviews on as-
pects of cryo-EM, including progress in the structural biology of ion channels (11, 12) and G
protein—coupled receptors (GPCRs) (13-17), technical improvements in cryo-EM (18-21), and
aspects of drug discovery (22-26). Here we discuss cryo-EM methodology, with a focus on its use
for structure-based drug discovery (SBDD) of membrane proteins, and the recent burst of struc-
tural information on two classes of drug receptors of established therapeutic value, namely the
y-aminobutyric acid A receptors (GABAsRs) and GPCRs.

CRYO-ELECTRON MICROSCOPY AND DRUG DISCOVERY
Cryo-Electron Microscopy as a Structural Biology Technique

Cryo-EM has become the method of choice to obtain structural information on drug receptors
and has several advantages when compared to macromolecular crystallography. X-ray crystallogra-
phy demands milligram amounts of a pure and homogenous sample, which must be stable enough
to withstand days in a crystallization solution. Crucially, the protein must then form crystals with
well-ordered arrays of molecules held together by protein—protein contacts; the quality of the
crystals dictates the quality of the diffraction pattern and hence the resolution of the determined
structure. Unfortunately, membrane proteins are notoriously difficult to grow into well-ordered
crystals, due to their instability in detergents suitable for crystallization, their flexibility, and their
lack of hydrophilic areas to make strong contacts between molecules in the crystal lattice. In addi-
tion, membrane proteins can be difficult to overexpress and purify in a native conformation. Con-
sequently, the structure determination of membrane proteins has lagged behind that of soluble
proteins. However, with the advent of the so-called cryo-EM resolution revolution (27), struc-
tures can now be obtained by cryo-EM using microgram amounts of a protein sample, which is
directly vitrified on cryo-grids after purification and without the need to form crystals. In ad-
dition, very mild detergents that are unsuitable for X-ray crystallography can be used for the
purification of even quite unstable membrane proteins (28), allowing structures of previously in-
tractable targets to be determined. However, it must be stressed that the quality of the sample is
still the most critical factor in high-resolution structural determination by cryo-EM, which re-
quires crystallization-quality material at the time of vitrification. In fact, the number of cryo-EM
images required and the resolution attained appear to correlate with sample quality and follow
the same rules as in crystallography, where the stabilization of constructs and removal of flexible
loops can significantly influence the final resolution (29).
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In a typical single-particle cryo-EM experiment, the protein sample is vitrified on cryo-
grids, which are then imaged using a 200-300 kV transmission electron microscope. Images are
collected using direct electron detectors, which have increased sensitivity and speed compared to
film, allowing the collection of tens of frames per image, each with a limited amount of electron
dose (30). The ability to split the image into frames allows computer software to preserve the
high-resolution information of the images by correcting for stage drift and beam-induced mo-
tion during image processing (31, 32). It also allows for the correction of radiation damage by
down-weighting information in a resolution-dependent manner in each frame (31, 33). The in-
clusion of maximum likelihood approaches to cryo-EM data processing (34) (and other processing
tools) enabled the separation of conformationally heterogeneous samples, purifying in silico dis-
tinct homogenous conformations that can be refined to high resolution. Further developments in
software have focused on eliminating fine errors in data collection that have a significant impact
when moving toward atomic resolution. These developments include estimations of defocus for
each particle in a micrograph (35-37), performing Ewald sphere correction (35, 38), and beam
tilt correction (35, 39). The interested reader is referred to several excellent in-depth reviews on
advancements in electron microscopy (18, 21, 40, 41).

Despite the wonderful success of cryo-EM, there are still limitations and bottlenecks associ-
ated with structure determination. Although crystals are not required, cryo-grids must be well
populated with intact protein particles in random orientations. In the time between sample appli-
cation onto the grid and vitrification (typically about 1 s), a protein molecule will hit the air—water
interface between 100 and 1,000 times (42, 43), potentially promoting preferential orientation or
protein aggregation. For some samples, this will prevent structure determination. A number of
solutions can reduce the problem of preferred orientations of the sample on the grid, including
reducing the time from blotting to freezing (44), adding certain additives (8) or antibodies (45,
46), using different supports on the cryo-grid [e.g., carbon, graphene, or graphene oxide (47)],
or making a slight change in the protein construct. Cryo-EM projects can be stalled for months
or even years due to the preferred orientations problem, and new solutions are required to make
cryo-EM usable for any protein sample.

A technology that is increasingly being used for cryo-EM data collection is the Volta phase
plate (VPP) (48). The VPP is a film of amorphous carbon (typically about 10 nm thick) placed
after the sample in the electron microscope, which enhances image contrast through inducing a
phase shift in the electron beam, thus boosting the signal-to-noise ratio of the protein particles
(Figure 1a). The VPP has been used to determine structures of proteins as small as 64 kDa (49)
and has been shown to produce similar resolutions with less data (50-52). This was seen recently
in the determination of the structure of human A;, receptor in complex with the G heterotrimer
(53), where images containing 145,000 particles collected using a VPP were sufficient to attain a
resolution of 4.88 A. A B-factor plot, which describes the increase in resolution as a function of the
amount of data (Figure 15), suggested that approximately 5 million particles collected without a
VPP would be required to attain a similar resolution, requiring about 65 days of data collection on
the particular Titan Krios microscope. The VPP has been used to determine the structure of many
membrane proteins, including GPCR-G protein complexes and GABARs (see below) (45, 46,
54-58). However, the increased difficulty in data collection and the variability in behavior between
different VPPs make this technology far from routine. The fact that high-resolution structures can
also be obtained for small proteins without using a VPP (59) generates uncertainty in the cryo-EM
community regarding the best data collection strategy. Further studies are required to establish
the true potential of a VPP and the circumstances under which a VPP has the most impact on
improving the determination of protein structures.
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Figure 1

Cryo-electron microscopy (cryo-EM) methodology with and without a Volta phase plate (VPP). (2) A
side-by-side comparison of (/ef?) a standard defocus micrograph and (right) a micrograph taken with a VPP.
(&) A B-factor plot showing the difference between cryo-EM data collected with and without a VPP for the
Aja receptor (A2aR) in complex with a G heterotrimer. (¢) Example of local resolution, showing the
cryo-EM map of the AyAR-Gg heterotrimer. Figure adapted with permission from Reference 53.

Cryo-Electron Microscopy in the Use of Structure-Based Drug Discovery:
State-of-the-Art Techniques and Limitations

SBDD relying on X-ray crystallography requires the production of reproducible diffracting
crystals with different compounds. However, for the case of membrane proteins, obtaining
reproducible-quality crystals can be challenging, and, in many cases, a single crystal out of hun-
dreds is found to be suitable for structure determination. A solution to this has been the thermosta-
bilization of receptors, often applied to G protein—coupled receptors (60, 61), an approach that
has been successful in yielding receptor constructs amenable to high-throughput X-ray crystal-
lography (62). However, this approach still requires the stabilization of receptors by mutagenesis,
the production of large amounts of protein sample, and crystallization.

Cryo-EM now provides an attractive alternative to X-ray crystallography for the visualization
of drug-binding modes. Proof-of-principle has been done mostly for soluble protein systems, with
examples that include the isocitrate dehydrogenase complexed with a compound with potential in
cancer treatment (ML309) (63) and the structure of the Plasmodium falciparum 20S proteasome in
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Figure 2

Structure of the prototypical GABAAR with insights into drug-binding modes, viewed from («) the
extracellular surface and (b) within the membrane plane. In both panels, the prototypical GABAAR is
composed of « (red), 3 (blue), and y (yellow) subunits. Binding sites for drugs are depicted, and the insets
show experimental density and the drugs represented as sticks (C, green; O, red; N, dark blue). Carbon atoms
from receptor residues are colored according to the subunit coloring scheme described above. Experimental
density is clipped to the ligand (gray mesh), and X-ray crystallographic structures (/ight blue) and cryo-electron
microscopy structures (grzy) are shown. Abbreviations: ECD, extracellular domain; GABA, -y-aminobutyric
acid; GABAAR, GABA4 receptor; PS, pregnenolone sulfate; PAM, positive allosteric modulator; NAM,
negative allosteric modulator; THDOC, tetrahydrodeoxycorticosterone; TMD, transmembrane domain.

complex with WLW vinyl sulfone, an inhibitor of the malarial proteasome that does not bind to the
human proteasome (64, 65). In the case of membrane proteins, the greatest progress was initially
made with the TRPV1 channel, which was the first membrane protein to achieve high-resolution
information by cryo-EM (66); its structure was later solved while embedded in a lipid nanodisc,
showing the binding of capsazepine and resiniferatoxin (67). Cryo-EM is now providing great
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insights into membrane proteins and compounds of high therapeutic value (see below); however,
it still has some limitations that need to be fixed in order for it to be used routinely in SBDD.

Limitations for the Use of Cryo-Electron Microscopy in Structure-Based
Drug Discovery

SBDD is being applied to develop novel therapeutics to membrane protein targets using X-ray
crystallography (68, 69), which entails the determination of the structure of the target protein
bound to compounds under development as drugs. Medicinal chemists can then use the struc-
tures to suggest modifications that improve affinity and specificity. This is an iterative cycle that
can require hundreds of structures to be determined. Crystal growth, crystal harvesting, data col-
lection, and structure solution can all be streamlined, although this may take years of work for
a GPCR. A significant advantage of X-ray crystallography is that molecular replacement can be
used to rapidly determine structures of a target bound to different ligands. In the most favorable
cases, this can be achieved with a GPCR (70), although the throughput is considerably lower than
what is possible for some soluble proteins (71).

Several bottlenecks currently prevent cryo-EM from generating similar amounts of data in a
short time. First, data collection is orders of magnitude slower in cryo-EM than in crystallogra-
phy, frequently requiring several days of data collection to reach a useful resolution for SBDD.
Second, although a few cryo-EM structures have been determined to better than 2-A resolution,
membrane protein structures are normally determined in the range of 3—4-A resolution. This
could improve significantly with the development of faster and better hardware and software.
Third, data processing demands extensive computational time, even with the implementation of
parallel processing using graphics processing units (72). Lastly, there is a lack of automation in
data processing because significant user skill is currently required to obtain the best resolution
from a given set of cryo-EM data (73) using the most-used software packages (35, 74), although
automated systems are under development (75). Since resolution is normally limiting and map
density for small molecules tends to be noisy, it is imperative to obtain the best map possible if
SBDD from cryo-EM data is to become a reality.

Another aspect of cryo-EM structure determination that requires human expertise is map in-
terpretation. The currently used Fourier Shell Correlation resolution estimation does not neces-
sarily correspond exactly with the quality of the map density, and the term modelability has been
introduced to judge the quality of a model based on how easily atomic coordinates can be gener-
ated from the map (76). Cases where maps containing fewer particles (and slightly less resolution)
produce an improved quality of map are not uncommon, although the reason behind this phe-
nomenon is unclear. Therefore, it is up to the scientist to perform an assessment to obtain the
best final map possible.

Once the final cryo-EM map is available, it should not be judged by the overall resolution.
The local resolution can vary greatly within different regions of the map, and when assessing how
drugs bind to a receptor, the resolution of the drug-binding pocket should be taken into account
rather than the global resolution. As an example, cryo-EM structures of GPCRs normally have
higher resolution at the GPCR-G protein interface and lower resolution at the distal extracellular
site where the ligand-binding site is located (Figure 1c).

CASE STUDY 1: GABA, RECEPTORS
Introduction to GABAA Receptors and Their Pharmacology

GABA,Rs mediate inhibitory neurotransmission in the mammalian central nervous system
(77-79), and receptor dysfunction results in a variety of neurological and psychiatric disorders,
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including epilepsy, insomnia, anxiety, and autism (80). GABA4Rs have a rich pharmacology: They
are the targets for two types of endogenous molecules [GABA and neurosteroids (81, 82)] and a
number of exogenous drugs with therapeutic, recreational, and illicit use (83, 84) such as anes-
thetics (85), benzodiazepines (86), barbiturates (87), and ethanol (88). Several factors contribute
to the extensive pharmacology of GABA,Rs. First, physiological GABA4Rs are heteropentameric
receptors composed from five out of potentially 19 different subunits in humans: six o subunits;
three B subunits; three y subunits; three p subunits; and one each of the ¢, 8, 0, and 7 subunits
(78, 89). The combination and arrangement of the different subunits determine receptor func-
tionality and pharmacology. Most synaptic GABAARs are formed by 2, 23, and 1y subunits (78)
arranged y-B-o-B- counterclockwise around the central pore axis when viewed from the ex-
tracellular surface (Figure 24). Many regulatory molecules have specificity for certain types of
isoforms (90). For example, benzodiazepines require the y subunit to be present; neurosteroids
require o subunits (82); and classical benzodiazepines such as diazepam (Valium) and alprazolam
(Xanax) bind specifically to o1, «2, a3, or &5 subunits but not to a4 or «6 subunits (91, 92). Sec-
ondly, each receptor subunit is composed of an extracellular hydrophilic domain (ECD), where
the neurotransmitter binds, and a transmembrane domain (TMD), which forms the channel (93).
Both the ECD and the TMD contain several binding sites for endogenous and exogenous regu-
latory molecules. The orthosteric and allosteric sites are normally found at the interface between
subunits and are formed by the contribution of a principal face (+) from one subunit and a com-
plementary face (—) from the adjacent subunit. Therefore, for a prototypical GABAAR (formed
by 2, 23, and 1y subunits), there are four different binding sites at the ECD and four potential
sites at the TMD (Figure 2). Knowledge about the binding mode and modulatory mechanism
in which agonists and diverse regulatory molecules bind and modulate the function of GABA,Rs
has enormous physiological and therapeutic value and has been sought for many years.

From Crystals to Cryo-Electron Microscopy Structures in GABA4 Receptors

Initial work on the structure determination of GABA,Rs relied on the crystallization of homo-
meric receptors as model systems. The crystal structure of the homomeric 33 receptor was the
first experimental model, providing a framework to study GABAAR function and explain disease-
causing mutations (94). Later efforts focused on obtaining insights into neurosteroid-binding
modes to the TMD, since this could still be done using homomeric systems. Structural deter-
mination of such complexes by X-ray crystallography required extensive protein engineering of
the receptor, with the a1 TMD of GABA4Rs that contains the neurosteroid binding site fused to
the ECD of the Gloeobacter ligand-gated ion channel (GLIC) (95), Erwinia ligand-gated ion chan-
nel (ELIC) (96), or GABAAR (3 subunit (97). This resulted in structures that suggested how the
anesthetic alphaxalone binds (96) and how positive and negative modulatory neurosteroids bind
(95, 97). While positive allosteric modulators bound between subunits near the lipid interface [al-
phaxalone, tetrahydrodeoxycorticosterone (THDOC), and pregnanolone], the negative allosteric
modulators bound at a discrete intrasubunit site (pregnenolone sulfate) (Figure 25).

Although the crystal structures of GABA, homomeric channels added significantly to our
understanding of GABA4Rs, they were far from ideal models. Heteromeric channels are the
predominant form in vivo, and their complex pharmacology could only be unraveled from
heteromeric structures. Cryo-EM has now made it possible to determine the structures of het-
eromeric GABA, Rs, which would not have been possible using X-ray crystallography. A summary
of these structures is found in Table 1 and includes heteromers of «5p33 (98), x1B1y2S (99),
a«lP2y2 (100), and x1B3y2L (45, 46) in complex with compounds such as GABA, flumazenil,
picrotoxin, bicuculline, and benzodiazepines (Figure 2). Binding of GABA at the two 3+/«— sites
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Table 1 GABA,4 receptor and GPCR structures determined by cryo-electron microscopy

Detergent or Overall Number | Number of
Protein nanodisc Ligand Type of ligand PDB/EMDB | Res" (A) | ofimages particles Reference
GABAAR construct
33 homomer* DMNG + Benzamidine Agonist 4COF 3 NA NA 94
CHS
B3/ax5 DDTM No ligand NA S5OJM 33 NA NA 97
chimera*
B3/a5 DDTM Pregnanolone PAM 5O8F 3.2 NA NA 97
chimera*
GLIC- DDM, CHS No ligand NA SOSA 2.8 NA NA 95
GABAAR
ol chimera*
GLIC- DDM, CHS THDOC PAM 50SB 3.8 NA NA 95
GABAAR
ol chimera*
GLIC- DDM, CHS PS NAM 50SC 3.0 NA NA 95
GABAAR
ol chimera*
ELIC- DDM Alphaxalone PAM 6CDU 3.4 NA NA 96
x1GABAAR
chimera*
ELIC- DDM Apo NA 6D1S 3.2 NA NA 96
x1GABAAR
chimera*
xl1pB2y2 DDM, CHS GABA + Agonist + PAM | 6D6T/7816 3.9 5,594 200,442 100
flumazenil antagonist
xl1pB2y2 DDM, CHS GABA + Agonist + PAM | 6D6U/7817 3.9 5,594 292,662 100
flumazenil antagonist
x1B1y2S DDM + CHS | GABA Agonist 6DW0/8922 3.8 1,391 49,417 99
x1B1y2S DDM + CHS | GABA Agonist 6DW1/8923 3.1 1,391 68,229 99
«5B3 LMNG + GABA Agonist 6A96/6998 3.5 3,724 161,455 98
CHS
«x1B3y2L Nanodisc GABA + PTX Agonist + 6HU]J/0279 3.0 794 67,604 45
channel
blocker
x1B3y2L Nanodisc PTX Channel 6HUG/0275 3.1 803 56,269 45
blocker
«x1B3y2L Nanodisc BCC Competitive 6HUK/0280 3.7 988 30,536 45
antagonist
xl1B3y2L Nanodisc ALP + GABA PAM + agonist | 6HUO/0282 3.3 815 39,050 45
x1B3y2L Nanodisc DZP + GABA PAM + agonist | 6HUP/0283 3.6 768 55,077 45
x1B3y2L Nanodisc No ligand NA 6153/4411 3.2 784 55,559 46
GPCRs
CTR-G; LMNG + Calcitonin Agonist 6NI1Y/9382 33 2,780 417,949 118
CHS
GLP-1-Gq LMNG + GLP-1 Agonist SVAI/653 4.1 17,332 139,299 119
CHS +
GDN +
POPG
GLP-1-Gq LMNG + Exendin-P5 Agonist 6B3]/7039 3.3 2,793 184,672 56
CHS
AnR-Gy LMNG NECA Agonist 6GDG/4390 4.1 827 128,002 53
5-HT3-G, DM Donitriptan Agonist 6G79/4358 3.8 5,737 730,118 54
MOR-G; LMNG + DAMGO Agonist 6DDE/7868 3.5 2,642 359,406 121
GDN +
CHS
(Continued)
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Table 1 (Continued)

Detergent or Overall Number | Number of
Protein nanodisc Ligand Type of ligand PDB/EMDB Res™ (A) | of images particles Reference
Opsin-G;j Digitonin ATR Agonist 6CMO/7517 4.5 19,368 227,386 120
AR-G; LMNG + Adenosine Agonist 6D9H/7835 3.6 3,220 263,321 55
CHS
CB-G;j LMNG + FUB Agonist 6N4B/0339 3.5 2,759 177,787 122
GDN +
CHS
CGRPR-G; LMNG + CGRP Agonist 6E3Y/8978 33 3,180 407,000 58
CHS
CCRS5-gp120- DDM + No ligand NA 6MEO0/9108 3.9 10,530 307,346 128
CD41 LMNG +
CHS
mGluRS5 GDN L-quisqualate Agonist 6N51/0345 4.0 5,391 123,096 124
mGluRS5 Nanodisc No ligand NA 6N52/0346 4.0 1,984 73,472 124

Asterisks correspond to X-ray crystal structures included for comparative purposes, and proteins without asterisks correspond to cryo-EM structures. Abbre-
viations: ALP, alprazolam; ATR, all-trans-retinal; BCC, bicuculline; CHS, cholesterol hemisuccinate; DAMGO, [p-Ala?, N-MePhe*, Gly-ol]-enkephalin;
DDM, n-dodecyl 3-D-maltoside; DDTM, n-dodecyl 1-thio- 3-maltoside; DMNG, decyl maltose neopentyl glycol; DZP, diazepam; EMDB, Electron Mi-
croscopy Data Bank; FUB, MDMB-fubinaca; GABA, 'y-aminobutyric acid; GABAR, 'y-aminobutyric acid A receptor; GDN, glyco-diosgenin; GPCR,
G protein—coupled receptor; LMNG, lauryl maltose neopentyl glycol; NA, not applicable; NAM, negative allosteric modulator; NECA, (25,3S,4R,5R)-5-
(6-amino-9H-purin-9-yl)-N-ethyl-3,4-dihydroxytetrahydrofuran-2-carboxamide; PAM, positive allosteric modulator; PDB, Protein Data Bank; PS, preg-

nenolone sulfate; PTX, picrotoxinin; Res”, resolution; THDOC, tetrahydrodeoxycorticosterone.

triggers closure of the pocket and an asymmetric counterclockwise rotation of the ECD (when
looking down the pore axis from the extracellular side), leaving one GABA binding site looser
than the other [potentially explaining the difference in affinity between the two neurotransmitter
sites (101)]. The conformational change in the ECD is transduced to the TMD through the
subunit-specific M2-M3 loop, which opens the channel pore.

Cryo-EM has brought significant insights into the binding mode and molecular mechanism
of receptor regulation of currently used therapeutics (Figure 2). Benzodiazepines are positive al-
losteric modulators and bind at the o+/y — site. They improve the connectivity between subunits
and aid in transmitting the conformational change across all chains upon binding of GABA. An
additional binding site for diazepam was found at the f+/y— site at the TMD level, which fur-
ther acts as a positive allosteric modulator and explains the biphasic potentiation produced by
increasing concentrations of diazepam (101). Bicuculline is a competitive antagonist and binds at
the B+/— sites where its bulkiness prevents full closure of the pocket, thus locking the recep-
tor in a closed state. Flumazenil is an antagonist of benzodiazepines and is clinically used for the
treatment of benzodiazepine overdose. It binds to the a+/y— site but interacts mostly with the o
subunit, unlike a positive allosteric modulator. Picrotoxin acts as a pore blocker and binds at the
channel between M2 2" and 9’ rings and also stabilizes the resting/closed states, diminishing the
affinity for agonists.

In the last year, cryo-EM structures of GABA, Rs have added significantly to our understand-
ing of how drugs bind and why they work as either agonists or antagonists. More than three times
as many structures of GABA,Rs have been determined by cryo-EM than by X-ray crystallogra-
phy, with the resolution of the structures in a similar range for both techniques. When comparing
the resolutions and quality of the densities for drugs and proteins, it can be appreciated that the
quality of experimental density is similar for cryo-EM and X-ray crystallography (Figures 2 and
3¢). However, cryo-EM has crucial advantages over X-ray crystallography for the GABAsRs be-
cause structures can be determined for full-length native receptors in a lipid bilayer within a nan-
odisc. This yields structures with physiologically relevant conformations, unlike the structures in
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detergent solutions where the pore is collapsed (Figure 34). In addition, cryo-EM structures of the
alp3vy2L receptor identified phosphatidylinositol-4,5-bisphosphate [PtdIns(4,5)P,, or PIP,] (45,
46), bound at a TMD site formed by «1M3, «1M4, and the loop between x1M1-M2 (Figure 3b),
although the physiological relevance of this is unclear. Cryo-EM structures have also identified
the partial structure of N-glycans on Asn111 of the 1 subunit, which are present in the receptor
vestibule. The N-glycans have been hypothesized to control receptor assembly, since their bulky
nature would only allow incorporation of one or two a1 subunits per receptor (Figure 34).

One technical hurdle that had to be overcome for cryo-EM structural determination of het-
eromeric GABA,Rs was how to break the pseudo-fivefold symmetry of the channels during struc-
ture determination. Initially, particles are aligned using predominantly low-resolution informa-
tion, but this cannot distinguish between the different subunits in, for example, the «133y2L
receptor. Binding specific antibodies, such as camelid nanobodies (45, 46) or murine F,,s (99,
100), to different receptor subunits has solved this problem. Antibody binding was also essential
to gain random orientations of the particles on the cryo-EM grids for GABA4R reconstituted into
nanodiscs, which is a prerequisite for structural determination.

CASE STUDY 2: G PROTEIN-COUPLED RECEPTORS
Introduction to G Protein—Coupled Receptors and Their Pharmacology

GPCRs sense a variety of extracellular stimuli (from neurotransmitters to light) and transduce
the information to the interior of the cell by coupling to and activating heterotrimeric G proteins
and B-arrestins (102-104). GPCRs have a well-established therapeutic value and are the target for
34% of US Food and Drug Administration-approved drugs (105). GPCRs can be divided into six
different families based on sequence and functional similarity: These include classes A (thodopsin-
like), B (secretin-like), C (metabotropic glutamate receptors), D (fungal mating pheromone recep-
tors), E (cAMP receptors), and F (Frizzled/smoothened receptors), with class A being the largest
family. In a typical functional cycle of signal transduction, receptors in an inactive state bind to
extracellular chemical signals (agonists), which increases the probability of transitions to an active
state, and then couple and activate heterotrimeric G proteins and 3-arrestins. Extensive develop-
ments in technology and biochemical tools have facilitated the structure determination of over 50
different GPCRs bound to different ligands by X-ray crystallography (over 280 GPCR structures
have been determined in total). However, virtually all of these structures are of GPCRs in an in-
active or intermediate state, with only three structures coupled to a G protein (106-108). Using
cryo-EM makes it possible to determine structures of GPCRs coupled to G proteins, which was
very difficult using X-ray crystallography.

From Crystal to Cryo-Electron Microscopy Structures
of G Protein-Coupled Receptors

For a long time, GPCRs were recalcitrant to structural determination by X-ray crystallography.
Crystallization and structural determination of GPCRs required the development of biochemical
and technological tools (109) such as the incorporation of fusion proteins (110), improved deter-
gents (111), use of the lipidic cubic phase (112), and the development of synchrotron microfocus
beamlines (113). This generated a wide range of structural information, albeit mainly of class
A GPCRs in inactive states bound to antagonists or inverse agonists (114). A few structures of
GPCRs bound to agonists have also been solved (115), but GPCRs do not adopt a fully active
conformation until they are bound to their intracellular transducer partner. Strategies to trap
fully active states included the use of peptides mimicking the C-terminal «-helix («5) of the
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Figure 3

Cryo-electron microscopy (cryo-EM) versus X-ray crystallography in y-aminobutyric acid A receptors (GABAARs). (#) Intracellular
views of the heteromeric structures containing a y subunit (e, 7ed; 3, blue, <y, yellow). (b) The PIP; molecule bound to the GABAAR is
shown as a space-filling model (C, green; O, red; P, orange), with the inset showing experimental density (gray mesh) surrounding PIP,,
which is depicted as sticks. (¢) Comparison of crystallography electron density (PDB 4COF) and cryo-EM density (EMDB 0279) for
two secondary structure elements of the 33 subunit. Both maps are at 3 A resolution. Density is represented as gray mesh and the
protein diagram is colored light blue. (d) Cryo-EM density (EMDB 0279) of the GABAAR viewed from the extracellular surface (o, 7ed;
(3, blue, vy, yellow), including the Megabody 38 (Mb38, green) and the GABAAR intra-vestibule glycosylation (orange).
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G protein a-subunit (116), conformation-specific intracellular nanobodies (117), and mini-G
proteins (106, 108). There is only a single crystal structure of a GPCR, the 3,-adrenoceptor, in
complex with a Gy heterotrimer stabilized by a nanobody (Nb35) (107). In the past two years,
significant progress has occurred with the structure determination of GPCRs coupled to different
heterotrimeric G proteins (Gs, Gi, Go) and active-state structures of class A, B, and C GPCRs.
In addition, the mechanism of receptor activity-modifying proteins (RAMPs) in modulating
receptor pharmacology has been uncovered as well as how HIV binds to GPCRs to promote viral
entry into host cells. A summary of the structures with the relevant references is shown in Table 1.

GPCRs couple to and activate specific heterotrimeric G proteins that are composed of an
«, 3, and 'y subunit. The a-subunit mostly determines coupling specificity, and there are 16 dif-
ferent Got genes encoded by the human genome that are grouped into four different families (G,
Giso, Gg11, Gi2/13). Each Gor family activates/inhibits different intracellular signaling cascades.
Until recently, information was scarce on the selectivity code by which GPCR and G proteins dis-
criminate for each other. The structures of several drug-GPCR-G protein complexes have been
determined by cryo-EM, including four Gs-coupled receptors [CTR (57, 118), GLP-1 receptor
(56, 119), CGRP receptor (58), and A, receptor (53)], four Gj-coupled receptors [Rhodopsin
(120), pOR (121), CB, receptor (122), and A; receptor (55)], and one G,-coupled receptor [the
serotonin 5-HT'p receptor (54)]. In-depth analysis of the different GPCR-G protein interfaces
suggests that there is no amino acid sequence barcode that determines coupling specificity (16,
17). There are sequence-conserved residues at the C-terminal end of the x-subunit that make
conserved interactions with the receptors. The extent of outward movement of the intracellular
part of TM6, which is a hallmark in the activation of GPCRs, varies between G;- and Gy/,-coupled
receptors, with Gy/, having a smaller movement than G; (Figure 44). This correlates with the bulk-
iness of the 5 helix of G5 compared to Gy/,. The surface of receptor-G protein interaction seems
to be larger for G; than Gy, with Gj,, normally losing the interaction with the receptor ICL2.
However, there are no hard and fast rules for any of these features, and there seem to be numer-
ous outliers. Although conserved interactions are seen for each G protein, it seems that different
receptors have arrived at slightly different solutions for binding the same G protein, and further
structures are needed to understand GPCR-G protein selectivity. Furthermore, receptors do not
always have strict preferences for G proteins and can be promiscuous with different stringencies
for different G proteins. Such versatility will make understanding GPCR-G protein selectivity
nontrivial.

Three of the G,-coupled structures contain GPCRs belonging to class B receptors, i.e., CTR,
GLP-1R, and the CGRP receptor. These are the first class B GPCR structures in the active state
bound to G proteins that have been determined and show novel features when compared to class
A GPCRs. Class B GPCRs bind peptide agonists using a large extracellular N-terminal domain.
The ligand-binding pocket is open much wider than in class A GPCRs. Upon activation, there
is a very sharp kink in helix 6, which results in a pronounced outward movement of the intracel-
lular ends of helices 6 and 7 when compared to the class A receptors. Class B GPCRs seem to
have a characteristic long helix 8 that contacts the f-subunit of the G protein, which is not the
case for class A receptors (Figure 4b). The CGRP receptor is a heterodimer formed by the cal-
citonin receptor-like receptor (CLR) and a RAMP (123). RAMPs change the agonist selectivity
of receptors, and the cryo-EM structure shows that the RAMP does not interact with the ligand.
The RAMP sits at the interface between transmembrane helices 3, 4, and 5 of the CLR and mod-
ifies the agonist selectivity by allosteric stabilization of the receptor in a specific conformation
(Figure 4c).

Another breakthrough in the structural investigation of GPCRs is the structure determination
of the dimeric class C metabotropic glutamate receptor 5 (mGluRS5) (124). mGluRs are obligate
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Figure 4 (Figure appears on preceding page)

Cryo-EM of GPCR-G protein complexes. For all panels, cryo-EM density is shown as gray mesh, and the protein is depicted with key
side chains as sticks. (#) GPCR-G protein complexes highlighting (/ef?) ligands of different natures at the ligand-binding pocket and
(right) features of the GPCR-G protein interface. Ligands are depicted as sticks with carbon atoms in orange. (b) Class B GPCR with
the CTR as an example. (c) The CGRP receptor with RAMP (red). (d) Two conformations corresponding to the apo- and
agonist-bound metabotropic GluR5. (¢) The structure of the CCR5-GP120-CD4 complex, with insight into the interaction of GP120
at the CCRS5 ligand-binding pocket. Abbreviations: cryo-EM, cryo-electron microscopy; CTR, calcitonin receptor; CGRP, calcitonin
gene-related peptide receptor; GPCR, G protein—coupled receptor; RAMP, receptor activity—modifying protein; mGluRS5,
metabotropic glutamate receptor 5; CCRS, C-C chemokine receptor 5; CB|R, cannabinoid receptor 1; 5-HT R, serotonin 5-HT' g
receptor; A>aR, adenosine Ayp receptor; HOR, popioid receptor; AjR, adenosine A; receptor; 3;AR, (3, adrenergic receptor.
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dimers and contain a TMD and an ECD connected by a cysteine-rich domain (Figure 4d). Crystal
structures of the TMD (125, 126) and the ECD (127) were previously available, but the full-length
structure determined by cryo-EM was necessary to explain how the signal is transduced from the
ECD, which binds glutamate, to the TMD (Figure 4d).

Lastly, a recent structure was reported of the chemokine receptor CCRS in complex with
GP120 and CD4—a complex responsible for viral and host membrane fusion in HIV infection
(128) (Figure 4¢). HIV entry into host cells is mediated by GP160 (cleaved into GP120 and GP41),
which binds to CD4 and a coreceptor (i.e., CCR5 or CXCR4). GP120 binding to chemokine re-
ceptors is essential for viral entry, and its role has been elucidated through the determination of
the cryo-EM structure of the CCR5-GP120-CD4 complex. The V3 loop of GP120 occupies
the ligand-binding pocket of CCRS, which is in an inactive conformation. The structure of the
complex suggests new potential routes to improve anti-HIV therapeutics, such as modifications
of the currently used drug maraviroc to inhibit viral entry. Given the shape and flexibility of the
CCR5-GP120-CD4 complex shown by cryo-EM, it is difficult to imagine how well-diffracting
crystals could be produced for X-ray crystallography.

THE USE OF ELECTRON CRYO-MICROSCOPY FOR
STRUCTURE-BASED DRUG DISCOVERY: GABAx
RECEPTORS AND G PROTEIN-COUPLED RECEPTORS

Structural determination by cryo-EM is far from the high-throughput capabilities of X-ray
crystallography, but it can still provide essential information intractable to X-ray crystallography.
SSBD benefits from different levels of structural information. First, any structure of the protein
target is potentially valuable, as it suggests possible mechanisms and can also be used for screening
computational libraries of compounds aimed at trapping a specific functional state. The use of
membrane protein cryo-EM structures has already been used in deciphering the binding modes
of small-molecule therapeutics (129). The next level of information is the structure of the first
drug—protein complex, which experimentally identifies a ligand-binding pocket and identifies
interactions, geometry, and properties of the pocket. This information greatly improves the
efficiency of further searches in the chemical space of the ligands. The last step is when a series
of drug—protein complexes with slight variations in ligand chemistry can be produced to fully
understanding the structure—activity relationship. At this level, one needs to be able to produce
tens or even hundreds of structures of the protein target with different molecules. Although
cryo-EM cannot yet provide so many structures in a short span of time, it is an invaluable tool
that can provide initial structures of the protein targets and the first structures of drug—receptor
complexes. This is clearly shown in the case of both GABA,Rs and GPCRs, where cryo-EM has
allowed the structure determination of novel receptors, different functional states, and receptors
bound to a variety of small-molecule therapeutics. In the case of GABAsRs, it also provides
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physiological conformations of heteromeric channels. Moreover, although higher resolution
is desirable for SBDD, the cryo-EM maps were of similar quality when compared to X-ray
crystallography maps and allowed unambiguous refinement of the position and orientation of
the small molecules. For GPCRs, the structures of novel receptors were determined, and they
can now be used for computational drug design. However, the resolution of structures was worse
than for GABA4Rs, probably due to the small size of the complexes.

In terms of throughput, GPCRs required, on average, thousands of well-populated micro-
graphs, generally requiring more than four days of data collection. This generates large amounts
of data that also require longer times for computation and data processing. Therefore, structure
determination of GPCRs by cryo-EM is most suited to producing the first structure of a new
drug target and selected structures bound to key lead compounds rather than producing large
numbers of structures. However, structures generated for GABAyRs were solved using less than
1,000 micrographs, which is equivalent to about a day of data collection. The number of images
and the low number of particles in the final models (30,000-60,000 particles) allow fast processing
from particle picking to map refinement, where the map is produced within 24-48 h. Cryo-EM of
GABA,Rs is thus the first example where there is a possibility of SBDD and where two or three
structures might be determined per week, provided there is access to the appropriate resources.

CONCLUSIONS AND FUTURE PERSPECTIVES

Cryo-EM has recently undergone a significant revolution, and it is now possible to determine
structures that were thought impossible even just a few years ago. This revolution has not stopped,
and further significant improvements over the coming years are anticipated. Direct electron detec-
tors will collect more data faster as they increase in area and data handling speeds are improved.
They are still not 100% efficient in detecting every electron at all spatial frequencies, and im-
provements in this area will have a significant impact on the quality of data collected. There are
also improvements in progress in the electron microscope itself, which improve the coherence
of the electron beam and phase plate technology (130). In addition, significant improvements to
grid preparation are possible to prevent preferential sample orientation and sample denaturation
(131). Finally, it is inevitable that further improvements will be made in the computational aspects
of data processing and structural determination. Discussions of SBDD on membrane proteins
using cryo-EM are thus not so much about whether it will ever be possible but when it will hap-
pen. For the GABA4RSs, it can be argued that if sufficient resources are available, then SBDD is
a reality. For GPCRs, where 5-10 times more data and processing time are required, further ad-
vances in technology are required. However, it is notable that some GPCR complexes are far more
tractable for structure determination than others, which is probably a reflection of the stability of
the complexes. So, as with X-ray crystallography, the choice of the target has a significant impact
on the probability of success. In addition, good biochemistry is essential to make an optimally
stable sample suitable for cryo-EM.
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