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ABSTRACT: Membrane proteins are highly diverse in both structure and function and can,
therefore, present different challenges for structure determination. They are biologically
important for cells and organisms as gatekeepers for information and molecule transfer across
membranes, but each class of membrane proteins can present unique obstacles to structure
determination. Historically, many membrane protein structures have been investigated using
highly engineered constructs or using larger fusion proteins to improve solubility and/or
increase particle size. Other strategies included the deconstruction of the full-length protein to
target smaller soluble domains. These manipulations were often required for crystal formation
to support X-ray crystallography or to circumvent lower resolution due to high noise and
dynamic motions of protein subdomains. However, recent revolutions in membrane protein
biochemistry and cryo-electron microscopy now provide an opportunity to solve high
resolution structures of both large, >1 megadalton (MDa), and small, <100 kDa (kDa), drug
targets in near-native conditions, routinely reaching resolutions around or below 3 A. This
review provides insights into how the recent advances in membrane biology and biochemistry, as well as technical advances in cryo-
electron microscopy, help us to solve structures of a large variety of membrane protein groups, from small receptors to large
transporters and more complex machineries.
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1. INTRODUCTION TO THE WORLD OF MEMBRANE
PROTEINS

By the simplest of definitions, membrane proteins are proteins
incorporated into cellular membranes. Classically, many biology
textbooks group membrane proteins into two categories:
integral and peripheral membrane proteins.”” Due to the
complexity of biological membranes, as well as their diverse roles
within the cell, membrane proteins can be very variable in size
and oligomeric state and can have vastly different chemical,
physical, and biological properties, which can also depend on the
organism from which these were derived.

In a chemical sense, biological membranes are made of
phospholipid bilayers that are amphipathic: comprising lipid
tails that consist of hydrophobic carbon chains and hydrophilic
lipid headgroups with varying charge. The chemical complexity
and variety of membrane lipids can change drastically between
different tissues, organelles, or organisms. Given their
incorporation into hydrophobic lipid bilayers, membrane
proteins contain domains that are highly hydrophobic. Some
software programs can predict membrane protein topologies
and can even be used to discover new membrane proteins. Most
recently, AlphaFold2, a computational method for protein
structure prediction, has been at the forefront of the structural
biology news due to its success in predictions of protein
structures that had not been tractable to traditional homology
model approaches. It has provided a novel resource to broadly
predict structures of the human proteome,” with an important
feature of output predictions being a robust scoring of the
confidence of the structure prediction of subregions within the
protein. Nonetheless, AlphaFold2 does not robustly predict
distinct conformational states of proteins or the dynamics of
proteins, and these will be discussed further in section 5. These
properties are critical to protein function and are especially
relevant for membrane proteins.

Advances in structural biology have proven pivotal to
efficiently determining the structures of increasing numbers of
membrane protein classes, and individual proteins within
classes, which has shed light into their function within biological
membranes. There have been many advances in understanding
the biology of membranes and membrane proteins that, coupled
with new tools to address the biochemical challenges associated
with studying membrane proteins and with technical innova-
tions in hardware and software around cryogenic electron
microscopy (cryo-EM), have enabled the field to rapidly gain
insights into membrane protein structures, including under-
standing the molecular mechanisms underlying the function of
important drug targets.

Below, we discuss recent developments in membrane protein
structural biology, with a focus on the biochemistry and cryo-
EM techniques at the forefront of solving challenging membrane
protein structures. We also review highlights of past and recent
membrane protein structures solved using cryo-EM, made
possible due to the aforementioned advances in method

developments. Finally, we provide an outlook on how we
envisage the future of membrane protein cryo-EM, overcoming
current limitations through the development of faster, more
accurate, and cheaper techniques that can be applied in a more
biologically and medically relevant context.

2. MEMBRANE PROTEIN CRYO-EM STRUCTURES:
OVERVIEW AND TYPICAL WORKFLOWS

2.1. Membrane Protein Molecular Biology and
Biochemistry

2.1.1. Constructs and Expression Systems for Mem-
brane Proteins. Extracting and purifying membrane proteins
for structural characterization can often be a challenging process
due to their low stability outside of the biological membrane.
Therefore, being able to obtain material of sufficient purity,
yield, and stability represents a major hurdle in the structural
determination pipeline. To overcome these hurdles, decisions
need to be made on the expression system and purification
approaches that can be used to obtain the protein of interest.
These have a common goal of extraction and stable
reconstitution of target membrane proteins. Figure 1 offers an
overview of some of the typical steps involved in the
biochemistry of membrane proteins for cryo-EM.

One approach is to purify the protein from the native source
organism or tissue, but this requires sufficiently high levels of
expression to allow recovery of enough protein to support
structural studies. An example of successful purification of native
protein is the cytochrome bc; complex, purified from heart tissue
that was used for the determination of structure by both X-ray
crystallography and cryo-EM* and the bovine rhodopsin isolated
from bovine rod outer segments and also used for structural

haracterization.” Nonetheless, most membrane proteins, in
charac ) p ,
particular human proteins that are of high medical interest, are
recombinantly expressed to achieve high yields of functional
proteins for structural studies. In this context, the most
appropriate expression system can vary for different protein
classes and may need to be empirically explored. In one study of
the human ether-a-go-go-related gene (hERG) ion channel, both
an important drug target and a critical “off-target” for toxicology,
a variety of expression systems and purification methods were
compared to provide insight into the different advantages and
disadvantages of individual approaches.® The key is to balance
expression yields and downstream solubilization efficiencies
while maintaining protein function; for the hERG channel, the
authors tested bacterial Escherichia coli, insect Spodoptera
frugiperda (S£9), yeast Pichia pastoris, and human embryonic
kidney (HEK) cell lines and concluded that expression in HEK
cells and solubilization using dodecyl-maltoside (DDM) led to
functional channels, albeit at lower yields. The protein of interest
is typically tagged, using motifs on protein termini that are
recognized in affinity chromatography, to assist in both
purification and monitoring of the protein, and overexpressed
in the system of choice. Moreover, the protein(s) may be further
modified to stabilize interfaces within protein—protein com-
plexes or subdomains within individual proteins, which can be
beneficial for higher resolution cryo-EM reconstructions.
However, while such modifications have been typically required
to make crystallization feasible for X-ray crystallography, they
may be unnecessary for structure determination by cryo-EM and
should be critically assessed before being adopted in order to
make the protein complexes more biologically relevant and to
enable capture of native conformational dynamics. Nonetheless,

https://doi.org/10.1021/acs.chemrev.1c00837
Chem. Rev. 2022, 122, 13989—14017


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

biochemical manipulation of one or more components of
membrane protein complexes is often still required to stabilize
otherwise transient interactions. Further options for protein
engineering and/or antibody-like additions to membrane
proteins are discussed in the context of specific protein classes
in section 3.

It is important to note that the nature of the expression system
that is adopted must be able to support the transport to and
stabilization in the correct membrane environment for the
protein of interest, as shown in the hERG example above,” in
addition to supporting functionally important posttranslational
modification (e.g., the importance of which is highlighted in a
review on posttranslational modification on G protein-coupled
receptors (GPCRs)”).

2.1.2. Membrane Protein Solubilization and Purifica-
tion. After cellular expression of membrane proteins and cell
lysis, one typical bottleneck is the solubilization of membrane
proteins. Classic detergents, often used in laboratories for
denaturing and unfolding proteins, are used in membrane
protein biochemistry to remove protein domains from their lipid
environment, albeit with a lot of care and thorough trouble-
shooting and screening needed for each protein investigated to
optimize the stability and recovery of functional protein.”’
Detergents consist of amphipathic units (hydrophilic and
hydrophobic), similar to lipid molecules. Due to their chemical
properties, detergents typically form micelles, which are small
circular units of detergent molecules with hydrophobic tails
facing inward and hydrophilic, charged groups facing outward
(as displayed in Figure 1).

A disadvantage of the detergent solubilization strategy is that
it can strip native lipids from the protein, which not only creates
an artificial environment but also potentially reduces the stability
of the protein of interest.'’ Many alternatives to detergents exist
that can either maintain or create a lipid environment for the
protein of interest. These approaches involve the formation of
nanodisc particles that result in the membrane protein being
surrounded by lipids and encapsulated by a stabilizing protein,
thus making it soluble in aqueous solutions while maintaining a
more native environment. Examples for these approaches for the
solubilization/reconstitution of membrane proteins are dis-
cussed in section 3.

2.1.3. Quality Control of Membrane Protein Samples
Prior to Cryo-EM Imaging. The protein expression and
purification steps require thorough troubleshooting, and
therefore, quality control steps are needed to ensure the best
sample is obtained, as well as information on the steps where the
protein is lost or enriched. While protein-specific affinity
columns are often required for efficient enrichment of target
proteins/complexes, running the sample through chromatog-
raphy columns, such as size exclusion or ion exchange, can
provide information on the heterogeneity of the sample while
also purifying the sample further. One of the most common, and
still most important, techniques for identifying and quantifying
relative levels of proteins is Western blotting, which utilizes
antibodies to recognize proteins within samples. Due to its high
sensitivity and ease of use with affinity-tagged proteins, many
laboratories routinely use Western blotting to determine the
quality of the sample and the efficiency of the purification
process. However, to ensure purity of samples, methods for
nonspecific labeling of all proteins are essential, with Coomassie
blue staining of sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS PAGE) gels remaining the most common
method. Nonetheless, where access to lower cost transmission

electron microscopes (TEMs) is readily available, negative
staining of samples can provide enriched information that is
oftentimes (i) more quickly obtained, (ii) more informative on
sample quality and heterogeneity, and (iii) obtained with less
protein (Figure 1). Negative staining protocols need to account
for differences for optimization of soluble versus membrane
proteins, due to the change of buffer properties in the presence
of detergents. Approaches for general optimization of negative
staining protocols for membrane proteins,'’ and for specific
classes of membrane proteins such as GPCRs,'> have been
developed. It should be noted that negative staining protocols
(e.g., sample concentration and grid type) cannot be translated
to cryo-EM grid preparation due to the inherent differences of
the two techniques. More details on cryo-EM grid preparation
are discussed in section 3.3.1.

As well as checking the purity and homogeneity of the sample
prior to imaging, it is also important to check that the protein is
functional to ensure that the resulting structure is biologically
relevant."” Before starting the purification experiments, one can
make sure that the introduction of affinity tags, introduced to aid
the purification process, has not in fact disrupted the function of
the protein. This can be assessed in cell-based assays where the
activity of the construct used for purification is compared to the
wild-type construct. It would also be ideal to check that the
purified protein remains functional once it has been solubilized
and removed from the membrane. In the absence of a functional
assay, other quality control steps could be undertaken. One such
example is multiple angle light scattering (MALS), which
determines the molecular weight of proteins within solution and
when coupled to size exclusion chromatography (SEC-MALS)
is a powerful technique at providing information about the
oligomeric state and/or heterogeneity of samples eluting from
the purification column.'* Other examples include the
following: dynamic light scattering to check for aggre§ates and
provide information on the size of the molecules;'"” circular
dichroism to evaluate the seconda?f structure of the protein,
ensuring that it is correctly folded;'® and mass spectrometry to
check that the sample is of the desired molecular weight and/or
contains the expected stoichiometry of a protein complex.'” The
information yielded from these techniques will provide
confidence in the quality of the sample subsequently being
imaged.

2.2. Cryo-EM Advances for Membrane Protein Structure
Determination

Over the past ~10 years, cryo-EM has become an incredibly
powerful tool in determining the structures of biological
macromolecules to high resolution. This was facilitated by the
cryo-EM  “resolution revolution” that was underpinned by
developments in microscope stability, the introduction of direct
electron detectors, and advances in image processing algorithms,
which have collectively led to a wide range of diverse structures
being determined.'® These include viruses,"”™*" ribosomes,**
proteasomes,n’24 and even filament structures;>>>° the latter are
isolated from brain tissue and are associated with various
neurological diseases such as Alzheimer’s.

As cryo-EM developments continue to advance, so does the
resolution of the structures being deposited. For instance, in late
2020 a 1.2 A map of apoferritin was determined that allowed the
density for hydrogen atoms to be visualized within a map for the
first time.””*® Moreover, the number of structures being
deposited with resolutions <4 A continues to increase each
year, with parallel improvement in the average resolution of the

https://doi.org/10.1021/acs.chemrev.1c00837
Chem. Rev. 2022, 122, 13989—14017


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00837?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

Construct design s

- Lipid head
and expression

Lipid tail

Solubilisation and Purification

Membrane protein

v

Tomography

Single-particle ogr
pipeline

pipeline

/s

ddition of stabilising
‘superbodies’™

Detergents ()

LMNG head {)

Detergent
micelle

Quality control

-E——I Negative-stain TEM
@

Coomassie gel

* point in protocol is variable

Scaffold
protein

Near-native (SMAs, nanodiscs)

—

p!
Lipid disc /

‘ 2D classification of particles

from negative-stain TEM

} Detergent
micelle

Figure 1. Overview of the protein biochemistry pipeline for cryo-EM on membrane proteins. Examples are shown for a typical single-particle cryo-EM
pipeline with the expression of the protein in a membrane (lipid bilayer), common solubilization/reconstitution options (in detergents and nanodiscs),
and using quality control steps such as Coomassie staining of protein samples and negative-stain TEM using uranyl acetate or uranyl formate as a stain.
An example of a typical 2D classification of a membrane protein particle (GPCR in LMNG micelle) is shown for assessment of sample quality,
highlighting different orientations of the particles’ 2D classes (red boxes). Optional is the addition of stabilizing superbodies (such as fab fragments).
SMA, styrene-maleic acid; LMNG, lauryl maltose neopentyl glycol; TEM, Transmission electron microscope.

structures being deposited (Figure 2). This highlights the major
contribution that cryo-EM is making to the structural biology
field, as protein targets that were previously poorly tractable to
structural characterization are now routinely being determined.

Membrane protein structural biology has benefited enor-
mously from improvements within the cryo-EM field. By
removing the need to form well-diffracting crystals, cryo-EM has
eliminated a major bottleneck for determining the structure of
membrane proteins. This has led to a rise in the number of
membrane protein structures being released each year,”
enabling critical new structural information to be obtained.
Detailed examples of the variety of membrane protein structures
determined will be discussed in section 4. This section of the
review will instead give a brief overview of cryo-EM and will

highlight some of the key developments within the field that
have enabled the structures of membrane proteins to be
determined. Beyond the scope of this review are the theoretical
aspects of cryo-EM; if this is of interest, then the reader is
directed to refs 30—32.

2.2.1. Cryo-EM Overview. Cryo-EM can be split into two
main branches: single-particle analysis (SPA) and cryoelectron
tomography (cryo-ET). The before mentioned “resolution
revolution” was particularly focused on the SPA “branch”, thus
yielding high resolution structures. However, cryo-ET also plays
a major role in looking at how proteins behave within a cell,
when they are in their native environment.”’ For cryo-ET
studies, biological organisms, tissues, or cells are applied to cryo-
EM grids, flash frozen, and then thinned to an appropriate
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thickness (milled) before being inserted into the electron
microscope. The images collected are often obtained as a tilt
series, with images typically taken between +65°, allowing for
the specimen to be imaged from different angles. Using
subtomogram averaging methodologies, these tilted images are
then computationally recombined to generate a 3D map
allowing for visualization of the target protein(s) in situ.”*

The cells for imaging can be deposited or grown onto cryo-
EM grids. However, cryo-ET is effectively limited to samples
that are less than 500 nm in thickness; otherwise, the electron
beam would not be able to pass though the sample.*® As cells are
often greater than this thickness, different approaches can be
used to ensure the samples are electron transparent. One such
approach is FIB-milling, which uses a focused ion beam (FIB) to
carve out a region from the frozen cells (called lamella) with the
desired thickness, usually 100—250 nm, for cryo-ET studies.* If
the protein or tissue of interest is fluorescently tagged, then FIB-
milling can be combined with fluorescence microscopy, in
particular correlated light and electron microscopy (cryo-
CLEM), to ensure that the correct region of the cell is being
prepared.”’

Traditionally, the resolutions achieved are on the nanometer
scale, which allows cryo-ET to bridge the gap between high
resolution SPA cryo-EM imaging and light microscopy.
However, improvements in cryo-ET methodologies have
enabled some recent high resolution structures to be obtained,
including the 3.9 A structure of the HIV capsid.”® Another,
highly impressive, example is the 3.5 A antibiotic-bound 70S
ribosome structure from inside of the cell.*’ To our knowledge,
cryo-ET has not yet yielded high resolution structures of
membrane proteins but has still provided useful insights into
how proteins behave within cells (discussed in section 4).

The rest of the review will predominantly focus on the SPA
“branch” of cryo-EM, as this has been the predominant
technique for obtaining membrane protein structures. The
process of determining a cryo-EM structure can be broadly split
into three main sections: sample preparation, data collection,
and image processing. These three sections will be discussed
below.

2.2.2, Sample Preparation and Freezing Conditions. In
order to visualize the sample within the electron microscope, the
protein needs to be protected from the high vacuum of the
microscope to prevent dehydration of the sample. To achieve
high resolution structures, samples are protected within a thin
layer of ice. Typically, 3—5 uL of purified protein is applied to a
cryo-EM grid that contains a metal mesh (gold or copper) and is
overlaid with a thin layer of amorphous carbon or gold.*” Either
this support layer can contain irregular holes (lacey grids), or the
holes can be even in size and spacing (Quantifoils).*" After the
sample has been applied to the grid, it is plunged into a cryogen
(typically liquid ethane), so the protein molecules become
suspended in a thin layer of vitreous ice. Ideally the vitrified
protein will reside in multiple orientations within the ice and
away from the often-denaturing air—water interface. Unfortu-
nately, obtaining the ideal grid can be a challenging and time-
consuming process. Common problems encountered are (1)
preferred orientation (particles adopt one conformation within
the ice), (2) denaturation at the air—water interface, (3) an
uneven distribution of protein in the holes, particularly in the
thinnest ice, and (4) the protein having high affinity to the
support film and subsequently not going into the holes (Figure
3), which is discussed in more detail in ref 42.

For membrane proteins in particular, it can be common for
detergent-solubilized proteins to have high affinity for the
carbon or gold support layer, resulting in a poor distribution of
protein within the ice.*> Moreover, in areas of the grid where the
ice is thin, and ideal for obtaining hizgh resolution structures, a
“halo effect” is sometimes observed.”” This is where the protein
is clumped toward the edge of the hole and is absent in the
center. These problems can potentially be overcome by having a
high concentration of sample. By saturating the support layer,
the protein is forced into the holes for imaging. Moreover, if
using a high concentration is not successful, then imaging in
areas of the ice that are slightly thicker can also visualize proteins
with suitable distribution and sometimes overcome the
preferred orientation.**

A key component to grid preparation for SPA is providing a
very thin layer of ice that both provides minimal electron beam
distortion during imaging and ensures that only a single particle
is present in the beam path.** Conventionally, this is achieved by
blotting of the samples applied to the grid prior to rapid
immersion into the cryogen. This blotting approach to grid
preparation is largely the same as that first developed by Jacques
Dubochet in the 1980s and which led to the award of the 2017
Nobel Prize in Chemistry.*>* Vitrification can be performed
manually or by using commercial devices such as the Leica or
Thermo Fisher Scientific Vitrobots. However, a disadvantage of
the blotting approach is that it can be difficult for users to apply
reproducibly, while it is also wasteful, with ~99% of the sample
being blotted away."” The way in which cryo-EM grids are
prepared is an active area of research within the community and
has led to the development of several nonblotting devices,
including both commercial and homemade instruments.
Example devices include Spotiton,”*’ VitroJet,>® and cryo-
Writer.”'

These devices make use of novel technologies for applying the
sample to the grid. For instance, Spotiton uses a piezo inkjet
dispensing system to apply the sample to the grid and utilizes
self-wicking grids to create a thin layer of ice,”” whereas Vitro]Jet
uses pin-printing technology to apply sub-nanoliter amounts of
sample to the grid. In comparison, cryoWriter uses a microfluidic
approach and capillary action to “write” the sample onto the
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grid. Recently, this technology was used to determine a 3.2 A
structure of the 20S proteasome where the protein was isolated
from just 1 uL of cell lysate before being applied to the grid.”> An
advantage of all three instruments is that much smaller sample
volumes are required to make grids, thus preventing precious
samples from being wasted. Moreover, all three devices have
supported grid preparation used to solve ~2.5—3 A structures,
proving that nonblotting approaches are successful in the
determination of high resolution structures.”* "

Moreover, several “homemade” devices have also been
developed for cryo-EM grid preparation. One such device uses
a voltage assisted sprayer to apply droplets of samples onto the
grid.>* This device was primarily designed for time-resolved
experiments and allows for samples to be mixed together just
before freezing. An advantage of this system is the speed at which

the grids are prepared, as it can occur on the millisecond time
scale, which can reduce issues of preferred orientation in some
samples.”®> Another homemade device is the “Shake-it-off”
system that was assembled using “easy to obtain” materials or by
utilizing 3D printing to manufacture parts.*® This technology
uses an ultrasonic humidifier to apply sample to self-wicking
grids and enables the determination of a 2.6 A apoferritin
structure in benchmark testing.*® Although some of the newer
devices are not yet available to the wider cryo-EM community,
their developments remain exciting. By using less sample,
improving the reproducibility, and significantly reducing the
time scales needed to prepare grids, these devices may address
some of the limitations of the conventional blotting method for
sample vitrification, hopefully leading to the determination of
more high resolution structures.
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2.2.3. Data Acquisition Hardware. A key factor in the
“resolution revolution” was the introduction of direct electron
detectors that greatly enhance the signal-to-noise ratio within
the cryo-EM images, thus improving the contrast and making
protein particles easier to “see”.”””® Moreover, the images
collected are actually movies consisting of a series of frames that
can be computationally aligned to produce a single image (often
termed micrograph). By taking movies, the movement which
can occur during the image acquisition, due to beam-induced
motion and/or stage drift, can be corrected for, resulting in high
quality unblurred images.””®’

One of the main limitations to achieving high resolution
structures by cryo-EM is that the sample becomes damaged by
prolonged exposure to the electron beam, termed radiation
damage.”"** One of the advantages of recording the images as
movies, rather than single images, is that the total dose that the
sample is exposed to can be split between the different frames.
This means that the later frames, which have been exposed to the
electron beam for the longest time and have subsequently
suffered the most damage, can be removed, thereby enabling the
high resolution features to be restored.

The detectors that are most commonly used are the Thermo
Fisher Falcon III/IV and the GATAN K2/K3. Both detector
brands are usually operated in electron counting mode, which
means that the individual electrons that hit the detector are
recorded. Unique to the Falcon IV is the electron event
representation mode (EER), which allows movies to be
captured at the raw frame rate of the detector.”’ This means
that the user does not need to specify the number of frames into
which to split the movie before the data is collected (required for
conventional imaging modes) but instead after it has finished.
This allows the motion-correction to be performed at the
physical frame rate of the camera. The EER also allows the data
to be collected in “super-resolution” mode, which theoretically
means that resolutions beyond the Nyquist limit can be
achieved.

To further enhance contrast within the cryo-EM images, an
energy filter can be used. These work by filtering out inelastically
scattered electrons based upon their wavelengths.***° These
electrons would normally contribute noise to the final images; by
removing them, the contrast within the micrographs is
increased. Example energy filters include the GATAN
Bioquantum and the Thermo Fisher Selectris. The Thermo
Fisher combination of a Falcon IV detector in combination with
the newly developed Selectris energy filter resulted in a 1.2 A
structure of apoferritin and 1.7 A structure of the 3 -
aminobutyric acid type A (GABA-A) receptor being recently
solved.”” Such results highlight the value that improvements to
microscope hardware can deliver in gains in map quality and
resolution.””

Until a few years ago, it was thought that routine high
resolution structure determination via cryo-EM was likely to be
limited to samples with molecular weights >200 kDa due to the
low contrast of small proteins. This led to the development of
the Volta Phase Plate (VPP).°*®” The phase plate is inserted
into the back-focal plane of the objective lens and boosts the
contrast in the cryo-EM images, allowing structures of small
proteins to be resolved. However, within the past 2—3 years it
has become clear that the phase plate is no longer required for
single-particle analysis. If the sample quality is high, data
collection settings are optimized, and the ice is thin enough,
small proteins can now be resolved without the need for a phase
plate (examples discussed in section 3). Nonetheless, the phase

plate is still likely to be advantageous for tomography studies, as
the contrast within the cell will be enhanced. Moreover, a laser
phase plate is currently being developed that could allow even
smaller proteins to be studied via cryo-EM.®*

2.2.4. Data Processing. A typical data set can consist of
thousands of raw images that need to be processed in order to
reconstruct a high resolution cryo-EM map suitable for structure
determination. Fundamentally, the process relies upon the
protein being frozen in multiple orientations within the ice.
Briefly, protein particles are picked to generate a particle stack
consisting of hundreds of thousands to millions of particles.
These particles are then classified based upon their different
orientations, resulting in the signal within the individual particles
being averaged together to increase the signal-to-noise ratio.
The classes are 2D projections of the sample which can be
combined together to generate a 3D reconstruction of the
protein using the Fourier projection theorem.”” The map quality
can be further enhanced using a variety of techniques before a
model can be fit into the density. These include particle
polishing (to correct for individual particle movement during
the data collection),”® focused refinements (to improve the map
quality in certain regions),”’ local and global contrast transfer
function (CTF) refinements (to account for misalignment or
microscope aberrations)’” and postprocessing (applies a B
factor to the map that enhances the high resolution
features).””’* For in-depth details about typical image
processing pipelines, the reader is directed to the following
review articles.””°

There are a variety of software packages available that can be
used to analyze cryo-EM data to obtain high resolution
structures, including RELION,”>”” cryoSPARC,78 EMAN,”’
cisTEM,* and SIMPLE,*' among others. Each program has its
own algorithms and workflow that can be advantageous for
different samples, so it is advised that multiple software
approaches are trialed to obtain the best result. Particle picking
is also a key step in the processing pipeline; the development of
software packages that use neural networks to recognize
particles from contaminants or noise such as crYOLO® and
TOPAZ® has enhanced the ability to accurately pick low
contrast particles in recent years.

Once the data processing is complete, a model can be built or
fitted into the map. This is often the final step in the process and
allows for the intricate structural details of the protein to be
visualized. The approach taken to model fitting depends on the
resolution of the map and whether there are any existing, related,
structures that have been solved. The release of the AlphaFold2
database of predicted protein structures®”*® has recently
become a valued tool where limited pre-existing structural
information on protein classes is available. For high resolution
maps where side chain densities are visible, the model can be
built and refined into the density using programs that were
developed to support modeling by X-ray crystallographers
including COOT,86 PHENIX,*” and Refmac.*® A newer tool,
which has only recently become available, is ISOLDE, which
uses a molecular dynamics-based flexible fitting approach,
guided by the cryo-EM map, and can oversee modeling statistics
in real time.*” This can particularly benefit regions of low
resolution density or when only the backbone model is being
fitted into the map. At more moderate resolutions, where only
secondary structural information is available, an initial model
should be ﬂexiblg fit into the map using programs such as
MDFF/NAMD.” If there is no prior structural information,
then one should consider generating a homology model or using
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AlphaFold2 to generate an initial template that can be fit into the
density.*" Furthermore, for low resolution maps, large protein
domains or existing crystal structures could be rigidly positioned
into the cryo-EM density to determine the approximate location
within a complex.

Cryo-EM maps and models can be visualized using programs
such as UCSF Chimera,”" ChimeraX,”*”®> and PYMOL.” All
three programs are commonly used to prepare figures for
manuscripts/presentations as well as analyzing the structures
and/or making comparisons to existing structures. ChimeraX
can also be useful for building/refining models, as ISOLDE and
AlphaFold are integrated into the software. After the modeling is
complete, care needs to be taken not to overfit or overinterpret
the data. For instance, commenting on side chain positions when
there is no side chain density present in the map would be an
example of overinterpreting the data.

In the data processing pipeline, different software packages
utilize gold-standard Fourier shell correlation (FSC) to
determine the resolution of 3D maps using independent half-
sets of data. Most publications cite the resolution at the fixed
0.143 ESC cutoff,” whereas others report the 1/2-bit thresh-
0ld.”® To determine how well the model fits a cryo-EM map, one
can calculate a model-map FSC, which is a useful validation tool
and is implemented in software packages such as PHENIX.*””
In any case, uploading the half-maps, as well as masks and all
unfiltered and final filtered maps, to the Electron Microscopy
database (EMDB) or the Protein database (PDB) for map and
model deposition through the OneDep system” (prior to
publication) is, in most cases, a requirement (journal-depend-
ent). This gives the reviewers and readers access to
unmanipulated map/model and validation files to assess
reported global and local resolution versus perceived resolution,
e.g. by high resolution features, such as water molecules or
aromatic rings, present in the map. At this stage it is the author’s
and/or reviewer’s responsibility to provide/request map and
model files prior to deposition; however, we propose this to be
made mandatory for the reviewing process to ensure high data
quality and correct data interpretation.

Making all raw data (e.g., raw movie files) available at public
databases such as EMPIAR (https://www.ebi.ac.uk/empiar/),
and providing the opportunity for everyone to process this data,
is another suitable option for data transparency. Past examples
report issues with overinterpretation of data and biased data
processing, in the community known as the “Einstein-from-
noise” phenomenon.””'? To avoid these issues in the future,
the aforementioned quality controls at the data deposition step
have been made available, in addition to publications that
demonsltglate examples of overfitting and/or overinterpretation
of data.

3. TECHNICAL ADVANCES SUPPORTING HIGH
RESOLUTION OF MEMBRANE PROTEIN
STRUCTURE DETERMINATION

3.1. In Situ Membrane Protein Biology

Despite advances in a variety of cryo-EM and cryo-ET methods,
capturing the actions of membrane proteins in vivo is still
difficult. Characterizing in situ protein structures within
membranes at high resolution using microscopy methods is
limited by factors such as small size, low contrast, and low
abundance of single homogeneous proteins in membranes.
Alternative methods using hydrogen and deuterium labels
observed through neutron scattering make it possible to

characterize bacterial membranes in situ, for example determin-
ing the membrane thickness and lateral lipid organization
through small-angle neutron scattering (SAN $).'%> Within the
past few years, particularly due to the technical advances in
cryoelectron tomography hardware and software, combined
with correlative-light imaging (CLEM), these powerful tools
have enabled ultrastructure biology in situ, with increasing
automation.'” Cryo-CLEM and cryo-ET have also allowed
dynamic processes that occur within the membrane to be
visualized, for example shedding events in response to damaged
HeLa cell membranes.'” Currently, only particularly large
membrane protein structures are suitable for in situ cryo-EM, for
example secretion systems;'*° further examples will be described
in section 4. Smaller integral membrane proteins such as
receptors or channels, which are typical drug targets in cells, are
not yet amenable in situ to high resolution, but considering the
rate of progress in this area, it is only a matter of time before
smaller, lower abundance, proteins will also be resolved.

3.2. Optimizing Biochemistry and Stability of Membrane
Proteins in Single-Particle Experiments

While substantial advances in in situ cryo-ET are evident, the
majority of integral membrane proteins, in particular important
drug targets such as GPCRs, transporters, and ion channels, are
primarily being determined using recombinant expression and
purification approaches that allow for single-particle cryo-EM
analysis. Considerable effort has been directed toward establish-
ing protocols for extraction and reconstitution of membrane
proteins in near-native environments due to their importance for
structural integrity and function, with a focus on using disclike
lipid particles held together by stabilizing proteins, often termed
nanodiscs (Figure 1). Using these mimics, membrane proteins
are investigated outside of their original membrane environment
but still within a lipid bilayer or in the presence of natively
associated lipids, which can be used for high resolution single-
particle structure determination methods.

Proteins that support stable nanodiscs include saposin A and
membrane scaffold proteins, such as apolipoprotein Al
(apoAl), which are a-helical proteins that wrap around the
protein and associated lipids like a belt'**'"" (Figure 1).
However, in most cases, before the formation of nanodiscs, the
proteins are still solubilized in detergent and reconstituted either
during the purification protocol or after purified protein is
obtained.'**'**'%? In these approaches, synthetic or purified
lipids are included during reconstitution to mimic prototypical
membrane environments. Another approach to extraction of
membrane proteins uses styrene maleic acid polymers to create
styrene maleic acid lipid particles (SMALPs). These directly
remove the protein from the membrane and can retain lipids
from the local membrane environment of the target protein.' '’
One advantage to this approach for cryo-EM is that, once the
protein is extracted within the SMALP, no other detergents need
to be added to the buffer, thereby potentially improving contrast
within the cryo-EM images.''" Another example of a membrane
mimetic system is the “peptidisc”, which uses a peptide to
surround the transmembrane region of the membrane protein
and stabilize it following extraction from the membrane.''> As
the peptide molecules bind around the transmembrane helices,
this approach can work on all sizes of membrane protein. The
reconstitution to form the peptidisc follows a quick and easy
protocol that mitigates the need to optimize the correct protein-
to-lipid ratios.''” For more technical information on these
different solubilization and reconstitution systems, the inter-
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Serotonin receptor (Salipro) PDB: 6Y5A MscS (Peptidisc) PDB: 6UZH

Membrane
domain

TRPV3 (Nanodisc) PDB: 7MIJ Alternative Comp. Ill (SMA) PDB: 6BTM
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Figure 4. Examples of membrane protein structures solved using different solubilization/reconstitution methods. A variety of membrane protein
structures have recently been solved using near-native membrane encapsulation methods, such as saposin A discs (Salipro), peptidisc, lipid nanodisc
(membrane scaffold protein such as apolipoprotein A1), and styrene-maleic acid (SMA), with the latter two showing resolved lipids. The illustrated
examples are colored by molecule chains, with surface representations of the models and secondary structures shown as cylinders and stubs through

ChimeraX and rendered in Blender.

ested reader can choose from a variety of publications, which
cover development, detailed protocols, and advantages for use of
near-native or lipid-associated, detergent-free methods for
single-particle cryo-EM: for example, SMA copolymers for
membrane solubilization'"® and SMA polymers and varia-
tions,"'* comparison of novel detergent-free solubilization
methods, including SMALPs, diisobuytl maleic acid lipid
particles (DIBMA), cyclohexane-modified amphiphile polymer
(CyclAPol), and native cell membrane nanoparticles
(NCMN),""® the latest applications and developments of
nanodisc tools,''® and statistical analyses of detergents and
lipidic environment mimetics used for deposited membrane
protein structures since 2010.*° The more recent, nondetergent,
solubilization techniques that focus on solving membrane
protein structures in more native, biologically relevant contexts
have also made it possible to resolve more details on lipids or
lipid comgonents in the transmembrane regions of membrane
proteins,"’~"'? as highlighted in Figures 4 and 5.

In terms of examples of cryo-EM membrane protein
structures in near-native environments, Yao et al. have
established a pipeline to investigate membrane protein
structures using liposomes with the prototypical E. coli AcrB, a
350 kDa bacterial transporter.'”’ A combination of biochemical
and grid optimization enabled a 3.9 A resolution reconstruction
of AcrB. However, the authors note that their strategy is most
suitable for membrane proteins that contain a large enough
soluble domain to provide a sufficient signal to help align
particles in 2D classifications. Liposomes were also used in
structure determination of large pore-forming proteins, such as
MPEG1.'*!

In contrast to liposomes, polymers such as SMALPs
drastically reduce the size of single particles, which renders
them more suitable for distribution into thin ice for encapsulated

13997

smaller membrane proteins.lzz’123 Acriflavine resistance B
(AcrB) has also been an exemplar in cryo-EM experiments
demonstrating the use of SMALPs in providing benefits for
resolving lipids in a detergent-free contex,"** or the combination
of SMALP solubilization with subsequent exchange to
detergents or amphipols for compatibility with mass spectros-
copy methods.'”> SMALPs and other near-native solubilization
methods have also been successfully used in high resolution
cryo-EM  structure determination experiments. Examples
include the alternative complex IIT''? as well as therapeutically
relevant targets, such as an acid-sensing ion channel'*° and
glycine receptor'”’ where the use of SMALPs and capture of
native lipids were essential to allow resolution of different states
that were important for understanding protein function. G
protein-coupled receptor (GPCR) structure and function have
also been investigated using SMALPs or similar polymers, e.g. in
functional assays using lipodisqs (dopamine receptors'*®) or
SMALPs (adenosine 2A receptor (A2A)"*’), as well as study of
conformational dynamics using hydrogen—deuterium exchange
mass spectrometry (HDX-MS) (PTHI receptor' ). A side-by-
side analysis of DIBMA and SMALPs has been published to
examine protein yields and stability (e.g., on A2A and calcitonin
gene-related peptide (CGRP) receptor'”'). However, these
polymers have not yet been successfully used for high resolution
cryo-EM studies of GPCRs, and therefore, the potential utility of
this approach for GPCR structures remains to be established.
Nanodiscs that are formed using membrane scaffold proteins
(MSPs) are commonly used for determining high resolution
membrane protein structures. Different forms of MSPs can
enable generation of nanodiscs of varying size, and con-
sequently, nanodiscs can be used for reconstitution of a broad
range of membrane proteins/protein complexes.109 Indeed,
numerous membrane protein structures in nanodiscs have been
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Figure S. Examples of membrane protein structures with resolved lipids and lipid components. Membrane protein structures were resolved in
detergents, lipid nanodisc, and SMA. The illustrated examples are colored by molecule chains, with surface representations of the models and
secondary structures shown as cylinders and stubs through ChimeraX and rendered in Blender. Specific lipids are displayed in stick representation,
colored by heteroatom. LMNG/CHS, lauryl maltose neopentyl glycol/cholesterol hemisuccinate; SMA, styrene-maleic acid.

published. One such example is Complex I, a protein involved in
the mitochondrial electron transport chain where three different
conformational states were identified.">> The importance of
ordered lipids was also revealed in the lipid nanodisc
reconstituted Connexin structure, solved at 1.9 A resolution
(channel and lipids shown in Figure 5).""® Other membrane
protein structures solved in nanodiscs include the TASK2
potassium channel,"** the -barrell containing SAM complex,'**
a 120 kDa potassium chloride cotransporter KCC4,"** and the
SARS-CoV-2-ORF3a ion channel,'* highlighting the diverse
range of proteins nanodiscs can be used for. While high
resolution GPCR structures have primarily been determined
following detergent solubilization and purification, there are
recent examples of structures solved using nanodisc technology,
including complexes of the neurotensin receptor 1 with G
protein, >’ the M2 muscarinic receptor in complex with f-
arrestin,"*® and native rhodopsin dimers."*” It is likely that
retention or reconstitution of membrane lipids will play an
important role for understanding of the conformational
dynamics of GPCRs and to enable determination of complexes
where lipid interactions are functionally important. The routine
application of nanodiscs for study of GPCR structures is
currently limited by the efficiency of GPCR reconstitution into
nanodiscs and by structure resolution relative to well established
pipelines for detergent-solubilized receptors. However, given
the likely benefits of more native membrane-like environments
in understanding the complexity of GPCR structure—function,

the use of nanodiscs is expected to rise in parallel with improved
methods for reconstitution and with the optimization of
vitrification, cryo-EM imaging, and 3D reconstruction to achieve
higher resolution.

Peptidiscs are a relatively new method for the stabile
extraction of membrane proteins, where the scaffold peptides
form a tight boundary around the target protein.'*’ They have
been successfully applied to the determination of a 3.3 A
structure of a mechanosensitive channel (MscS);''” nonethe-
less, the extent to which these discs can support normal protein
function is not well studied. Another relatively recent technology
that is attracting attention is the use of the saposin A scaffold that
has been commercialized by Salipro,"*" with recent examples of
structures solved using the saposin-lipid nanoparticles to
stabilize the protein. These include AcrB/DARPin at 3.1 A
and the serotonin bound 5-HT3A receptor at 2.8 A."*>'*’ These
newer technologies have expanded the repertoire of approaches
available for membrane structure determination and may open
up new opportunities for currently poorly tractable proteins or
improving structural pipelines.

Historically, most membrane protein structures deposited
have been determined in detergents or amphipols. Amphipathic
polymers such as amphipols do not form micelles and, therefore,
offer advantages over classic detergents due to possible
amphipol usage at very low concentrations.'** Membrane
protein structures solved in amphipols include TRPV1,"**
HCN4,"* and the STRA6 receptor.'*’ In the specific case of
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Figure 6. Membrane protein structures solved using “superbodies”. Superbodies can be used to stabilize or increase the size of membrane proteins. The
first example shown is the Plasmodium falciparum chloroquine resistance transporter (PfCRT) where the added Fabs increased the size of the protein
making it amenable to cryo-EM. The other examples are the Frizzled-S receptor (a GPCR), the gamma aminobutyruc acid (GABA) receptor (a ligand
gated ion channel (LGIC)), and the glucagon-like peptide-1 receptor (GLP-1R; a GPCR) in complex with G proteins and nanobody-35. The Fabs
were used to increase the size, orientation preference, and/or stability of the samples. The illustrated examples are colored by molecule chains with the
surface representation of the superbodies and the secondary structure of the membrane proteins shown as ribbons and slabs through ChimeraX and

rendered in Blender.

GPCRs, higher resolution (<3 A) structures that have been
determined to date predominantly use LMNG detergent, often
supplemented with cholesterol hemisuccinate (CHS). CHS can
be resolved in many of the cryo-EM structures and, therefore,
infers a tight binding to the transmembrane helices, likely
mimicking cholesterol (which is an important component of
plasma membranes), and, in some cases for GPCRs, plays a
critical functional role."**

To decide on the ideal solubilization and reconstitution
method for the individual membrane protein, structural
biologists need to consider different variables, including the
intended use/interpretation of the solved structure. The
retention of native membrane lipids or the incorporation of
membrane proteins into reconstituted membranes or membrane
mimetics is not straightforward, can be highly protein depend-
ent, and often needs an additional step prior to detergent
solubilization. Interestingly, a recent study points to the fact that,
despite the use of different nanodisc MSPs, amphipol, or
detergent agents, the amphipathic belts surrounding the

extracted proteins are often of similar size when studied using
cryo-EM,'* indicating that the use of different methods reveals
similarly ordered belts around transmembrane regions after 3D
reconstructions, independent of the solubilization method or
protein used.

Despite the rise in motivation to solve membrane protein
structures in more native/lipid-like environments, many
solubilization problems still need to be overcome for these to
be routinely used for a variety of membrane proteins, and
consequently, the “peak” of detergent use for cryo-EM studies is
far from over. Novel detergents are continuingly in development
as a means of broadening their application to proteins that are
not well served by current detergents, for example via
modifications that can confer higher stability.'* If detergents/
micelle size is an issue, technologies such as “GraDer” may help
with the stability of membrane proteins and removal of excess
micelles for subsequent cryo-EM studies.">' No matter what
choice of solubilization methods is taken, troubleshooting for
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each protein and quality control is key in optimizing samples for
high resolution imaging.

Most membrane proteins function by undergoing conforma-
tional changes to alter their intrinsic properties (e.g., gating of
ions) or by engaging with other proteins to form larger protein
complexes. Stabilization of important states or otherwise
transiently formed complexes and the ability to separate these,
particularly for small or dynamic systems, are key for achieving
high resolution cryo-EM structures. Thus, many of the recent
developments that have enabled high resolution structural
information to be resolved have not only focused on the ideal
solubilization methods but also on the addition of binding
partners to help with stabilizing flexible domains, increasing
particle size and/or the alignment of particles outside the
micelle/lipid belt for 2D and 3D reconstructions.'*> These
stabilizing partners are often antibody-derived “superbodies”, a
term coined herein that covers and condenses all recent
advances in development of additional antibody-like particles
under the umbrella of a common terminology. “Superbodies”
natively do not bind to the membrane protein of interest but are
instead engineered to assist in membrane protein stability or
resolvability. Figure 6 shows relevant membrane protein
structures solved together with their superbodies.

Included in this terminology are nanobodies and single-chain
fragments, often used in GPCR-G protein-complex structures.
Examples include nanobody 35'** and the short chain Fab
scFv16,">" as well as recently developed megabodies'>> and
legobodies'*® that both contain stable scaffolds to enlar%e
particles, and nanobody-short chain Fab fusions—NabFabs."’
In the case of nanobody 35, this nanobody binds across the
interface of G protein subunits to stabilize their binding to
activated GPCRs,">” rather than being requisite for enlarging
particle size. In other cases, the addition of the “superbodies”
was the only approach to enable high resolution cryo-EM
structure determination. An important drug target structure, the
serotonin transporter, is an example of a small membrane
protein with limited features outside of the membrane/micelle.
Structure determination for this protein required the use of a
Fab fragment targeting the protein to provide a fiducial marker
to help particle alignment for single-particle cryo-EM. Binding of
the Fab fragment did not influence the binding of the modulator
or function of the receptor, with the determined high resolution
structure enabling the identification of a unique binding site of
an allosteric modulator.'>® Nonetheless, such fiducial markers
need to have limited flexibility relative to the target protein to
support alignment and reconstruction of the target.

For GPCRs that comprise the largest class of drug targets,
cryo-EM structure determination has been primarily limited to
active structures in complex with transducer proteins that
increase particle size and provide distinctive features outside of
the membrane/micelle. These structures are enabling under-
standing of the mode of agonist drug binding and the application
of structure assisted design to the class of pharmacological
agents. However, cryo-EM determination of inhibitor-bound,
inactive GPCR structures is still extremely challenging due to the
small size of individual receptor proteins (~40—50 kDa) that are
mostly encased in the solubilization medium and their intrinsic
conformational dynamics.'>” Consequently, methods for
routine determination of inactive (transducer-free) structures
by cryo-EM would significantly enhance the application of cryo-
EM to drug discovery and development campaigns. Tradition-
ally, obtaining inactive G protein structures has been the domain
of X-ray crystallography. However, obtaining large amounts of

purified receptor that is stable enough to form crystals has been a
hurdle too large to overcome for many receptor systems. The
ability to apply cryo-EM to small amounts of purified protein
could, thus, greatly expand the spectrum of structures solved.
The binding of antibodies or “superbodies” could theoret-
ically both increase the molecular weight of the small GPCR
particles and provide a feature outside of the micelle to aid
particle alignment. One example of successful adoption of this
approach is the structure of the human Frizzled-class receptor-5
(FzdS) bound to Wnt, where a thermostabilized apocytochrome
(bRIL) fusion protein was inserted into intracellular loop 3
(ICL3) of the receptor, which allowed for an anti-bRIL Fab and
an anti-Fab nanobody to bind to the complex. The bRIL-Fab-
Nb acted as a fiducial marker outside of the membrane and
enabled reconstruction of a 3.7 A structure.'®” This approach
could be applied to other membrane protein systems, not just
GPCRs, which could enhance drug discovery campaigns against
smaller membrane protein targets. However, it is important to
note that a contributor to the success of the bRIL insertion for
the FzdS receptor was that it formed a stable extension from the
receptor with only limited conformational flexibility of the bRIL
relative to the transmembrane core of the receptor. It is likely
that robust alignment based on a marker that is dynamic relative
to the target protein component would be very difficult and,
thus, optimization of the choice and location of the inset protein
is likely to be critical to the potential success of this approach.
Outside of the GPCR field, Fabs or “superbodies” have been
used to determine a variety of membrane protein structures.
These include ABC transporters'®’ and the Plasmodium
falciparum chloriquine resistant transporter (PfCRT).'®*
PfCRT is an example of Fabs being used to rigidly increase
the molecular weight of the complex (from 49 kDa to ~100
kDa) and provide a feature to align on the outside of the
detergent micelle. Moreover, the visualization of how Fab
fragments bind to proteins can also have implications for
development of antibody-based therapeutics.'>'** One exam-
ple s the 3 A structure of the STEAP1 protein that is upregulated
in certain cancers. By determining the structure of the protein
bound to three Fabs developed from a clinically used
monoclonal antibody, molecular insights into the mechanism
of STEAP1 inactivation could be made, which could lead to the
development of new treatment options for certain cancers.'®’
In this section, we have described some of the crucial steps in
the expression and purification protocols of membrane proteins
and approaches that have been successfully applied for many
different membrane proteins and complexes. It should be noted
though that many of these steps have been optimized for each
individual case of protein expression and purification and might
need further optimization for future or broader applications.

3.3. New Developments within the Cryo-EM Field That
Have Benefitted Membrane Protein Structural
Determination

The following section will discuss how the developments in the
cryo-EM field have enabled membrane protein structures to be
solved, and it will once again be split into the three main stages:
sample preparation, data collection, and image processing.
3.3.1. Sample Preparation. For the majority of membrane
protein structures deposited into the EMDB, data were collected
using Quantifoil grids following sample vitrification using
traditional blotting devices (Leica or Thermo Fisher Vitrobot).
The advantage of using Quantifoil grids is that the regular array
of holes makes the data collection easier to set up; the stage or
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beam can move to fixed positions to acquire the images.
Systematic evaluation of different parameters in vitrification and
imaging can aid in the optimization and robustness of sample
preparation for individual classes of membrane proteins, as was
recently demonstrated for detergent-solubilized GPCRs,'*®
where an optimized grid preparation strategy was identified.
This involved the use of high concentrations of purified sample
(4—6 mg/mL) applied to AuUltraFoil 1.2/1.3 grids in a
Vitrobot chamber. Before the sample was applied to the grid,
they had been rendered hydrophilic by using a long glow
discharging setting (10 mA for 90 s), which was vital for
achieving a good distribution of protein within the ice. High blot
forces and blot times were used to create a thin layer of ice where
the protein molecules were very tightly packed next to one
another, which yielded high resolution structures (<2.5 A). In
this work, the most important factors for high resolution were
switching from carbon to gold coated grids (~0.3 A) and the use
of a high sample concentration to enable robust partitioning into
thin ice.'®® We have found that optimization of vitrification
conditions is, not surprisingly, perhaps the most important
factor in the final resolution of determined structures,
accounting for as much as 1 A difference in the obtained
resolution of GPCR complexes. Things to try when optimizing
the vitrification conditions include the following: using different
types of grid to change the hole size or support material; altering
the glow discharge parameters, which can also impact the
particle distribution within the ice; optimizing the blotting
conditions, specifically the blot force and blot time; and/or using
a different vitrification device.

For samples where high yields of protein cannot be obtained,
the newer generation of devices may prove useful, as less sample
is required to prepare grids. This is illustrated in the example of
the arabinofuranosyltransferase (AftD) protein.'®” Despite
purifying from a 9.6 L culture, only 100 ug of protein could be
obtained by the authors. Due to the low yield, the Spotiton
system was used to prepare cryo-EM grids, as it applies picoliters
of sample onto the grid, significantly less than traditional
blotting approaches. Ultimately, a 2.9 A structure of the
mycobacterial AftD was obtained, which allowed for the
identification of the ACP binding site and provided novel
insights into the function of the enzyme.'®’

In cases where the protein distribution within the holes is
poor, or there is considerable denaturation at the air—water
interface, a thin layer of graphene oxide can be applied to the
grid.'**'®” This can enable the protein to adhere to the carbon
layer and move the protein away from the air—water interface.
Moreover, if the protein has a high affinity for the carbon support
layer, applying graphene oxide can artificially increase the
concentration of protein within the holes. This is exemplified in
a study using the NaChBac protein where the protein appeared
to be at least 4 times more concentrated in grids coated with
graphene oxide compared to normal carbon quantifoil grids.'**
Graphene oxide has also been used in the determination of the
structures of the ryanodine receptor' '’ and Lysenin pore,'”’
emphasizing that graphene oxide coated grids may be useful for
membrane protein structure determination.

Another technique for improving the particle distribution and
orientation within the ice is the use of polyethylene glycol
(PEG)ylated gold grids.'”* This was applied successfully for the
determination of the structure of Complex I where the
PEGylated gold not only reduced the aggregation of the sample
but it also improved the orientation distribution of particles
within the ice, leading to a 4.1 A structure being resolved.'”

With the development of alternate grid supports and new
generations of grid preparation devices becoming available,
there are increasing options for structural biologists to trial when
preparing membrane protein samples.

3.3.2. Data Collection. The predominant data collection
strategy for obtaining high resolution membrane protein
structures is to image the sample of interest at 300 kV on a
Thermo Fisher Scientific Titan Krios or JEOL CRYO ARM
microscope, particularly with either a K3 or Falcon IV detector.
While this approach has been very successful and has been
utilized for the majority of deposited membrane protein
structures, there are drawbacks associated with the high financial
expense of imaging and with the ability of researchers to access
microscope time. With the ability to integrate the latest
generation K3 or Falcon IV detectors, a viable alternative
approach is to image at 200 kV on a microscope such as the
Glacios (Thermo Fisher Scientific). These are generally more
affordable and, thus, could become more commonplace in
laboratories worldwide. Work by Lander et al. demonstrated it is
possible to obtain high resolution structures at 200 kV, including
smaller protein systems with molecular weights sub-100
kDa.'”*'”> More recently, examples of membrane protein
structures determined on a Glacios 200 kV microscope have
been published, including the glucagon-like peptide-1 (GLP-1)
receptor'’® and chemokine receptor 5 (CCRS).'”” These
studies highlight that structural resolutions for membrane
proteins within ~0.3 A of those achieved with 300 kV
microscopes are possible with 200 kV imaging.'’® Moreover,
in the GLP-1R example, the authors were able to visualize not
only well resolved small molecule binding to the receptor but
also the coordinating water molecules, which yielded almost
equivalent information to the same sample imaged at 300 kV.'”

Some of the first GPCR structures were primarily determined
with the aid of a Volta phase plate,'’’®"” where the higher
contrast enabled by the phase plate improved particle selection
and alignment. GPCRs are now routinely solved to high
resolution (often sub-2.5 A) using the optimized approaches
described above using conventional cryo-TEM.'°° Nevertheless,
solving cryo-EM structures of apo GPCRs, without ligands or
other modifying proteins, remains challenging. Improvements to
software supporting particle picking and EM data processing
rapidly overcame the prior limitations associated with low
sample contrast, obviating the need for the phase plate; this is
exemplified by the plethora of GPCR structures solved by
conventional cryo-TEM that have been published since 2018,
which the interested reader can easily access through the GPCR
database (GPCRdb)."* Similarly, there are numerous examples
of other classes of sub-100 kDa membrane protein structures
that have been resolved to high resolution, without the need for
the phase plate. Examples of small membrane proteins now
being solved by conventional TEM include the transporter class
of membrane proteins, with structures of the blood brain lipid
transporter MESD2A,"®" human monocarboxylate transporter
1,"** and DASS dicarboxylate transporter all being solved.'*

3.3.3. Image Processing. RELION, cryoSPARC, cisTEM,
and EMAN are among a number of different software packages
that have successfully been used to determine high resolution
structures of membrane proteins from cryo-EM data, including
small <200 kDa proteins such as y-secretase’®* and large >1
MDa complexes such as phycobiliosome.'*> Moreover, there are
several examples of RELION being used to identify the protein
residing in different conformations. One such example is
highlighted by the RagAB and SusCD transporters that were
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Figure 7. Historically important milestones in cryo-EM membrane protein structure determination. Illustrated are bacteriorhodopsin (originally
solved in 1975; here represented by the PDB released in 1990) solved using electron crystallography (ribbon format; (A) top view, looking down the
transmembrane helical bundle from the cytoplasmic side of the receptor, (B) side view with the extracellular side at the bottom of the figure), the
TRPV1 channel reconstituted in amphipols, solved using single-particle cryo-EM ((C) cryo-EM map and model at lower map threshold, (D) cryo-EM
map and model at higher map threshold), and the recent high resolution structure of the GABA, receptor published in 2020 ((E) cryo-EM map, (F)
zoom-in illustrating near-atomic level features). Segments are colored by molecule chains. Figures were prepared using ChimeraX.

shown to exist in both open and closed conformations, allowing
for insights into a “pedal bin” mechanism of action to be
gleaned.'**"%

Using cisTEM, the structures of CD20 bound to a
monoclonal antibody,'® NaV1.7 bound to a spider toxin,"*’
and TRPAI bound to a small molecule ligand'*” have all have
been solved. For these three examples, the resulting structures
have provided useful insights into how therapeutic agents bind
to their target protein, thus aiding drug discovery and
development programs.

Moreover, cryoSPARC is becoming a popular choice for
membrane protein data processing. Built into the cryoSPARC
package is a nonuniform refinement that particularly helps to

improve the resolution and subsequent map quality of
membrane proteins.'”" It works by systematically removing
the noise from disordered regions, such as detergent micelles,
while maintaining the signal in regions that are useful for particle
alignment, such as the transmembrane helices, thus enhancing
map quality. Another feature of the cryoSPARC package is the
3D variability analysis (3DVA), which allows the dynamics of
the protein to be studied.'”> 3DVA has been extremely useful for
probing the dynamics of GPCRs, especially with respect to
peptide binding,"”*~"** and has proven powerful in combination
with other dynamics analyses, such as HDX-MS.'® 3DVA can
also be used to identify different conformational states within a
data set via classification and clustering of the particles and was
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Figure 8. Examples of membrane proteins of differing size and complexity solved by single-particle cryo-EM or cryo-ET. The examples shown include a
sodium channel (A, B), secretion system (C, D), ATP synthase (E, F), as well as a G protein-coupled receptor (G, H). The illustrated examples display
the respective cryo-EM maps and are colored according to the molecule chains. Maps and models were visualized using ChimeraX.

used for AdeB, where six classes were identified that had open or
closed periplasmic clefts.'"”” Moreover, a new feature that will
soon be implemented in the cryoSPARC package is 3DFlex,
which is reported to improve the map quality and resolution of
flexible proteins and has been applied the TRPV1 ion channel,
suggestin% that it may provide useful insights for membrane
proteins.1 ¢

It is now becoming common for researchers to process the
data using multiple software packages, utilizing the best
algorithms implemented within each package, to obtain the
best quality map. For instance, RELION was used to process the
mitochondrial ATP synthase data set, which identified that the
protein existed in 13 different conformations.'”” The particles
from the different states were then imported into cryoSPARC,
and nonuniform refinement was used to produce the final maps.
Moreover, the Hedgehog receptor, Patchedl, was predom-
inantly processed in cryoSPARC, but the final particle stack was
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imported into cisTEM, where it underwent a local refinement
using a mask that excluded the detergent micelle, to improve the
final map,”*® and for the Type 1 IP;R channel data processing
with cryoSPARC, RELION, and EMAN were all used.”®* This
shows that the different algorithms and features that the software
packages offer are complementary to one another and a
combination of programs should be considered for the data
processing pipeline.

4. NOTABLE EXAMPLES IN MEMBRANE PROTEIN
CRYO-EM: LEARNING FROM HISTORICAL SUCCESS
AND THE LATEST MILESTONES

One cannot write a review about membrane protein cryo-EM
without including the ground-breaking work from Richard
Henderson and Nigel Unwin in 1975, who solved one of the very
first examples of a membrane protein structure. In this study, the
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Figure 9. Cryo-EM structures of different G protein-coupled receptors, illustrating the structural diversity across representative examples of different
major subclasses A, B, C, and D. The examples display the diversity of captured states; in complex with different G proteins, arrestins, or in the absence
of transducer proteins. The class A subfamily is represented with the orphan receptor, GPRS2, coupled to Gs (A) and the Betal adrenoreceptor with /-
arrestinl bound (B). The architecture of class B GPCRs is shown by the glucagon receptor coupled to Gil (C). The conformational change which
occurs upon activation for the class C metabotropic glutamate receptor 2 is shown in parts D and E. Part F illustrates the dimeric nature of the class D
Ste2 GPCR. The illustrated examples display respective cryo-EM maps (transparent surface) and modeled proteins (ribbon format), colored by

molecule chains. Maps and models were visualized using ChimeraX.

structure of bacterial purple membrane protein was determined
at 7 A resolution using electron microscopy,”> work that, in
part, was the reason for the 2017 Nobel Prize in Chemistry
awarded to Henderson, Frank, and Dubochet. Their sample,
bacteriorhodopsin, is a predominant protein of purple
membrane, with seven transmembrane helices, an ideal sample
for 2D electron diffraction. Electron diffraction had a revival in
the 2010s with the development of microED (micro-electron
diffraction), which uses microscopic 3D crystals of proteins or
chemical compounds, classically smaller than the crystals used
for X-ray crystallography. Tamir Gonen’s lab has been on the
forefront to establish protocols to use these microcrystals on
TEM grids and solve these using electron diffraction. While
most novel structures solved by this method are soluble proteins
or chemical compounds, researchers have also been successful in
resolving membrane proteins such as a NaK ion channel

solubilized in detergent,”” as well as a voltage-dependent ion
channel in lipid bicelles’** and the adenosine A,, GPCR in
lipidic cubic phase,”* with the latter two examples using FIB-
milling to obtain suitable crystal sizes small enough for ED.
For many years, membrane protein structural biology was
dominated by techniques other than cryo-EM, in particular X-
ray crystallography following the advent of lipid cubic phase
(LCP) methods.”’*"” The developments in cryo-EM, and also
in membrane protein purification and solubilization strategies,
led to the first cryo-TEM membrane protein structure being
solved in 2013. This pioneering work, led by Yifan Cheng,
resulted in determination of the 3.4 A structure of TRPV1 in
amphipol A8-35."** This marked the beginning of an incredible
era for membrane protein structural biology. Quite remarkably,
the developments mentioned above have now led to <2 A
structures being solved, with the 1.7 A GABA, receptor the
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Figure 10. Cryo-EM structures of drug targets bound to different ligands. G protein-coupled receptors (GPCRs), ABC transporters, and TRP channels
are important drug targets and are of high interest for structure-based drug development. (A—D) The glucagon-like peptide 1 receptor (GLP-1R) is
shown here with the native peptide GLP-1, as well as with different small molecule agonist compounds; these examples highlight the different modes of
drug binding and distinct receptor conformations when bound to different ligands. The ABCBI transporter is shown bound to the small molecule
elacridar (E), and the TRP channel, TRPCS, is shown with the small molecule, pico14S (F). The cryo-EM maps (surface representation) and protein
models (ribbon format) are shown, together with enlargement of the drug binding site (transparent surface representation with compounds displayed
in stick representation) colored by molecule chains. Maps and models were visualized using ChimeraX.

highest resolution membrane protein solved to date.”” Figure 7
illustrates these famous historical structures.

Cryo-EM has now been used worldwide to determine a huge
variety of membrane protein structures from many different
protein classes; from large megadalton supercomplexes to small
transporters with molecular weights lower than 100 kDa, cryo-
EM can be used to provide fascinating insights into the function
of these crucial proteins. This section will take a look at a few key
examples from the following areas: large complexes and
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enzymes, ion channels, receptors, pore-forming proteins, and
transporters, before moving on to give examples of how cryo-EM
can benefit structure-based drug design programs. Example
highlights are illustrated in Figures 8, 9, and 10.

4.1. Large Complexes and Enzymes

Cryo-EM has become an ideal technique to determine the
structures of large and complex membrane protein assemblies in
different states and, in particular, to understand their dynamics
(further discussed in section 3.3.3). There are many examples of
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structures of individual components of the mitochondrial
electron transport chain (ETC) being solved, including
Complex I’°**%” and Complex IIL.»*'* The structural insights
gained have been immensely important in driving knowledge of
fundamental biological processes. High resolution structures
have also revealed that the components of the ETC can interact
to form supercomplexes that contain different architectures and
component stoichiometries in a variety of different spe-
CieS.ZI 1,212

For the larger systems, cryo-ET can also provide novel
structural insights and can be used as a complementary
technique to the high resolution structures solved by single-
particle cryo-EM. For instance, cryo-ET first revealed that ATP
synthases exist in a dimeric form, showing that these form rows
and have the ability to bend the membrane within mitochondrial
cristae.”’® The ATP synthase dimer was then subsequently
solved to high resolution, which allowed for atomic level details
to be gleaned and for three different catalytic rotational states to
be observed.”'* The mode of action of this rotary enzyme was
later enhanced by the identification of 13 different catalytic
conformations.'””

As cryo-EM uses less protein than traditional X-ray
crystallography approaches, it can be used to provide unique
structural insights for different organisms where limited sample
is available. This is exemplified by the study of the Toxoplasma
gondii ATP synthase that once again combined insights from
both cryo-EM and cryo-ET.*" First, high resolution structures
of the dimeric ATP synthase were solved, which revealed that
the parasitic enzyme had a novel overall architecture, containing
17 apicomplexan specific subunits. Tomography further showed
that the dimers form a hexameric circular arrangement,
consisting of a trimer of dimers, which contributes to the
unique shape of parasitic mitochondrial cristae.”"”

An advantage of using a cryo-EM approach for structural
determination is that different conformational states of a protein
can be identified, providing unique insights into how proteins
carry out their functional cycle. One such example is by Kolbe et
al., who determined five cryo-EM structures of cytochrome c
oxidase in key intermediate states (E, R, P, F, and O states), and
allowed the authors to propose a mechanism for how the
enzyme reduces oxygen to water.”'® Additionally, Sobti et al.
were able to determine six structures of the F1-ATPase,
including an elusive “binding dwell” conformational state that
allowed a full mechanism to be proposed for how the F1-ATPase
hydrolyses ATP.*"”

Other large protein systems, >1 MDa in size, outside of the
mitochondrial electron transport chain, have also been resolved.
These include the light harvesting complexes and photosystems
that have yielded fascinating insights into the process of
photosynthesis.”**~**

4.2. lon Channels

This review would not be complete without mentioning how
cryo-EM has revolutionized transient receptor potential (TRP)
channel structural biology.”*' Since the first structure was
released, an avalanche of cryo-EM TRP channel structures have
been solved, including at least one example for each of the six
family members. This includes TRPA1,>**> TRPV2,**?
TRPCS,”** TRPMS,”*® TRPML3,**° and TRPP.”*” Moreover,
the structures have been determined using a wide variety of
reconstitution systems, including detergents, amphipols, nano-
discs, and SMALPs, and they have provided fascinating insights
into how these important ion channels carry out their function.

For instance, one recent paper by Nadezhdin et al. determined
the structures of TRPV3 in nanodiscs at different temperatures,
which revealed how the channel alters conformation in response
to temperature changes.1 Y

Sodium and potassium channels have also benefited from the
cryo-EM resolution revolution. One particular noteworthy
example is the 3.8 A structure of the human hERG channel.”**
This channel plays an important role as an unwanted target for
cardiac toxicity in drug discovery biology. If drug molecules bind
to the hERG channel, it can result in fatal toxicity. Under-
standing of the mechanism of compound inhibition for this
channel was advanced with solution of the astemizole-bound
cryo-EM structure; astemizole is a small molecule known to
inhibit the channel.”* Such structures could prove valuable to
many structure-based drug discovery campaigns as an early
virtual screening countertarget for compound interactions that
could have toxic liabilities. Many interesting structures of other
ion channels have now been solved in the presence of pore
blockers and gating modifying protein from animal toxin
sources, giving insights on how animal toxins act on membrane
proteins at a molecular level.”*"**'

4.3. G Protein-Coupled Receptors

Another major beneficiary of the cryo-EM revolution is the
GPCR field. GPCRs are the most prevalent cell surface receptor
proteins, and they are crucial drug targets that account for over a
third of Food and Drug Administration (FDA) approved drugs.
GPCRs contain seven transmembrane helices and are divided
into six main classes based upon their structure and function
(classes A—F). They are low abundance, intrinsically dynamic,
allosteric, membrane proteins that convey extracellular signals to
changes in intracellular function. These properties have made
them extremely challenging to work with in their native states,
while the transient nature of transducer engagement has
required the development of methods for the stabilization of
complexes with activated GPCRs. A major milestone in cryo-
EM membrane protein structural biology was the publication of
the first full-length activated class Bl GPCR-G protein complex
structures. The first two GPCR structures solved by cryo-EM in
2017 were the active, Gs protein bound, calcitonin and GLP-1
receptors that are targets for the treatment of bone and
metabolic diseases, respectively.'’**** These structures started a
revolution in GPCR structural biology, providing a template for
structure determination of active, transducer-coupled structures
by cryo-EM. Indeed, cryo-EM has become the most common
approach to active state GPCR structure determination, with
over 200 GPCR transducer comFlexes determined by cryo-EM
deposited into the PDB to date.'** There are now examples of
high resolution structures from many of the different major
classes of GPCRs in complex with different classes of
transducers, including different G protein subtypes (Gs, Gq/
11, and Gi/o) that promote distinct cascades of cellular
signaling. Example structures from classes A—D are highlighted
in Figure 9 that illustrate the varying structural features between
the classes.

Class A is the most populous class of receptors and has yielded
numerous examples of high resolution GPCR structures, with 92
entries into the PDB.'® The structures solved are varied,
including structures of receptors bound by (i) nonpeptide
orthosteric a§onists, such as for the adenosine A, receptor,"”
rhodopsin,”* and the muscarinic acetylcholine receptor,”* (i)
peptide agonists, such as CCK,"** and (iii) receptors cobound
with orthosteric and allosteric ligands, such as the adenosine A,
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receptor,”*> providing insights into binding and modulation of
receptors by different types of ligands. These structures also
include receptors bound to three of the major classes of G
proteins, ~30 structures with G, ~35 with G, and 4 bound to
Gg/11; albeit, there is only one example of a class A GPCR where
there are structures complexed with two different G proteins,
that of the CCKIR coupled with Gq and Gs. In addition to G
protein bound complexes, for four GPCRs, there are also
structures of receptors coupled to /3 arrestins, which regulate G
protein si§naling and induce G protein independent signaling
cascades.””***” One such example is a 3.3 A structure of the f1-
adrenoeptor in lipid nanodiscs.”* The structural information
gained from GPCR structures bound to different transducers
could lead to the design of novel agonists that act as biased
signaling modulators, which can be beneficial in the develop-
ment of more desirable therapeutic agents through targeting
signaling states that are therapeutically beneficial, while avoiding
those that lead to on-target side effects.”*”**’ Within the class A
GPCR subfamily there are also structures of orphan receptors,
such as GPRS2, which was determined in the absence of a bound
ligand but coupled to heterotrimeric Gs protein, providing
insights into constitutive G protein coupling and also providing
templates for future structure-based drug discovery efforts to
target orphan receptors.241

Structures for the majority of class Bl GPCRs have now been
determined, in complex with peptide hormones and primary G
protein transducer Gs. In addition, there are also structures
emerging of these receptors coupled to clinically used peptide
agonists, nonpeptide agonists, and allosteric modulators,
providing unprecedented structural insights into drug action.
While the class Bl GPCRs predominantly couple to Gs, they
promiscuously couple to different transducers, although, to date,
only one structure of this subfamily has been determined
coupled to a non-Gs transducer; the human glucagon receptor
bound to G,,*** which provided novel insights into promiscuous
G protein coupling to this receptor subfamily. Receptor function
can also be modified by association of receptor-activity
modifying proteins (RAMPs),”*’ and cryo-EM structures of
GPCRs together with RAMPs have been solved both in complex
with and in the absence of G proteins, to understand the activity
of important receptor families such as the calcitonin or
calcitonin-like family of class B1 GPCRs. A recent example by
Cao et al. determined 10 cryo-EM structures of calcitonin-like
and amylin-like peptides bound to the calcitonin receptor with
and without RAMPs showing different peptide conformations
and receptor/RAMP dynamics that can explain downstream
processes.”**

Another key breakthrough achieved for this target class was
the application of cryo-EM to determine key intermediate states
in the activation process of this receptor subfamily, using
minimally modified receptor constructs. The exemplar receptor
for this work was the calcitonin gene-related peptide (CGRP)
receptor, a class B1 GPCR involved in control of vascular tone
and a contributor to the pathology of migraines.196 For the first
time, cryo-EM was used to solve the structures of a CGRP
receptor in the apo state, as well as the peptide-bound state
without G proteins or any other additional stabilizing “super-
bodies” or mutations.'”® The study further emphasized the
importance of understanding the conformational dynamics of
membrane proteins for interpretation of function. Similarly, for
some GPCR examples, it is only through study of conforma-
tional variance through 3DVA that insight into the distinct
pharmacology of individual peptide ligands has been revealed,

differences that were not apparent from the static consensus
structures.”*> 195195 Collectively, these examples also highlight
how the ongoing evolution of cryo-EM is starting to facilitate
pivotal structural insights into small, conformationally dynamic,
<100 kDa membrane protein systems.

There are also examples from class C (CaSR),” class D
(Ste2),”*” and class F (frizzled),"*® which act as obligate dimers
and highlight the unique structural architectures of the receptors
from different GPCR classes. Unlike the other GPCR classes, the
majority of the cryo-EM structures of class C GPCRs are not
bound by transducers; albeit, recent work has also resolved G
protein bound structures of members of this subfamily.*****’
Class C GPCRs form homo- or heterodimers and also have large
extracellular domains that facilitate particle alignments in the
determination of high resolution structures. Multiple class C
receptors have been studied using cryo-EM; y-aminobutyric acid
receptors (GABAg),””">>” multiple metabotropic glutamate
receptors (mGlu),”*">*° and the calcium sensing receptor
(CaS).** The structures of these receptors were solved in the
presence of a variety of ligands, including agonists, inverse
agonists, and antagonists, facilitating the understanding of the
structural changes that occur upon ligand binding and G protein
binding, and for understanding how to target these receptors by
different ligand classes.

For the class D GPCR Ste2, there are five structures
determined of the receptor in different conformational states:
ligand-free inactive, antagonist-bound inactive, agonist-bound
inactive-like, agonist-bound active-like, and agonist-bound G
protein-coupled active.””” These structures show how the
transmembrane helices in the receptor rearrange upon activation
to facilitate G protein binding, highlighting again how
immensely powerful cryo-EM is at resolving the different
functional states of a protein.

These examples highlight the diversity of the GPCR
superfamily and how the advances in cryo-EM have yielded
particular benefit to the understanding of these membrane
proteins.

246

4.4. Transporters

Transporters are another highly important, and diverse, class of
membrane proteins that facilitate the selective transport of a
variety of substrates such as ions, nutrients, or drugs across
biological membranes. Once again, cryo-EM has provided
exciting insights for this class of proteins. One system studied is
the Type III bacterial secretion system that transports its
substrates across the bacterial membrane using an injection
mechanism. Miletic et al. were able to solve cryo-EM structures
in the apo and substrate-bound forms, which provided insight
into the conformation changes involved in substrate transport
and allowed for a mechanism of action for the translocation of
substrates to be proposed.”>® Cryo-EM has also successfully
been used to solve high resolution structures of the Type VII
secretion system in Mycobacterium tuberculosis, which showed
that the 2.32 MDa complex existed in a hexameric arrangement
and provided a novel mechanism of protein transport.”

There are many other examples of smaller transporters being
solved by cryo-EM, including LAT1I, the large amino acid
transporter that is an anticancer therapeutic target,”*” the ABC
transporters that use ATP powered hydrolysis to drive substrate
transport,”®' ~>** and the glutamine SLCIAS transporters,”®*
that provide novel insights into how glutamate can be
transported across membranes. ABC transporters are a large
superfamily of membrane proteins that are responsible for
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. . 265
extruding a large variety of substances across cell membranes.

As such, they can be highly dynamic and can exist in different
catalytic conformations. By using cryo-EM to determine eight
structures of TmrAB in different catalytic conformations,
Hofmann et al. were able to resolve key catalytic states of the
ABC transporter, thus providing a mechanism for how this
: . . 266
important class of enzymes carry out their function.

4.5. Membrane-Associated Proteins and Pore-Forming
Proteins

While not a focus of this review, a large class of proteins
associated with membranes are the pore-forming proteins and
toxins, which alter the membrane properties of target cells
through punching holes into membranes and/or delivering
toxins through these holes into target cells. Many of these
proteins exist in conformations that range from soluble prepore
states to membrane-spanning pore-forming states, and they can
have a variety of functions in cells and organisms. These include,
for example, membrane attack complex proteins such as
MPEGL,"*" which plays a role in the human immune response;
however, these proteins can also be harnessed as weapons of
bacterial pathogens such as anthrax**”**® and Tc toxins.”*”~>"!

4.6. Application of Cryo-EM to the Understanding of Drug
Binding

Approximately 60% of all FDA approved drugs target membrane
proteins; therefore, the gains in technology supporting cryo-EM
structure determination that have been made over the past few
years have also enabled cryo-EM to become a key tool in drug
discovery programs. The high resolutions attained have led to
determination of the cryo-EM structures of membrane proteins
with well resolved density for small molecule ligands, including,
in some cases, interactions mediated via stable water molecules.
These drug—target complexes provide invaluable structural
information that can be utilized in structure-based drug design
and development programs. Examples of ligand-bound cryo-EM
structures are shown in Figure 10.

There are now cryo-EM structure examples of clinically
relevant small molecule drugs bound to proteins for each of the
four major classes of membrane proteins discussed above. For
instance, structures of the bedaquiline-bound mycobacterial
ATP synthase’”” and bafilomycin-bound vacuolar-ATPase””*
were resolved to 3.7 and 3.6 A, respectively. Moreover, there are
examples of small molecule ligands Eresent in multigle TRP
channel structures, including TRPCS5*"* and TRPA1,"*° and the
ABC transporters. One example of the latter is the ABCBI1
transporter, where the protein was reconstituted into nanodiscs
and a stabilizing Fab was used to enable high resolution
structural determination. In total, five structures were solved;'®"
one in the apo state and four with different inhibitory small
molecules bound. The cryo-EM structures revealed that the
compounds bound in pairs, providing important insight into
why the molecules could act as substrates at low concentrations
but interfere with protein function at higher concentrations.
This unique insight can now be used to develop more potent
inhibitors for this important anticancer drug target.

For the GLP-1 receptor, there are published structures
available with three different small molecule chemotgpes that
have each progressed into clinical trials: TT-OAD2,>”> OWL-
833 (LY3502970),”’° and PF 06882961.>”” The cryo-EM
structures revealed that these compounds bind in three distinct
positions within the transmembrane core, providing insight into
their differing pharmacology. In the higher resolution PF
06882961 bound structure (in addition to structures bound by

structural analogues of OWL-833), water networks were also
resolved in the binding pockets that were important both for
ligand binding and in determining different signaling profiles,
thus revealing different modes of GLP-1 receptor activation by
small molecule ligands.””” The GLP-1 receptor is a highly
validated target for the treatment of metabolic diseases,
including type 2 diabetes and obesity, with multiple clinically
approved peptide agonists.””**”” The wealth of new structural
information on potential modes of small molecule activation of
the GLP-1 receptor provides enormous opportunity for
exploitation for the next generation of orally active therapeutics.

In this section, we have provided a small selection of recent
highlights arising from cryo-EM structure determination and the
potential application to drug discovery and development. In
reality, there are hundreds of membrane protein cryo-EM
structures that have now been deposited into the EMDB, and
although each of these is impressive in their own way, we could
not, unfortunately, list them all.

5. FUTURE PROSPECTS

Our review provides an overview of the important steps involved
in determining membrane protein structures using cryo-EM as
well as highlighting historically important cryo-EM membrane
protein structures. The most recent biochemical and technical
advances in the field enable us to foresee the future prospects of
the cryo-EM field in membrane protein structure determination.

Most certainly, we must mention the most recent public
release of AlphaFold2, a large step toward in silico predictions of
surprisin§ly accurate protein structures by artificial intelli-
gence.*”*> Membrane proteins that have been most difficult to
determine experimentally can now benefit from AlphaFold2
prediction, to at least have a “picture” of their folded protein in
mind that might be exploited in protein design for structure
determination or to facilitate model building for new protein
structures, in addition to the direct use of predicted structures
for computationally assisted drug discovery. Nonetheless, the
accuracy of structure predictions is debatable, as is whether
AlphaFold can be used for drug discovery, especially in regard to
the prediction of ligand—protein interactions within binding
sites.”®” While many structural biologists have openly discussed
the broad agreement of AlphaFold2 predictions with their
unpublished work, others have noted problems with membrane
protein predictions of states that are overpopulated in the
databases, such as active structures (particularly of class Bl
GPCRs) in comparison to inactive or apo GPCR structures (low
population). AlphaFold2 is also not able to predict flexible
regions of GPCRs, such as extracellular loops, which are
important for ligand interactions, and does not account for the
ligand-specific adaptations that are observed in drug—target
complexes. Nevertheless, the enormous and continuously
evolving AlphaFold2 structure prediction database provides an
unprecedented tool for structural and computational biologists,
by improving decision making in project design, e.g. on
purification tags or homology models. While some commenta-
tors have heralded Alphafold2 as the beginning of the end for
experimental structural biology, the majority of structural
biologists are looking forward to working with AlphaFold2
predictions, as a welcome addition to the tools for interpretation
of experimental data.

While cryo-EM was viewed as the “blob-ology” technique for
decades, the current application of the technique to determi-
nation of high resolution structures has most definitely
overwritten the term. Membrane proteins and drug discovery
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have already benefited tremendously from the advances in cryo-
EM, allowing for the accurate visualization of small molecule
ligand binding to their target proteins. This will become even
more relevant with increasing numbers of higher resolution
structures, with the possibility of regularly solving sub-2 A
structures of bound drugs and potential application of this
knowledge to development of new medicines that evolve from
understanding of their bonding/interaction environment with
important drug targets (as illustrated in section 4 and Figure 10).
High throughput screening methods such as fragment-based
drug discovery (FBDD)*®" will increasingly benefit from both
improved resolution and higher throughput cryo-EM pipelines,
with the latter incorporating the latest technological develop-
ments, such as freezing of multiple samples on one grid (feasible
using, for example, spray/write vitrification robots), collection of
smaller data sets at faster rates due to advances in hardware and
software correction methods, and rapid on-the-fly data
processing.zsz’283

Optimizing expression, solubilization, and purification
protocols, most certainly, will remain the slowest step and
bottleneck in high throughput cryo-EM on membrane proteins.
Therefore, scientists will increasingly look at the feasibility of
solving structures from heterogeneous mixes of proteins in
lysates. Cell lysates of E. coli have been used to establish new
structure determination methods termed “Build and Re-
trieve””*" that might overcome expression and solubilization
limitations for some protein classes. For example, endogenous
structures from heterogeneous, impure mixtures of bacterial
membrane proteins have been determined to high resolution in
a combination of enrichment of samples and “in silico
purification” (through 2D and 3D classification steps) as well
as mass spectrometry.”®* The feasibility of this technique for
mammalian cells still needs to be established. Moreover,
developments in cell-free expression systems have resulted in
membrane proteins, such as GPCRs, being produced outside of
the cell, and interested readers can follow up on recent
developments in published reviews and papers.”**~**” Although
this approach has not yet yielded high resolution cryo-EM
structures, proteins produced in this way have the potential to
impact the cryo-EM field in the future.

As mentioned above, membrane protein solubilization
remains a tricky balancing act between efficiency, stability, and
speed of protein purification. Scientists struggling with this
crucial step can be referred to high throughput methods to
optimize solubilization and stabilization conditions using a
variety of detergents.”*® Moreover, the fast-paced improvements
within the cryo-ET field will almost certainly lead to the
technique becoming a key tool for elucidating structural insights
into how membrane proteins behave within the cell, allowing for
invaluable in situ insights to be made.

6. CONCLUSIONS

This review has provided an overview of the diverse world of
membrane protein structure determination by cryo-EM, from
protein biochemistry to vitrification, imaging, and data
processing. While we could not cover all aspects of membrane
protein cryo-EM structures, we hope that we have provided the
reader insight into some of the recent technical and biological
highlights that have arisen, as well as the intriguing potential that
will come with future innovations. We anticipate that the
spectrum of membrane protein structures will continue to grow
rapidly, with an exponential growth of novel proteins, protein

complexes, and drug targeted structures that is enabled by the
ever-advancing cryo-EM field.
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