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Summary

The prospect that the structures of protein assemblies, small and large, can be determined using
cryo-electron microscopy (cryo-EM) is beginning to transform the landscape of structural biology
and cell biology. Great progress is being made in determining 3D structures of biological
assemblies ranging from icosahedral viruses and helical arrays to small membrane proteins and
protein complexes. Here, we review recent advances in this field, focusing especially on the
emerging use of cryo-EM in mapping the binding of drugs and inhibitors to protein targets, an
application that requires structure determination at the highest possible resolutions. We discuss
methods used to evaluate the information contained in cryo-EM density maps and consider
strengths and weaknesses of approaches currently used to measure map resolution.

Introduction

Recent developments in single particle cryo-electron microscopy (cryo-EM) are taking the
world of structural biology by storm [1,2]. This transformation, largely driven by the
development of direct electron detectors [3,4], has enabled determination of structures of
protein complexes spanning a broad range of sizes, many of which have been intractable to
crystallographic analysis. The implications of these advances for drug discovery could be
significant, as knowledge of the detailed interaction of protein targets with various small
molecule modulators can yield critical information for the design and development of novel
and improved therapeutics. This information generally requires high resolution (typically 3
A or better) [1,5], enabling determination of the detailed placement of individual amino
acids and how they interact with small molecules that alter the function of the protein.

Until very recently, only nuclear magnetic resonance spectroscopy (NMR) and X-ray
crystallography have been capable of producing structural information at this type of
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resolution. Early efforts using cryo-EM took advantage of 2-dimensional (2D) crystals to
achieve high resolution, exemplified by the determination of the structure of the membrane
bacteriorhodopsin [6,7] or the determination of the binding site of taxol on tubulin [8]. This
analysis, unlike single particle cryo-EM, relies on the packing of the proteins in an ordered
assembly. Since 2013, however, changes in microscope and detector technology, especially
the development of dose fractionation during image acquisition, have now made it possible
for cryo-EM analyses of non-crystalline, single particle specimens to be used to directly
derive atomic models. Increasing numbers of structural studies using cryo-EM are now
reaching resolutions in the 3 A range. Not only have these studies produced structures at
near-atomic resolution, but in numerous instances, have also allowed analysis of multiple,
functionally-relevant conformations present in mixtures. In this review, we focus specifically
on an emerging theme in the potential use of cryo-EM for drug discovery applications. In
this context, we also address some of the practical issues involved in analyzing density maps
obtained using cryo-EM and consider some of the issues associated with assessing the
resolution and information content present in these maps.

Single particle cryo-EM at high resolution

Some of the first forays into single particle cryo-EM at near-atomic resolution were with
icosahedral viruses [9,10], a logical initial choice given that the large size of the particles
and their high symmetry greatly facilitate accurate alignment of projection images to
generate 3D reconstructions of the structure. Early examples included structures of the
cytoplasmic polyhedrosis virus [9] and the human adenovirus [11], and have been followed
by work on many other viruses such as the Sputnik viriophage [10], the Zika virus [12] and
also on other protein assemblies with high symmetry [13]. The use of single particle cryo-
EM to obtain near-atomic resolution information from smaller, lower symmetry complexes
is a relatively recent phenomenon. Starting in 2013, the introduction of direct electron
detectors such as the Falcon camera (from FEI), the K2 Summit (from Gatan), and the DE
camera (from Direct Electron Inc.) has now enabled determination of numerous near-atomic
resolution structures of small protein complexes. In Figure 1A, we show a plot of entries in
the EM Data Bank reporting the single particle cryo-EM structures of proteins with size <
2.5 MDa at resolutions better than 4.5 A, the resolution at which p-sheet secondary
structural elements can be visualized unambiguously. As seen in the plot, the initial
explosion of entries in this resolution range was dominated by ribosome structures in 2014,
but has rapidly expanded to include much smaller complexes in the last couple of years
[3,14-16]. Many of these are of small complexes with low- or medium-symmetry, highly
relevant for drug design, and at resolutions that allow direct determination of specific ligand-
protein interactions. As of now, there are only a handful of structures that are smaller than 1
MDa and at resolutions of 3 A or better, although there is little doubt this number will
increase rapidly in the coming years.

Membrane proteins, and particularly ion channels, have been one class of proteins where
cryo-EM structure determination has been especially useful both for understanding
molecular mechanisms underlying protein function and the structural basis of small
molecule action. The first of these proteins solved to near-atomic resolution was the TRPV1
channel in 2013 [14,17], followed by a higher resolution report this year of the structure of
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the channel in lipid nanodiscs [18]. Another early structure of a membrane protein at
medium resolution was that of y-secretase [19]; recent structures of the same protein have
recently been improved to approach the 3 A range [20,21] with sufficient resolution to
resolve the location of a bound inhibitor. Rapid progress is also being made with challenging
membrane proteins such as glutamate receptors and the ryanodine receptor RyR1, which
have proven difficult to crystallize as native, full length proteins. Even at medium resolution,
cryo-EM structures of the AMPA glutamate receptors showed how stabilizing mutations
used to crystallize the proteins resulted in perturbations of the native structure [22]. Several
additional studies of glutamate receptors at similar resolutions have been published in the
past year, although with one exception [23], most have only reached resolutions in the 6 A
range, reflecting in part the high inherent flexibility of these dynamic protein assemblies
[24-26]. The case of the RyR1 complex is also similar; the presence of mobile domains
appears to have lowered the overall resolution, but still allows detailed analysis of the stable
core region of the protein [27,28]. Yet another instance exemplifying the utility of cryo-EM
to probe function in an ion channel is from recent work on the CorA magnesium ion
channel. Here, the cryo-EM structure of stable, 5-fold symmetric closed conformation was
obtained at near-atomic resolution, while the novel structures of the highly flexible,
asymmetric open conformations were limited to medium resolution, but nevertheless offered
an unexpected mechanism for magnesium gating of the channel [29]. Near-atomic resolution
structures of the glycine receptor, a pentameric ligand-gated choride channel, bound to the
agonist glycine, the antagonist strychnine, or with a combination glycine and the channel
modulator ivermectin have yielded significant insights into conformational changes
occurring during channel gating [30]. Other successes of analyzing soluble protein
complexes include work on ribosomes [15,31-33], and smaller, more challenging complexes
such as the spliceosome [34-37], the proteasome [38-40] and viral fusion proteins [41-43].

Major advances have also been made in the area of protein and nucleoprotein polymers,
where cryo-EM and helical reconstruction have enabled structural analysis of these
complexes. While icosahedral viruses and asymmetric complexes such as the ribosome can
be crystallized, many proteins in cells and viruses are found in the form of helical polymers.
Helical polymers can never be crystallized in their polymeric form due to the symmetry
mismatch with any crystal space group. Recent examples of helical complexes determined
by cryo-EM at better than 4 A resolution include actomyosin [44], microtubules [45],
bacterial pili [46], and an archaeal rod-like virus [47].

While all of the examples discussed above have approached resolutions in the 3 A to 4 A
range, or revealed mechanistic insights into protein function even at lower resolutions, the
use of cryo-EM to directly visualize small molecules interacting with the binding pocket is
still relatively rare. Four examples of this (Figures 1B-1E), all published in 2016, are
discussed in more detail below.

Visualizing small molecule ligands with cryo-EM

One of the smallest proteins whose structure has been determined at high resolution by cryo-
EM is lactate dehydrogenase, a 145 kDa tetrameric protein whose function can be regulated
by a variety of small molecule inhibitors (Figure 1C). While a number of crystal structures
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of this complex are available, the 2.8 A resolution cryo-EM structure of this protein [48]
reveals specific density for a novel inhibitor (Figure 2A), which binds to the outside edge of
the structure. Cryo-EM analysis at 3.8 A resolution of an even smaller protein, the 93 kDa
isocitrate dehydrogenase complexed to ML309, a drug under consideration for cancer
treatment, provides further encouragement for the use of cryo-EM both for understanding
drug localization and effects of binding on protein conformation [48].

The structure of the TRPV1 channel was already reported at near-atomic resolution in 2013
[14], but a new follow-up study of its structure [18] is of particular interest for several
reasons. First, the use of lipid nanodiscs rather than amphipols (which can artificially
stabilize transmembrane regions) allowed for the visualization of lipid directly interacting
with the transmembrane helices. Second, two structures reported in this study at 3.4 A and
3.0 A resolution include density for the drugs capsazepine and resiniferatoxin (RTX),
respectively. The density for RTX within its binding site in TRPV1, which is shown in
Figure 2B, was sufficient to visualize individual interactions with amino acids and to
delineate the drug binding site (Figure 2F).

Another recent example of the use of cryo-EM to visualize inhibitor binding to protein
complexes is that of p97, an AAA ATPase that is of critical interest as a cancer drug target.
Because of its flexible nature, it has not been possible to obtain crystal structures of the full-
length p97 complex in its activated state, while crystal structures of individual domains are
not useful for inhibitors that bind at interfaces between individual domains. Banerjee et al.
[49] not only reported the binding site and mechanism of drug action, but also revealed
specific interactions between different domains and the drug molecule. Further, this study
showed that as protein domains in p97 undergo large movements during its ATPase reaction
cycle, separating three distinct co-existing conformations at resolutions of ~ 3 A by 3D
classification. The inhibitor is localized to the interface between the D1 and D2 ATP binding
domains, with highly specific interactions between the protein binding pocket at one end of
the drug (Figures 2C, 2E). In instances such as this where 3D crystallization is not an option,
cryo-EM analyses provide a significant advantage for accelerating the identification of more
effective small molecule inhibitors by determination of structures of candidate compounds
with native proteins.

A recent study of the Plasmodium falciparum proteasome offers another example of using
structural information from cryo-EM analysis in the context of drug design. Li et al. [40]
report visualization of the P, falciparum proteasome 20S core in complex with WLW vinyl
sulfone (WLW-vs), an inhibitor modified to interact specifically with the 2 falciparum, but
not the human proteasome. While at 3.6 A resolution, it is not possible to identify specific
interactions with the binding site, the inhibitor can be placed in the binding pocket of the
proteasome unambiguously (Figure 2D), and comparisons suggest that this inhibitor cannot
bind the analogous binding site on the structure of the human proteasome.

The ability to place small molecules with precision requires maps at sufficiently high
resolution. In structures determined by X-ray crystallography, a minimum resolution of ~ 2.5
A to 3 A is typically required for this purpose, and a similar effective resolution is probably
required for cryo-EM structures as well. However, the definition of resolution in cryo-EM is
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a much more nebulous entity than in X-ray crystallography, and the most commonly used
method of reporting resolution using a plot of the Fourier Shell Correlation (FSC) is fraught
with problems. Another critical issue is that because of the almost indefinite number of ways
in which raw data can be processed to obtain final reconstructions, it is important that raw
data can be made available in publicly accessible archives for independent validation of the
results. Both of these issues are discussed in the next section.

Cryo-EM map resolution and validation

Cryo-EM density maps or movies showing the map quality are now often provided routinely
during manuscript review and a growing number of raw data sets are now available through
EMPIAR (https://www.ebi.ac.uk/pdbe/emdb/empiar) enabling independent validation of
published results, and have also led to informative data challenge competitions (http://
challenges.emdatabank.org/?q=2015_map_challenge). Despite these efforts, the question of
defining resolution by a single number remains problematic. The main criterion that is
currently used to assess the resolution of a cryo-EM map is the Fourier Shell Correlation
(FSC) coefficient [50]. This metric, which seeks to compare the correlation between two
independent reconstructions as a function of resolution in Fourier space is not a true measure
of resolution, but rather is a measure of self-consistency in the imaging and reconstruction
process. In the early years of the development in the cryo-EM field, computing the FSC
involved comparing two maps, each generated from separate halves of the data (“half-
maps”), split just before the final reconstruction was generated. But these half-maps are not
really independent when both sets of images are aligned to the same reference. This then led
to the idea of a “Gold Standard” FSC, which is computed from two independently created
half-map reconstructions, overcoming the bias introduced by a common reference. Even so,
such reconstructions are not truly independent, since they are both generated with many
shared assumptions and bias introduced by the software.

The problems with the FSC become most obvious when one considers objects with internal
symmetry, whether it be helical, icosahedral or point-group symmetry, but these same
problems exist for objects with no internal symmetry. One can impose the wrong symmetry
in the reconstruction process, and as long as the same wrong symmetry is imposed in two
independent reconstructions, there is excellent correlation between the two half-maps that
has nothing to do with the real resolution [51]. One example that highlights this is the case
of the microtubule, which consists of two homologous proteins, a- and p-tubulin. At low
resolution these proteins are indistinguishable, but at high resolution one can observe the
sequence differences and the slightly different folds. When a-tubulin subunits in the
microtubule are correctly averaged with other a-tubulin subunits the FSC does not improve
(in fact, becomes slightly worse by traditional measures) over when a-tubulin subunits are
incorrectly averaged with B-tubulin subunits [52]. However, the map becomes more
interpretable when the averaging is done correctly, showing that the FSC is not measuring
resolution or interpretability but self-consistency.

The idea that map quality and FSC can be anti-correlated was first pointed out by Borgnia et
al. [53] in cryo-EM structural studies of the core domain of pyruvate dehydrogenase, where
they demonstrated that while map quality could be improved by using progressively fewer
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numbers of better molecular images in a given data set (Figures 3A— 3C), the resolution
estimated by the FSC criterion for these maps was inversely related to map quality because
of the use of smaller numbers of images (Figure 3D). This problem stems primarily from the
fact that the FSC approach of comparing half-maps is a biased measurement, dependent
upon the number (N) of particles. This is illustrated in Figure 3E, where we show a
theoretical curve for resolution as a function of sample size N, based upon the observations
that this curve tends to follow a log-linear relationship [54] and becomes asymptotic at some
large value of N, where an increase in N will lead to no further improvement in resolution.
If, when N=100,000, the resolution is asymptotic and is actually 3.3 A for the full map, then
the comparison of the two half-maps will yield a resolution of 3.6 A (the resolution for
50,000 particles or helical segments). For a map that has 40,000 particles or segments, a
resolution of 3.8 A for the full map will show a resolution of 5.3 A when comparing two
half-maps, significantly worse than the resolution of the full map that we are trying to
estimate.

A further problem with the FSC is that it is quite susceptible to artifacts and manipulation.
We show in Figure 3F how FSC improves when one introduces spurious density into a map.
Of course, this artifact would be apparent to any observer who actually looked carefully at
the two maps being compared, and not just at the outer surface where this artifact would be
invisible. But it illustrates how the FSC is not immune to such artifacts, and in the present
example the greater the artifact, the better the resolution.

Given these problems with the FSC, how can one assess the actual resolution of a cryo-EM
reconstruction? For maps at high enough resolution, a reliable starting point is to take
advantage of our extensive prior knowledge of protein and nucleic acid stereochemistry and
compute a FSC curve between the observed map and the atomic model built into the density.
This approach of computing the FSC between the map and the model overcomes many,
although not all of the challenges inherent to FSC measurements. For maps with relatively
uniform B-factors across the entire polypeptide, the FSC plot of model vs. map is an
excellent measure of map resolution and quality. However, this measure has other problems
that are worth keeping in mind. An increasing number of cryo-EM structures are now being
reported from dynamic protein assemblies, where there is variability in the amount of
flexibility in different regions of the polypeptide. As a result, the cryo-EM density map in
such cases has a lower effective resolution in the more flexible regions, and a higher
effective resolution in the more ordered regions. While there are tools such as RESMAP [55]
and blocres [56] that can provide a way to describe relative changes in resolution, they are
not necessarily reliable as absolute measures of resolution. An additional challenge is that
from the same data, the use of different image processing packages for 3D reconstruction,
use of different B-factors, and the use of different subsets of exposure (recorded using the
movie mode of direct detectors) can lead to small variations in map quality, and further
compound the challenges involved in FSC measurements.

Ultimately, there can be no substitute for map validation by careful visual inspection. The
highest resolution single particle cryo-EM reconstruction reported so far is that of the 334
kDa glutamate dehydrogenase [48], a protein complex with an ordered core and flexible
outer domains. In the ordered core, the quality of this 1.8 A resolution map is good enough
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to visualize every type of amino acid at a level of detail (Figure 4) that is comparable to that
observed in maps obtained from X-ray crystallography [57]. The map quality is also
adequate to visualize densities for hundreds of water molecules. In an earlier report of a
structure at 2.2 A resolution of B-galactosidase [58], the map quality was also adequate to
visualize density for a single water molecule between the bound inhibitor and protein. The
ability to obtain density maps at this kind of resolution will be critical for truly enabling the
application of cryo-EM to drug discovery applications. Relying on single numbers for
resolution will not be adequate as already well-appreciated in the field [55,56], and visual
inspection of map quality in key regions will be needed to establish the validity of the
conclusions about local structure and conformation. We believe that once achieving cryo-
EM map resolutions in the 2 A to 3 A range becomes routine, the single number assigned to
map resolution will not be very important, but the ability to unambiguously discern
geometry of individual residues and the conformation of bound ligands will emerge as the
new “platinum standard” for map quality.
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Highlights
. There is rapid growth in number of structures determined using cryo-
EM methods
. Single particle cryo-EM can now achieve resolutions better than 2 A
. Drug discovery applications are emerging and look promising
. Improved measures are needed for assessing map resolution for

dynamic complexes
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Figure 1.

Cryo-EM progress towards drug discovery. (A) Chart showing entries deposited in the
Electron Microscopy Data Bank each year since 2012 with reported resolutions better than
4.5 A for protein complexes smaller than 2.5 MDa. Four select high resolution structures
(red circles) determined with bound small molecule drugs (density highlighted in red) are
shown in (B-E) with ribbon diagrams of: (B) p97 (EMD-3295, PDB-5ftj) [49]; (C) lactate
dehydrogenase (EMD-8191, PDB-5k0z) [48]; (D) TRPV1 (EMD-8117, PDB-5irx) [18]; and

(E) Plasmodium falciparum 20S proteasome (EMD-3231, PDB-5fmg) [40].
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Visualizing drug density in cryo-EM maps. (A-D) Close-up views of protein (grey mesh)
and drug (red solid) densities, fit with the atomic model of the protein. (A) Lactate
dehydrogenase bound to the inhibitor GSK2837808A (EMD-8191, PDB-5k0z) [49]. (B)
TRPV1 ion channel bound to double-knot toxin (DKTx) and resiniferatoxin (RTX)
(EMD-8117, PDB-5irx) [18]. (C) p97 bound to the inhibitor UPCDC30245 (EMD-3295,
PDB-5ftj) [49]. (D) Plasmodium falciparum 20S proteasome bound to WLW vinyl sulfone
(EMD-3231, PDB-5fmg) [40]. (E, F) LIGPLOT diagrams showing binding pocket
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interactions of inhibitor bound p97, as shown in (A) and RTX bound to TRPV1, as shown in
(B).
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Figure 3.
Fourier Shell Correlation (FSC) can be an inaccurate measurement of resolution in cryo-EM

maps. (A-D) From [53], top views of the pyruvate dehydrogenase E2 catalytic domains,
contoured to the same sigma levels, reconstructed using the best 963 (A), 395 (B) or 139 (C)
particles. Although features of the map become better resolved as fewer, better particles are
used, the reported FSC resolution (D) decreases. Colors of the FSC plots in (D) correspond
to map colors in (A-C). (E) An idealized curve for resolution as a function of sample size N,
which tends to follow a log-linear relationship [54]. (F) An actual FSC curve between two
independent half-map reconstructions of a helical polymer is shown in black (the scale of the
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abscissa is arbitrary). In red the same FSC is computed, but after adding an artifact to the
reconstruction, a Gaussian cylinder of density along the axis with a standard deviation in the
radius of the cylinder of 2 pixels. The FSC is improved (it is shifted to the right) and at high
resolution the black and red curves are completely superimposed. In the blue curve the
Gaussian cylinder is even narrower, with a standard deviation in radius of 1.5 pixels, which
greatly improves the overall FSC and still matches the “true” FSC (the black curve) at the
highest resolution.
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Figure 4.
Experimental densities for selected examples of the 20 amino acid types from the 1.8 A

resolution cryo-EM structure of glutamate dehydrogenase (EMDB-8194; PDB-5k12) [48].
Features such as holes in aromatic rings, as well as the “zigzag” structure of extended Arg
and Lys sidechains, are visible in the density maps.
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