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ABSTRACT: Cryo-electron microscopy (cryo-EM), the
structural analysis of samples embedded in vitreous ice, is a
powerful approach for determining three-dimensional (3D)
structures of biological specimens. Over the past two decades,
this technique has been used to successfully calculate
subnanometer (<10 A) resolution and, in some cases, near-
atomic resolution structures of highly symmetrical and stable
complexes such as icosahedral viruses and ribosomes, as well as
samples that form ordered two-dimensional or helical arrays.
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However, determining high-resolution 3D structures of smaller, less symmetrical, and dynamic samples remains a significant
challenge. The recent development of electron microscopes with automated data collection capabilities and robust direct electron
detection cameras, as well as new powerful image processing algorithms, has dramatically expanded the number of biological
macromolecules amenable for study using cryo-EM. In addition, these new technological and computational developments have
been used to successfully determine <5 A resolution 3D structures of samples, such as membrane proteins and complexes with
either low or no symmetry, that traditionally were not considered promising candidates for high-resolution cryo-EM. With these
exciting new advances, cryo-EM is now on pace to determine atomic resolution 3D structures.

tructural biology strives to determine detailed snapshots of
macromolecular machines with the goal of using structure
to deduce function. These three-dimensional (3D) molecular
models are generated using a range of biophysical techniques,
some that generate atomic or near-atomic resolution (from 0.7
to <4 A) structures, such as X-ray crystallography and nuclear
magnetic resonance (NMR), while others, such as small-angle
X-ray scattering (SAXS), are useful for generating low-
resolution models (>30 A). The higher the resolution of a
structure, the easier it is to uncover how molecular architecture
translates into function. While important insights into the
overall shape and organization of macromolecules, especially
dynamic complexes, can be gained from low- to medium-
resolution (30—12 A) structures, secondary structural elements
are only visible in density maps that reach resolutions below 10
A (Figure 1). For example, a-helices are resolved sub-10 A
resolutions, f3-strands are visible at sub-5.0 A resolutions, and
atomic models can start to be built at resolutions below ~3.5 A.
Until recently, the approaches that consistently yielded atomic
resolution structures were X-ray crystallography and NMR
spectroscopy; however, new technological and computational
developments in the field of cryo-electron microscopy (cryo-
EM) have made this rapidly evolving technique a legitimate
contender in the race to determine near-atomic resolution 3D
structures of biologically important macromolecules that have
been difficult to analyze using other structural approaches.
EM is a versatile method for studying biological specimens.
In addition to its important history of providing essential
information about the subcellular ultrastructures of cells and
tissues, the more recently developed molecular EM techniques
are used to determine 3D structures of complex macro-
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molecular machines. Molecular EM was developed using the
principle that EM images are two-dimensional (2D) projections
that contain information about the internal organization of the
sample and, thus, can be used to calculate 3D structures.' ™’
Molecular EM methods encompass 2D electron crystallog-
raphy, helical reconstruction, single-particle analysis, and
tomography. In particular, both single-particle EM and
tomography have the advantage of not requiring ordered
protein arrays. This makes these approaches especially useful
for determining structures of biological specimens that are
difficult to purify in the large, stable, and homogeneous
quantities needed to form ordered crystalline lattices.

Important advances in the theoretical and practical under-
pinnings of modern molecular EM were developed in the 1970s
and early 1980s by researchers such as Richard Henderson and
colleagues (2D crystallization®*), David DeRosier and Aaron
Klug (helical reconstruction”®), Tony Crowther and colleagues
(3D structural calculations of icosahedral viruses"”), Joachim
Frank and colleagues (3D structural calculations of asymmetric
biological complexes®'®™'?), Jacques Dubochet and colleagues
(vitrifying biological samples''*), and Robert Glaeser and
colleagues (imaging vitrified samples'>~"”). However, because
the vast majority of 3D structures determined using molecular
EM approaches have been at resolutions too low to trace de
novo individual atoms in the density maps, EM has been yoked
with the uninspiring nickname of “blobology”.
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Figure 1. Increasingly detailed molecular models of macromolecules
can be generated either by calculating higher-resolution structures or
by using a hybrid approach that combines intermediate-resolution
structures with other structural, biophysical, biochemical, and/or
genetic information. Over the past 20 years, combining molecular EM
analysis with hybrid approaches has been successfully used to build
pseudoatomic models of structurally challenging cellular machines.
However, recent advances in the field of cryo-EM have made it
possible to calculate near-atomic resolution structures that can be used
to trace the position of individual amino acids in the map.

There are many practical difficulties to overcome upon
examination of biological specimens using EM. In general,

biological macromolecules scatter electrons poorly, are
dehydrated in the microscope vacuum, and accumulate
radiation damage, making them challenging specimens for
visualization by EM.'”~"? A number of preparative approaches
are used to overcome these limitations. For example, 2D
crystals are embedded in a sugar-based matrix, and purified
complexes are preserved using either negative staining or
vitrification. In negative stain EM, protein is adsorbed to a
continuous carbon support and then embedded in a layer of a
dried heavy metal solution.”® This technique provides high-
contrast structural information and is a powerful preparative
approach for analyzing dilute, dynamic samples by single-
particle EM. However, the grain size of the stain severely limits
the resolution of 3D reconstructions. Further, reconstructions
often contain flattening artifacts because the sample is not
protected from dehydration in the microscope vacuum. For
cryo-EM, the sample is quickly plunged into cryogen, trapping
particles in a thin layer of noncubic amorphous, or vitrified
ice.?° Cryo-EM preserves the specimen in a near-native,
hydrated environment that protects it from dehydration
artifacts. However, unstained samples are sensitive to radiation
damage, and the lack of a heavy atom stain leads to low-
contrast, noisy images. Although negative stain is a relatively
straightforward and simple approach to learn,*' vitrifying
samples and then keeping the ice amorphous as the grid is
transferred into the microscope are specialized skills.

The lack of heavy atoms associated with biological samples
coupled with the requirement of collecting images using very
low electron doses to prevent radiation damage leads to noisy,
low-contrast data. The low signal-to-noise ratio (SNR) of cryo-
EM images can be partially overcome by aligning and averaging
large numbers of collected images of homogeneous particles.
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Figure 2. The race to achieve near-atomic resolution structures using cryo-EM has accelerated over the past two years. (A) Pie graph charting the
percentage of all structures deposited in the EMDB (Electron Microscopy Data Bank) using various cryo-EM techniques. (B) Bar graph tracking the
number of subnanometer (sub-10 A) single-particle cryo-EM structures deposited in the EMDB over the past 12 years. (C) Bar graph showing the
number of sub-4 A, sub-8 to 4 A, and sub-10 to 8 A single-particle cryo-EM structures deposited in the EMDB over the past 12 years. (D) Bar graph
showing which percentage of sub-10 A single-particle cryo-EM structures deposited in the EMDB were of viruses, ribosomes, and other. The
majority of the structures listed in the “other” category are of other large symmetrical structures. It is still a challenge to determine high-resolution

structures of smaller, dynamic, and/or asymmetric macromolecules.
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Figure 3. Advances in microscope instrumentation, imaging technology, and computation have driven rapid improvements in the ability to generate
near-atomic structures using single-particle cryo-EM. Structures shown from left to right include the 3.3 A map of the 20S proteasome (EMDB-
56237°), the 3.8 A map of the Brome Mosaic Virus (EMDB-6000"%7), and the 3.2 A map of the yeast mitochondrial large ribosomal subunit (EMDB-

2566%). All scale bars are 50 A.

This approach makes it theoretically possible to generate an
atomic resolution structure, as was proposed by Richard
Henderson as early as 1995."% In practice, though, the
theoretical promise of generating atomic resolution structures
via molecular EM approaches has remained elusive, especially
for single-particle EM and tomography. The recent introduc-
tion of a group of new technologies and computational
approaches has the potential to close this performance gap and
propel cryo-EM to the forefront of structural biology’s race to
answer biological questions at a molecular level. This review
focuses on these “game-changing” advances, discussing recent
improvements in cryo-EM instrumentation, imaging technolo-
gies, and computational approaches.

B CRYO-EM TECHNIQUES

The ability to determine 3D structures using cryo-EM relies on
either forming ordered 2D crystals (electron crystallography),
generating ordered helical assemblies (helical reconstruction),
imaging large numbers of homogeneous, randomly oriented
particles (single-particle EM), or taking tilt series of thin
samples (tomography). In terms of resolution, both electron
crystallography and helical reconstruction techniques have the
advantage of working with an extended geometrical arrange-
ment of repeating units. Thus, even before the introduction of
new imaging and computation technologies, these cryo-EM
subdisciplines were used to calculate a number of near-atomic
resolution (sub-4 A) structures (for examples, see refs 22—32).
However, coaxing biological samples to organize into repeating
arrays remains a challenge. The number of structures found in
the Electron Microscopy Data Bank (EMDB) determined using
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ordered arrays of molecules account for <10% of total
deposited structures (Figure 2A).

Both cryo-tomography and single-particle cryo-EM do not
require ordered arrays to determine 3D structures, significantly
broadening the range of specimens amenable for these analyses.
Cryo-tomography is used to examine samples ranging in size
from cells to large complexes and often focuses on “one-of-a-
kind” objects that are not amenable to averaging methodologies
used in single-particle EM. Structures determined using
tomography have, until recently, been limited to very low
resolutions (>50 A). While these volumes lack detailed
molecular information, the ability to visualize objects in the
context of an intact cell at higher resolutions than can be
achieved using light microscopy has made tomography an
important technique used by cell biologists. However, in cases
where multiple copies of a complex or a repeating assembly are
found in a tomogram, the use of new electron detectors and
subtomographic averaging approaches now makes it possible to
use cryo-tomography to determine ~20—10 A resolution
structures.”> ¢ As resolutions of cryo-tomography structures
continue to improve, this approach will serve as an important
bridge between cell biologists using super-resolution light
microscopy techniques and structural biologists.

The most commonly used cryo-EM technique is single-
particle EM (Figure 2A), an approach that relies on the ability
to collect a large number of images of homogeneous molecules
trapped in various orientations in the vitrified ice layer. The
goal is to collect a large data set that contains 2D projections of
all views of a structurally homogeneous sample. Various
computational approaches are then used to convert the 2D
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projection information present in the images into a 3D
structure.”’ ~* The ability to generate a 3D structure requires
the accurate determination of five orientation parameters [x-
axis, y-axis, z-axis, phi (w), and theta ()] for each 2D
projection, a nontrivial task when relying on images with a low
SNR. Thus, despite the theoretical possibility of using single-
particle EM to generate atomic resolution maps, until recently
many structures never reached subnanometer resolutions.
Between the years of 2002 and 2012, only 333 deposited
EMDB structures determined using single-particle EM were at
sub-10 A resolution (of a total of 1344, 25%), and of those,
only 14 reached near-atomic resolutions (sub-4 A) (Figure
2B,C). In 2013 alone, there were 109 (of 403, 27%) deposited
single-particle cryo-EM structures below 10 A, with eight
reaching sub-4 A resolution (Figure 2B,C). By 2014, 163 (of
525, 31%) deposited single-particle cryo-EM structures reached
sub-10 A resolutions, with 27 of them at sub-4 A resolution
(Figure 2B,C). In fact, nearly the same number of sub-10 A
structures deposited in the EMDB between 2013 and 2014 was
deposited for the entire decade of 2002—2012 (Figure 2B).
This trend continues into 2015, with 15 sub-10 A resolution
structures deposited before the end of January, four of these
reaching sub-4 A resolution (only two published at the time of
this review****). Thus, while subnanometer resolution cryo-EM
maps were once considered “high-resolution”, this designation
is quickly becoming reserved only for structures that reach sub-
5 A resolutions.

The acceleration of the use of cryo-EM to determine near-
atomic resolution structures can be attributed to improvements
in microscopes, imaging technologies, and computational
approaches. While these developments promise to continue
pushing cryo-EM toward its theoretical potential of reaching
atomic resolutions, it is worth noting that ~60% of the sub-10
A structures deposited in the EMDB are of viruses and
ribosomes (Figure 2D) and nearly all of the deposited sub-4 A
structures are of either viruses, ribosomes, or large symmetrical
protein assemblies. Although the gains made in cryo-EM are
impressive and should be celebrated for the major technological
progress they represent, it remains to be seen whether these
high-resolution (sub-5 A) cryo-EM “wins” will also begin
occurring with more regularity when smaller, dynamic, and/or
asymmetric macromolecules are being characterized.

B IMPROVEMENTS IN CRYO-ELECTRON

MICROSCOPES

Since the 1970s, when it was demonstrated that 3D structures
could be determined from 2D projections obtained using an
electron microscope,'” a steady stream of improvements in
electron microscopes has led to large improvements in the
ability to generate higher-resolution 3D maps of biological
specimens (Figure 3). As a result, electron microscopes are
more powerful, stable, reliable, and user-friendly. These
advances have significantly improved both the quality of images
and the ability of researchers to collect large data sets required
to generate 3D structures from noisy 2D projections.

Some of the greatest advances for microscopes have come
from the use of higher acceleration voltages (200—300 kV) and
a field emission gun (FEG) electron source.*® These improve-
ments increase both the temporal and spatial coherence of the
electron beam, making it possible to collect high-resolution
images at the defocus values required to visualize unstained
particles in vitrified ice. Although using higher-voltage micro-
scopes can increase image resolution, the improvement in
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resolution must be balanced with an increased level of sample
radiation damage and decreased image contrast.

Other advances in electron microscopes include stable lens
systems,”” improved vacuums, and stable cryo-stages that
minimize sample drift. A well-aligned modern cryo-electron
microscope can achieve sub-2 A resolutions when radiation
resistant specimens are being examined. However, biological
samples are easily damaged in the electron beam, requiring a
delicate balance between applying a sufficiently large electron
dose to detect signal while not destroying the structural
integrity of the sample. In practice, this means that images of
biological samples will have a low SNR, making it essential to
collect data sets containing thousands to hundreds of thousands
of particles, depending on whether the sample is large and
highly symmetrical or dynamic and asymmetrical, respectively.

Modern electron microscopes are also fully computerized,
leading to the development and integration of software that
increases the efficiency of data collection. One important
advance has been the digital integration of “low-dose mode”, a
protocol developed in the 1970s to reduce the level of radiation
damage to biological samples during data collection.>**~>°
Working in this setting on a computerized microscope makes it
straightforward to collect precisely defocused images using a
minimal electron dose. Another important software advance is
the ability to fully automate image collection via control of a
computerized stage. A number of academic and commercial
programs have been developed that allow users to quickly scan
grids for appropriate regions of vitrified ice and then collect
images with minimal intervention from the microscope
operator.”’ >° The use of these programs has significantly
improved the ability to efficiently collect large amounts of high-
quality data in the most efficient manner.

B IMPROVEMENTS IN IMAGING TECHNOLOGIES

The susceptibility of biological samples to radiation damage
limits the electron dose that can be used to generate images,
making detector technology an important area of development
for cryo-EM. The type of detector used to collect cryo-EM
images profoundly influences data quality and the ability to
determine high-resolution structures. Detector performance is
measured by two parameters: the modulation transfer function
(MTF) and the detective quantum efficiency (DQE). The
MTEF quantifies the response of the detector at various
frequencies (i.e, the resolution of the camera), while the
DQE quantifies the combined effects of the signal generated by
the sample and the noise generated by the camera in the final
image. Using these parameters, the ideal imaging device would
have a high MTF across the spectrum and generate images
using only the signal arising from the sample with no added
noise from the detector. Unfortunately, this perfect detector
does not yet exist, which means all detectors have resolution
limits and contribute varying levels of noise to the final image.

Historically, film cameras, with a DQE of ~0.3 and the ability
to take images of a relatively large area of the grid, were the
favored detector for collecting cryo-EM images.*® In fact, nine
of the 14 sub-4 A structures deposited in the EMDB between
2002 and 2012 were determined using images collected on film
(Figure 2C)."** In addition, film was used to collect the
images used to calculate the impressive 3.3 A structure of an
icosahedral virus.®® However, drawbacks of using film include
the labor-intensive and time-consuming requirements of
developing the film and then scanning the negatives into a
digital format, processes that significantly expanded the time
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Figure 4. Motion correction of dose-fractionated movies taken using a DED camera improves resolution and quality of cryo-EM images. (A) Power
spectra of a summed, but not motion-corrected, 30 image dose-fractionated stack of the Helicobacter pylori toxin VacA in vitrified ice. Stacks were
taken using a Gatan K2 Summit DED camera in super-resolution mode. The highest visible Thon ring is at 6.5 A. (B) Graph of the calculated shifts
used for motion correction. The algorithm was developed by Li et al.”® (C) Power spectra of the motion-corrected and summed image. The highest

visible Thon ring is now at 3.5 A resolution.

needed for data collection and limited the ability to use
automated data collection. Because of these drawbacks,
alternative imaging technologies have been developed. One
popular alternative to film is charge-coupled device (CCD)
cameras. Although the efficiency of CCD cameras (DQE ~ 0.1)
does not rival film, the ability to integrate them with automated
data collection software makes it possible to use these detectors
to collect images over an extended data collection session.**”

The newest innovation in EM imaging technology is the
development of a direct electron detection (DED) camera that
records images directly on a sensor, rather than digitizing the
signal from electrons through the coupling of a scintillator and
fiber-optics as is found in CCD devices (Figure 3). DED
cameras are made of a thin semiconductor membrane directly
connected to a thin matrix. The thickness of the supporting
matrix is important because thinner matrices generate less noise
from backscattered electrons.”® The performance of back-
thinned DED cameras exceeds that of film while remaining
amenable to automation.*”~"!

At sufficiently low electron doses, DED cameras can detect
individual electrons, substantially improving the SNR of an
image.”” However, the low-dose exposures commonly used to
collect cryo-EM images saturate the DED sensor. To overcome
this limitation and generate the highest-resolution images, DED
cameras are run in a “movie mode” that fractionates the
electron dose across a long exposure (~6 s) that is recorded at
a rapid frame rate (0.2 s/frame). The end result is that each
imaging event is a collection of ~20—30 individual very low-
contrast images that must be combined before any further
image processing and structural calculations can be imple-
mented. In addition to improving the resolution of the images,
the use of DED cameras to collect cryo-EM “movies” has had
profound effects on how data are chosen and used in image
processing, a topic that will be further discussed in the next
section. The development of robust and commercial DED
cameras is the most groundbreaking advance in cryo-EM over
the past five years, and this technology has quickly become an
essential requirement for cryo-EM facilities.

B IMPROVEMENTS IN COMPUTATION

Converting large data sets of 2D projections into a 3D structure
requires algorithms that can accurately determine the position
and orientation of the imaged particles, a process that requires
significant computational power. Conveniently for cryo-EM,
large computer clusters have become increasingly available, as
well as more powerful, over the past decade. These resources
allow large computational jobs, such as the alignment and
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classification of thousands to hundreds of thousands of noisy
2D projections, to be run in parallel on multiple computer
processors, a strategy that significantly reduces the amount of
time required to turn raw images into 3D structures.
Additionally, these rapidly evolving computational resources
have made it possible for computationally intensive image
processing algorithms to be employed for structural calculations
(Figure 3). Image processing is required to both correct for
particle movement within the vitrified ice layer and precisely
classify the orientation of 2D projections. The development of
faster computational resources combined with new image
processing strategies has led to the ability to calculate more
detailed structural models from noisy cryo-EM images.

The collection of cryo-EM images in “movie mode” allows
for the tracking of beam-induced movement of both the
vitrified ice layer and the embedded particles.”>”* This
movement causes blurring of the final image, limiting the
ability to generate high-resolution structures. A number of
algorithms that correct for this beam-induced motion have now
been developed. These approaches align the individual dose-
fractionated images, either using the entire image or the
individually windowed particles, before summing the frames
into a final image.”””*~”” This procedure significantly improves
the quality of the final data for two reasons (Figure 4). First, the
alignment algorithms correct the beam-induced motion, and
second, the effects of radiation damage can be reduced by
carefully choosing which dose-fractionated images are included
in the final summed irn;lge.76’78

Improvements in algorithms have also made it possible to
analyze data sets that contain some structural heterogeneity.
Macromolecules undergo varying levels of dynamic movement
as part of their biological function. For this reason, even
biochemically pure samples are rarely structurally homoge-
neous, with specimens naturally adopting more than one
conformation in vitrified ice. In the ideal situation, molecules
are found in various orientations in the amorphous ice layer
providing many different views of the molecule. While different
views of the molecules are necessary for accurate structural
calculations, they can create serious problems during 3D
reconstruction if the purified sample is either compositionally
or structurally heterogeneous. To determine a high-resolution
3D structure, only images of structurally identical molecules
should be included in the reconstruction. However, from
projection views alone, it can be difficult to distinguish between
particles in different orientations and particles that are in
different conformational states. The more heterogeneous the
sample, the more difficult this problem becomes. Numerous
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image processing approaches have been developed to precisely
assign orientation parameters to 2D projections and ensure
projections of only structurally homogeneous particles are
included in a 3D reconstruction. Common program suites used
for image processing of single-particle cryo-EM data include
SPIDER, Xmipp, EMAN2, SPARX, FREALIGN, and RE-
LION.>*"* These programs all use different classification and
3D reconstruction strategies, giving them distinct strengths and
weaknesses that are beyond the scope of this review. However,
because of these differences, it is common for multiple
programs to be used at different stages of the classification,
3D reconstruction, and refinement processes (for examples, see
refs 79 and 80). Both FREALIGN,?® a program that uses a
partial implementation of the maximum-likelihood approach,
and RELION,* a program that adds Bayesian analysis to the
maximum-likelihood approach, deserve a special mention
because these programs, in combination with motion correction
algorithms, have been used to determine a number of high-
resolution (sub-5 A) structures (some examples include refs 70,
74, and 80—91). The ability of cryo-EM to classify structurally
diverse data sets, sometimes termed in silico purification, makes
single-particle EM a powerful method for determining
structures of many biologically essential complexes that are
difficult to crystallize because of their inherent conformational
heterogeneity. However, at this time, the image processing
algorithms are still limited by the amount of structural
heterogeneity that can be tolerated. As mentioned previously,
a majority of high-resolution structures deposited in the EMDB
are of ribosomes, icosahedral viruses, and large symmetrical
specimens (Figure 2D). Classifying smaller, asymmetric, and/or
highly dynamic samples remains a significant challenge.

B WHAT ARE THE NEXT CHALLENGES IN THE
QUICKLY ADVANCING FIELD OF CRYO-EM?

Twenty years after Richard Henderson’s original predictions,18
cryo-EM is finally poised to begin performing up to its
theoretical promise of generating atomic resolution 3D
structures. The synergistic progress made in instrumentation,
DED cameras, and computational approaches has led to
astonishing advances in the ability of single-particle cryo-EM to
determine near-atomic resolution structures (Figure 3).
However, instead of resting on its laurels, the field continues
to work toward the goal of determining sub-3 A structures, as
well as expanding the types of samples that are amenable to
high-resolution (sub-S A) structure determination.

Although the majority of sub-5 A structures continue to be of
large, relatively rigid complexes (Figure 2D), the 4.5 A map of
the small (~230 kDa), membrane protein complex y-
secretase®’ (Figure SA) and the 3.4 A structure of the 4-fold
symmetrical mammalian TRPV1 (transient receptor potential
vanilloid) membrane channel®® (Figure SB) are the first, of
what is hoped to be many, high-resolution structures of
challenging samples that would not have been amenable for
structural analysis by cryo-EM without these new technological
advances. Areas of active research that continue to push the
boundaries of cryo-EM include further development in
automated data collection strategies (e.g, refs 92—94), the
continued improvement of DED cameras, the use of phase
plates for in-focus phase contrast (e.g, refs 95—97), the
development of new grid substrates to reduce beam-induced
sample motion (e.g, refs 98 and 99), and new classification
algorithms to expand the capability of in silico purification (e.g,
refs 100—102). In addition, as increasing numbers of cryo-EM
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Figure S. Synergy of cryo-EM technical advances has led to the
determination of high-resolution structures (sub-S A) of challenging
samples. (A) The 4.5 A structure of the ~230 kDa membrane protein
complex y-secretase (EMD-2677, PDB entry 4UprC).¥ Images were
collected on a K2 Summit DED camera and the structure calculated
using RELION.* The transmembrane segments are colored pink,
while the extracellular domains are colored tan. (B) Structure of the 4-
fold symmetrical mammalian TRPV1 membrane channel at 3.3 A
resolution (EMD-5778, PDB entry 3_]5P).86 Images were collected on
a K2 Summit DED camera, and the structure was calculated using
RELION.* The EM density is colored yellow, while atomic models of
the four identical TRPV1 subunits are colored blue, green, yellow, and
red. The TRPV1 atomic models were partially built using the cryo-EM
map. A portion of the TRPV1 ankyrin repeats found outside the
density map were not observed in the EM structure, likely because of
their flexibility. The structure is rotated 90° on its x-axis. The scale bar
in each panel is 50 A.

structures reach near-atomic resolution, new tools are needed
for building atomic models using EM density maps and for
verifying the quality of high-resolution structures.

Finally, even with these technological advances, not all cryo-
EM structures will reach the new high-resolution threshold of
sub-S A that has been established by studies of large, stable
complexes (Figure 2D). The lack of compositional and
structural homogeneity of samples used in cryo-EM remains
a major limiting factor for generating high-resolution structures.
Unfortunately, there are no shortcuts for improving sample
quality, and this step often remains a labor-intensive iterative
process that can require optimization for months to years
before the purification is amenable for structural analysis. In
addition, there are essential biological machines that are
intrinsically dynamic. Even when purified to homogeneity,
these dynamic macromolecules will remain structurally
heterogeneous. For these reasons, low- to medium-resolution
cryo-EM structures (30—8 A) are still critical for providing
insights into the organization and function of many challenging
biological samples that cannot be visualized using alternative
techniques. One of cryo-EM’s earliest successes came from the
structural characterization of the ribosome, even though these
structures would now be considered low-resolution. Long
before near-atomic resolution structures were on the horizon,
these “blobby” 3D maps of the ribosome provided crucial
molecular insight, clarifying the individual contributions made
by both ribosomal RNA and protein components during
protein synthesis (reviewed in refs 103—106). In the
exhilarating pursuit of achieving near-atomic and atomic
resolution structures, it is important for cryo-EM as a field to
not lose perspective that the overarching goal of structural
biology is to answer biological questions. Although high-
resolution structures are beautiful and fun to work with, the fact
remains that answers to many basic questions do not require
atomic resolution information, especially when molecular EM
analysis is combined with proteomic, genetic, and biochemical
studies.
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