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For many years, structure determination of biological
macromolecules by cryo-electron microscopy (cryo-EM)
was limited to large complexes or low-resolution mod-
els. With recent advances in electron detection and
image processing, the resolution by cryo-EM is now
beginning to rival X-ray crystallography. A new genera-
tion of electron detectors record images with unprece-
dented quality, while new image-processing tools
correct for sample movements and classify images
according to different structural states. Combined, these
advances yield density maps with sufficient detail to
deduce the atomic structure for a range of specimens.
Here, we review the recent advances and illustrate the
exciting new opportunities that they offer to structural
biology research.

Historical context

Understanding how macromolecular complexes fulfill their
complicated roles in the living cell is a central theme in
molecular biology. Structural biology aims to deduce how
such complexes function by determining the 3D arrangement
of their atoms. Several techniques may be used to determine
such structures. By far the most successful technique has
been X-ray crystallography. Provided the complex of interest
can be crystallized, this technique may yield atomic resolu-
tion and is not limited by the size of the complex. Nuclear
magnetic resonance (NMR) may provide unique information
about dynamics and interactions, but atomic structure de-
termination is restricted to small complexes; that is, those
with molecular weights (MWs) below 40-50 kDa. Both tech-
niques typically require large amounts of relatively pure
sample (on the order of several mg). Here, we review recent
advances in cryo-EM imaging, which requires much less
sample (0.1 mg may be enough), poses fewer restrictions
on sample purity, and does not require crystallization.

EM of biological specimens has come a long way since
the development of the first electron microscope, and the
imaging of bacteriophages with it, by the Ruska brothers
during the first half of the 20th century [1,2]. The main
problem with looking at biological samples through an
electron microscope is the degradation of the structural
integrity of the sample. Given that electrons are scattered
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by air molecules, EM requires a high vacuum in the beam
path, which compromises preservation of liquid aqueous
samples. Even more importantly, biological macromole-
cules are susceptible to radiation damage through the
breakage of chemical bonds by energy that is deposited
in the sample by the electron beam.

Initial EM studies of biological samples used dehy-
drated samples or fixation techniques, many of which
introduced artifacts in the structures. In particular, nega-
tive staining [3], where the water that surrounds the
macromolecules is replaced by a dried solution of heavy-
metal salt, became popular during the early 1960s and

Glossary

3D reconstruction: the mathematical operation to calculate a 3D density map
from a collection of 2D projection images.

Back-thinning: the process of making the supporting layer for the new
detectors thinner.

Charge-coupled device (CCD): an older generation of digital cameras for cryo-
EM was based on this technology. Given that the CCD chip is sensitive to
photons, an extra layer on top of the chip is used to convert electrons into
photons. This conversion is a major source of additional noise in cryo-EM
images.

Counting mode: a mode of operation for the new detectors where individual
incident electron events are quantized and counted to yield an image. This is
the alternative to integrating mode.

Detective quantum efficiency (DQE): a measure for how much noise is added
relative to the incoming signal due to errors in the detection process. A perfect
detector does not add any noise and has a DQE of 1. In practice, all detectors
add noise and have DQEs less than 1.

Direct electron detector: the latest generation of digital cameras for cryo-EM.
‘Direct’ refers to the fact that electrons are detected directly, in contrast to CCD
cameras, where electrons are first converted into photons.

Integrating mode: a mode of operation for the new detectors where the
recorded signals of all incident electron events are integrated to yield an
image. This is the alternative to counting mode.

Monolithic active pixel sensor (MIAPS): The direct electron detectors are based
on this integrated circuit technology.

Movie mode: a mode of operation for the new detectors where multiple images
are recorded during exposure of the sample to the electron beam.

Phase information: wave functions have an amplitude and a phase. In X-ray
crystallography, measured intensities of reflections provide amplitude in-
formation, but the phase information needed to calculate the density map is
lost. Cryo-EM images contain both amplitude and phase information, although
both are hidden in large amounts of noise.

Resolution: a measure of the smallest detail that is discernible in a density map
or image. Resolution is often measured in A (1A =0.1nm). Maps with better
resolutions resolve smaller features. At resolutions better than 3.5 A, many
amino acid side-chains are resolved; at resolutions better than 4.8 A, individual
B strands are resolved; at resolutions better than 9 A, a helices are resolved; and
at worse resolutions only protein domains are resolved (Figure 1, main text).
Single-particle analysis: a cryo-EM procedure where individual macromole-
cular complexes that are frozen in a thin layer of vitreous ice are imaged. The
3D structure of the complex is reconstructed from projection images of
individual complexes (called particles) in different relative orientations.
Vitreous ice: an amorphous form of solid water. The fact that this form of ice is
not crystalline renders it particularly suitable for cryo-EM single-particle
analysis.
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Figure 1. Revolutionary progress in cryo-electron microscopy (EM) single-particle analysis. The black dots represent single-particle cryo-EM structures that were released
from the Electron Microscopy Data Bank (EMDB) between 2000 and 2012. The red dots are examples of recent progress in the field: y-secretase (y-sec), the transient receptor
potential cation channel subfamily V. member 1 (TRPV1), the 20S proteasome (20S), F420-reducing [NiFe] hydrogenase (FRH), the large subunit of the yeast mitochondrial
ribosome (mitoribo), and the cytoplasmic ribosome of Plasmodium falciparum in complex with emetine (Pf-ribo). Whereas previously many structures only resolved protein
domains (red area) or a helices (orange area), recent structures are detailed enough to distinguish B strands (yellow area) or even amino acid side-chains (green area).

remains so. Preserving the sample in a closer-to-native
state was paramount to gaining a better understanding of
biological function. Following early attempts by Henderson
and Unwin [4,5] as well as Taylor and Glaeser [6,7],
seminal work by Dubochet and coworkers showed how
fully preserved samples could be imaged by freezing them
in a thin layer of a noncrystalline form of solid water, called
amorphous or vitreous ice (see Glossary) [8—10]. Given that
vitreous ice is maintained at liquid nitrogen temperatures,
this technique was termed ‘cryo-EM’. Previously, DeRosier
and Klug used negatively stained images of bacteriophage
to show how 3D structures could be calculated from 2D
projections of macromolecules in different directions. The
combined application of cryo-EM imaging and 3D recon-
struction to 2D crystals and helical arrays of proteins
demonstrated its potential to obtain sufficient information
to identify the positions of individual atoms [11-14].

The extensive symmetry in helical arrays and crystals
greatly facilitates the 3D reconstruction process, but for
many specimens such order is difficult to obtain. In the
absence of long-range order, a purified solution of macro-
molecules may be imaged directly, and a 3D reconstruction
may be calculated from projections of individual macromo-
lecular complexes, or particles. The main limitation in this
approach, called single-particle analysis, is that the par-
ticles are imaged in unknown relative orientations. High
noise levels, especially at high resolution, which arise from
using a limited electron dose to minimize radiation dam-
age, complicate determining these orientations, particu-
larly for smaller particles.

Early experimental assessment [15] and theoretical
considerations [16] suggested that cryo-EM single-particle
analysis could reach atomic resolution for macromolecular
complexes as small as 100 kDa. For many years, this
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prospect seemed overly optimistic. Fastest progress was
obtained for large icosahedral viruses. In 1997, single-
particle reconstructions of the hepatitis B virus core parti-
cle resolved o helices for the first time [17,18]; in 2008, the
amino acid backbone could be traced in cryo-EM maps of
epsilon-15 virus, polyhedrosis virus, and the rotavirus
inner capsid particle [19-21]; and in 2010, maps with
sufficient details for de novo atomic model building were
obtained for aquareovirus and adenovirus [22,23]. For
particles without symmetry, 3D reconstruction is more
difficult, and progress was much slower. Many of the early
developments in image processing for asymmetric com-
plexes were driven by work on negatively stained ribo-
somes during the 1980s [24,25]. Gradual progress in the
development of these techniques and their adaptation for
cryo-EM (e.g., [26-29], see [30] for an overview) led from
ribosome cryo-EM structures with a resolution of around
40 A during the early 1990s [31] to a resolution near 10 A
at the turn of the century [32]. Even more than a decade
into the 21st century, only few cryo-EM structures of
complexes with low or no symmetry have reached a reso-
lution beyond 7-9 A. At such resolution, o helices are
visible as rod-like densities in the map, but B strands or
amino acid side-chains are not resolved (Figure 1).

Since early 2013, progress in cryo-EM single-particle
analysis has been so fast that is has been termed a revolu-
tion [33]. Figure 1 illustrates this progress: the black points
represent structures deposited in the Electron Microscopy
Data Bank (EMDB) between 2000 and 2012; the red points
represent outcomes of the ongoing revolution. There are
two important contributors to this rapid progress
(Figure 2). The first, and probably most important factor,
is the development of a new generation of electron detec-
tors; the second is the development of improved image
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Figure 2. Recent technological advances. (A) Previously, noisier images were recorded on photographic film, beam-induced sample motion led to image blurring, and
structurally different particles were often mixed in a single reconstruction. (B) Three recent advances yield better reconstructions: (i) digital direct-electron detectors yield
data of unprecedented quality and allow recording movies during exposure; (i) computer programs to realign the movie frames may correct for sample movements that
are induced by the electron beam; and (iii) powerful classification methods lead to multiple structures from a sample mixture.

processing procedures. Here, we review both developments
and describe the exciting, new opportunities that the latest
cryo-EM technology has to offer structural biology re-
search. Finally, we discuss outstanding problems of the
technique that, if solved, would extend the scope of this
technique even further.

What advances underlie the rapid progress?
Direct-electron detectors

Given that radiation damage strictly limits the number of
electrons that can be used, cryo-EM images are intrinsi-
cally noisy and it is important to detect the available
electrons as efficiently as possible. The detective quantum
efficiency (DQE) of a detector expresses how the signal:-
noise ratio of the incoming signal is degraded by errors in
the detection process [34]. An ideal detector would not add
any noise and so have a DQE of 1; however, in practice, all
detectors add some noise and so have DQE values of less
than 1. Figure 3 illustrates the effect of detector DQE in
simulated cryo-EM images of a ribosome.

Until recently, photographic film remained the detector
of choice for high-resolution cryo-EM, long after its use had
faded out in other fields [35,36]. This was because of its
unique combination of a large field-of-view and relatively
high DQE of ~0.3. Alternatives, such as charge-coupled
device (CCD) cameras [37-40], work well at low energies,
but their DQE degrades to ~0.1 at the higher energies
favored in cryo-EM. Still, the convenience of not having to
develop and scan film, and the ability to integrate with
automated data acquisition [41], have led to widespread
use of CCD cameras [42,43].

Currently, the search for a convenient high-DQE detec-
tor (see [44] for a recent review) has converged on the use of
monolithic active pixel sensors (MAPS) [45-47]. In these

so-called ‘direct electron detectors’, incident electrons pass
through a thin (~10-pm) semiconductor membrane where
they deposit energy that is detected by electronics that are
fabricated directly on the membrane. With these detectors,
individual incident electrons can easily be seen. So too can
electrons that initially pass through the membrane and are
then backscattered from an underlying support matrix to
pass though the membrane again. Given that the back-
scattered electrons lead to noise, the DQE is improved by
removing as much of the support matrix as possible, in a
process called ‘back-thinning’ [48]. The most recent detec-
tors have a total thickness of less than 50 wm, which allows
most electrons to pass straight through them without
backscattering. Detectors of this type are now commercial-
ly available from three manufacturers: Direct Electron
(DE), FEI (Falcon), and Gatan (K2).

The performance and characteristics of the currently
available back-thinned direct electron detectors have been
assessed in recent studies [49,50]. Each has a DQE above
that of film, as well as the advantages of immediate
feedback offered by an electronic detector. Given that even
low-dose exposures may saturate these sensitive detectors,
typical electron doses used in cryo-EM must be spread over
multiple frames, and all available detectors now provide
movie-mode functionality. The DE and Falcon detectors
form an image by integrating the signal from the individ-
ual movie The limiting factor for the signal:noise ratio in
the images of detectors that integrate signal, such as the
DE and Falcon detectors, results from the fact that the
incident electrons can deposit different amounts of energy
and, hence, contributions to the output signal [51]. The K2
avoids this limitation by counting individual electron
events rather than integrating the signal from these events
[52-54]. To be practical, the counting mode requires
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Figure 3. The effect of detector detective quantum efficiency (DQE) on cryo-electron microscopy (EM) images. (A) A perfect projection of a ribosome. (B) A simulation of the
same image in cryo-EM with a perfect detector, that is, with a DQE of 1. The inversion of contrast and other artifacts arise from aberrations in the electron optics and the
need to defocus to generate contrast. The high levels of noise arise from the finite number of electrons used: 20 electrons per AZin this simulation. (C) The same simulated
cryo-EM image, but with a DQE representative of the new detectors. (D) The same image, but with a DQE representative of a CCD camera.

recording movies at a high frame rate (at least 400 frames
per second), and dedicated hardware is needed to produce
an image in real time. Moreover, the counting mode
requires long exposures times that may become problem-
atic when the experimental support is not stable. Still,
counting offers large benefits to the lower resolution infor-
mation in output images, which is crucial for the orienta-
tion determination of the individual particles. However,
the difficulties in determining where an electron hit the
detector mean that an integrating detector, such as the
back-thinned Falcon, is still better for obtaining high-
resolution information [50].

Improved image processing
Two developments in image processing have synergized
with the new detectors to obtain better reconstructions.
The first development addresses the difficulties in dealing
with structurally heterogeneous samples; the second
addresses the problem of the irradiating electron beam
itself inducing movement of the sample. If left untreated,
both issues will result in a severe loss of information.
Most samples of macromolecular complexes contain
more than one unique 3D structure due to compositional
or conformational heterogeneity. If projections of different
structures are not classified into structurally homogeneous
subsets, their combination into a single 3D reconstruction
will result in a blurry map at best. The classification
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problem is complicated because it is often hard to distin-
guish between projections from different directions and
projections of different 3D structures. Early so-called ‘su-
pervised’ 3D classification attempts relied heavily on prior
knowledge ofthe structural variability in the sample [55,56],
which is not generally available. The breakthrough that
allowed generally applicable unsupervised 3D classification
came from the development of statistical algorithms that
were based on maximum-likelihood procedures [57,58]. Sub-
sequently introduced alternatives were based on multivari-
ate statistical analysis [59], 3D variance calculation by
bootstrapping [60], nonstatistical multiparticle refinement
[61], and partial implementations of the maximum-likeli-
hood approach [62]. With the introduction of an (empirical)
Bayesian approach to single-particle analysis, a statistical
framework was established where optimal parameters to
reduce noise in the reconstructions are inferred from the
data without expert-user intervention [63]. Implementation
of this regularized likelihood approach in the RELION
program [64] has proven to be a powerful tool for both 3D
classification and high-resolution reconstruction that has
quickly gained popularity (Table 1).

The second development in image processing is closely
related to the development of the new detectors. As soon as
the electron beam hits the thin film of vitreous ice, chemi-
cal bonds in the sample are broken and charges start to
build up. Although ultimately this destroys the entire



Table 1. Cryo-EM single-particle reconstructions that have been determined on a direct-electron detector to a resolution better

than 5 A (as of June 2014)
EMDB | Release Point | Detector | 3D Beam- Software Rpsolution
entry | date group classification? | induced (A)
motion
correction?
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80S ribosome + emetine? 2660 Jun 2014 Falcon Yes Yes RELION [64] 3.2 [76]
Yeast mitoribosome (LSU)? 2566  Apr 2014 Falcon Yes Yes RELION 3.2 [71]
TRPV1? 5778 Dec 2013 0.3 C4 K2 Yes Yes RELION 3.3 [69]
20S proteasome® 5623 May 2013 0.7 D7 K2 No Yes FREALIGN [87] 3.3 [63]
FRH? 2513 Feb 2014 1.2 T Falcon No Yes RELION 34 [70]
80S ribosome + CrPV-IRES 2599 May 2014 3.2 C1 Falcon Yes Yes RELION 3.6 [81]
TRPV1 + DkTx + RTX 5776 Dec 2013 0.3 C4 K2 Yes Yes RELION 3.8 [68]
Dengue virus 2485 Nov 2013 50 | Falcon No No EMAN [88], 4.1 [90]

MPSA [89]
80S ribosome + elF5B 2421 Nov 2013 4.2 C1 Falcon Yes Yes RELION 4.3 [79]
Rotavirus 5488 Sep 2012 35 | DE No Yes FREALIGN 4.4 [66]
vy-secretase® 2678 Jun 2014 0.17 C1 K2 Yes Yes RELION 4.5 [77]
80S ribosome 2275 Jan 2013 4.2 C1 Falcon Yes Yes RELION 4.5 [67]
Sulfolobus turreted virus 5584 May 2013 75 | Falcon No No FREALIGN 4.5 [91]
Mammalian mitoribosome (LSU) 2490 Dec 2013 1.6 C1 Falcon No No SPIDER, 4.9 [93]

IMAGIC [92],

RELION

2Shown as red points in Figure 1 (main text).

sample, even early on in the exposure the forces involved
will induce motion within the sample, which leads to
blurring of the recorded images on conventional CCDs or
photographic film (Figure 2). Using a prototype of a DE
detector, Niko Grigorieff and colleagues were the first to
exploit the movie mode of the new detectors to characterize
beam-induced sample movements. They observed doming
of the ice layer, and showed that realignment of the indi-
vidual movie frames could correct for these movements,
thereby improving the signal:noise ratios of individual
particle images [65,66].

Soon thereafter, the first major improvements in reso-
lution of reconstructed maps were obtained in independent
projects at the University of California in San Francisco
(UCSF) and the Medical Research Council (MRC) in Cam-
bridge, UK. At UCSF, 20S proteasome particles were
imaged on the K2 detector in counting mode, and an
algorithm for beam-induced motion correction of large
fields of view was proposed [53,54]. Using 120 000 particles
(with 14-fold symmetry), a map at 3.2 A resolution was
obtained in which almost all amino-acid side-chains were
clearly resolved. Simultaneously, at the MRC, ribosomes
were imaged on a back-thinned Falcon detector, and a
motion-correction algorithm was developed that tracked
motions of individual particles inside the Bayesian frame-
work [67]. Using only 35 000 (asymmetric) particles, 4A
details, such as side-chain densities for large amino acids,
were observed. These two structures provided the first
glimpse of the vastly increased potential for cryo-EM
structure determination using the new detectors in combi-
nation with beam-induced motion correction.

For many in the field, these first results came as a
surprise, probably because the synergy between the new
detectors and the improved image processing algorithms
was unexpected. On the one hand, images with stronger
signals directly led to higher resolution maps. On the
other hand, the less noisy images allowed the new

image-processing algorithms to perform better than before.
This led to more homogeneous data sets with less motion-
induced blurring, so that the orientation of each particle
could be determined more accurately. The combined effect
on the final resolution of the reconstructed maps was
stronger than many had expected.

What is now possible?

Table 1 summarizes all cryo-EM structures that were
determined using the new detectors to a resolution better
than 5 A that had been released from the EMDB by June
2014. Here, we use a few examples of these structures to
illustrate the new opportunities for structural biology
research that these advances provide.

Solving structures de novo

Previously, the interpretation of low-resolution cryo-EM
maps often relied on fitting atomic models from X-ray
crystallography or NMR. Three groups that had early
access to (prototypes of) the new detectors produced the
first de novo atomic models by cryo-EM that exploited the
advances outline above. Using the K2 detector, the Cheng
group at UCSF solved the structure of the transient recep-
tor potential cation channel subfamily V member 1
(TRPV1) channel [68,69]; using the Falcon detector, the
Vonck group at the Max Planck Institute for Biophysics in
Frankfurt solved the structure of F420-reducing [NiFe]
hydrogenase (FRH) [70]; and at the MRC, the structure
of the large subunit of the mitochondrial ribosome from
yeast was solved [71]. In all three cases, resolutions beyond
3.5 A were obtained, at which most of the amino acid side-
chains are clearly visible, and near-complete atomic mod-
els could be built de novo (Figure 4A—C).

At these resolutions, cryo-EM density maps are remi-
niscent of those obtained by X-ray crystallography. There-
fore, it is not surprising that tools developed for the
building and stereochemical refinement of crystal
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Figure 4. High-resolution cryo-electron microscopy (EM) maps with de novo-built atomic models. Atomic models and cryo-EM density maps are shown for the transient
receptor potential cation channel subfamily V. member 1 (TRPV1) ion channel (A), F420-reducing [NiFe] hydrogenase (B), large subunit of the yeast mitochondrial ribosome
(C), and v-secretase (D). The resolution of the first three structures is close to 3 A, and density for many side chains and individual RNA bases is visible in these maps; the
resolution of the y-secretase structure is 4.5 A, at which bulky side chains are visible and B strands are well resolved (insets).

structures could be readily adopted for cryo-EM. The main
difference is that the phase information of the X-ray reflec-
tions is lost in the diffraction experiment, whereas this
information is preserved in cryo-EM images. This is likely
also the reason that cryo-EM maps are clearer and, thus,
resolve more detail than do X-ray maps at the same
nominal resolution. The models for all three structures
mentioned above were built using the graphics program
COOT [72], but only the mitochondrial ribosome structure
was also refined, in this case using the program REFMAC
[73]. Both programs were developed for, and are widely
used in, X-ray crystallography. Combined with new cryo-
EM-specific tools to monitor overfitting [71,74,75], geomet-
rically correct atomic models may now be obtained de novo
from cryo-EM reconstructions.

Visualizing small-molecule compounds
Another outcome of near-3 A resolution is that small-mol-
ecule compounds, such as co-factors or inhibitors, may now
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be identified in cryo-EM maps. Along with an empty
TRPV1 structure, the UCSF team also solved this struc-
ture in complex with a peptide toxin called double-knot
toxin (DkTx) and the vanilloid agonist resiniferatoxin
(RTX) [68]. Although at a resolution of 3.8 A the exact
orientation of the small agonist could not be determined,
its location and residues involved in binding could be
identified from the cryo-EM reconstruction (Figure 5A).
Later in 2013, the structure of the cytoplasmic ribosome
of Plasmodium falciparum in complex with the antipro-
tozoan drug emetine was solved at a resolution of 3.2 A. In
this case, both the position and orientation of the drug
could be determined unambiguously (Figure 5B), thereby
providing detailed molecular insights into the mode of
action of this general eukaryotic translation inhibitor [76].

Towards solving smaller complexes
Now that near-atomic resolution has been consolidated for
a range of specimens, the question arises as to where the
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Figure 5. Visualization of small-molecule compounds. (A) A reconstruction of the transient receptor potential cation channel subfamily V. member 1 (TRPV1) ion channel in
complex with the vanilloid agonist resiniferatoxin (RTX) at 3.8 A resolution unambiguously identifies the location of the agonist (red) and the protein residues that interact
with it. At this resolution, the exact orientation of the agonist remains unknown. (B) At 3.2 A resolution, a reconstruction of the cytoplasmic ribosome of Plasmodium
falciparum in complex with the antiprotozoan drug emetine (yellow) reveals the nature of the chemical interactions between the drug and its binding pocket.

new size limits lie. Both the ribosome and FRH might be
considered easy targets for cryo-EM because they are
relatively large, and the latter also has tetrahedral sym-
metry. The minimal TRPV1 channel is smaller (0.3 MDa)
and thereby more challenging, although also in this case
fourfold symmetry expedites 3D reconstruction. Currently,
the smallest complex subjected to the new methodology is
v-secretase [77]. This asymmetric membrane complex com-
prises four different proteins with a total molecular weight
of 170 kDa (plus an additional ~60kDa of unordered oli-
gosaccharides). Imaging on a K2 detector in counting mode
and performing reconstruction with a modified motion
correction algorithm [78] led to a 4.5 A map (Figure 4D),
which proved insufficient for de novo model building. In
this case, a partially complete model for the extracellular
domain could be proposed based on a homologous struc-
ture, but transmembrane helices were modeled as poly-
alanines only and their assignment to the four different
proteins remained elusive.

Working with heterogeneous samples
Given that crystallization is often hampered by structural
heterogeneity within a sample, classification of structurally
heterogeneous cryo-EM data sets is a major asset for the
structural biologist, particularly when only small amounts
are available or further biochemical purification is difficult.
Of the structures in Table 1, the 80S ribosome in complex
with eIF5B [79] is perhaps the most extreme example. In
this case, because of incomplete factor binding, nonspecific
tRNA hydrolysis and ribosomal subunit disintegration, the
structural state of interest represented approximately 3% of
the recorded particle images. Still, unsupervised maximum
likelihood classification could identify these particles, and a
6.6 A map could be calculated from only 5000 particles.
Three other examples are the mitochondrial large ribo-
somal subunit from yeast [71] and the 80S ribosome bound
to either the Taura syndrome virus (TSV) internal ribo-
some entry site (IRES) [80], or the cricket paralysis virus
(CrPV) IRES [81]. In the former, mitochondrial ribosome

preparations were contaminated with cytoplasmic ribo-
somes that stuck to the outside of extracted mitochondrial
membranes. In the latter two, different rotational states
between the large and the small subunit were present in
the sample. In all three cases, maximum likelihood-based
3D classification procedures were able to separate particles
corresponding to the different structures.

However, there are important limitations on what can
be achieved with the current 3D classification algorithms.
All four examples just discussed concern ribosomes. For
complexes that are smaller than ribosomes, or that contain
continuously flexing domains, separation of the particles in
structurally homogeneous subsets is difficult. For example,
in the case of y-secretase, 3D classification served to enrich
the data set with good particles, but density for one third of
the extracellular domain was too poor to model, and den-
sity for many flexible loops and all sugars was missing.
Therefore, with the currently available classification algo-
rithms, unresolved structural heterogeneity remains an
important hurdle in reaching near-atomic resolution for a
range of specimens.

Where do we go from here?

The advances described here will cause an avalanche of
high-resolution cryo-EM structures in the coming years. In
particular for large and rigid complexes, and those with
some form of symmetry, many projects will reach a resolu-
tion that allows de novo building of atomic models. More-
over, determining the structures of these complexes locked
in different functional states by small-molecule compounds
will contribute to better understanding of how they work.
For many such projects, biochemical sample preparation
will become the main bottleneck, while solving the actual
cryo-EM structure will be easier and take less time. How-
ever, for smaller (<200-300 kDa), unstable or flexible
complexes, obtaining near-atomic resolution maps may
still be difficult and time consuming. For many such pro-
jects, resolving a-helices as rod-like densities may well
represent the best that one can still do.
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Box 1. Outstanding questions

e How can we develop an electron detector with a DQE that
approaches 1?

e How can we stop beam-induced motion?

e How can we improve algorithms for flexible specimens?

e How can we improve user-friendliness and throughput, while
decreasing the cost of the technique?

Nevertheless, there is room for significant further
advances in the technology (Box 1). First, the technological
limits of making better CMOS detectors have not yet been
reached. Whereas average DQEs are currently ~0.5,
values of ~0.8 should ultimately be possible with a detector
in counting mode. Making even thinner detectors will help,
as well as faster read-outs and better counting algorithms
to detect the position of incident electrons. Second, al-
though motion-correction algorithms have been useful in
improving resolution thus far, stopping beam-induced mo-
tion would be even better. Early radiation damage experi-
ments showed that 99% of the 3 A information in catalase
crystals is destroyed after an almost ten times lower dose
than typically used in single-particle analysis [82]. Yet,
during these initial stages of irradiation the beam-induced
motion is too fast to efficiently correct for [53,78]. Therefore,
stopping the sample from moving altogether would yield a
drastic improvement in the preservation of high-resolution
information. Ongoing research to accomplish this com-
prises alternative designs of the experimental support
[83—85] and novel data collection methods [86]. Third,
there is a clear need for even better image classification
methods to deal with the range of biological samples that
display large amounts of structural heterogeneity. Finally,
the field would benefit greatly from improved accessibility
ofthe technique. Although progress has been made in high-
throughput and automation [41], electron microscopists
are typically still expert scientists, and the elevated costs
of purchasing and maintaining modern microscopes makes
experimental time both scarce and expensive. Further
improvements seem likely if both academia and industry
continue their efforts to address these issues, and cryo-EM
is likely to continue to push the boundaries of structural
biology in the coming years.
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