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One of the many appealing features of single-particle electron cryo-microscopy (cryo-EM) [1] is that
biological macromolecules do not need to be constrained into speciﬁc conformational states in order
to obtain high-resolution structures. Instead, as part of the normal, cryo-EM data-processing pipeline,
it is often possible to correctly categorize each individual particle image into one or another of the
ensemble of conformational species that are naturally present in solution [2]. The further introduction
of a Bayesian method for ‘3D classiﬁcation’ of individual images [3] made it possible to obtain
high-resolution maps for two or more of the most highly populated conformational states that are in
equilibrium with one another, under the same solution conditions.
In a subsequent development, computational tools were introduced to focus the 3D classiﬁcation
and reconstruction process on speciﬁc regions within a larger, ﬂexible macromolecule (Figure 1A) [4–6].
Often, this approach begins with a ‘consensus’ reconstruction of the major, larger component of the
macromolecule, followed by the generation of a 3D mask that encompasses the region of interest. The
alignment parameters assigned to the larger component usually serve as starting points for ‘focused
reﬁnement’ of the smaller ﬂexible component(s). Alignment of the targeted region can be improved
by computationally removing density corresponding to the macromolecule outside of the 3D mask
through a method known as ‘signal subtraction’ [6]. Such mask-and-align methods are the computational equivalent of the ‘divide and conquer’ approach [7] that has been used successfully in macromolecular crystallography. The beneﬁt of masking and aligning, of course, is that one is no longer
required to biochemically isolate the individual, smaller portions of a larger structure, thereby removing the pieces from the context in which they function.
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This mini-review provides an update regarding the substantial progress that has been
made in using single-particle cryo-EM to obtain high-resolution structures for proteins
and other macromolecules whose particle sizes are smaller than 100 kDa. We point out
that establishing the limits of what can be accomplished, both in terms of particle size
and attainable resolution, serves as a guide for what might be expected when attempting
to improve the resolution of small ﬂexible portions of a larger structure using focused
reﬁnement approaches. These approaches, which involve computationally ignoring all but
a speciﬁc, targeted region of interest on the macromolecules, is known as ‘masking and
reﬁning,’ and it thus is the computational equivalent of the ‘divide and conquer’ approach
that has been used so successfully in X-ray crystallography. The beneﬁt of masked
reﬁnement, however, is that one is able to determine structures in their native architectural
context, without physically separating them from the biological connections that they
require for their function. This mini-review also compares where experimental achievements currently stand relative to various theoretical estimates for the smallest particle
size that can be successfully reconstructed to high resolution. Since it is clear that a substantial gap still remains between the two, we brieﬂy recap the areas in which further
improvement seems possible, both in equipment and in methods.
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Figure 1. Some examples of recent structures that have been determined by cryo-EM.

Part 1 of 2

Accession numbers for each of these illustrations are indicated above the respective maps shown here. (A) The two-fold
symmetric structure of the angiotensin-converting enzyme 2 (ACE2) bound to the membrane protein B0AT1, was determined at
a reported resolution of better than 3 Å [73]. However, the transmembrane regions of B0AT1 were not well-resolved in this map.
The mask-and-align approach was used to substantially improve the resolution of this 68 kDa region. (B) The three-fold
symmetric structure of the archaeal glutamate transporter GltPh was determined with a reported resolution of 3.9 Å resolution.
A specialized type of mask-and-align approach, which enables asymmetric units within a symmetric complex to be structurally
analyzed in isolation (reviewed in [74]), was used to reveal the presence of distinct conformers among the protomers [75].
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Figure 1. Some examples of recent structures that have been determined by cryo-EM.

Part 2 of 2

(C) Four recent single particle reconstructions of <100 kDa complexes at increasing resolution. Shown from left to right are: The
SARS-CoV-2 exoribonuclease (nsp10–nsp14) bound to RNA [17], the pangolin coronavirus receptor binding domain bound to
human ACE2 [19], the SARS-CoV-2 open reading frame 3a putative ion channel [22], and streptavidin from Streptomyces
avidinii acquired using a Krios G4 electron microscope equipped with a cold FEG, Selectris energy ﬁlter and Falcon IV direct
detector (personal communication with Dr. Tomohiro Nishizawa).
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The development of the mask-and-align approach in single-particle cryo-EM raises the question of how
small a region can be targeted and still be large enough to assign accurate alignment parameters for highresolution structure determination. This question is not as easily answered as is the simpler one — how small
an isolated single particle can be, which was addressed previously and continues to be an active area of study
[8–11]. Theoretical estimation for the case of mask-and-align is made more difﬁcult because of residual errors
and artifacts that remain after computationally subtracting information from surrounding parts of the larger
structure, which add a confounding background that is both particle- and view- (orientation) speciﬁc.
Nevertheless, results achieved with isolated macromolecules at least provide a best-case limit for what might be
achieved with the mask-and-align approach.
We ﬁrst update previous reviews on the progress made in determining the structures of isolated, smaller
macromolecules by cryo-EM, pointing out that the current state-of-the-art still falls well short of the estimated
theoretical limits. Further improvement in the capabilities of cryo-EM is sure to follow, however. We thus conclude this review by offering our perspective on what it may take to further narrow the gap between theory and
what is possible in practice.

Cryo-EM of proteins smaller than 100 kDa continues to
make rapid progress
The high level of noise in single-particle cryo-EM images, and the resulting ambiguity of particle alignment
that this causes, initially led the cryo-EM community to underestimate its ability to resolve the structures of
smaller targets. Even after the advent of direct detector cameras, it still was widely believed that any biological
targets smaller than 200 kDa would fail to reconstruct to high resolution [12]. Then, after high resolution
reconstructions were achieved of complexes smaller than 200 kDa using conventional single-particle cryoEM
methods, it was initially thought that targets smaller than 100 kDa, would require the use of phase plate technology [11]. Even this assumption proved to be wrong [13], however, and the number of high-resolution structures of biological targets smaller than 100 kDa that is determined using conventional cryo-EM methods,
including many membrane proteins, rises every year. A few representative examples of the density maps are
shown in Figure 1C and in Figure 2B.
The current resolution record for a <100 kDa complex is that of streptavidin from Streptomyces avidinii,
which forms a soluble 74 kDa tetramer that was resolved to ∼1.7 Å resolution (EMD-31083, Figure 1C) using a
Titan Krios G4 microscope equipped with a cold FEG and a Selectris energy ﬁlter, with images acquired using
a Falcon IV direct detector ( personal communication with Dr. Tomohiro Nishizawa). This reconstruction conﬁrms the capacity for next-generation instrumentation to enable single particle approaches to surpass the 2 Å
resolution barrier for stable <100 kDa complexes. Considering the ongoing technological and methodological
developments discussed later in this review, as well as the current trends demonstrated in Figure 2A, we can
expect that such resolutions will become more commonplace for similarly or smaller sized complexes.
Given the fact that the vast majority of the proteins that make up the mammalian proteome are less than
100 kDa [14], further development of methodologies targeting macromolecules in this size range are of signiﬁcant biomedical importance. Furthermore, advances in our ability to resolve small, isolated protein complexes
will likely be of beneﬁt to mask-and-align studies of targeted regions within larger complexes. This is because
the success of the mask-and-align approach in improving the resolution of a particular region of a map is directly inﬂuenced by the mass of the targeted region. A larger mass will scatter more electrons, producing a projection containing increased signal, which is needed for accurate orientation assignment by alignment
algorithms. For example, although it was previously shown that individual lysozyme proteins (14 kDa) can be
observed as distinct dark spots using cryo-EM [15], the projection images of these particles do not contain
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small macromolecules.
(A) The number of <100 kDa entries released by the EMDB (blue bars) has begun to increase substantially as more groups
recognize the capacity of existing cryoEM technology to resolve high resolution structures of molecular targets in this size
range. Simultaneously, the resolutions attained by single particle cryoEM continues to improve. (B) Four
nucleic-acid-containing complexes smaller than 100 kDa in size. Shown from left to right are: the reconstructed densities of the
PiwiA-piRNA complex [32], Cre recombinase bound to a DNA substrate [31], the SAM-IV Riboswitch [33], and Frameshift
Stimulation Element (FSE) from the SARS-CoV-2 RNA Genome [34]. The riboswitch and FSE structures are purely nucleic acid,
and demonstrate the potential for nucleic acids, which have a higher density than protein, to aid in attaining high resolution
structures at the theoretical size limit of cryo-EM.

sufﬁcient structural details to enable accurate orientational assignments. Computer simulations have since conﬁrmed that solving the structure of lysozyme is a challenge for cryo-EM, but suggest that it should be achievable when a phase plate is used [16].
The realization that high-resolution structures of <100 kDa complexes could be determined using conventional
single particle cryoEM methods was particularly timely in the context of the COVID-19 pandemic, as over a
third of the <100 kDa depositions to the EMDB so far this year are associated with SARS-COV-2. These entries
include the Coronavirus exoribonuclease, [17] the receptor-binding domain bound to human receptors or neutralizing Fabs/nanobodies [18–20], viral envelope proteins [21], and putative viral membrane channels [22].
While the trimeric spike protein, which contains the receptor-binding domains, is over 400 kDa in size, the
mask-and-align approach was particularly useful in increasing resolution of binding modes of neutralizing antibodies or nanobodies, providing a detailed description of residues involved in neutralizing interactions [23–25].
The masks used for these focused image analyses often encompassed density that were smaller than 100 kDa
in cumulative mass, emphasizing the utility of the mask-and-align approach in improving resolution for small,
targeted regions of a map.
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Figure 2. Illustration of the rapid growth in the ability of single-particle cryo-EM to produce high-resolution structures of

Biochemical Society Transactions (2021) 49 2287–2298
https://doi.org/10.1042/BST20210360

Downloaded from http://portlandpress.com/biochemsoctrans/article-pdf/49/5/2287/923751/bst-2021-0360c.pdf by UK, Orla Lappin on 15 November 2021

One of the most impressive examples in the category of <100 kDa COVID-related structures is the 2.1 Å resolution structure of the SARS-CoV-2 ORF3a ion channel embedded in lipid nanodiscs (Figure 1C) [22]. This putative viral ion channel forms a dimer amassing 62 kDa, and it is the highest resolution <100 membrane protein
determined to date. Notably, this structure was determined without the incorporation of a tightly binding Fab, as
is usually required for structure determination of small membrane proteins. Incorporation of size-increasing moieties into small membrane proteins is common since a substantial portion of any small membrane protein will
likely be buried within detergent or lipid micelles, which obscure structural features of the membrane-embedded
regions in the projection images. Increasing the apparent size of the soluble domains can be accomplished either
through selection of a high afﬁnity Fab or nanobody that stably binds an exposed region of the target protein
[26,27], or by fusing the target protein to a rigid soluble domain, such as a BRIL domain, that can be targeted by
a known Fab [28,29]. A recent study introduced the ‘Legobody’, wherein a target-speciﬁc nanobody is integrated
into a stable 120 kDa scaffold bearing a distinct shape that aids in accurate orientation assignment. This
Legobody was used to determine high resolution structures of a 23 kDa membrane protein (KDEL receptor), and
the 22 kDa receptor-binding domain of the SARS-COV-2 spike protein [30].
A number of <100 kDa complexes are of nucleoprotein complexes. The higher density of nucleic acids (averaging 1.7 g/cm3 vs. an average protein density of 1.35 g/cm3) imparts greater electron scattering per cubic Å,
thereby enhancing the contrast of these regions in the resulting projections. Indeed, 2D classiﬁcation of small
nucleoprotein complexes often show signiﬁcantly brighter density corresponding to the nucleic acid components of the assembly relative to the protein components [31,32]. Thus, incorporation of nucleic acid, if wellordered relative to the protein interactors, likely improves the accuracy of 3D orientation assignments. An
excellent example of such a small nucleoprotein complex is the Cre recombinase bound to a DNA substrate,
assembling into a 54 kDa complex that was determined to 3.9 Å resolution [31]. Likely owing to their higher
density properties, the cryo-EM reconstructions that have come closest to the theoretical size limit of single
particle analysis have been of RNA oligomers (Figure 2B). To date, the smallest isolated complex resolved to
better than 4 Å resolution using single particle approaches is the 39 kDa S-adenosylmethionine-IV riboswitch
RNA (∼3.7 Å resolution) [33]. It was also recently demonstrated that a 28 kDa frameshift stimulation element
of the SARS-CoV-2 RNA genome, which is notably smaller than the predicted theoretical 38 kDa size limit,
could be resolved to ∼6.9 Å resolution [34]. Such observations indicate that integration of nucleic acid into
protein complexes, such as through the development of site-speciﬁc aptamers, may enable higher resolution
structure determination of isolated small complexes or ﬂexible regions through mask-and-align approaches.
To ensure success when imaging small particles, one of the more important considerations is to use a high
enough magniﬁcation that the pixel size of the resulting micrographs is one fourth or even less (rather than
just half ) the sought-after resolution. Using a higher magniﬁcation decreases the ﬁeld of view and thereby
reduces the number of particles included in each image, but the improved camera performance achieved (see
below) more than compensates for this. However, a ﬁeld of view that is too small can decrease the accuracy of
motion correction and CTF estimation algorithms, and thus it is important not to work at too high of a magniﬁcation. Other considerations that help are to record images in areas where the ice thickness is less than
∼30 nm, and to minimize beam-induced motion (addressed further below) by preparing samples on holey gold
ﬁlms that are supported on gold grids [35]. It is also beneﬁcial to prepare samples that have a large number of
particles per unit area, not just to thereby reduce the number of images that must be recorded, but also to
increase the level of signal in the contrast transfer function (CTF).

Estimated theoretical limits suggest that room for
improvement still remains
There are fundamental limitations on what can be accomplished by any experimental technique. In cryo-EM of
small particles, the factors that fundamentally limit what is possible include (A) the limited scattering of electrons from individual atoms, (B) the size of the particle, i.e. the total number of atoms present in the targeted
particle, and (C) structural homogeneity of the particles, i.e. the percentage of atoms that are in identical locations from one particle to the next.
In addition, there is the equally important, practical factor that high-energy electrons are ionizing radiation,
and biological structures thus become damaged beyond the point of recognition if the exposures are too high
[8,36–38]. The values of electron exposure that may be safely used are, in fact, much smaller than what is
needed to visualize features at atomic resolution, as will be further explained below. As a consequence,
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Prospects for narrowing the gap between experiment and
theory
The ideal-case assumptions that were made in theoretical estimates include (A) there is no loss of signal due to
imperfect performance of the camera, (B) there is no loss of signal due to the chromatic aberration of the
microscope, (C) there is no loss of signal due to uncorrected, beam-induced motion, and (D) there is no loss of
signal due to oscillations in the CTF. The available technology for biological cryo-EM still falls well short of
realizing all four of these assumptions. Instead, these practical issues still need much improvement in order to
close the gap between what can be achieved at present and what have been estimated to be the theoretical
limits of cryo-EM.

Camera performance
All cameras that are currently used in cryo-EM consist of pixelated silicon sensors, regardless of the particular
technology on which they are based, such as CCD, CMOS, or ‘hybrid’ devices [43]. Although the improved
performance introduced by direct electron detection revolutionized cryo-EM [44,45], pixelation unavoidably
produces a signiﬁcant loss of signal as one goes to higher and higher resolutions. As a result, the spectral
signal-to-noise ratio (SNR) progressively falls off in the Fourier transform of a pixelated image, relative to what
it is in the image intensity itself.
This unwanted falloff is usually quantiﬁed by measuring the spectral detective quantum efﬁciency, DQE(s),
of a camera device. The falloff in DQE is the result of the inability to distinguish precisely which single pixel
on the detector is initially hit by an incident electron. In effect, the recorded image intensity is a 2D array of
samples of the convolution product between (A) the image intensity, as it hits the camera, and (B) a function
whose value is 1.0 inside a single pixel and 0.0 outside. Figure 3 shows an early comparison of the theoretical
of DQE(s) for a pixelated camera and some experimental curves [43]. While the performance levels of some
newer cameras now approach the theoretical limit, shown by the dotted curve in Figure 3, the falloff in DQE(s)

2292

© 2021 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society

Downloaded from http://portlandpress.com/biochemsoctrans/article-pdf/49/5/2287/923751/bst-2021-0360c.pdf by UK, Orla Lappin on 15 November 2021

cryo-EM images, when taken with ‘safe’ exposures, are quite noisy due to the random distribution of just a
limited number of electrons per unit area in the images.
Both the values of the atomic scattering cross sections — and thus the amount of signal that is available for
a particle of a given size, and the tolerated electron exposures — and thus the level of shot-noise in the image,
are dependent on the energy of the electrons used to record images [39]. The voltage-dependent increase in
one of these factors is largely offset, however, by a voltage-dependent decrease in the other. As a result, we
believe that comparable results can be expected for images recorded at either 200 keV or at 300 keV. On the
other hand, instrumental factors such as reduced performance of the camera, and the reduced temporal coherence of the electron beam, currently have a notably adverse effect on images recorded at 100 keV, although it
has also been pointed out that the information that is obtained, for a given amount of radiation damage, is
slightly higher at 100 keV if the samples are thin enough [39].
Since images of single biological molecules are too noisy to be interpretable at atomic resolution [8], data
must be merged from images of a large number of identical particles, i.e. asymmetric units in the case of symmetric oligomers, no matter what energy of electrons is used. Doing so improves the signal-to-noise ratio,
thereby allowing three-dimensional density maps to be correctly interpreted in terms of the chemical structure
of the particle. Theoretically, the required number of asymmetric units might be as small as ∼1000 identical
particles, or even less depending upon the sought-after resolution and the value of the so-called B factor (a
term used to represent the sum of resolution-limiting factors associated with an experimental setup) [10]. The
required number of asymmetric units is independent of the size of the particle, provided that the particle’s size
is above a threshold value, which has been estimated to be as small as 20 kDa [9], although a higher value was
estimated in the section titled ‘Averaging particle images’ in [10]. In current practice, however, the required
number of asymmetric units used to obtain an interpretable map at ∼3.5 Å resolution generally remains above
15,000, as it was for subtomogram averaging of ribosomes [40], and at least eight million asymmetric units are
needed to obtain a map at better than 1.3 Å resolution [41,42].
A large gap thus remains between the current requirements for obtaining high-resolution maps and the estimated theoretical limits. This brings us to the important question of what was assumed, when making theoretical estimates, that has not yet been realized in current experiments.
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Figure 3. Curves comparing the experimentally determined DQE(s) values for three older, commercially available
direct-detection cameras; the curve for photographic ﬁlm; and the theoretically best-possible curve for a pixelated
camera.
Although more recent developments in camera performance have brought the values for all commercially available cameras
closer to the theoretical limit, this ﬁgure nonetheless emphasizes the limiting way in which pixilation causes the DQE to fall off
as the resolution increases. As is explained in the text, one can collect images at higher magniﬁcation in order that the
sought-after (best) spatial frequency is no more than 0.4 or 0.5 of the Nyquist frequency, thus incurring a much smaller amount
of falloff. In the future, it might be hoped that technology to interpolate the location of single-electron events (i.e.
super-localization technology) might become more effective than what is currently available, thus overcoming the limitation set
by pixelization. This is a redrawn ﬁgure, modiﬁed from one presented as Figure 4 in [76], which was prepared for us courtesy of
Dr. Greg McMullan.

incurred by pixelization will always introduce a large gap relative to the limiting value of DQE(s) = 1.0, which
has been assumed when making ideal-case estimates.
One way to increase the values of DQE (s) at high resolution is, in principle, to ﬁt a model of the pointspread function of a camera to its measured responses to single-electron events, and assume that electron
counts should be assigned to the centers of the ﬁtted point-spread functions. Mathematically analogous to
super-resolution (super-localization) approaches that have successfully improved the resolution of ﬂuorescencebased light microscopy [46], this approach has so far given only a marginal improvement in the performance
of direct-detection cameras. An alternative approach, which was recommended above, is to record images at
two, or even three times higher magniﬁcation than is needed to place the desired resolution at the Nyquist
limit. The approach of using ‘empty’ magniﬁcation is now used quite frequently, and it greatly improves the
resolution achieved in reconstructions, but it comes at the heavy cost of increasing the number of images that
must be recorded.
Further development of camera performance thus remains an essential priority. Improvements may be
achieved (A) by increasing the number of pixels in the camera, in order to increase the imaged ﬁeld of view at
a given magniﬁcation, (B) by improving the technology used for super-localization of single-electron events, or
(C) by a combination of the two. The ﬁnal result, however achieved, is likely to have signiﬁcant impact on what
is achieved by cryo-EM.

Chromatic aberration and temporal coherence
The ﬁnite temporal coherence of the electrons that pass through the electron microscope give rises to an ‘envelope function’ [47], the exponential falloff of which depends upon the product of the chromatic aberration
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Beam-induced motion
Any sample motion that occurs while recording an image will clearly result in blurring of the image, resulting
in a loss of signal at high resolution. Just being irradiated by the electron beam is enough, unfortunately, to
cause signiﬁcant specimen motion [48], and deﬂection of the electron beam also occurs when steps are not
taken to prevent electrostatic charging of the specimen while being illuminated [49]. Although the problem of
beam-induced motion is mitigated by recording images as a series of frames that can be subsequently aligned
to one another [50,51], motion that occurs during the exposure of a single frame still results in unrecoverable
loss of signal. Unfortunately, the amount of beam-induced motion is greatest during the ﬁrst few frames of a
movie, thus substantially reducing the high-resolution signal in images at the time when it is still at its highest
level within the specimen, i.e. prior to it being lost due to radiation damage [52].
The use of holey gold specimen-support ﬁlms, themselves supported on gold grids, reduces beam-induced
motion to a considerable extent [53]. A recent modiﬁcation, in which the holey gold support ﬁlms are
mounted on molybdenum grids, seems to further reduce ‘cryo-crinkling’ and its associated contribution to
beam-induced motion, even for grids tilted by up to 45 degrees [54]. A further improvement can also be had
by greatly reducing the hole size of the thin gold specimen support ﬁlm [55], but — if the hole size is extremely
small — the improvement comes at the expense of reducing the amount of imageable sample within the hole.
Fractionation of the exposure into a greater number of frames, especially at the beginning of the exposure,
might be an alternative way to reduce the impact of beam-induced motion. The use of electron event representation (EER) [56], or the equivalent, is an especially efﬁcient strategy in this regard, although shorter frames
carry less signal and may not be aligned accurately. This low-signal issue associated with ‘super-fractionated’
frames could be overcome with the incorporation of high-contrast ﬁducials, or increasing the contrast of the
specimen itself through the use of a phase plate.

Contrast transfer
Cryo-EM specimens exhibit very little amplitude contrast, corresponding to the fact that, as explained in
Section 1.2.2 of [1], few electrons are absorbed (inelastically scattered) in thin, unstained objects. On the other
hand, the same specimens exhibit strong phase contrast when the images are defocused by a sufﬁciently large
amount. Unfortunately, using defocus to generate phase contrast results in a signiﬁcant corruption of the image
The resulting CTF for defocused images always remains extremely low at low resolution, and, although the
CTF reaches ideal values at some intermediate spatial frequencies, it actually oscillates between values of 1.0
and −1.0 as the resolution increases, see [57,58]. The information that can be recovered, by making nowstandard computational corrections, still deviates signiﬁcantly from the ideal case in which the signal in the
Fourier transform of the image remains identical with that of the electron wave function as it ﬁrst exits the
specimen.
Although obtaining nearly ideal phase contrast is a theoretical possibility in electron microscopy [59], as it is
in light microscopy [60], devising an appropriate phase plate for electrons has proven to be more elusive than
had been imagined [61]. A signiﬁcant advance was made in this direction by taking advantage of an effect in
which the local value of the surface potential of a thin, heated-carbon foil changes when the foil is irradiated
by an intense electron beam [62]. While effective, the resulting, so-called ‘Volta’, phase plate suffers from being
unable to produce phase shifts of the desired value for more than limited periods of time. More importantly, it
also suffers from losses of signal due to electron scattering by the foil itself, as well as exhibiting a poorly
understood, but signiﬁcant, loss of signal at high resolution [63].
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coefﬁcient of the objective lens and the energy spread of the beam. This envelope function signiﬁcantly reduces
the signal in Fourier transforms of images at high resolution, relative to the signal in the electron beam as it
exits the specimen. This issue is best addressed by reducing the energy spread of the beam, as has been done
for some time in materials-science applications. As mentioned above, it has recently been shown that using
either a gun monochromator [41] or a cold ﬁeld-emission gun [42] makes it possible to extend the resolution
achieved by single-particle cryo-EM to below 1.3 Å, and likely aided in breaking the 2 Å resolution barrier for a
<100 kDa complex. A current challenge, however, is that data must still be merged from up to 24 million structurally identical asymmetric units to achieve such high resolutions, something that is impractical unless the
protein molecules are assembled into highly symmetrical oligomers, such as apoferritin. Nevertheless, it can be
expected that technology to improve the temporal coherence will become increasingly important as the other
limiting factors begin to be mitigated, and thus the number of asymmetric units is reduced signiﬁcantly.
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More recently, however, progress has been made towards using an intense laser beam as a phase plate for
high-energy electrons [64,65]. While the theoretical CTF for such a phase plate could approach the desired
value of 1.0 over a broad range of spatial frequencies, this technology is still in the early development phase.

Summary and conclusions
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Year after year, single-particle cryo-EM increasingly contributes to breakthroughs in biochemistry and structural biology. This review has emphasized the rapid extension of high-resolution cryo-EM to macromolecules
whose sizes are well below 100 kDa, once considered to be inaccessible by this method. Such advances greatly
expand the power of cryo-EM to investigate different conformational states of ﬂexible, dynamic macromolecules, i.e. states which normally co-exist under physiologically relevant buffer conditions. As a result, regions of
a map that once were blurred to low resolution are now being reﬁned to high resolution by masking all but the
region in question, which is the computational equivalent of the ‘divide and conquer’ approach previously used
so successfully in biochemistry and structural biology. By extending the masked-reﬁnement approach to
smaller and smaller subunits, it becomes possible to observe individual parts of macromolecular machines in
their native structure environments, without needing to ﬁrst physically separate them in order to ‘conquer’.
Given the importance of cryo-EM structure determination in the ﬁeld of drug design [66] we expect that
advances in these methods could be extended to unambiguously identify the binding modes of low occupancy
or low afﬁnity small molecules in their respective binding pockets to beneﬁt structure-aided drug design.
Further advances in masked reﬁnement technologies will also beneﬁt ongoing development of algorithms
aimed at describing the complete conformational landscapes of macromolecules, enabling more detailed characterization of the motions of small components [67–72]. We anticipate that such computational developments,
which are increasingly taking advantage of powerful deep-learning frameworks, will eventually do away with
our need to deﬁne masks or manually guide classiﬁcation and reﬁnement. The expectation is that 3D analyses
of single particle cryoEM data in the future would automatically produce conformational landscapes of the targeted molecules rather than a single structure.

Perspectives
• Advances in single-particle cryo-EM now make it possible to determine high-resolution structures of macromolecules, and even ﬂexible regions of macromolecular complexes, whose size
is signiﬁcantly smaller than 100 kDa.
• The lower particle weight limit of macromolecules that can be reconstructed using singleparticle cryo-EM is currently below 50 kDa for proteins, and even lower for nucleic acids. The
eventual limit might thus become less than ∼20 kDa.
• Future advances in cryo-EM technology, which can be expected to facilitate high-resolution
structure determination of smaller macromolecules, include (1) better camera performance, (2)
more monochromatic electron sources, (3) better recovery of high-resolution information that
is lost because of beam-induced motion, and (4) the use of phase plates that can provide
nearly perfect contrast transfer over the full range of spatial frequencies.
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