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Abstract

The capabilities and application range of cryogenic electron microscopy (cryo-EM)
method have expanded vastly in the last two years, thanks to the advances provided by
direct detection devices and computational classification tools. We take this review as an
opportunity to sketch out promising developments of cryo-EM in two important direc-
tions: (i) imaging of short-lived states (10-1000 ms) of biological molecules by using time-
resolved cryo-EM, particularly the mixing-spraying method and (ii) recovering an entire
continuum of coexisting states from the same sample by employing a computational
technique called manifold embedding. It is tempting to think of combining these two
methods, to elucidate the way the states of a molecular machine such as the ribosome
branch and unfold. This idea awaits further developments of both methods, particularly
by increasing the data yield of the time-resolved cryo-EM method and by developing the
manifold embedding technique into a user-friendly workbench.
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Introduction

With the recent advances provided by direct electron detec-
tion cameras, cryogenic electron microscopy (cryo-EM)
has reached the point where it can compete with X-ray
crystallography in its ability to furnish atomic models of
macromolecular assemblies. While modeling usually relies
on bioinformatics knowledge, ab initio modeling con-
strained by densities, sequences and rules of stereochemistry
has been achieved in some cases (e.g. GroEL [1], ion chan-
nels [2,3] and large subunit of the mitochondrial ribosome
[4-6]). It can be argued that cryo-EM of molecules in

single-particle form (which will be exclusively discussed in
the following) is in fact doing a better job in capturing func-
tionally meaningful states as the reconstructions obtained
depict ensemble averages of free-standing molecules, unim-
peded by intermolecular contacts (although the molecules
may be affected by the interaction with the water—air inter-
face and with the carbon or other supporting film). Another
advantage, which has only recently emerged with the
advance of powerful classification algorithms, is the ability
of cryo-EM to capture multiple states of a molecule all at
once from the same sample (see [7,8]), and to achieve high
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resolution with only tens of thousands of particles (e.g. [9]).
The extraordinary achievements in the past 2 years, which
have provided new insights in structure and function of
molecules in the size range of 170 kDa (e.g. y-secretase [10—
12]) to several MDa (e.g. ribosomes [4], viruses [13], large
ion channels [14] and spliceosome [15,16]), give us pause to
reflect on the past, but also to ponder what directions the
field might take in the future. We take this review as an
opportunity to sketch out promising developments that will
expand the power of cryo-EM in two important directions:
imaging of short-lived (10-1000 ms) states (‘time-resolved
cryo-EM’), and the ability to recover an entire continuum of
coexisting states from the same sample.

Time-resolved cryo-EM

In time-resolved EM studies, a biological reaction is stopped
at multiple time points by fast-freezing (i.e. cryo-plunging)
or chemical fixation (e.g. negative-staining by heavy metal
salt, and cross-linking by formaldehyde), and the trapped
biological complexes are visualized by conventional trans-
mission electron microscopy (TEM) followed by 3D recon-
struction. Time-resolved EM combines the structural study
with kinetics, by capturing kinetic intermediate states in
a biological reaction, and may ultimately provide ‘movies’
of a biological complex functioning in real time. These
methods have the potential to provide key insights into the
mechanism of action of the complex.

Sprayer-switch

Plunger

Time resolution can be easily achieved in EM studies
without the need for special equipment, when the pace of
the reaction is slow compared with the length of the step
required for grid preparation via blotting. The blotting
method, i.e. first applying the specimen on the grid then
blotting with filter paper to remove excess solution, usually
takes a few seconds. Microtubule dynamics [17] and mem-
brane fusion [18], for example, have been studied using
time-resolved cryo-EM only a few years after the invention
of the rapid freezing method [19]. This slow-paced time-
resolved cryo-EM method is also applicable to the process
of virus capsid maturation, which spans several days [20].
More recently, Mulder et al. [21] used negative-staining EM
to study the progress of ribosome biogenesis, particularly
the biogenesis of the small subunit of the E. coli ribosome,
during a time interval of 1 to 120 min. Fischer et al. [22] fol-
lowed the progress of back-translocation of a translating
E. coli ribosome, a process catalyzed by LepA (a.k.a. EF4),
using time-resolved cryo-EM. In both cases, the reaction
was quite slow, allowing samples of the product intermedi-
ates to be taken in intervals of minutes.

Much faster biologically relevant reactions, on the time
scale of milliseconds, can still be studied by cryo-EM,
because the rapid-freezing step itself takes a fraction of a
millisecond (reviewed in [23]). Such fast reactions require a
means of mixing, reacting and depositing the product on the
grid in a fast, controlled way. Over the years various methods
of fast specimen preparation have been introduced, including

Fig. 1. Schematic of the spray-freezing apparatus and an image of a partially spread droplet. (a) The
spray-freezing apparatus consists of a guillotine-type plunger and a pneumatic sprayer. A fiber optic
sprayer-switch detects the movement of the plunger, and opens a valve for compressed nitrogen gas to set off
the spray. The humidifier tube delivers 100% humid air to maintain high humidity around the grid. (b) An image
of a partially spread droplet containing ferritin and tobacco mosaic virus on the surface of a thin aqueous film
containing turnip yellow virus. The small circle indicates the diameter of the droplet as it would have been before
hitting the surface. The intermediate and largest circles indicate the extent of the tobacco mosaic virus and the
ferritin particles, respectively. Mixing happens laterally through the aqueous film. Figure adapted from [24].
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spray-freezing [24], mixing-spraying [25], flash-photolysis
[26] and capillary action [27]. These will be quickly reviewed
below. A major bottleneck in trying to achieve high-resolution
structures in all these approaches is low data yield (i.e. the
number of biological complexes obtainable per EM grid),
compared with the standard blotting method.

In their pioneering work, Berriman and Unwin [24] devel-
oped a method of spray-freezing where one reactant resides
on the (pre-blotted) grid and the other reactant is sprayed
onto the grid in fine droplets (Fig. 1). Mixing is achieved
laterally on the grid itself during the brief time between spray-
ing and plunging into the cryogen, which can be varied from
1 to 100 ms. While this method has been proven for small
sprayed molecules (e.g. acetylcholine, ~150 Da [28]), there is
a question whether mixing and reacting on the grid itself may
face obstacles for molecules in the size range of tRNA
(~26 kDa), translation factors or entire ribosomal subunits.
As for the data yield, although the spread of acetylcholine
was limited to a finite area surrounding the point of droplet

(@)

Solution 2

Solution 1

(b)

500 pm

Mixer

()

impact, this shortcoming was compensated by the local
abundance of acetylcholine receptors on the postsynaptic
membrane (presented as tubular vesicles) [28].

In the mixing-spraying method developed by Lu et al.
[25], mixing and reacting are achieved in a monolithic
silicon chip, a microfluidic device with two solution inlets
and one spray outlet (Fig. 2). While the time for mixing
itself is fixed and in the range of 0.5 ms for all chips, the
mean reaction time is defined by the length of a meandering
reaction chamber, which in the present design can be varied
in the whole range from 4 to 600 ms. The time of flight for
the spray and the plunging time for the grid add another 5
to 40 ms, depending on the geometry [29,30]. The mixing-
spraying method has been proven to work for fast reactions
involving two big molecules—the ribosomal subunits
[29,30] (see Case study and future improvements of the
mixing-spraying method section for more details).

In the flash-photolysis method [26,31], the grid is pre-
coated with all the components for the reaction, one of

Environmental chamber

~4ms ~10-40 ms ~125-500 ms
UL \,;l ‘
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Different Reaction Channels

Fig. 2. Experimental setup of the mixing-spraying method and the design of the mixing-spraying chip. (a)
Experimental setup. Two solutions (1 and 2) are injected into the mixing-spraying chip, mixed and reacted for a
short, defined time. The mixture solution meets compressed nitrogen gas (Gas) and is sprayed into a plume of
droplets. The droplets fly to the EM grid, which is plunging into the cryogen. The resulting grid contains blobs
of vitreous ice where the droplets hit the grid surface. (b) Design of the mixer. The two solutions with a total
flow rate of 6 pl/s are mixed completely within 0.5 ms in the four tandem butterfly-shaped mixer channels. (c)
Design of the different reaction channels. The length of the reaction channel can vary to achieve different
reaction times (from 4 to 500 ms) on different chips. Figure adapted from [25,30].
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which, such as ATP or GTP, is bound in a light-sensitive
‘cage’. A flash of UV light opens the molecular cage, releas-
ing the reagent within, and thereby initiating the reaction.
After a short controlled time interval, on the order of milli-
seconds, the reaction is quenched by freezing. Compared
with the two above-mentioned spraying methods [24,25],
the photolysis method is distinguished by employing regular
blotting, which results in a continuous layer of thin ice con-
taining the mixture of reactants, and therefore will have
high data yield, comparable with that in the usual blotting
method. There is a concern about heating of the specimen
caused by the flashlight, but it can be alleviated or mitigated
by the use of thick, aluminum-coated grids [31]. The flash-
photolysis method is mainly limited by the availability of
photoactive substrates, including small molecules, peptides
and proteins (reviewed in [32]).

Recently, another time-resolved cryo-EM method based
on capillary action was developed, but thus far only applied
to some inorganic chemistry reactions [27]. Here the speci-
men is delivered to the grid via a capillary mounted perpen-
dicular to the grid, and excess fluid is removed by another
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capillary mounted parallel to the grid. Simulations by these
authors suggest that the capillary method results in reduced
shear in the specimen and lower absorption of particles to the
grid. The shortest reaction time is estimated to be ~200 ms.

For completeness, we should mention that in the time
range of sub-millisecond to femtosecond (107'%s), the
structural dynamics of some photo-responsive systems, e.g.
amyloid fibrils co-crystallized with dyes [33,34], can still be
studied using the so-called 4D cryo-EM technique [35]. In
this method, analogous to flash photography, the sample is
heated with a femtosecond pulsed laser and immediately
diffracted with TEM [36].

Case study and future improvements
of the mixing-spraying method

Both Shaikh et al. [29] and Chen et al. [30] studied the ribo-
some subunit association reaction using the mixing-spraying
time-resolved cryo-EM method, as a proof-of-principle of
the method and a first stride towards visual-kinetic studies
of fast biological processes. The association of the small and
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Fig. 3. Ribosome subunit association studied using the mixing-spraying method. (a) Proportions of associated ribosome (70S) and ribosomal
large subunit (50S) at various reaction times. (b) Cryo-EM maps of the associated ribosomes in three conformations and the ribosomal large
subunit. From left to right: non-rotated ribosome (NR), non-rotated ribosome with swiveled small subunit (30S) head (NRs), rotated ribosome
(RT) and 50S subunit. The large subunit is colored in blue/dark gray, and the small subunit is colored in yellow or green/light gray. The 30S
head in the NRs ribosome is colored in orange/darker gray to highlight the conformational change. (c) Proportions of the associated
ribosomes in three conformations at various times. Figure adapted from [30].
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large ribosomal subunits is an essential step in the initiation
of translation, a step that also involves mRNA, initiator
tRNA and a number of initiation factors iz vivo (see, for
example, [37-40]). The two groups used a simplified system
that only contains the small and large ribosomal subunits,
and initiated spontaneous subunit association by using a
high Mg?* buffer. Shaikh et al. analyzed cryo-EM datasets
corresponding to 9 and 43 ms reaction times to identify the
intermediate structures in the subunit association reaction,
and proposed that eight intersubunit bridges (i.e. the con-
tacts between the two subunits) form within 9 ms while the
other four bridges take longer than 43 ms to form [29].
Chen et al. [30] used 60 and 140 ms reaction times to
capture the pre-equilibrium states of the subunit association
reaction, as indicated by the increasing, but lower-than-equi-
librium-level, population of associated ribosomes (Fig. 3a).
The temporal resolution of these mixing-spraying chips were
estimated, using fluidic dynamic simulation, to be several tens
of milliseconds, due to the interaction of aqueous solution
with the wall of reaction channel (see Methods in [30]). The
fraction of associated ribosomes at various reaction times
allowed the association rate constant (k,) and the dissoci-
ation constant (Kp) to be estimated. Chen et al. were able to
distinguish three different conformations of the newly asso-
ciated ribosomes, by applying a computational classification
method to the combined dataset (i.e. combining all single
particle data from different reaction times, including a
control experiment) (Fig. 3b). In the canonical non-rotated
ribosome, all the intersubunit bridges have formed within
60 ms, and the missing bridges in the other two conforma-
tions can be readily explained by the global conformational
changes. Regarding the conformational dynamics of the asso-
ciated ribosomes, the ratio of the three conformations are the
same for 60 and 140 ms data, indicating that the three con-
formations have reached equilibrium before 60 ms (Fig. 3c).
This series of observation in Chen et al. [30] is in good
agreement with the results of a fast chemical probing assay
[41] and a number of single-molecular fluorescence reson-
ance energy transfer studies [42-44], but disagrees with
another chemical probing assay [45] and the previous time-
resolved cryo-EM study [29]. In comparing the two time-
resolved cryo-EM studies, the major reason why the two
studies reached different conclusions is the difference in the
resolutions of maps (9-12 A in Chen et al. [30] and 23-33
A in Shaikh et al. [29]), which stemmed from the difference
in data yield. The major reason for the low data yield in the
previous applications (about 1000-2000 particles per grid)
was that only the area in the thin edge of the droplets was
suitable for cryo-EM data collection [25,29]. Chen et al.
[30] were able to increase the data yield 10-fold (to about
10 000 particles per grid) by optimizing the spray and grid
apply

surface properties, and thus were able to

computational classification on an abundance of particles
(30000-50 000 particles at each reaction time, and
combine the data at different reaction times to perform clas-
sification so that the ratios at different reaction times are
comparable), thereby revealing multiple structures at higher
resolutions. We also note that the angular distribution of
708 ribosomes in all grids prepared by mixing/spraying was
found to be quite similar to the distribution regularly
obtained in plunge-freezing experiments employing the
same grids (S. Kaledhonkar, personal communication).

The success of the proof-of-principle experiments with
the mixing-spraying device invites the design of experiments
that explore biological function on the millisecond scale,
such as translation initiation and ribosome recycling in the
protein synthesis process. In addition, reactions involving
one big molecule and some small factors/ligands, for
example, the decoding process during translation and the
conformational changes of some membrane receptors trig-
gered by a small effector molecule such as calcium, are also
amenable to this method, provided that the conformational/
compositional changes of the big molecule occur within the
accessible time frame.

To make the mixing-spraying method more convenient
and accessible, further improvements will include increasing
the data yield, decreasing the sample consumption, and
increasing the availability and affordability of mixing-
spraying chips. First and foremost, increasing the data yield
requires more coverage of thinly spread droplets on the grid
before freezing. A promising new sprayer with 3D spraying
geometry [46] proved to yield a greater number of smaller
droplets than the current sprayer [25]. Continuing efforts on
increasing the hydrophilicity of the grid surface (e.g. devel-
oping new coating and cleaning protocols) may help the
droplets spread thinner. However, the direct detector
devices have dramatically increased the cryo-EM data
quality and effectively alleviated the requirement for collect-
ing large datasets, making it possible to obtain multiple
reconstructions with decent resolutions (5-10 A) from only
tens of thousands of particles.

Second, the mixing-spraying method presently consumes
~100x more sample per grid than the blotting method,
because it requires micromolar concentration of sample
(~20x higher than blotting) and extra volume of solution
(~5x higher) to stabilize the spray. This sample consumption
issue will pose extra burden on the upstream biochemistry,
especially when the biological sample is hard to purify. A pos-
sible solution that we are testing is preparing multiple grids in
one plunge. The use of a more controllable specimen dispens-
ing system (e.g. Spotiton [47] and micro-capillary method
[48]) may also help minimizing the sample consumption.

Third, the current mixing-spraying chip is made from
silicon and glass, for it needs to withstand ~10° Pa liquid
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pressure drop in the chip, mainly in the mixer channel.
However, it takes a few weeks and on average hundreds of
dollars to manufacture one chip (production steps including
etching and dicing the silicon wafer and bonding it with
glass). To this end, we are experimenting to apply a three-
dimensional micromixer to decrease the pressure drop within
the chip [49], so that we can switch to plastic (e.g. polydi-
methylsiloxane) for faster and cheaper manufacture of the
chips. We envision that with all these efforts on further
improvement, the mixing-spraying method will become a
routine method for time-resolved cryo-EM in the near future.

Mapping and visualizing a continuum
of states

The challenge posed by conformational
and compositional heterogeneity

It is difficult to overemphasize the importance of classifica-
tion in cryo-EM. From the outset, one of the main problems
in addressing heterogeneity lies in the fact that each mol-
ecule contained in the electron micrograph is represented by
a single projection only and thus, that the variation among
the images collected may be due to two entirely unrelated
factors: the variation of the molecule’s orientation and
the variation of its conformation/composition. It is the
commingling of these effects that makes the recovery of the
true structures existing in the specimen quite challenging
[50,51]. Processive molecular machines such as the much-
studied ribosome offer excellent examples for molecules
varying both in conformation and composition. As the ribo-
some goes through its work cycle, once for each amino acid
to be added to the nascent polypeptide chain, it changes its
conformation in a profound way, manifested by changes in
the constellation of its two subunits (ratchet-like intersubu-
nit rotation [52]) as well as their domains (e.g. swing of the
L1 stalk on the large subunit [53], and head swivel of the
small subunit [54], see [55]). At the same time, the compos-
ition of the whole complex varies as tRNAs and translation
factors processively arrive and depart from the ribosome.

Initial approaches of supervised classification, based
on similarity to one or more known templates (see [56])
have meanwhile been replaced by sophisticated maximum-
likelihood approaches [50,57]. As its forerunner ML3D
[50], Relion [58] is an iterative algorithm that splits the data
into a pre-given number of K classes. A probability distribu-
tion is assigned in each cycle to angular parameters (Euler-
ian angles of each projection), class membership and the
density of each voxel in each of the K reconstructions.

Even though Relion-based classification and similar
maximum-likelihood-based schemes implemented in other
software packages have been successful in many cryo-EM

studies (e.g. [3,9,10]), they have a number of shortcomings:
their principal assumption is that the molecule exists in dis-
crete configurations, whose number K has to be guessed; a
minor issue is that it requires an initial starting map. In add-
ition, related to the fact that K is unknown, the classification
often has to proceed along several hierarchical stages, fol-
lowing more or less ad hoc decisions. The algorithm also
does not usually lead to convergence but the iterative run
must be terminated according to some heuristic criteria
[59,60]. Another approach ([61,62]) requires no starting
template map but is nevertheless limited in the same way to
a discrete ( pre-given) number of classes.

The limitation to a discrete number of classes is not just a
technical problem that could be overcome by increasing the
number of classes; rather, such limitation prevents the study
of all processes that are continuous in nature. Prominent
examples of structures that exhibit a continuum of states are
provided by the work cycles of the ribosome (e.g. [55,63],
see [38,64]) and the ATPase (see, for example, [65-67]).

Classification of a continuum of states

In a recent article [63] we proposed a radically different
method, capable of dealing with projections from an ensem-
ble of molecules that exhibit a continuum of states, requiring
no knowledge of the number of states/classes. This method
is based on a technique called manifold embedding [68]. In
the following, we describe this approach briefly, but
without being able to do justice to its underlying mathemat-
ical apparatus—here the reader is referred to the Supple-
ment of Dashti et al. and references provided therein.

Given a large dataset containing projections of molecules
in different states and lying in different orientations, we
begin with a classification of the data into different orienta-
tions—the assumption here is that the changes in structure
are relatively small so that a simple iterative refinement algo-
rithm starting with a common template [69] can be used.
Moreover, we choose angular increments such that the vari-
ation in the projection due to the angular increment is large
compared with the changes in structure [70]. For illustra-
tion, consider that the largest compositional change during
the work cycle of the ribosome is the binding of EF-G effect-
ing mRNA-tRNA translocation, which amounts to the
addition of only 3% to the total molecular mass of the ribo-
some complex. (It should be noted that the manifold embed-
ding approach described below is capable, in principle, of
doing away with the alignment and orientational pre-
classification of the data altogether, but the computational
effort is considerably more involved, and a fully automated
performance of an analysis that includes both orientational
and conformational/compositional classification has yet to
be demonstrated. Thus it is mainly for practical reasons that
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at this stage of development of the method the data enter the
analysis in a conventionally pretreated way. It should also
be noted in this context that small molecules exhibiting dra-
matic conformational changes pose problems since the sim-
plifying assumptions regarding relative size of these changes
in the projection image do not hold.)

With these assumptions, we can characterize the subset
of data falling into any given projection direction as a local
(i.e. in angular space) manifestation of the same conform-
ational spectrum. Each subset forms what is called a mani-
fold—if each image is represented by an N-dimensional
vector (N being the number of pixels), then the vector end
points form a multidimensional cloud whose topology and
internal distribution are characteristic for the conformational
spectrum of the molecule as manifested in the experiment
(see [71]).

In manifold embedding, the manifold is described in a
Euclidean coordinate system tailored to its special topology
(Fig. 4) [68]. In the next step, the manifold is represented in
a low-dimensional space of ranked eigenvectors that depict
the most important variations. The dimensionality of that
space, much smaller than N and in practice not exceeding
five in cases that have been tried, is a measure of the number
of degrees of freedom of the molecule. For example, if the
two ribosomal subunits were to rotate with respect to
another, and the small subunit head were to swivel inde-
pendently—a realistic scenario—the number of degrees of
freedom would be 2. The next, most important and most

Fig. 4. Schematic to describe the concept of manifold embedding. Each
(single-particle) image is represented as a point (a vector end point) in a
high-dimensional space. Similarity relationships among images are
reflected by proximities among points in this space. In our example the
points are clustered along a curved sheet, forming a manifold of lower
dimensionality. We like to track relationships along the manifold (curved
arrow) irrespective of the Euclidean distance in the high-dimensional
space (dashed line). It should be noted that in the case of data without
heterogeneity, the point cloud would have a spherical distribution only,
reflecting the presence of noise. (Design courtesy by Abbas Ourmazd.)

involved step is a mapping designed to relate the manifold
representations of all projection directions to one another.
For this mapping to be successful, good coverage along at
least one great circle in angular space is required.

Broadly, the mapping yields conformational spectra
along any radial line in the eigenspace describing the mani-
fold for each projection direction. By construction, these
one-dimensional spectra are strictly comparable under the
assumption that conformational changes of a molecule do
not depend on its orientation. Thus the consolidation of all
maps into a single one is akin to a process of histogram
equalization. In the end, each ‘cell’ (or multidimensional
‘voxel,’ in the space of conformations) in the consolidated
multidimensional map feeds from multiple projection direc-
tions yet relates to the same conformation. The axes of the
consolidated map may be considered ‘reaction coordinates’
of the molecule in motion. For instance, a projection of the
multidimensional map onto the first two coordinates
depicts the distribution of the two most important features
in a convenient way.

In this space of conformations, we will see local maxima
in the density distribution, and these maxima one could call
‘states’. A discrete set of such maxima would be taken to
indicate that the system has a discrete number of ‘states.’
But, most importantly, if the total number of images is suffi-
ciently large—in the hundreds of thousands—we will
observe a continuous coverage between these local maxima,
indicating a continuum of more or less populated ‘micro-
states.” By grabbing images in a local region (large enough
for statistical reasons, but small enough so as not to blur out
the variations) one can now reconstruct the ‘local’ structure
at any point in the map of conformations.

Next, it is possible now, by application of a relationship
due to Stefan Boltzmann, to interpret the occupancies of
states as free-energy differences, and thus construct a free-
energy landscape—all we need is to take the negative loga-
rithm of the density of states at each point in the map (see
[22,55]). In this map of free-energy differences the stable
states show up as minima.

In the first application of the manifold method to a large
(~800 000 particles) dataset of 80S ribosomes from yeast [63],
we see a closed pathway suggestive of the peptide-elongation
cycle during translation (Fig. 5). Indeed, reconstructions from
selected points of the trajectory depict the ribosome in a
variety of conformations that are characteristic for different
stages of the elongation cycle. Intriguingly, the ribosomes used
in the experiments were purified from cell extracts using a rela-
tively harsh treatment that eliminates most ligands (tRNAs,
eEF2, eEFlo) and any translational activity, leaving us with
the conclusion that in the thermal bath even empty ribosomes
idle along trajectories that would be productive in the presence
of all required ligands.
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+HC: increase 40S head closure
+HS: increase 40S head swivel
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Fig. 5. Conformational variability and energy landscape of the ribosome. (a) Three views of a cryo-EM map of the 80S ribosome
from yeast [72], with arrows and symbols indicating four prominent conformational changes associated with the elongation work
cycle of the ribosome (see key on the bottom right). (b) The energy landscape constructed by the manifold embedding technique of
Dashti et al. [63], showing the preferred path followed by the ribosome. The color bar shows the energy scale. The energy range
has been truncated at 2 kcal/mol to show details of the roughly triangular minimum free-energy trajectory. The error in energy
determination along the trajectory is 0.05 kcal/mol. The trajectory is divided into 50 states. The pointers indicate 7 selected minima,
each identified by its position in a sequence of the 50 states. Arrows along circle between successive minima indicate

combinations of observed conformational changes explained on the left. Figure reproduced from [63].

Outlook

Now that cryo-EM has reached resolutions that yield struc-
tural information on the atomic scale, it is worth exploring
and characterizing the entire continuum of states of a mol-
ecule. This characterization is possible since we observe an
ensemble of molecules that equilibrate under the prevalent
conditions of the experiment.

What distinguishes single-particle cryo-EM from other
ensemble methods is that the experimental measurement is
not confined to the recording of a single average, but that it

is multifaceted, representing tractable information (i.e. one
projection image) from every single molecule. It is here
where vast unexplored potential of data mining lies since
patterns in the data induced by similarities of neighboring
states can be recognized even in the presence of overwhelm-
ing noise, and since this recognition of patterns will be
enhanced by finer conformational sampling that results
from an increase of the dataset. The manifold method intro-
duced by Dashti et al. [63] represents a first step into this
direction of exhaustive data mining.
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We can go one step further and add the time dimension,
asking how an equilibrium of states evolves from a pre-
equilibrium system that is started by mixing two components
in a molecular reaction. Time-resolved cryo-EM combined
with maximum-likelihood classification already allows us to
follow the migration of subpopulations of molecules from
one distinct state to the other. Recent development of mixing-
spraying technology that we have reviewed above permits the
mixing of large molecules and the spraying of the reaction
product with high data yield.

It is tempting, finally, to think of combining the two
methods and see how the distribution of states of an ensem-
ble of molecules in a pre-equilibrium system, as captured by
the manifold method, evolves over time. This idea awaits
further development of both techniques, particularly the
time-resolved cryo-EM as it still does not produce the kinds
of data yields that enable the deep data mining implicit in
the manifold approach.
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