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Cryo-electron microscopy, when combined with single-particle reconstruction, is a powerful method for
studying macromolecular structure. Recent developments in detector technology have pushed the reso-
lution into a range comparable to that of X-ray crystallography. However, cryo-EM is able to separate and
thus recover the structure of each of several discrete structures present in the sample. For the more gen-
eral case involving continuous structural changes, a novel technique employing manifold embedding has
been recently demonstrated. Potentially, the entire work-cycle of a molecular machine may be observed
as it passes through a continuum of states, and its free-energy landscape may be mapped out. This tech-
nique will be outlined and discussed in the context of its application to a large single-particle dataset of
yeast ribosomes.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Thanks to recent advances in detector technology, single-
particle cryo-EM has become a competitor for X-ray crystallogra-
phy in the high-resolution determination of molecular structure
[1]. It has recently achieved resolutions, below 3 Å, that allow
ab initio chain tracing and identification of individual Mg++ ions,
water molecules, and sites of RNA modification [2,3]. Arguably
the most intriguing aspect is the capability of this technique, due
to the development of powerful classification methods, to recover
the entire inventory of structures co-existing in the same sample
(‘‘Story in the Sample” [4]). This aspect, and its expansion into
the recovery of a continuum of states, will be the focus of this
review.

From mathematical and computational points of view, classifi-
cation of heterogeneous data in single-particle reconstruction of
biological molecules poses a challenge, which has invited many
approaches, and continues to inspire new solutions. The nature
of the data is such that: (1) each molecule is represented by one
projection image only; (2) the image has typically a very low
signal-to-noise-ratio (60.1); and, (3) in the dataset formed by such
images, changes in the image can stem from changes in the orien-
tation of the molecules on the grid, structural heterogeneity in the
molecules themselves, or both (see [5,6]). In the earliest applica-
tions of single-particle reconstruction, heterogeneity implicit in
point (3) was ignored, often leading to suboptimal, partially
blurred reconstructions dominated by the features of the majority
population.

The origins of structural heterogeneity are well known: rarely
does biochemical purification result in a 100% compositionally
pure sample, and even if the sample were chemically pure, the
molecules can have multiple degrees of conformational freedom
in the thermal bath. The problems posed by the two types of
heterogeneity, compositional and conformational, can be exempli-
fied by the ribosome during its work cycle: tRNAs and elongation
factors are periodically bound and released (compositional hetero-
geneity) while the ribosome undergoes conformational changes
as the two ribosomal subunits and their individual domains alter
their relative positions (conformational heterogeneity).

Initial approaches to classification were reference-based (e.g.
[7]) and, in the language of machine learning, supervised. In such
approaches, the similarity of the particle images to projection
images of two or more 3D references is quantified by the cross-
correlation coefficient, and the images are assigned to classes and
projection angles based on the 3D reference in the orientation pro-
ducing the highest cross-correlation coefficient. Although the util-
ity of this method has been demonstrated in many cases, it has
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obvious flaws, the most serious of which is the need to know and
select appropriate references, a choice which is quite subjective.
Many different approaches were developed to overcome these lim-
itations (among these [5,8–15]). Most popular are maximum
likelihood-based, ‘‘unsupervised” methods of classification
[5,14,16]. Here the entire reconstruction problem is explicitly trea-
ted as a problem of finding K density maps best describing the
observed heterogeneous dataset in the presence of noise, pre-
sumed to be Gaussian and additive. One incarnation of this algo-
rithm is now widely used in cryo-EM under the name RELION
[16,17]. The capability to retrieve several structures from the same
sample even in the absence of specific reference structures has
become one of the celebrated feats of single-particle cryo-EM
(e.g. [18–23]).

It is not necessary to go into the specifics of maximum likeli-
hood methods to see their limitations. For one, the number of
classes, K, needs to be guessed. When this number is underesti-
mated, some classes with merged features are formed, while when
it is overestimated, meaningless small classes are split off at unnec-
essary computational expense. Also, as an iterative method with-
out guaranteed convergence, it requires intervention based on
heuristic criteria, that is, on practical criteria based on experience
(e.g. [24,25]). Quite often, the practical application involves several
successive rounds in a stepwise, hierarchical scheme. A good
example is provided by our study of the eukaryotic preinitiation
complex [20], in which only�4% of the data had the expected com-
plete composition of factors bound to the 40S subunit and could be
used in the final biological analysis (Fig. 1).

Another, more serious limitation of maximum likelihood meth-
ods and other methods that implicitly assume discrete classes (e.g.
[12] is the fact that they do not address changes in structure that
are by their very nature continuous. An example, out of many, is
provided by the orientation of the IRES-eIF3 complex bound to
the 40S ribosomal subunit [26]. One could argue that by specifying
a large enough number of classes, one might be able to capture fine
subdivisions in a continuum of states. But this solution
Fig. 1. Example for the classification of molecule images (the 43S translation pre-initiatio
these, only one class of 180,000 was found to contain intact particles recognizable as 40S
quality maps (enlarged, at the bottom), of which only one (on the right) displays all exp
immediately faces two problems, one technical, the other more
fundamental. The technical limitation is due to the large increase
in computational expense, which becomes prohibitive already
when the number of classes exceeds 10–15. The more fundamental
one is the fact that discrete classes cannot be meaningfully defined
when the underlying changes are continuous. If a continuum is
sampled by a finite number of observations (i.e., molecule images),
then random fluctuations in the sampled density of states will pro-
duce arbitrary boundaries of meaningless ‘‘classes”. Another exam-
ple for continuous changes, arguably with more biological
significance, is provided by the virtual continuum of states of the
ATPase molecule in its 360-degree cycle of rotation during which
ATP is synthetized [27].

In the following, we highlight a radically different method,
based on manifold embedding, that maps out the entire sampled
continuum of states in a coordinate system optimally tailored to
the data [28]. Only after that mapping has been accomplished,
decisions on the discrete vs. continuous nature of the data and –
in the former case – on the number of discrete classes are made
on the basis of rigorous statistical criteria.

It is not possible, within the scope of this article, to describe the
method in detail, since it involves somewhat unfamiliar mathe-
matical and computational techniques (outlined in the Supple-
mentary Material of Ref. [28]). Instead, we provide a conceptual
outline, and describe the results obtained from the application of
the method to a large ribosome dataset in greater detail than in
the original article. Another review that includes a brief outline
of the manifold approach is found in [29]. A detailed treatment
spanning both conceptual and technical aspects is planned for pub-
lication elsewhere (Ourmazd and Frank, in preparation).
2. Mapping of heterogeneity by manifold embedding

Our approach requires a collection of sightings of the object of
interest in different orientational and conformational states. A suf-
n complex) using Relion. Initially 650,000 particles were classified into 10 classes. Of
subunits. Another step of classification, this time into 9 classes, yielded three high-
ected components of the eukaryotic pre-initiation complex. (Adapted from [20]).
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ficiently fine coverage makes it possible to find, for any image in
the data set, a set of close neighbors – closeness here being defined
by some measure of similarity, such as the Euclidian distance. Of
course, comparisons of images involving scalar pixel-wise compar-
ison of two or more arrays are possible only when the images are
aligned with one another.

To illustrate the importance of alignment, let us consider two
copies of a molecule lying in the same orientation, presenting the
same view. The molecule’s projections will still appear in an arbi-
trary position within the frame of the image, hence, in a coordinate
system affixed to the molecule, the same pixel appears in two dif-
ferent points of the two recorded images. The objective of align-
ment is to rotate and translate one image with respect to the
other image, such that the two copies of the molecule come into
precise registry. Only then, after alignment, the value of any pixel
in one image can be meaningfully compared with the value of a
pixel having the same index in another image, as it refers to the
same pixel in the molecule’s projection.

Early in the development of the single-particle method, the con-
cept of aligned molecule images as vectors in the multidimensional
space spanned by the pixels intensities was introduced [30,31]. For
instance, an image of dimensions 100 � 100 would be represented
by a vector in a space of dimension 10,000. This concept was quite
useful, as it allowed principal component analysis (PCA) or related
methods to be directly applied to a set of aligned images. Following
PCA, a given set of images can be described in a much smaller ‘‘fac-
tor space,” the factors being the eigenvectors in the PCA decompo-
sition. As will become clear in the following, the method to be
outlined here starts with the same concept of representing aligned
images as vectors in ‘‘pixel space,” but then goes well beyond it.

As a preliminary, it should be noted that conformational
changes are typically manifested in the movements of several
domains of a molecule, with each domain moving independently.
We speak of multiple ‘‘degrees of freedom” exercised by the mole-
cule as it performs its function. In addition to this conformational
variability – as already noted in the introduction – we can also
have compositional variability, created by the binding or release
of a small ligand. The ligand itself may assume multiple orienta-
tions on the target molecule, acting in essence as an additional
flexible domain while it is bound.

Let us first consider the set of molecule images in a single pro-
jection direction or – in practice – a very small range of projection
directions forming a ‘‘cone” around the projection direction (PD) of
interest. Because of the existence of multiple degrees of freedom
and noise, the projection images of the molecule contained within
the PD cone form a cloud of points in a (high-dimensional) ‘‘pixel
space”. In this cloud, the images are arranged in a complex topol-
ogy according to the pattern of their similarities, with their
arrangement reflecting the conformational states occupied by the
molecule as seen in the given PD. Here it is necessary to select a
sufficiently narrow orientational ‘‘cone”, such that within it, image
variability due to changes in orientation is small compared to
image variability due to conformational and compositional hetero-
geneity [32]. From an information-theoretic point of view, the cone
is sufficiently narrow when the angle it subtends is equal to, or
smaller than one orientational Shannon angle [33,34]. With this
in mind, we can proceed to process the data in two successive
steps: in the first step, all projection images are aligned by conven-
tional methods and grouped according to orientation, ignoring any
conformational or compositional heterogeneity. In the second step,
the individual subsets, one for each PD, are analyzed to character-
ize their conformational and/or compositional heterogeneity.

To illustrate the validity of above procedure in a practical situ-
ation, we can consider looking at a mixture of ribosomes in all
stages of the elongation cycle of protein synthesis. Adding the mass
of EF-G (�70 kD) to the 70S Escherichia coli ribosome (�2.5 MD),
which happens during this cycle, is in the order of 3%, and has no
noticeable effect on the angle assigned to the projection image.
However, there may well be situations where the assumption is
invalid, for instance, in the case of a small molecule undergoing
very large conformational changes. In this case, one would begin
with conformational analysis, followed by orientational assign-
ment of the sorted dataset [35]. To date, the case where the effects
of orientational and (continuous) conformational heterogeneity
are comparable has not been considered in detail.

For any PD, then, the cloud of points may be considered as a
hypersurface or ‘‘manifold,” a term (‘‘Manningfaltigkeit”) Bernard
Riemann introduced in 1854 (published posthumously: [36]) as a
topological entity with an interesting property: that at any point
of the manifold, a local Euclidean geometry can be defined. Dashti
and coworkers [28] set themselves first the goal of describing the
multidimensional manifold created by single-particle images
within the cone representing any projection direction (PD). In a
subsequent step, he manifolds in different PDs are related to one
another, such that they form a final map describing the continu-
ously varying conformations of the three-dimensional structure.
It is important to note that, by the Shannon-Nyquist sampling the-
orem, a sufficiently dense sampling of the changes in the object can
lead to a continuous description of the conformational changes.

An efficient description of the manifold requires the construc-
tion of a coordinate system tailored to the manifold’s specific
geometry. This step, called ‘‘manifold embedding,” reveals the
intrinsic dimensionality of the manifold, and uses a diagonalization
procedure to find a set of Euclidean coordinateswi, ideally suited to
describing the manifold in question. The intrinsic dimensionality of
the manifold corresponds to the number of degrees of freedom
exercised by the system during observation. The number of rele-
vant Euclidean coordinates to use can be deduced from the spec-
trum of eigenvalues.

Given a sufficiently high signal-to-noise ratio, when the exam-
ined particles consist of different discrete ‘‘species”, each produces
a separate manifold, or cluster. When the sample consists of
objects undergoing continuous conformational changes, the
embedding procedure provides a description of the manifold as a
continuous hypersurface, sampled at points corresponding to the
experimental observations (snapshots) of the objects. Thus, in the
absence of noise, and given a sufficiently large number of observa-
tions for the analysis to converge, the manifold embedding proce-
dure provides a continuous description of continuous
conformational changes, and no ‘‘binning” is needed. In the pres-
ence of noise, of course, the number of meaningfully distinct con-
formational states is determined by the ability to distinguish them
from each other with sufficient confidence. Thus the number of
meaningful conformational states is, in practice, limited by the
signal-to-noise ratio. In the case of the ribosome work-cycle con-
sidered here, 50 conformational states separated by three standard
deviations (99.7% confidence) could be identified.

Given a description of the manifold in terms of its ‘‘natural”
coordinate system consisting of a small (typically �5) Euclidean
coordinates wi, one performs principle components analysis (or,
more precisely ‘‘nonlinear singular value decomposition” [37])
along each of the coordinates to determine the conformational
changes corresponding to each axis wi.

So far we have outlined what needs to be done to describe the
manifold associated with a single projection direction. The step that
follows – the most complicated step of the whole procedure – is
the consolidation of the information gleaned from all individual
PD’s into one final map. This entails identifying ‘‘isoconformational
contours” connecting the points representing the same conforma-
tion in different projection directions. If the rates of conformational
change over the conformational manifold were the same in all pro-
jection directions, this would be a trivial matter. However, the
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rates of change are, in general, unknown over higher-dimensional
manifolds. This difficulty is overcome by an elaborate technique, in
which the rates of conformational change over the conformational
manifolds in different PD’s are related to one another. (For details,
see [28].)

The actual conformational changes displayed by the particles
can, of course, be highly anisotropic in 3D space. In each PD, the
component of conformational changes along the projection direc-
tion is invisible in the snapshots. However, the complete confor-
mational spectrum can be recovered by ‘‘correcting” all
conformational spectra by histogram equalization, whereby the
conformational spectrum measured in each PD is normalized to
the union of all spectra. This approach is valid to the extent that
the conformation of a molecule does not depend on the molecule’s
orientation on the supporting substrate, an assumption that
requires confirmation on a case by case basis. Comparison of angu-
lar distributions of particles falling in distinct classes with different
conformations obtained by RELION is a possible way to ensure its
validity.

Recall that the intrinsic dimensionality of the conformational
manifold reflects the number of degrees of freedom exercised by
the system during observation. Thus, a complete description of
the conformational changes may require, say, five dimensions,
with the appropriate number determined by embedding analysis.
In practice, one selects a subset, say two, of the most important
dimensions (as determined by their eigenvalues). In this case, the
conformational changes along the dimensions not considered are
projected onto the selected plane.
3. Results obtained for the ribosome

Ribosomes purified from a cell extract may be in any of the
states of initiation, elongation, termination, and recycling. Since
addition of each amino acid to a polypeptide – often running into
hundreds of amino acids – requires one round of the elongation
cycle, the states along this cycle are most highly populated among
the single-molecule projections, compared to states related to ini-
tiation, termination, and recycling combined.

The chart in Fig. 2 depicts the elongation cycle, valid in its out-
line for all kingdoms of life. Going clockwise in the diagram,
changes in the conformation of the actively translating ribosome
from one state to the next have been documented in several stud-
ies of in vitro systems by cryo-EM, and some are known from X-ray
crystallography of nontranslating ribosomes (for detailed refer-
ences see below). These conformational changes are largely combi-
nations of domain movements: intersubunit rotation, small
subunit head closure and swivel, L1 movement on the large sub-
unit. Typically, in such an experiment of visualization, the ribo-
some is ‘‘frozen” in a particular state by a chemical intervention
– by an antibiotic or by the use of a nonhydrolyzable GTP analog.
As the cryo-EM reconstructions in Fig. 2 show, one is able to see
the elongation factors engaged with the ribosome at such points
of intervention.

In contrast to such in vitro experiments, occupancy of the ribo-
some with its ligands (tRNA and mRNA, and EF-G, EF-Tu in case of
eubacteria and archaea; or eEF2, eEF1a in case of eukaryotes) in a
cell extract depends on the method of extraction and purification
used. Milder treatments may retain some of the ligands, while
more aggressive treatments leave the ribosome largely empty, or
‘‘naked.”

It is with such an ensemble of mostly empty ribosomes from
yeast that we tried the manifold mapping method. What would
be expected in such a case? The ribosomes are in an undefined,
nonfunctional state, and any variations in structure would be due
to the innate flexibility of the multi-domain molecule and its
immersion in the thermal bath at room temperature – the temper-
ature just before the fast step of plunge-freezing.

As an example, Fig. 3 shows the results obtained for a typical
projection direction. For data belonging to this or other projection
directions, the manifold proved to have five significant dimensions,
indicating that the empty ribosome has this number of degrees of
freedom. The projection direction chosen in this figure happens to
depict the ribosome in the front view (or, with reference to the
small subunit, solvent view), which shows the small subunit on
top of the large subunit (see also Fig. 4a, middle). It is readily
apparent that the largest variation among the images, expressed
by w1, relates to the change in the orientation of the small relative
to the large subunit, i.e., the intersubunit rotation first observed by
comparing cryo-EM maps of the E. coli ribosome with and without
EF-G bound to it [38,39].

The fact that the empty ribosome exists in multiple conforma-
tions, all related by rotation of the small subunit, is not surprising,
given the background of experiments that implicate Brownian
motion in mRNA-tRNA translocation [18,40–42]. However, by
looking at the other domain movements picked up by the analysis
(Fig. 4), we gain an appreciation of the larger role Brownian motion
plays in the functional dynamics of the translating ribosome. Fig. 4
shows the final, consolidated map (Fig. 4b), along with a recon-
struction of the 80S ribosome from yeast, on which the directions
of observed movements are indicated (Fig. 4a). First of all, the two-
dimensional colored map (Fig. 4b) is a free-energy landscape,
which was computed from the map of occupancies by the Stefan
Boltzmann relationship (for first use in cryo-EM context, see
[18,43]). Where the map of occupancies shows peaks or a continu-
ous mountain range, the energy landscape shows minima or a con-
tinuous valley. Going clockwise from one minimum to the next, the
maps reconstructed from data in their vicinities show combina-
tions of domain movements indicated by a combination of sym-
bols. For instance, going from the minimum marked ‘‘14” to ‘‘21”,
the combination +R,+HC, �HS indicates that positive intersubunit
movement, positive head closure, and negative head swivel are
observed. This is in fact a combination of movements encountered
in the elongation cycle (Fig. 2) after tRNA selection and transfer of
the peptide bond, as observed. Similar equivalence in the combina-
tion of movements can be garnered by comparing the two
diagrams.

It is interesting to relate our findings to studies directed at ribo-
some dynamics (see, e.g., [44] and references therein). Our
approach uses the Boltzmann relation to derive the free-energy
landscape from an ensemble of ribosomes in equilibrium. Specifi-
cally, the number of sightings of a given conformation compared
to another yields the energy difference between the two conforma-

tions through the relation n1
n2

¼ exp � DG
kBT

� �
, with n1;2 signifying the

number of sightings of two different conformations, and DG the
free-energy difference between them. In order to relate the free
energy to dynamical factors such as transition rates, knowledge
of the diffusion coefficient is needed. Such information cannot be
obtained from equilibrium measurements.

As to the choice of the reaction coordinates used to describe the
energy landscape, these flow directly and exclusively from the
observed conformational changes, without templates or other a pri-
ori information. We cannot, from equilibriummeasurements, iden-
tify the paths over the landscape leading to specific reactions, other
than by compiling movies of the conformational changes. As men-
tioned above, the movies compiled along the triangular path of
minimum energy are strongly reminiscent of the translation work
cycle. This suggests that the conformational states observed
correspond to those of the elongation cycle, and that they might
be ordered along that path as in a functioning translating
ribosome.



Fig. 2. Schematic diagram of the translation elongation cycle in bacteria. In each clockwise round, a new amino acid is added to the nascent polypeptide as specified by the
genetic code on the mRNA. In principle, in a sample of ribosomes purified from cell extract, all states of the ribosome during the elongation cycle should be present, but the
purification often eliminates the bound ligands: tRNA, mRNA, EF-G, and the aa-tRNA�EF-Tu�GTPbn ternary complex. (In addition, states associated with initiation, termination,
and recycling should also be present in such a sample, but they occur with less frequency). (Reproduced with permission from [51]).

Fig. 3. Analysis of data falling into a single projection direction by manifold embedding. This particular projection direction shows a view intermediate between front and
side view of the 80S ribosome (surface representation in upper left). The changes picked out by the first eigenvector, w1, can be recognized as the result of intersubunit
rotation (see lower 5 panels which, from right to left, show an increasing redistribution of mass consistent with the increasing rotation of the small subunit with respect to the
large subunit). In other words, through manifold embedding, the projection data were sorted according to changes in angle between the two subunits. The other eigenvectors,
w2 through w5, depict more subtle changes in conformation.

J. Frank, A. Ourmazd /Methods 100 (2016) 61–67 65



Fig. 4. Conformational variability and energy landscape of the ribosome. (a) Three views of a cryo-EM map of the 80S ribosome from yeast, with arrows and symbols
indicating four prominent conformational changes associated with the elongation work cycle of the ribosome (see key on the bottom right). The three views are orthogonal to
one another. ‘‘Solvent” refers to the solvent view with respect to the small subunit, also called ‘‘front view” of the 80S ribosome. (b) The energy landscape constructed by the
manifold embedding technique of Dashti et al. [28], showing the preferred path followed by the ribosome. Horizontal and vertical axes are the first two eigenvectors w1 and
w2, respectively. The color bar shows the energy scale. The energy range has been truncated at 2 kcal/mol to show details of the roughly triangular, closed minimum free-
energy trajectory. The error in energy determination along the trajectory is 0.05 kcal/mol. The trajectory has been divided into 50 states. The pointers indicate 7 selected
minima, each identified by its position along the sequence of the 50 states. Arrows along circle between successive minima indicate combinations of observed conformational
changes explained on the left. (Reproduced from [28] with permission.)
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On the face of it, this association seems implausible, since, as
noted before, the ribosomes in the specimen, as products of a
purification from a cell extract, were not functionally active. How-
ever, by making reconstructions from subsets along the path, we
could confirm that all those conformational changes do take place
that are expected when going through successive steps of
aminoacyl-tRNA selection and mRNA-tRNA translocation (confor-
mational changes accompanying peptidyl-transfer, the step in
between, would not be observable at the resolution of the study).
The knowledge about conformational changes associated with
the elongation cycle for both bacterial and eukaryotic translation
comes from numerous 3D visualizations by cryo-EM and X-ray
crystallography (see [45,46] and from single-molecule FRET exper-
iments (see [47]) Specifically, cognate aa-tRNA selection is known
to go hand in hand with a closing of the head position (‘‘nodding”)
[48] while translocation involves a combination of intersubunit
rotation [38,39], L1 stalk rotation [39,49], and small-subunit head
rotation [50].

A compelling interpretation of these findings, which has to be
confirmed with large datasets from ribosomes engaged in transla-
tion, is that all these functionally necessary movements of domains
are facilitated by Brownian motion (in conjunction with pawl-type
interventions by factors, requiring the expenditure of energy). Thus,
the Brownian motion paradigm, previously only experimentally
confirmed for intersubunit rotation [28,40–42], may have more
general validity, encompassing domain-wise motions, as well.
Future investigations will tell to what extent some of these motions
are coupled or geared, as observed for the motion of the L1 stalk in
conjunction with the intersubunit rotation of the E. coli ribosome
[28,39]

4. Conclusions: implications for future studies of biological
macromolecules

The demonstration of the continuous conformational mapping
for ribosomes suggests the general utility of this technique in char-
acterizing multiple states of molecular machines freely equilibrat-
ing in a sample. There are many examples of large molecular
machines where current knowledge of mechanism is sketchy,
because the examination of states has relied entirely on chemical
trapping, for example ATP synthase, RNA polymerase, various
chaperones, and the proteasome. The results with the ribosome
suggest that a continuum of states can be captured without chem-
ical intervention, provided that the number of conformational
samples (i.e., projections collected in the experiment) is suffi-
ciently large. User-friendly programs and a graphical user interface
are currently being developed by the authors and their collabora-
tors as a tool set, intended for free distribution.
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