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SM-I. SIMULATION OF CRYO-EM ENSEMBLES FROM
ATOMIC MODELS

This section provides additional information on the con-
struction of our synthetic data, with more detailed
documentation! and a repository of code for generating
custom datasets available online?. In the time since its
conception, this synthetic framework'? has already been
used as a benchmark in one external cryo-EM study on
free-energy landscapes®. Here we repeat much of the pre-
vious presentation of our methodology to provide a de-
scription of the atomic-coordinate displacements between
states for the specific case of our Hsp90 model with n = 2
exercising two conformational motions (CM; and CMy).
These CMs were designed so as to be fully decoupled from
each other, such that no overlap occurs between the two
sets of distinct atomic displacements (Fig. S1).

Atomic manipulations of the original PDB* coordinate
file were done using PyMOL®. For CM;, the chain A arm
was rotated outwards (directly away from chain B) from

FIG. S1: Cartoon representation of atomic coordinates for
state 20 01 with residues demarcated for CM; (green) and
CM; (red). The CM; central hinge can be found near the
intersection of the blue and green regions at residue 674,
while the CMz hinge is found near the intersection of the
blue and red regions at residue 443. To note, for SSs, the
residues making up the blue region are immobile throughout
the entire state space.

its central hinge at residue 677, in 1° increments until
a series of 20 rotational states were defined (Fig. S2-A).
For each of these 20 CM; states, all residues above chain
B’s elbow (residues 12-442) were then rotated perpendic-
ularly to the CM; motions in 2° increments until a series
of 20 rotational states were defined for CM, (Fig. S2-B).
These operations resulted in the creation of a total of
400 unique conformational states. The ensemble of these
states can be organized in a 20x20 state space, where
each entry represents one of the possible combinations
of CM; and CM,. This state space represents our syn-
thetic model’s complete ensemble of physically allowable
conformations (i.e., the quasi-continuum). The specific
size of the state space (400 states) was chosen based on
the relative scale of the protein and range of its motions,
providing approximately 3 A and 2 A gaps between states
over a total arc length of 60 A and 40 A for CM; and
CMS,, respectively (as visualized in Fig. S3). To note, ge-
ometry correction and energy minimization of generated
states were skipped to avoid introduction of unintentional
coupling of CMs.

These 400 structures represented by PDB files were
then each transformed into 3D electron density maps
(EDMs, formatted as MRC volume files) with a sam-
pling rate of 1 A per voxel and simulated resolution of
3 A using the EMAN27 module e2pdb2mrc, where each
atom is represented by a Gaussian with radius defined
by the appropriate number of electrons (Fig. S3). Pro-
jections of each 3D density map can then be obtained via
standard parallel line integrals along selected directions
so as to simulate images generated in the transmission
electron microscope (TEM) operated in the bright-field
mode®. This core framework is used as a basis for the
creation of images that are noisy duplicates or, finally,
incorporate a CTF in their simulation:

e Data-type I: one copy of each state with pure
signal and no CTF

e Data-type II: uniformly duplicated states with
experimentally-relevant SNR

e Data-type III: uniformly duplicated states with
experimentally-relevant SNR and CTF

An additional alteration on Data-type III is applied for
use in our final analysis, namely the introduction of a
nonuniform occupancy map.
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FIG. S2: In [A], a comparison of the CM; first, middle and final state is shown. Likewise, in [B], a comparison of the CMz
first, middle and final state is shown. The CM2 rotation was performed perpendicularly to the CM; rotational hinge where
only those atoms above chain B’s elbow-region were displaced. As a note, to remove the potential for overlapping residues

within certain states, residues 1-11 (making up a loose tail) were removed from both chain A and B.
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FIG. S3: In [A], a volumetric overlay of the first three rotational states of CM; (state 01 01, state 02 01, state 03_01) is
presented, visualized as electron density maps (MRC format) via Chimera®. As can be seen, only the upper arm (chain A)
has been rotationally displaced along CM;, with 3 A gaps measured between each consecutive state at the peripheral ends of
this rotated region. In [B], a volumetric overlay of the last three rotational states of CM; (state 20 18, state 20 19, state
20 _20) is shown. Only the upper region of chain B (above the elbow) has been rotationally displaced along CMa, with 2 A
gaps measured between each consecutive state at the peripheral ends of this rotated region. As a note, the EMAN2 module
e2pdb2mrc excludes calculations such as atomic form factors and molecular orbitals. While more accurate maps can be
constructed using other methods, this does not affect the results of our heuristic analysis.
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SM-II. SIMULATING CRYO-EM ENSEMBLES FOR
DATA-TYPE 1

In the pristine scenario, for each electron density map
within each state space (SS1, SS2 and SS3), sets of images
in five chosen projection directions (PDs) are first ob-
tained. The first of these five PDs was chosen to be nor-
mal to the plane of the CM; rotation, such that all CM;
motions from that perspective only underwent changes in
the plane of the projection. A similar choice was made
for PDy, which was projected into the plane of CMs mo-
tions, with the remaining three PDs chosen at arbitrary
positions in angular space. All projections were gener-
ated using the EMAN2® module e2project3d with no
CTF applied, so as to maximally conserve the informa-
tion contained in each projected EDM. (See movie M1 for
a conformational animation of the molecule as viewed in
each of these five PDs). For each state space, the set
of these images as generated from one of these five PDs
forms a high-dimensional manifold Qpp. In all, this ini-
tial procedure resulted in the creation of 400x5 unique
2D images for each of our 400 3D density maps.

As pointed out in the main text, it is important to
describe the order in which the states for each SS are in-
dexed, with this ordering repeatedly visualized by color
maps throughout this work and ultimately used to locate
each state’s coordinates within the embedded manifold.
The ordering of SS; is trivial, with states following a
sequence showing CM; transition from closed to open
(CM;{1} — CM;{20}; as described by the “arm” mo-
tion in Fig. S1-S3), while the ordering of SSs and SSj
follow a clockwork pattern. For SSs, the ordering of the
states of CMs progresses like the second hand of a clock,
with each progression from CMz2{1} — CM>{20} iterat-
ing CM; (akin to the minute hand) forward once.

Thus, of the 400 states in SSs, the first index corre-
sponds to state CM;{1} CMy{1}, the second to state
CM;{1} CMy{2}, the 21%' to state CM;{2} CMy{1},
and the 400*" to state CM;{20} CM2{20}. A similar
pattern holds for SS3, which now additionally includes an
hour hand in this analogy (CM;), followed by a minute
hand for CM5 and a second hand for CM3. An animation
of the molecule transforming through these sequences has
been provided in movie M1. Of course, the resulting man-
ifold embedding is independent of the ordering of the data
points'®; we have merely chosen one such ordering that
heightens our awareness of trends in the subsequent out-
puts.
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MOV. M1: An animation cycling through the 400 SS2 states
as represented by the Hsp90 atomic structures (top) and
corresponding PDs (bottom), as analyzed in the SS; section
of Results. The ordering of these states chronologically
follows the indices described using our second hand and
minute hand analogy. https://www.dropbox.com/s/
2gzhrzu0jzc8bbu/M1_SS2_GroundTruth.mp4?di=0

SM-III. ANALYSIS OF MANIFOLD SUBSPACES FOR
DATA-TYPE 1

The following figures display several subspaces obtained
from embeddings of pristine (noise-free) datasets. First,
in Fig. S4, we provide an example of the inverse-cosine
mapping {¥;, U;} — {®i, ®;}, as described in the main
text. Next, we show the location of each set of Cheby-
shev polynomials within several exemplary subspaces,
and demonstrate how each set corresponds to a unique
conformational motion.
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