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This project aims to investigate the continuous conformational variability and dynamics of biological
macromolecules from large-scale cryo-EM single-particle 2D images using MD simulations employing
the MDSPACE algorithm (Vuillemot et al., J. Mol Biol. 435, 167951 (2023)). This year, the research
focuses on applying the MDSPACE algorithm to experimental cryo-EM data to generate continuous
structural ensembles through large-scale MD simulations guided by single-particle images. It is
structured in three stages: 1) RELION analysis of cryo-EM micrographs (Scheres, /. Struct. Biol. 180,
519 (2012)) to obtain high-quality single-particle images, followed by the reconstruction of an average



3D volume to allow accurate estimation of the pose Euler angles; 2) Large-scale MD-based flexible
fitting using MDSPACE implemented in GENESIS using the selected high-quality single-particle
images (~1.2 million); 3) Structural ensemble analysis and interpretation using both linear (principal
component analysis, PCA) and non-linear (uniform manifold approximation and projection, UMAP)

dimension reduction methods.

3.1 A total of 1.2 million high-quality particle images processed by RELION analysis
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Figure 3-1: (A) A simplified cryo-EM single-particle analysis workflow. (B) Final 3D reconstruction of
the GDH hexamer complex using ~1.2 million good-quality images, shown in two orientations, rotated
by 90° relative to each other. The flexible region of the NAD binding domain has a lower resolution
than the core domain. (C) Fourier shell correlation (FSC) curve indicates an average resolution of

2.9 A for the reconstruction from 1.2 million good-quality particle images at the 0.143 cutoff criterion.

Cryo-EM micrographs of glutamate dehydrogenase (GDH) hexamer were obtained by the researchers
at RIKEN and JASRI. MOTIONCOR2 software was used for dose-fractionating motion correction to
compensate for beam-induced motion and drift, and the CTFFIND4 program was used to estimate
the contrast transfer function (CTF) parameters. All image processing steps were carried out using
RELIONS5.0. Approximately 6.4 million particle images (each 360 X 360 pixels in size) were selected
using the auto-pick LoG (Laplacian-of-Gaussian) method. First, we selected the first 20% particle
images for reference-free 2D classification to obtain an initial 3D volume of GDH. Low-quality
particles, such as those with ice contamination, dust, or incomplete/clustered GDH particles, were
discarded. Resulting good-quality particle images were used to construct an initial 3D volume, which
serves as a reference map for subsequent 3D classification and 3D refinement calculations. To reduce
the computational cost, all picked particle images were initially down-sampled to 90 pixels X 90 pixels
and then rescaled back to 120 pixels x 120 pixels, 180 pixels X 180 pixels, and 360 pixels X 360 pixels

for separate rounds of 3D classification and 3D refinement under C1 symmetry. This approach helped



further refine good-quality particle images and improve the final resolution. Next, CTF refinement
(including asymmetrical and symmetrical aberrations and per-particle defocus values estimates) and
another round of 3D refinement were performed to determine accurate Euler angles and CTF
parameters for each high-quality particle image (Figure 3-1). In the end, the selected high-quality

particle images were used to achieve a final high-resolution reconstruction.

3.2 Large-scale MD-based flexible fitting in GENESIS on Fugaku

To capture the dynamic structural variability of the GDH hexamer, we performed large-scale
molecular dynamics (MD)-based flexible fitting using the MDSPACE algorithm implemented in
ATDYN engine of the GENESIS program. The flexible fitting is achieved by iteratively adjusting the
atomic coordinates to increase the correlation coefficient (CC) between the simulated projections of
the molecular coordinates in the MD simulation and the experimental cryo-EM particle images. The
~1.2 million high-quality particle images obtained in section 3.1 were used as the experimental
restraint to drive the flexible fitting process. Each particle image, associated with refined Euler angles
for the pose, served as a target for MD-based flexible fitting. The initial structure (PDB code: 1EUZ)
was used to build a coarse-grained Ca Go-model. The fitting simulations were parallelized across
thousands of nodes on Fugaku by using an automation tool to handle the fitting of large-scale image
datasets. As the optimal force constant for fitting biasing varies depending on the force field and
target image, a suitable parameter for the coarse-grained Ca Go-model of GDH was identified by
testing a range of values and selecting the one that yielded the most rapid increase in the CC between
simulated and experimental images, while avoiding structural distortions. Fitted conformations were
collected from the last frame of the simulations. The MD-based flexible fitting of all datasets resulted
in a diverse ensemble of fitted conformations, each relates to the particle conformations in individual

cryo-EM particle images.

3.3 Structural ensemble analysis and interpretation

The structural conformations obtained in MD simulations were subjected to comprehensive ensemble
analyses to extract meaningful conformational motions and identify dominant dynamic modes.
Principal Component Analysis (PCA) was applied to all subunits of fitted conformations to extract
collective motions underlying the structural variability (Figure 3-2A). The fitted structural models of
the GDH subunits occupy a broad region in the first and second principal component (PC) space,
reflecting large conformational variability of GDH within the dataset. The first PC accounted for a
large portion of the variance, which captured a hinge-bending motion transitioning between closed
and open conformations, while the second PC represented a shear motion orthogonal to the primary
transition. The ensemble of the structural models obtained by MDSPACE fitting densely covered the
conformational space between the closed and open states, consistent with previously-reported results,
while the distribution suggests that sampling in pure MD simulations, even performed for a very long

timescale, may be insufficient to capture the full range of GDH variability. To evaluate the
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conformational dynamics of individual subunits, clustering analysis on all subunits of the fitted GDH
hexamers was performed. Six major structural clusters revealed distinct regions of conformational

states (Figure 3-2B), illustrating diverse intermediate states bridging closed and open conformations.
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Figure 3-2: (A) PCA of subunits of 1.2 million MDSPACE-fitted structures were projected onto the
first two principal components in RMSD representing hinge-bending (PC1) and shear motions (PC2)
between core domain and NAD binding domain. (B) Representative structures of six classified clusters
aligning with subunit A of 1EUZ (open, in red) by core domain (residue 24-180). In each panel, the
half-transparent red cartoon represents the reference conformation, overlaid with the cluster-

representative structure (shown in solid colors).
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