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Abstract

The biological function of macromolecular complexes depends not only on large-scale transitions between
conformations, but also on small-scale conformational fluctuations at equilibrium. Information on the equi-
librium dynamics of biomolecular complexes could, in principle, be obtained from local resolution (LR)
data in cryo-electron microscopy (cryo-EM) maps. However, this possibility had not been validated by
comparing, for a same biomolecular complex, LR data with quantitative information on equilibrium dynam-
ics obtained by an established solution technique. In this study we determined the cryo-EM structure of
the minute virus of mice (MVM) capsid as a model biomolecular complex. The LR values obtained corre-
lated with crystallographic B factors and with hydrogen/deuterium exchange (HDX) rates obtained by
mass spectrometry (HDX-MS), a gold standard for determining equilibrium dynamics in solution. This
result validated a LR-based cryo-EM approach to investigate, with high spatial resolution, the equilibrium
dynamics of biomolecular complexes. As an application of this approach, we determined the cryo-EM
structure of two mutant MVM capsids and compared their equilibrium dynamics with that of the wild-
type MVM capsid. The results supported a previously suggested linkage between mechanical stiffening
and impaired equilibrium dynamics of a virus particle. Cryo-EM is emerging as a powerful approach for
simultaneously acquiring information on the atomic structure and local equilibrium dynamics of biomolec-
ular complexes.

© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Macromolecular complexes carry out many

biochemical processes in cells and organisms.
These nanomachines convert energy into atomic
movements, which are generally reflected in
conformational changes that mediate biological
functions. Viruses and their capsids have

During virus morphogenesis, multiple copies of
one or a few capsid proteins (CP) self-assemble
into a protein shell (capsid) that encloses the viral
genome to yield an infectious virus particle.® > The
built-in conformational flexibility of CPs and capsids
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is required to fulfill their specific roles in the viral
infectious cycle."® Most studies on virus dynamics
have focused on large-scale transitions between
populated states of the viral particle. For example,
during virus maturation a labile capsid may undergo
a large, irreversible structural transition to become a
robust but metastable capsid. The mature capsid
effectively protects the viral genome in the extracel-
lular medium, but allows its release in the host cell.”

In addition to transitions between different
thermodynamic states, viral capsids are subjected
to conformational fluctuations at equilibrium,
termed equilibrium dynamics, that are also
relevant for viral infection.® These fluctuations
involve continuous changes in the position of
atoms, atomic groups, and larger structural ele-
ments. For example, capsid “breathing” allows the
externalization of certain CP regions that carry sig-
nals required for infection by some viruses.®® "'
Conformational fluctuation at equilibrium is a biolog-
ically critical feature also of many other biomolecu-
lar machines.'*'®

Different approaches have been used to
investigate large-scale conformational transitions
during virus assembly or maturation, or during
viral genome packaging or uncoating. Stable
populated intermediates and kinetically trapped
intermediates have been structurally
characterized,® sometimes using X-ray crystallog-
raphy or cryo-electron microscopy (cryo-EM) to
reach high resolution.”'®"'? Fewer techniques are
suited to probe the small-scale equilibrium dynam-
ics of viruses and other large molecular complexes.
Binding of specific antibodies has been used to infer
capsid breathing from the transient externalization
of internally located CP segments.®® Covalent
crosslinking of specific capsid residues, limited pro-
teolysis or hydrogen/deuterium exchange (HDX)
mass spectrometry (MS) have identified highly
dynamic structural elements in some viral cap-
sids.®%7 112022 These approaches have provided
many important insights into the equilibrium dynam-
ics of viruses and other biocomplexes. However,
they may be technically intricate, may probe only
some capsid regions, and do not reach high local
resolution.

Nuclear magnetic resonance (NMR)
spectroscopy has also been used to study the
dynamics of virus particles.”> NMR can reach
high-resolution when probing the dynamics of smal-
ler proteins or some specially arranged
supramolecular assemblies such as filamentous
phages.”* However, technical limitations do not
generally allow NMR spectroscopy to provide a
complete, high-resolution description of the equilib-
rium dynamics of most viruses and macromolecular
assemblies. All-atom molecular dynamics (MD)
simulations have predicted at atomic resolution
the fast equilibrium dynamics of some virus parti-
cles.”® However, severe computational demands,

inaccuracies in the force field and other issues cur-
rently impose substantial limitations to MD for
studying the equilibrium dynamics of viruses and
other large molecular complexes.

Cryo-EM is greatly contributing to our
understanding of viruses and cellular machines by
providing outstanding structural descriptions at
high resolution.?* " However, as for X-ray crystal
structures, cryo-EM-derived structures generally
correspond to either the minimum free energy con-
formation (under the conditions used), or to a kinet-
ically trapped state. Thus, it has been argued that
these two techniques provide only static, somewhat
deceptive views of macromolecular complexes. In
fact, information on their conformational dynamics
can also be derived from both techniques.

For each atom in a crystallized molecule a B-
factor (or “temperature factor”) can be calculated
from diffraction data. If interpreted with caution, a
set of relative (normalized) B-factors for a
molecular complex may provide an approximate
description at high resolution of spatial differences
in small-scale conformational fluctuations at
equilibrium.?® Likewise, a few approaches have
recently been developed to extract, from cryo-EM
data, information on the conformational dynamics
of viruses and other biocomplexes. For example,
rapid vitrification may trap some individual particles
of a macromolecular complex in transient, higher
free energy conformations.?*~*° If these conforma-
tions are sufficiently different from the minimum free
energy conformation and from each other, struc-
tural models for different, inter-converting confor-
mations may be obtained from the corresponding
maps, and compared to identify highly dynamic
regions. In addition, sophisticated computational
approaches have been applied to investigate
dynamics from a continuous distribution of hetero-
geneities in data from an ensemble of individual
cryo-EM images.®' > Differences in local resolution
(LR) values in cryo-EM density maps could, in prin-
ciple, contain information on the detailed equilibrium
dynamics of biomolecular assemblies. However,
the possibility to reliably extract such information
from actual LR data had not been validated by com-
paring, using a same biomolecular complex, LR val-
ues with quantitative measurements of equilibrium
dynamics in solution using a reference technique,
such as HDX-MS.

The present study validates, by direct comparison
with the gold-standard HDX-MS approach, a
simple, general method to extract, from LR
differences in the cryo-EM map, relevant
information about the equilibrium dynamics of
supramolecular complexes. As an application of
this approach, in the second part of this study we
determined the cryo-EM structure of two mutant
MVM capsids and compared their equilibrium
dynamics with that of the wild-type MVM capsid.
The results supported a suggested linkage
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between changes in the mechanical elasticity of a
viral capsid, and changes in its equilibrium
dynamics leading to impaired biological function.

Results

Equilibrium dynamics of the minute virus of
mice (MVM) capsid revealed by local
resolution analysis of cryo-EM maps. The
parvovirus MVM is one of the smallest (~250 A in
diameter) and structurally simplest viruses known,
yet it fulfils many complex functions leading to
infection of host cells.®® Thus, this virus constitutes
an excellent system to investigate general relation-
ships between structure, dynamics and function of
viruses and biomolecular complexes in general.
The icosahedral T =1 MVM capsid is built from 60
CP subunits with identical sequence and tertiary
structure, except for a N-terminal (Nt) extension that
in 10 (VP1) subunits is longer than in the other 50
(VP2) subunits. The initially internal, structurally dis-
ordered VP1 extensions do not contribute to capsid
structure or assembly. VP2-only MVM capsids
made of 60 identical subunits®® have previously
facilitated the study of different structure—function
relationships, and were also used in this study.
The atomic structure of the VP2-only capsid of the
wild-type (wt) MVMp (prototype strain p) had previ-
ously been determined by X-ray crystallography.*
In addition, the equilibrium dynamics in solution of
nearly every peptide segment in exactly the same
capsid had previously been analyzed by HDX-
MS.?* The results of those studies made this viral
capsid a model of choice to assess whether reliable,
high-resolution information on equilibrium dynamics
could be derived from LR data in a cryo-EM map of
a supramolecular complex.

High-resolution cryo-EM structure of the MVM
capsid. As a first step, the atomic structure of the
wt MVMp VP2-only capsid was determined by
cryo-EM. Highly purified MVM capsids were
visualized in a 200-kV FEI Talos Arctica electron
microscope (Figure 1(A)). We merged ~210,000
particle images to calculate an icosahedrally
averaged map at 3.42 A resolution (Figure 1(B)),
as estimated by the criterion of 0.143 Fourier shell
correlation (FSC) coefficient (Figure S1). Using
the crystal structure of the same MVM capsid
[PDB ID: 1Z14;*"] as initial template, the polypep-
tide chain was built using Coot.** The atomic model
obtained for VP2 includes 549 residues (Gly39-
Tyr587) of the total 587 residues; the 38 Nt residues
are nor resolved due to extensive disorder.

In the cryo-EM model obtained the structural
features of the CP (VP2) could be observed in
detail. The CP is folded as a single B-barrel (the
jelly-roll  fold) with two four-stranded p-sheets
facing each other (BB to PI) tangential to the
capsid surface (Figure 1(C), bottom). Loop
insertions between B-strands are very large and

form additional subdomains; loops BB- BC (36
residues), BE- BF (75 residues) and BG- BH (223
residues) face the outer surface of the capsid
(Figure 1(C), bottom). N- and C-terminal ends
face the interior and the outer surface of the
capsid, respectively. Fine structural details of
capsid salient features, like spikes around the 3-
fold axes (S3 regions), channels (pores) at the 5-
fold axes (S5 regions), and distinct depressions at
the 2-fold axes (S2 regions), could also be
discerned (Figure 1(B)).

A residue-by-residue comparison between cryo-
EM LR values and crystallographic B-factors for
the MVM capsid. The cryo-EM structural model of
the wt MVMp capsid was then compared with the
equivalent X-ray structural model of the same
capsid previously determined at 3.25 A resolution.
Taking into account all 549 superimposed CP
residues, the mean Ca- Ca distances (rmsd) was
0.62 A for equivalent Ca (1.07 A for all atoms). A
residue-by-residue comparison of the cryo-EM
structure and the crystal structure of the wt MVMp
capsid showed only 13 %, 7 %, 3 %, or 1 % of Ca
atoms with distances > 0.80 A, > 1.0 A, > 1.2 A,
or > 1.4 A, respectively (Figure S2). This
comparative analysis proved that the equilibrium
conformations of this virus capsid in a hydrated
crystal or in Vvitrified water are Vvirtually
indistinguishable.

The quality of different regions of the wt MVMp
capsid CQ/O-EM map was determined using
MonoRes,*® which provides an accurate determina-
tion of LR.** MonoRes was chosen instead of other
approaches including Fourier-shell-correlation-
based ones because it simplifies the uncertainty in
the locality (window size) and provides a conserva-
tive estimation of local resolution avoiding an over-
estimation of the resolution values. A program,
Resol2Bfplot, was developed to extract and assign
LR values for every atom. Relative LR values were
calculated by dividing the absolute LR values
obtained for the Ca atoms in each individual residue
by the global (averaged), FSC-derived resolution of
the map; these values were then appended directly
to the atom coordinates in the standard PDB file
(provided as Data S1.dat). Quantitative differences
between relative LR values in the cryo-EM structure
of the CP subunit in the wt MVMp capsid were color-
coded and represented on the atomic model (Fig-
ure 2(A)). Several regions (peptide segments) in
each CP molecule (labeled 1-10 in Figure 2(A)),
showed a comparatively lower resolution (relative
LR values > 1.33; higher values in Figure 2(A)).
These regions corresponded mainly to protein
loops that are mostly located on the outer capsid
surface. Regions with the highest resolution (rela-
tive LR values < 1.33; deep blue shades in Figure 2
(A)) corresponded to the B-barrel CP core.

The relative LR values obtained by cryo-EM for
each residue in the wt MVMp capsid were then
compared with the relative B-factors previously
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Figure 1. Cryo-EM structure of the wt MVM capsid. (A) Cryo-electron micrograph of wt MVM capsids. Bar,
50 nm. (B) Radially color-coded atomic model of the wt MVM capsid viewed along a 2-fold axis. Protruding trimers
(white) are visible in the T = 1 lattice. The atomic structure of a CP subunit is shown. Cyan pentagons, triangles or
ovals respectively indicate 5-fold, 3-fold or 2-fold icosahedral symmetry axes. These axes define S5, S3 or S2 regions
in the capsid, respectively. (C) Ribbon diagram of the CP monomer (top view, top; side view, bottom). The CP subunit
is rainbow-colored from blue (N terminus [Ny]) to red (C terminus [C;]). Dashed oval indicates the VP2 B-barrel.
Symbols as defined for panel (A) indicate icosahedral symmetry axes.

obtained by X-ray crystallography for the same
capsid.”’ For each residue, a relative B-factor was
calculated by dividing the average B-factor for the
main chain atoms of that residue by the average
B-factor for all main chain atoms in the CP. Quanti-
tative differences in relative B-factor were color-
coded and represented on the atomic structural
model (Figure 2(B)). A comparison between relative
LR values (Figure 2(A)) and relative B-factors (Fig-
ure 2(B)) is shown in Figure 2(C). Relative crystalo-
graphic B-factors and cryo-EM LR values
(averaged at residue level) presented a correlation
coefficient of 0.82. A clear match was found
between the 10 solvent-exposed CP peptide seg-
ments that showed a comparatively lower resolution
(relative LR values > 1.33) in the cryo-EM structure
(Figure 2(A), dashed ovals) and those with the high-
est B-factors (relative values > 1.44) in the X-ray
structure (Figure 2(B), dashed ovals). Similarly, a
correspondence was found between regions with
comparatively high resolution (low LR values) and
low B-factors in the B-barrel CP core. This was not
a merely qualitative coincidence. In a residue-by-
residue, linear representation of LR values (cryo-
EM) versus B-factor values (X-ray) along the CP
sequence, a striking quantitative correlation was
generally observed: compare the corresponding

spectra of color hues in Figure 2(C) (dark blue to
deep yellow). Relative B-factors obtained by cryo-
EM for the MVM capsid or other biocomplexes were
very similar to the corresponding B-factors obtained
by X-ray crystallography (Figure S3(A)).
Comparison with HDX-MS results validates cryo-
EM LR values and crystallographic B-factors as
signatures of equilibrium dynamics for different
structural elements in the MVM capsid in solution.
HDX-MS is a gold standard method to investigate
in solution the equilibrium dg/namics of protein
complexes including viruses.®?""?°??2 HDX-MS
data are available for the wt MVMp capsid,* which
allowed us to undertake a quantitative three-side
comparison of the equilibrium dynamics of different
regions and structural elements in the MVM capsid,
as estimated by: i) the percent hydrogen/deuterium
exchange for many individual peptide segments
spanning the entire CP (VP2) sequence, deter-
mined by HDX-MS analysis of the MVM capsid in
solution under defined conditions; ii) average rela-
tive LR values determined for the same peptide
segments from cryo-EM data; and iii) average rela-
tive B-factors determined for the same peptide seg-
ments from X-ray crystallography data (Figure 3).
In HDX-MS, proteins are fragmented into several
peptides that may overlap (such as 67-81 and 71—
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Figure 2. Comparison between cryo-EM LR values and X-ray crystallography B-factors for the wt MVM
capsid. (A, B) Color-coded cryo-EM (A) and X-ray (B) structures of the wt MVM capsid according to relative LR
values and relative B-factors per residue, respectively. Dashed ovals indicate peptide segments (1—10) with low LR

values (A) or high B-factors (B).

(C) Residue-by-residue comparison of cryo-EM relative LR values and

crystallographic relative B-factors for the wt MVM capsid. Top: a grey line is used to indicate amino acid residue
positions along the CP (VP2) sequence. o helices (yellow rectangles) and B strands (pink rectangles) are also
indicated; black bars show the position of the segments (1-10) with low relative LR values in the cryo-EM structure
and with high relative B-factors in the X-ray structure. Bottom: color distribution along the VP2 sequence is based on
relative LR values (cryo-EM) or relative B factors (X-ray), as indicated in the color scales at right.

81 and others in Figure 3). The HDX rate cannot be
obtained on a residue-by-residue level, but only as
one average exchange rate value for each
peptide. In contrast, B-factors and LR values can
be obtained for individual residues or even atoms.
To compare the values obtained by the three
techniques, we averaged the B-factors and LR
values for the amino acid residues contained in
the peptide segments that had been obtained by
HDX-MS (but note that some of the amino acid
residues that contributed to those average values
for the peptides showed very different LR values
or B-factors).

This three-side comparison revealed a good
qualitative overall match between CP peptide
segments with a higher percent hydrogen—
deuterium exchange (HDX-MS), those with a
higher LR value (corresponding to lower
resolution) (cryo-EM), and those with a higher B-
factor (X-ray crystallography) (Figure 3). Some
differences in relative peak heights or “shifts” in
peak position were observed in some cases. Such

differences may be due to the limited spatial
resolution of the HDX-MS analysis, and
differences between individual amino acid
residues in the contributions of experimental noise
depending on the location and environment of
each residue in the capsid structure. The LR cryo-
EM analysis and the B-factor crystallographic
analysis were nevertheless able to identify most
regions with higher or lower than average
dynamics that had been identified using the gold-
standard HDX-MS analysis in solution. The good
correlation between LR values and local
differences in equilibrium dynamics in solution
obtained by HDX-MS validates the LR-based
cryo-EM approach to investigate conformational
fluctuations of biocomplexes at equilibrium.

A linkage between mutation-induced changes
in mechanical elasticity and local changes in
equilibrium dynamics of a virus capsid leading
to impaired infectivity. The above validation of
the LR-based cryo-EM approach to investigate
equilibrium dynamics should greatly facilitate
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Figure 3. Superimposition of HDX-MS, cryo-EM and X-ray data for the wt MVM capsid. The Plot shows the
percent hydrogen—deuterium exchange values (green), relative LR values (red) and relative B-factor values (blue) for

the CP (VP2) peptide segments.

structure-based mutational analyses on the
relationships between detailed conformational
fluctuations and biological function. As an example
of such studies, in the second part of this work we
investigated the hypothesis of a linkage between
equilibrium dynamics and stiffness in a virus
capsid, again using MVM as a model.

In previous studies with three different viruses
(MVM, human rhinovirus and the human
immunodeficiency virus), we found evidence for
an intimate relationship between mechanical
stiffening and impaired conformational dynamics
(transitions between equilibrium states and/or
conformational fluctuations at equilibrium).*>>"
For MVM, different capsid-stiffening mutations
impaired dlfferent biologically relevant transitions
between conformational states,”>*° but it was
unclear whether the equilibrium dynamics was also
impaired. Two MVM capsids carrying single muta-
tions (D263A or F55A) were selected for this study.
These two amino acid substitutions are deleterious
when individually introduced in the virus, virtually
abolishing infection of host cells.®® However, they
are located far away from each other, and their bio-
logical effects are mediated by different mecha-
nisms. Residue D263 (Figure 4(A), green) from
five symmetry-related CPs delimits the base of the
channel at each capsid fivefold axis. Mutat|on
D263A impairs a conformational transition®* associ-
ated to externalization through the capsid channels
of VP2 Nt segments carrying signals required for
nuclear exit of MVM.>*°* In contrast, residue F55
(Figure 4(A), blue) is located close to each capsid
2-fold axis at the center of each intertrimer interface,
and mutation F55A hampers capsid assembly.*®
Mechanical analysis using atomic force microscopy
(AFM) revealed that both mutations resulted in cap-
sid stiffening.”>*® We have now determined the
cryo-EM structures of these two mutants to investi-
gate, using the LR approach validated in the first

part of this study, whether these deleterious, stiffen-
ing mutations impair conformational fluctuations of
the MVM capsid at equilibrium, as it had been
predicted.

Effects of mutations on MVM capsid stiffness.
Stiffening by the F55A mutation had previously
been determined for VP2-only MVMp capsids, but
stiffening by the D263A mutation had been
determined for VP1/VP2 MVMp capsids, which
differ from the former in the presence of
disordered Nt extensions of a few (VP1) subunits.
Although for the wt MVMp capsid and another
mutant capsid (N170A) both VP2-only and VP1/
VP2 versions showed the same stiffness,*’ a strict
comparison of stiffness and dynamics between wt
and mutants required the same capsid version to
be used in all cases. Thus, the stiffness of the
D263A VP2-only capsid was determined here as
we had previously done for the wt and the F55A
mutant VP2-only capsids.

High-resolution AFM imaging of individual D263A
capsids from a highly purified preparation revealed
the expected major topographic features. Different
particles with a S2, S3 or S5 region on top were
chosen for indentation (Figure 4(B)), and force
versus distance (Fz) curves were obtained.
Shallow indentation of individual capsids elicited
an elastic response. From the slope of the Fz
curve, the elastic constant (k) was determined as
described previously**°° (see Methods). The k val-
ues obtained for D263A capsids indented on a S2,
S3 or S5 region were separately averaged for many
particles, and taken as an indication of capsid stiff-
ness when indented on that particular region (Fig-
ure 4(C)).

The average (global) stiffness determined for the
D263A capsid (disregarding the indented region)
was significantly higher than that of the wt capsid
(Ak = 18 %), and similar to that previously
obtained for the F55A capsid (Ak =21 %). In both
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Figure 4. Mechanical stiffness of wt and D263A and F55A MVM capsids. (A) Side view of two CP subunits
around a 5-fold axis (dashed line with a pentagon symbol) in the wt MVM capsid. Residues D263 (green) and F55
(blue) are indicated. (B) AFM images of individual D263A capsids with a 2-fold axis (S2 region) (left), 3-fold axis (S3
region) (middle) or 5-fold axis (S5 region) (right) on top. Oval, triangle and pentagon indicate approximate locations of
2-, 3- and 5-fold icosahedral symmetry axes, respectively. Scale bars are indicated. (C) Elastic constants (k, average
value + standard deviation) determined for wt, D263A and F55A capsids. Global, averaged k values without
considering specific capsid regions; S2, S3 or S5, specific k values respectively determined for S2, S3 or S5 capsid
regions. k values for wt and F55A have been previously published and are included here for completeness.*® Fz,

number of capsid indentations used for analysis.

cases, capsid stiffening was anisotropic (Figure 4
(C)). D263A (located in S5 region, Figure 4(A))
increased the stiffness of S5 regions (Ak = 23 %)
more than that of S3 regions (Ak = 18 %) and S2
regions (Ak = 13 %). In contrast, F55A (located in
S2 region, Figure 4(A)) increased the stiffness of
S2 regions (Ak = 51 %) more than that of S3
regions (Ak = 32 %) and did not increase the
stiffness of S5 regions (Ak = -15 %).
High-resolution cryo-EM structure of D263A and
F55A mutant MVM capsids. Highly purified
mutant capsid preparations were obtained, and
structure determination was performed using
exactly the same procedures followed for the wt
capsid as described above. The D263A and
F55A mutant MVM capsids were imaged by
cryo-EM (Figure 5(A, B)), and icosahedrally
averaged maps were calculated at 3.36 A

resolution for D263A (with ~458,000 particle
images) and at 3.26 A for F55A (~171,000

images), as estimated by the criterion of a
0.143 FSC coefficient (Figure 5(C, D);
Figure S1). The introduced amino acid

substitutions D263A and F55A could actually be
visualized in the cryo-EM density maps
(especially for mutant F55A), which showed
local differences in electron density consistent
with each mutation (Figure 5(E, F)). The cryo-
EM atomic models of the F55A or D263A
capsids were almost indistinguishable from that
of the wt capsid, with respective rmsd of only
0.42 A and 0.45 A for Ca atoms (0.79 A and
0.86 A for all atoms). Thus, any difference in
the capsid equilibrium conformation caused by
either mutation (apart from the substituted
residue itself) was exceedingly subtle.
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Figure 5. Cryo-EM structures of the D263A and F55A mutant MVM capsids. (A, B) Cryo-electron micrographs
of D263A (A) and F55A (B) mutant capsids. Bar, 50 nm. (C, D) Radially color-coded atomic model of the D263A (C)
and F55A (D) mutant capsids viewed along a 2-fold axis. (E, F) Cryo-EM densities for the capsid region around amino
acid substitution D263A (E, green) or F55A (F, blue) compared to the corresponding region in the wt capsid (red).

Effect of D263A and F55A mutations in the
equilibrium dynamics of the MVM capsid detected
by cryo-EM. Despite the equilibrium conformations
of wt, F55A and D263A MVM capsids were
virtually indistinguishable, differences in local
resolution in the corresponding cryo-EM density
maps revealed many small, but significant,
changes in capsid equilibrium dynamics (Figure 6
(A)). To minimize the effect of differences in global
resolution in this comparison, LR values were
normalized by dividing them by their respective
global FSC resolution. In general, conformationally
more dynamic capsid regions in the wt capsid
became less dynamic in the mutant capsids
(Figure 6(A, B)). Clear impairment of equilibrium
dynamics was found around the mutated residues
(positions 55 or 263) (Figure 6(B), red arrows) but
also in many other capsid regions, some of them
located very far from the mutated residue
(Figure 6(B)). As already indicated by a previous
study using X-ray crystallography and AFM,*? sin-
gle point mutations in the MVM capsid can have
not only local, but also global effects on the equilib-
rium dynamics by influencing the conformational
flexibility and mechanical elasticity of capsid regions
located far from the mutation site (see also below).
Most of the quenched dynamic regions involved
capsid surface loops (Figure 6(B)) distributed along
the whole CP sequence (Figure 6(C)).

Compatrative analysis of the effects of the D263A
and F55A mutations on the mechanical stiffness
and equilibrium dynamics of the MVM capsid.
Comparison of the results obtained by AFM or
cryo-EM for the wt, D263A and F55A capsids

supports the hypothesis that an overall increase in
capsid stiffness (Figure 4) is intimately linked to an
overall reduction in capsid equilibrium dynamics
(Figure 6). Moreover, when the effects of the
D263A or F55A mutations on the equilibrium
dynamics of specific regions were compared,
some small differences could be detected. If
confirmed by further analysis, some of those
differences in local dynamics may underlie the
different mechanisms by which those two
mutations impair virus infectivity.

To sum up, the validated LR-based cryo-EM
approach to obtain high-resolution information on
the equilibrium dynamics of a viral capsid provided
strong support to the proposal that the deleterious
effect of capsid-stiffening mutations acting at
different stages of the infectious cycle is ultimately
related to their impairment of the conformational
dynamics of the MVM capsid.

Discussion

Relative LR values obtained by cryo-EM for
different atoms or structural elements in a
supramolecular complex may ideally depend on
differences in their conformational fluctuations.
However, LR values are influenced by local
damage during sample irradiation or inaccurate
object orientation during image processing. An
important question that remained unanswered was
whether the information on equilibrium dynamics
provided by LR values could be blurred or
obliterated by the above technical limitations. This
study has shown, by comparison with HDX-MS, a
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D263A

VP2 residue number 100 200 00

400 500

Figure 6. Effect of D263A and F55A mutations in the equilibrium dynamics of the MVM capsid as
determined by cryo-EM. (A) Color-coded cryo-EM structures of wt (left), D263A (middle) or F55A (right) MVM
capsids according to relative LR values per residue. (B) Cryo-EM structures of the wt (left), F55A (middle) or D263A
(right) CP (VP2) subunit (color coded as in Figure 2(A)). Positions of wt residues D263 and F55 (left), or mutant
residues A55 (middle) or A263 (right) are indicated. (C) Residue-by-residue comparison of the relative LR values for
the wt, D263A and F55A MVM capsids. Color distribution along the VP2 sequence is based on relative LR values as

indicated in the color scale at right.

gold-standard solution approach, that differences in
LR values obtained by cryo-EM do provide a
reliable signature for substantial differences in
local conformational fluctuations within a
biomolecular complex in solution.

Crystallographic B-factors have also been used
as indicators of differences in atomic mobility.
However, B-factors may be influenced by the
general static disorder (slightly different relative
orientations/positions of individual molecules in
the crystal) and packing forces (which will impair
the dynamics of regions involved in crystal
intermolecular contacts). The good correlation
found for the MVM capsid between relative B
factors with both cryo-EM LR values and HDX-MS
exchange rates support the view that relative B
factors, like cryo-EM LR values, are reliable
indicators of local differences in conformational
dynamics.

It could be argued that the MVM capsid could be
an unusual complex for which the limiting factors of

cryo-EM or X-ray crystallography had no significant
effect on dynamics-related parameters. To rule out
this possibility, we investigated whether the
correlation between LR values and B-factors held
for other viral and cellular protein complexes from
the PDB°® and EMDB"®’ repositories. Four different
assemblies solved to atomic or near atomic resolu-
tion by both X-ray crystallography and cryo-EM
were selected: B-galactosidase,’® >° dimethylfor-
mamidase [DMFase,?° "], apoferritin®*°° and por-
cine circovirus-2 [PCV-2,°“%°].  For every
macromolecular complex a clear correlation
between LR values and relative B-factors was
found (Figure 7, Figure S3(B)).

Standard LR analysis distinguishes densities
corresponding to rigid regions from more flexible
or disordered regions. Such approach associates
a substantial decrease in resolution with a long-
range movement, and delimits the regions for
which the map coordinates can be confidently
built. The analysis of smaller LR differences in
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traceable densities, such as the one undertaken in
the present study, goes beyond that distinction
between ordered and disordered regions, and
allows a detailed investigation of the relative
dynamics of ordered regions, and even individual
residues, around their equilibrium positions. Note,
however, that because the data obtained are
noisy, small differences between different regions
in a protein complex cannot be taken as indication
of small differences in dynamics. Note also that
differences in dynamics found for the same region
when wild-type or mutant protein complexes are
compared (eg, the MVM capsid in this study) are
indeed significant, as the same amino acids in the
same regions of two nearly identical structures are
being compared.

For any new protein complex being solved by
cryo-EM, careful consideration should be given to
the possibility that low LR values could be partly
due to the existence of two or more structurally
close enough, intrinsically less dynamic
conformational states instead of only one, more
dynamic conformational state. However, in terms
of overall conformational dynamics and its
potential consequences, the difference between
those two situations may be subtle: If two
conformational states of a protein complex are
structurally so similar that they cannot be
distinguished by high-resolution cryo-EM, it is
likely that the free energy barrier involved in their
interconversion will be relatively low. The situation
where two very close potential energy wells
separated by a very low energy barrier (i.e., two
conformationally similar states that can be easily
interconverted through a transition state when a
minimum supply of energy is provided) may
operationally approach the situation where there is
a single energy well with a somewhat less steep
slope (i.e., a single state that can sample slightly
different conformations when a minimum supply of
energy is provided, but without involving the
passage through a transition state).

High-resolution structures determined by cryo-
EM are becoming a key to greatly expand and
speed-up discovery of the structural basis for
biological function of many viruses and cellular
machines. Recently the cryo-EM structure of
another parvovirus, AAV2, was determined at an
unprecedented high resolution of 1.86 A.°° The

<

LR values ranged from 1.78 to 1.92 A, but no
dynamics information was extracted from those val-
ues. Comparing LR-based dynamic analysis of
mutant and non-mutated forms of a biocomplex,
especially using such highly detailed atomic struc-
tures, can now be used also to investigate in atomic
detail structure-dynamics-related biological function
relationships. Moreover, any remaining influence of
technical limitations that could affect both the wt and
the mutant will be removed when ALR = (LRmutant -
LR,) values are obtained. As proof of concept, we
applied here the cryo-EM LR approach, once vali-
dated in the first part of this study, to challenge a
standing hypothesis for an inextricable relationship
in viral particles between biologically relevant
changes in mechanical stiffness and changes in
equilibrium dynamics (discussed next).

We had previously found evidence for a
relationship between global or local stiffening
(determined by AFM) of virus particles and
impaired  conformational transitions  and/or
quenched equilibrium dynamics, and this linkage
was rationalized in simple physical terms.*> "% A
discriminating experiment using MVM capsid
mutants was devised here to test the hypothesis
of a linkage between mechanical stiffening and
impaired equilibrium dynamics. In a previous study
we had found many deleterious mutations in the
MVM capsid that increased its stiffness.*> 4%
Some of those mutations (e.g., N170A, D263A)
were located around the pores at the capsid 5-fold
axes and exerted their deleterious effect by ham-
pering a conformational transition associated to
through-pore translocation of signal elements.?**°
In contrast, other stiffening mutations (e.g., F55A),
located far from the pores and close to the centers
of the intertrimer interfaces at the capsid 2-fold
axes, had no effect on the pore-associated transi-
tion but impaired capsid assembly.*® We reasoned
that, if an inextricable linkage between capsid stiff-
ening and impaired equilibrium dynamics exists,
every-one of those capsid-stiffening mutations, irre-
spective of their differences in location or mecha-
nism of action, should impair the capsid
equilibrium dynamics.

In a seminal study of the nodavirus flock house
virus (FHV), RNA-filled and empty capsids were
shown to be structurally indistinguishable by X-ray
crystallography; however, the RNA-filled capsid

Figure 7. Comparison between cryo-EM LR values and X-ray crystallography B-factors for different protein
complexes. X-ray (left) and cryo-EM (right) structures of (top to bottom) B-galactosidase, DMFase, apoferritin and
PCV-2, color-coded according to relative LR values or relative B-factor values per residue, respectively. Bars below
each pair of images represent a residue-by-residue comparison of the cryo-EM relative LR values and
crystallographic relative B-factors along the protein sequence for the 4 complexes depicted. Color distribution along
the protein sequence is based on normalized LR values or relative B-factors as indicated in the corresponding color

scales.
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showed a markedly reduced conformational
dynamics.'" In the present study we found, using
a cryo-EM-based LR approach, very similar results
for two MVM capsid-stiffening mutations, D263A
and F55A. Both mutations had exceedingly subtle
effects on the capsid atomic structure but, based
on lower LR values, they did substantially decrease
the dynamics of many capsid elements. Moreover,
the structural elements in which major reductions
in dynamics were observed were very similar in
the two mutant capsids. The observation that those
capsid-stiffening deleterious mutations, irrespective
of differences in location or mechanism of action,
impair the dynamics of the capsid provides strong
additional support for the hypothesis of an inextrica-
ble linkage between stiffness and equilibrium
dynamics in a viral particle. Moreover, the high spa-
tial resolution of the cryo-EM LR approach allowed
the identification of differences on the effect of the
tested mutations in the dynamics of specific loops
and other capsid structural elements.

Conclusions. Cryo-EM is being increasingly
used to determine the atomic structure of viruses
and biomolecular complexes. In the present study,
direct comparison with HDX-MS results in solution
validates LR values obtained from cryo-EM maps
as indicators of dynamic regions in biomolecular
assemblies. The LR-based cryo-EM approach
presents several strengths to investigate
equilibrium dynamics:

i) It is relatively easy to implement on a general
basis. For each new structure solved by cryo-EM
at high-resolution, we would like to propose that
relative LR values are calculated and included in
the atomic coordinate file deposited in the PDB.

ii) It provides high resolution information on
differences in equilibrium dynamics between
different structural elements, or after some
structural modification is introduced (e.g.,, a
mutation or bound ligand). In the latter case, the
influence of technical artifacts will cancel out if
ALR values are obtained. Note that relative LR
values are most useful to compare the dynamics
of different regions in a same protein complex, or
changes in dynamics of a same region in variants
(mutants) of the same complex; they should not
be used to compare the dynamics of structurally
unrelated protein complexes.

iii) It complements other techniques to study
equilibrium dynamics, including HDX-MS which
may prove more accurate but is less resolutive. It
may also be used to experimentally validate or
guide even more detailed atomic resolution
predictions by all-atom MD simulations.

This study provides also support for an intimate
linkage between changes in mechanical stiffness
of a biomolecular complex and changes in its
equilibrium dynamics. Information on equilibrium
dynamics obtained by cryo-EM and/or AFM may
help elucidate the physico-chemical mechanisms
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that underlie the biological function of viruses and
cellular machines.

Materials and Methods

Recombinant plasmids, production and

purification of MVM capsids. Recombinant
plasmid pFB1-VP2 carrying the mutation D263A in
VP2 of MVMp was used as a donor to construct
the corresponding BM-VP2 bacmid usmg the
baculovirus expression system (Invitrogen).
VP2 bacmids containing the wt VP2 gene or F55A
or D263A mutant VP2 genes were used to produce
the corresponding VP2-only MVMp capsids in H5
insect cells. Extensive purification of recombinant
MVMp VP2-only capsids was performed essentially
as previously described.*® Purity and quality of the
capsid preparations was assessed mainly by EM.

Cryo-EM and data collection. Purified wt or
mutant D263A or F55A MVMp capsid samples
(5 ) were applied onto R2/2 300 mesh copper
grids (Quantifoil Micro Tools, Germany) and
vitrified using a Leica EM CPC cryofixation unit.
Data were collected on a FEI Talos Arctica
electron microscope operated at 200 kV and
images recorded on a FEI Falcon Il detector for wt
and D263A, and on a FEI Falcon Il detector for
F55A operating in linear mode. A total of 4,209
(wt), 3,002 (D263A) and 4,114 (F55A) movies
were recorded at a calibrated magnification of
X73,000 for wt, D263A and F55A, yielding in all
cases a pixel size of 1.37 A on the specimen. For
wt and D263A, each movie comprlses 23 frames
with a dose rate of 1.59 e A2 per frame with an
accumulated dose of 36.57 € A~2; for F55A, each
mowe comprises 36 frames with a dose rate of 1
e A per frame with an accumulated dose of 36
e A2 Data acquisition was performed with EPU
Automated Data Acquisition Software for Single
Particle Analysis (ThermoFisher) with three shots
per hole at —0.50 um to —4.0 um defocus for all
samples.

Image processing. All image-processing steps
were performed using Scipion”® package software.
Movies were motion-corrected and dose-weighted
with Motioncor2.°® Aligned, non-dose-weighted
micrographs were then used to estimate the con-
trast transfer function (CTF) with CTFfind4. O Al
subsequent image processmg steps were per-
formed using RELION 2.1.”" 2D averages obtained
from preliminary datasets were used as references
to automatically pick the micrographs and a total of
997,001 (wt), 941,403 (D263A) and 1,015,264
(F55A) particles were extracted. 2D classification
was performed for the three datasets and 841,632
(wt), 723,071 (D263A) and 914,218 (F55A) parti-
cles were selected to perform a 3D classification
imposing icosahedral symmetry, using a model
obtained from preliminary datasets low-pass filtered
to 40 A resolution as initial model. The best 210,854
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Table 1 Cryo-EM data collection and refinement statistics for MVM wt, D263A and F5A capsids.

Parameter MVM WT

MVM D263A MVM F55A

Data collection and processing

Microscope FEI Talos Arctica FEI Talos Arctica FEI Talos Arctica
Detector Falcon Il Falcon Il Falcon Il (linear mode)
Magnification 73,000x 73,000x 73,000x
Voltage (kV) 200 200 200
Electron exposure (e/A%) 36.6 36.6 36
Exposure per frame (e/A?) 1.59 1.59 1.00
Defocus range (um) —0.50 to —4.0 —0.50 to —4.0 —0.50 to —4.0
Pixel size (A) 1.37 1.37 1.37
Micrographs collected (no.) 4,209 3,002 4,114

Initial particles (no.) 997,001 941,403 1,015,264
Final particles (no.) 210,854 458,002 171,062
Symmetry imposed 12 12 12

Map resolution (A) 3.42 3.32 3.22

FSC threshold 0.143 0.143 0.143

Map resolution range (A) 3.01 - 5.21 2.92 — 4.32 2.88 —4.52
Refinement

Model resolution (A) 3.43 3.36 3.26

FSC threshold 0.5 0.5 0.5

Mask correlation coefficient 0.85 0.87 0.85

Map sharpening B factor (A?) —203.539 —215.7 —181.85
Model composition (asymmetric subunit)

Non-hydrogen atoms 4,317 4,279 4,311
Protein residues 549 543 549

ADP (B-factors)

Minimum 19.34 12.48 12.81
Maximum 76.13 75.46 60.83
Mean 38.60 31.91 25.98
R.m.s. deviations

Bond angles () 0.965 0.834 0.873
Validation

MolProbity score 1.80 1.54 1.52
Clashscore 5.33 3.47 3.56
Rotamer outliers (%) 0.64 0.00 0.43
Ramachandran plot

Favored (%) 91.22 93.90 94.52
Allowed (%) 8.78 5.91 5.48
Outliers (%) 0.00 0.18 0.00

(wt), 458,002 (D263A) and 171,062 (F55A) parti-
cles were included in 3D auto-refinement imposing
icosahedral symmetry; yielding maps with an over-
all resolution at 3.42 A (wt), 3.32 A (D263A) and
3.22 A (F55A) based on the gold-standard
(FSC = 0.143) criterion. Local resolution was esti-
mated using Xmipp3 MonoRes with two half vol-
umes from the 3D auto-refinement analyzing the
resolution range from the N%/quist limit of 2.74 A to
lower 10 A limit resolution.”

Model building and refinement. The structure
of MVM [PDB ID: 1Z14;*'] was used as template
to build a homology model. The model was first
manually docked as a rigid body into the density
and followed by real space fitting with the Fit in
Map routine in UCSF Chimera.”® The model was
then manually adjusted in Coot** to optimize the
fit to the density. Then, real space refinement was
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performed in Phenix’® using global minimization,
morphing, simulated annealing, local grid search,
atomic displacement parameter (ADP), secondary
structure restraints, non-crystallographic symmetry
(NCS) restraints, side chain rotamer restraints,
and Ramachandran restraints. Refinement statis-
tics are listed in Table 1.

Model validation and analysis. The quality of
the atomic models, including basic protein
geometry, Ramachandran plots, clash analysis,
was assessed and validated with Coot,
MolProbity’* as implemented in Phenix, and with
the Worldwide PDB (wwPDB) OneDep System
(https://deposit-pdbe.wwpdb.org/deposition).

Comparison of relative LR values obtained by
cryo-EM with relative B-factors obtained by X-
ray crystallography. To compare relative LR
values with relative B-factor values, a common
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framework was necessary. A residue-by-residue
comparison was chosen to avoid over-
interpretation and facilitate comparison of the
results. Moreover, the residues are a natural
structural basis convenient for establishing
comparisons when atomic models are involved.

Relative B-factor values obtained by X-ray
crystallography and cryo-EM. A relative B-factor
value was obtained for each residue by calculating
the average B-factor for its main chain atoms, and
dividing this value by the average B-factor for all
main chain atoms in the molecule. Main chain
atoms only were considered for the calculations
because they have a higher weight in defining
capsid conformational fluctuations.

Relative LR values obtained from cryo-EM maps.
The atomic model was converted into a binary mask
with the shape of the protein. Thus, LR values
around each Ca could be averaged to obtain a
single value per residue. The mask was created
by placing spheres with a radius R centered at the
Ca atom positions. A value of 1 was assigned to
those voxels inside the spheres of radius R,
otherwise a value of 0 was set. Because the mask
was created from the atomic model, the residue
that corresponds to each sphere is known.

An adequate value to the sphere radius R was
assigned as follows. For a same map, different
local resolution algorithms can provide different
LR values,” mainly because of the different locality
of the algorithms. The local resolution method used
here was MonoRes,** which make use of a Riesz
Transform to estimate the resolution. The unidimen-
sional Riesz transform, known as Hilbert Transform
as kernel 1/nx, when x = 3 pixels the kernel goes
close to zero. Thus, a coarse locality of 3 pixels
was chosen for using MonoRes. The sampling rate
of the current detectors are around 1 A/pixel or even
lower. This pixel size is in the range of the locality of
MonoRes, which justified the choice of a radius
R = 3 A for the spheres in the mask.

MonoRes determines the resolution for which the
local signal (protein) cannot be distinguished from
noise (solvent). MonoRes does not use a local
FSC and therefore, the expected value of the
distribution of local resolution can be different from
the global FSC.”® Even the less dynamic residues
will show a LR value that is lower than the FSC
value, resulting in LR / FSC relative resolutions that
are higher than 1.0 even for the less dynamic
residues.

Atomic force microscopy. AFM hardware and
software were from Nanotec Electronica. AFM
imaging and quantification of mechanical stiffness
were performed as previously described.*>>> AFM
images were obtained in Jumping Mode’® using
RCB800PSA cantilevers (Olympus) with a nominal
elastic constant of 0.1 N/m. The actual elastic con-
stant k. for each cantilever was determined before
each experiment as described previously.”” AFM
images were processed using the WSxM soft-
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ware.”® The stiffness of different capsid regions
was determined by indenting individual capsids with
a 5-fold, 3-fold or 2-fold symmetry axis close to the
top of the particle at the indentation point, as deter-
mined by previous high-resolution AFM imaging
(see Results). To keep within the range leading to
an elastic response and avoid particle damage, only
measurements that involved an indentation depth
between 0.5 nm and 2.0 nm were considered. The
elastic constant k for the indented capsid region
was determined assuming that capsid and can-
tilever behave as a system of two ideal spring in
series.”®
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