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Abstract

Single-stranded RNA viruses co-assemble their capsid with the genome, and variations in capsid structures can have
significant functional relevance. In particular, viruses need to respond to a dehydrating environment to prevent
genomic degradation and remain active upon rehydration. Theoretical work has predicted low-energy buckling
transitions in icosahedral capsids, which could protect the virus from further dehydration. However, there has been no
direct experimental evidence, nor a molecular mechanism, for such behavior. Here, we observe this transition using
X-ray single particle imaging of MS2 bacteriophages after aerosolization. Using a combination of machine learning
tools, we classify hundreds of thousands of single-particle diffraction patterns to learn the structural landscape of the
capsid morphology as a function of time spent in the aerosol phase. We found a previously unreported compact
conformation as well as intermediate structures that suggest an incoherent buckling transition that does not preserve
icosahedral symmetry. Finally, we propose a mechanism for this buckling, where a single 19-residue loop is
destabilized, leading to the large observed morphological change. Our results provide experimental evidence for a
mechanism by which viral capsids may protect themselves from dehydration upon aerosolization. In the process,
these findings also demonstrate the power of single-particle X-ray imaging and machine learning methods in studying
biomolecular structural dynamics.

Introduction bacteriophage, a 27nm single-stranded RNA virus

Viral capsids assemble optimally to prioritize the pro-
tection and efficient packaging of the genome”. This
ensures the survival of the virus and facilitates interac-
tions with a host to maintain infectivity. Most spherical
viruses in nature assemble their capsids with icosahedral
symmetry, characterized by a triangulation number (7):
the number of structural subunits forming the triangular
facets of the icosahedron®. For instance, the MS2
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infecting Escherichia coli bacteria (E. coli), is a non-
enveloped virus with a 7=3 icosahedral capsid struc-
ture*, With non-genomic RNA, the capsid protein can
also assemble into T =4 as well as hybrid capsids between
these two triangulation numbers®. Furthermore, covalent
dimerization of the coat protein in MS2 can lead to an
octahedral structure under certain buffer conditions®.
The variability in capsid structures and symmetry-
breaking in icosahedral capsids can potentially affect
infectivity, and has been well-studied in the context of
viral maturation®. The shape of the capsids is determined
by elastic properties such as stretching and bending
energies, spontaneous curvature, and chirality. The tran-
sition from smooth to faceted shapes in icosahedral capsid
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shells corresponds to a soft-mode buckling transition,
driven by bending stiffness’. Continuum elasticity theory
attributes shape transitions in capsids with non-
icosahedral symmetries to a trade-off between stretching
and bending energies®. Moreover, the elastic responses to
external forces elucidate the mechanical stability and
rupture behavior of both empty and filled viral capsids’.

Understanding the intricate and non-trivial variations in
viral capsid structure is essential for unraveling the fun-
damental processes driving viral infectivity and hardiness.
In this study, we approach this problem using the emer-
ging technique of single-particle imaging (SPI) at an X-ray
free-electron laser (XFEL) source. This is a powerful
method for probing the structures of nanoscale sys-
tems'®™'% In these experiments, extremely bright, ultra-
short, and coherent X-ray pulses from XFELs interact
with copies of isolated single particles in random orien-
tations one at a time. This process generates millions of
diffraction patterns, each from a single viral particle.
Machine learning approaches, including unsupervised
methods'®'*, are employed to identify diffraction patterns
scattered from the target object amid contaminants,
aggregates, and outliers. This is followed by orientation
determination and phase retrieval to obtain the electron
density of the average particle’®™". Since each measure-
ment is made on an individual particle, one additionally
has the opportunity to classify them and obtain not only
the average structure, but also the landscape of structural
variations'' %1%,

The short pulses of an XFEL also enable time-resolved
SPI experiments to investigate ultrafast phenomena and
structural dynamics in ensembles of particles at the
nanoscale. This progression has enabled the exploration
of ultrafast photo-induced dynamics'®, resolving the non-
equilibrium shape distributions'?, retrieving the 3D
morphology of polyhedral particles®, melting to explosive
disintegration of nanoparticles®’, demonstrating diffrac-
tion before destruction at the protein scale’”, and
retrieving structures of heterogeneous nanoparticles'".

In this work, we explore and analyze the structural
dynamics of MS2 bacteriophage viruses after aerosolisa-
tion. In the process of being transported to the XFEL
beam, the aerosol droplets are continuously drying,
simulating the natural dehydration process*~>°, Dehy-
drated viruses have been the target of studies since the
earliest days of macromolecular structural studies®.
These studies used electron microscopy”’ and crystal-
lography®® to study dried virus crystals, reporting a
reduction in the diameter compared to the hydrated case,
but still with a symmetric structure. This still left the
question open about the structure of the intermediate
stages during dehydration, and the possibility that asym-
metries and heterogeneity introduced by the drying pro-
cess were averaged over. Another approach applied to
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study dehydrated viruses is using atomic force microscopy
(AFM)*>*, These studies showed mostly icosahedral
structures and, in certain cases, structures resembling
those that have been produced in wet conditions under
high salt concentrations.

In the current experiment, the aerosolized particles are
probed using the XFEL at random degrees of dehydration
to produce single-particle diffraction patterns. Using a
combination of maximum likelihood and deep learning
techniques, we map the collected diffraction data from the
ensemble of MS2 capsids to a continuous structural
landscape. One can then observe viral capsid structures
ranging from the fully-hydrated state to a previously
unobserved capsid form with full coverage of intermediate
structures. This data then enabled us to hypothesize a
molecular mechanism for the observed conformational
changes, which seems to protect the genome from further
dehydration. In the process, we also show how the com-
bination of machine learning methods with high-
throughput SPI measurements at XFELs can be used to
understand the conformational landscape and dynamics
of biomolecules in a fairly general manner.

Results

MS2 bacteriophage particles in an aqueous buffer
(sample preparation details in the “Methods” section)
were aerosolised and sequentially injected into the X-ray
beam interaction region using an electrospray-ionization
aerodynamic-lens-stack sample delivery system®!, as
shown in Fig. 1a. Diffraction patterns were collected at an
average rate of 3520 frames/s for an integrated collection
time of 3.6 h with a hit ratio of around 0.7%. Frames with
diffraction from particles were detected by setting a
threshold on the scattered signal. A total of 287,168
potential hit diffraction patterns were identified, con-
taining 4873 photons per pattern on average, in the
resolution range of 48—3 nm. The average non-hit frame
contained 1014 photons in the same range.

The highly noise-tolerant EMC algorithm® can be used
to categorize and orient diffraction frames with only a few
photons'®****, We employed the Dragonfly software'”, to
perform two-dimensional (2D) classification using this
algorithm. This procedure generated multiple 2D inten-
sity models of diffraction patterns in the detector plane'*
by determining the in-plane rotation angle and relative
incident fluence of each diffraction pattern. These 2D
reciprocal space intensity models capture the average of
aligned copies of a subset of patterns from the entire
dataset, following which class averages were manually
selected corresponding to single particles, indicated by
high fringe contrast and a convex envelope. This proce-
dure was then repeated, each time rejecting the various
contaminants like aggregates and other outliers (details in
Supplementary Section 1).
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Fig. 1 X-ray SPI experiment. a MS2 bacteriophage particles, ~27 nm in diameter, were aerosolized using an electrospray and focused with an
aerodynamic lens stack to the interaction region within the X-ray beam of 250 x 250 nm? focus. The top inset shows a representative cryo-electron
microscopy (cryo-EM) micrograph of the particles. b The 3D structure of MS2 capsid, determined by cryo-EM (resolution 049 nm), served as the
control for the subsequent X-ray SPI experiment. ¢ The same cryo-EM structure was low-pass filtered to the resolution of the conventional X-ray SPI
structure. d The structure retrieved from diffraction data (6.1 nm resolution) using the conventional analysis pipeline is notably different from the

cryo-EM structure in (c)

The final selection contained intensity models revealing
distinctive diffraction features corresponding to an ico-
sahedral particle with good contrast and sharp streaks.
The subset of diffraction frames associated with this
intensity model was selected to reconstruct a three-
dimensional (3D) Fourier model using Dragonfly. Icosa-
hedral symmetrization was applied due to the subset
having only 7249 patterns. Subsequently, it was phased to
retrieve the electron density of the MS2 capsid, as shown
in Fig. 1d, with an estimated resolution of 6.1 nm (phase-
retrieval parameters in the “Methods” section).

Even at this resolution, this structure is markedly dif-
ferent from the one obtained using cryo-electron micro-
scopy (cryo-EM) on the same sample batch shown in Fig.
1b. This structure at 0.49 nm resolution provides insight
into the conformation of the hydrated, flash-frozen cap-
sid, which is a near-spherical particle with icosahedral
symmetry (see the “Methods” section for details). This
baseline structure, along with the similar crystallographic
structure of the capsid (PDB: 2MS2)* serves as a refer-
ence for interpreting structural changes induced by
aerosolisation. The low-pass-filtered version shown in Fig.
1c shows differences at both the 5-fold and 3-fold sites,

with the X-ray structure indenting inwards at the 3-fold
sites.

The fact that only a limited number of patterns (only
2.5%) went into the final 3D structure with the conven-
tional X-ray SPI analysis pipeline raises the question of
the structures of the rejected particles and the source of
the heterogeneity. Around two-thirds of the rest of the
patterns were either from clusters or other contaminants
or too weak to be useful. But that still left 10 times as
many patterns as used in this reconstruction, which had
near-icosahedral symmetry, but could not be merged. As
the particles traverse through the low-humidity environ-
ment, the aerodynamic lens, and then the vacuum
environment of the interaction region, the surrounding
water envelope is continuously evaporating. We explore
the possibility of whether the rejected patterns contain
information about the transition from the hydrated state
to the final structure depicted in Fig. 1d.

Heterogeneity analysis workflow

Figure 2a shows the analysis workflow for learning the
structural landscape of aerosolized MS2 capsids. By using
a much larger fraction of the data, we can reconstruct not
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Fig. 2 Analysis pipeline. a Schematic of diffraction data analysis workflow. All steps other than the unsupervised learning ones are part of the
standard SPI workflow. b Detailed flow chart of the unsupervised learing step to generate the structural latent space and associated 3D Fourier
intensity volumes. The pipeline involves training a B-VAE with a local orientation optimizer. Every 20th epoch, the optimizer outputs an improved
estimate for the orientation (Q) given the 3D Fourier volumes, dataset, and the current estimate of the orientations. ¢ Schematic representation of the
B-VAE network. The model takes 2D class-average intensities and orientations as input and encodes them into a latent space via an encoder network.
This latent space coordinate (2) is subsequently utilized by a decoder network to reconstruct 3D Fourier volumes

just a single homogeneous object, but a whole family of
structures, and then study the variations in that family.
We first used the same 2D classification approach as for
the single reconstruction above. In order to effectively
train and utilize the deep learning method discussed
below, we expanded the total number of intensity models
by performing multiple runs of 2D classification. In each
of the 100 independent bootstrapping runs, 20% of the
diffraction frames (from a total of 170,355) were randomly
selected and classified into 100 distinct 2D intensity
models, resulting in 10,000 intensity models.

Upon scrutinizing the 2D intensity models, distinctive
patterns emerged, including some with strong streaks in
the detector plane from faceted particles but also nearly
circular diffraction rings from rounded objects. These
observations hinted at particle shapes spanning from
icosahedral to almost perfectly round. We applied size
filtering on the 2D intensity dataset to retrieve the

distribution of different discrete heterogeneity in the MS2
particles. The effective size of the particles was deter-
mined from each intensity average using a spherical dif-
fraction model®® (see the “Methods” section).

We curated a dataset of 2558 2D intensity models from
79,711 diffraction frames, representing particles with dif-
ferent capsid morphologies, but excluding models from
dimers, aggregates, and other contaminants whose nom-
inal size was outside the 23-31nm size range. To
understand the structural landscape of the remaining
particles, we employed an unsupervised deep learning
approach—a variational autoencoder (VAE) network®.
Inspired by the pioneering cryoDRGN approach using a
B-VAE network to study heterogeneity in single-particle
cryo-EM datasets®® and our prior work on continuous
shape transitions in gold nanoparticles'®, we adapted the
network for our MS2 virion dataset as a B-VAE, described
below.
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An autoencoder consists of two components, the first
of which (the encoder) takes the input data and returns a
low-dimensional vector, termed the latent vector. The
second part (the decoder) takes this vector as input,
which could even be a single number, and reconstructs
the input data. Both networks are simultaneously trained
to minimize the difference between the inputs and cor-
responding outputs. By forcing this operation to go
through this bottleneck, the encoder not only learns a
low-dimensional latent representation of the dataset, but
the decoder can then be used to generate the data for
arbitrary points in the latent space. A variational auto-
encoder further refines this approach by replacing the
latent vector with a distribution, usually represented as
the mean and standard deviation of a normal distribu-
tion. During training, instead of directly passing the
estimate of the latent vector to the decoder, a random
vector is sampled from the normal distribution para-
meterized by the encoded mean and standard deviation.
The decoder has to figure out how to recover the input
given a Gaussian neighborhood rather than a specific
point in the latent space, which accommodates noise/
uncertainties in the input and drives the smoothness of
the latent representation.

In SPI experiments, not only are there unknown
structural and orientation parameters, but the measure-
ments are also incomplete, since they are 2D images of 3D
objects. Thus, we implement a 2D encoder that takes 2D
diffraction images, but the decoder reconstructs a 3D
intensity distribution. The loss function then compares
the input with a slice through this 3D intensity at the
estimated orientation. In order to separate the effect of
true structural variations from the large, but trivial, var-
iations in diffraction patterns of differently oriented par-
ticles, we include the quaternion representation of the
estimated orientation (Q) for every 2D intensity model in
the dense layers of the encoder network (see Fig. 2c). In
the decoding process, after sampling the latent vector, the
decoder reconstructs a 3D Fourier volume, which is then
sliced at Q to retrieve the input intensities as recon-
structed output data. Finally, the p part of the B-VAE is a
method to regularize the latent space to avoid over-fitting.
This allows the network to use information from patterns
in different orientations with slightly different structures.
The description of the network architecture as well as the
analysis workflow to refine the orientation estimates is
detailed in Fig. 2b and the Supplementary Sections
2 and 3.

As an initial estimate, the orientation of each of these
2D intensity class averages was determined against a
single 3D Fourier volume of the icosahedrally symme-
trized MS2 bacteriophage from the conventional SPI
reconstruction (Fig. 1d). These orientation estimates were
incrementally updated using a so-called local optimizer,
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which works as follows. After a given epoch, each input
data frame was used to generate a 3D Fourier volume
using a single pass through the VAE. This volume was
sliced multiple times, using orientations which were
slightly different from the current estimate (standard
deviation of 5 mrad or 0.3°). The updated orientation for
this frame was chosen to be the one that maximized the
Pearson correlation coefficient with the data (see Sup-
plementary Section 3 for details). This pipeline is shown
schematically in Fig. 2b.

For this dataset, the p-VAE was trained over a total of
2000 epochs. In the first 1000 epochs, the Local Optimizer
was turned off, and icosahedral symmetric orientation
estimates were used, allowing the VAE to learn features
from the dataset and stabilize itself. In the latter 1000
epochs, the orientations were updated.

Once trained, the B-VAE network enables detailed
analysis and systematic exploration of structural hetero-
geneity by examining the 3D intensity volumes recon-
structed by the decoder for various points in the latent
space. The effective diameter of each 3D volume was
determined by fitting a sphere model, the result of which
is shown in Fig. 3a, where the two components of the
latent vector mean, y; and p,, are represented along the
axes, and the color and height represent the effective
diameter.

Structural landscape

The reconstructed structural landscape in Fig. 3a shows
a range of sizes and structures that will be analyzed below.
Prior to that, it is important to acknowledge that the
landscape itself is not evidence of a temporal progression
of some dynamics, since the data is effectively not time-
stamped. However, three observations strongly suggest
that in this case, we are indeed observing snapshots of
dehydration dynamics. The first is that the structure is
observed using cryo-EM to be highly homogeneous in the
hydrated state®® with an effective size of 27 nm. The
second is that the initial droplets produced by the elec-
trospray are in the range of 150—-200 nm>'. Finally, we
observe particles with sizes in the range of 24-31 nm. If
these images do not capture dehydration dynamics, this
would imply that an initially homogeneous population of
hydrated structures responds to the aerosolization process
by transforming to a broad range of structures, some of
which are larger than the original virus. We believe this
explanation to be unlikely and will assume dehydration in
the rest of this paper, while acknowledging that we cannot
rule out the alternative.

We highlight two paths through the structural land-
scape shown in Fig. 3a, capturing two salient features of
the evolution of the capsid morphology. Firstly, the dotted
Gray line trajectory illustrates the variation in shape and
size, as observed from top to bottom, which we ascribe to
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Fig. 3 Structural landscape. a The latent space learned by the -VAE is colored by the estimated diameter (d) of individual patterns. The plot
highlights two distinct trajectories selected to capture the structural variation phenomenon within the latent space. The retrieved electron density of
MS2 particles via phase retrieval of Fourier volumes generated by the decoder network of the 3-VAE network is shown in the grid. b The dotted Gray
trajectory, following from top to bottom in (a), depicts the shape-size variation in the ensemble of capsids. ¢ The Green trajectory, progressing from
left to right in (@), corresponds to different shape realizations for a fixed size of capsid. Red-white-blue colored radially. d Encapsulated overlay of the
3D structure of the MS2 capsid from the low-pass-filtered cryo-EM reconstruction (gray) and the dehydrated X-ray SPI reconstruction (green). The
overlap highlights the altered conformations in the vicinity of the 5-fold and 3-fold sites
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the effect of dehydration. Three-dimensional structures of
the MS2 capsids along this path are depicted in Fig. 3b.
Following this path, we note a transition from larger
particles to smaller, nearly icosahedral particles as dehy-
dration progresses. The largest particles (29-31 nm) were
nearly spherical and larger than the reported 27 nm
hydrated structure, representing MS2 capsids with a water
envelope around them. The contour images in Fig. 3b and
¢ are color-coded radially from red to white to blue in
order to ease visualization of facets, curvature, and size
changes. The structure in Fig. 1d, reconstructed without
the VAE, lies at the end of this path and is highlighted by a
star in the landscape.

The second, Green, trajectory is shown in Fig. 3c. Along
this path, all particles had an estimated diameter of 27 nm.
Here, subtle and gradual deviations from the icosahedral
shape at a constant size are observed. Close examination
shows structures with varying degrees of deviation from
the symmetric structure, also borne out by individual
diffraction patterns and class averages showing asym-
metric structures. This suggests that whatever morpho-
logical change is occurring is not a coherent change acting
on all icosahedral sites simultaneously, but seems to occur
independently at each site.

Proposed molecular mechanism

In order to better understand the capsid morphology
change, we focus on the fully dehydrated state and com-
pare it to the MS2 capsid structures obtained from cryo-
EM and crystallography. Figure 3d displays an overlay
visualization of the two MS2 capsid structures: the low-
pass filtered cryo-EM reconstruction and the X-ray SPI
reconstruction. This overlay emphasizes the locations of
the pores at the 5-fold and 3-fold sites (vertex and face
center, respectively), which are affected during dehydra-
tion through aerosolisation. The T'= 3 icosahedral capsid
of MS2 consists of 12 5-fold contacts at the vertices and
20 6-fold contacts at the face-centers, as seen in the cryo-
EM structures in Fig. 1b and c. The configuration of the
coat protein creates a capsid shell featuring 32 pores
(about 2nm in diameter), denoted here as 5-fold and
3-fold pores, respectively.

The crystal structure of the MS2 virus capsid® shows
that the coat protein has three possible conformations,
termed A, B, and C. These proteins assemble into two
types of dimers: asymmetric A/B dimers and symmetric
C/C dimers. Although the A, B, and C subunits (129
residues) are almost structurally identical, they differ in
the conformation of the FG-loop (residues 66-82), with
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Fig. 4 Dehydrated capsid model. The pentameric (5-A/B) and hexameric (3-A/B and 3-C/C) faces of the T= 3 icosahedral capsid shell from the

(residues 66-82, shaded region). The root mean square fluctuation (RMSF) was calculated from a 20 ns vacuum MD-trajectory of A/B and C/C dimers.
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-ray SPI map. At the 3-fold axis, C/C dimers move toward the capsid center.
The left half is in a similar representation as the experimental X-ray SPI map

the A and C subunits exhibiting a conformation that is
different from that of the B subunit.

The 5-fold pores consist of 5 A/B dimers, with the FG-
loops of the five B-subunits oriented towards the pores in
a compact conformation, as depicted in Fig. 4a. The 3-fold
pores are formed by six dimers—3 A/B and 3 C/C—
arranged alternately, with 3 FG-loops from each A and C
subunit in an extended conformation (Fig. 4b). The FG-
loop plays a pivotal role in capsid assembly and affects its
curvature and mutations in this region can disrupt
assembly™.

We performed molecular dynamics (MD) simulations of
the A/B and C/C dimers in vacuum conditions similar to
those during sample delivery of the SPI experiment (see
the “Methods” section for details). The FG-loop of A and
C subunits showed notable conformational changes or
movements compared to the FG-loop of B on a nanose-
cond timescale (marked in gray in Fig. 4c). The dehy-
dration primarily affects the FG-loop of A and C*"*
suggesting a strong role for water molecules in stabilizing
the extended form of the FG-loop around the 3-fold pore.
In addition, mass spectrometry observations hint that a
section of the internal RNA stabilizes the A/B dimers of
the capsid®.

Based on these observations, we formulate a hypothesis
that due to the high mobility of the FG-loops of A and C
under dehydrating conditions, the FG-loops around the
3-fold pore contract upon losing stabilizing waters, and the
C/C dimer shifts towards the center of the virus. We uti-
lized the positions of A, B, and C subunits from the
asymmetric unit of the 2MS2 crystallographic model as a
starting point, then adjusted the position of the C subunit
(by translation and rotation) to form a new capsid assembly
and minimized the energy of the entire capsid model in
vacuum conditions. This procedure was iterated until we
obtained a stable capsid shell model, which also fit our SPI
electron density map, shown in Fig. 4d. Figure 4e shows the
full capsid with the modeled pore structure. The left half
shows the low-pass-filtered electron density map, showing
a remarkable similarity to the experimental map in Fig. 1d.

Discussion

The structural response of viruses to a dehydrating
environment is an important and somewhat understudied
question, limited by the inability to study these systems in
situ under these conditions. Single-particle imaging using
XFELs provides a unique opportunity to probe the
structures of these viral capsids while they are dehydrating
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in an aerosol stream. With the use of machine learning
tools to classify the whole ensemble of observed particles,
one can observe complex conformational trajectories that
would be hidden with other ensemble-averaged mea-
surements. The femtosecond XFEL pulses allow one to
temporally freeze the structural transitions and observe
non-equilibrium, intermediate structures that occur dur-
ing dehydration.

In this work, we apply this method to MS2 bacter-
iophage capsids, where we observe 3D structures ranging
from a well-hydrated particle with a liquid envelope down
to a dehydrated structure, with a different capsid mor-
phology. Not only do we see these endpoints, but also a
large number of intermediate conformations which break
icosahedral symmetry, providing clear evidence for a site-
specific transformation rather than a capsid-wide con-
certed change. Some open questions remain, the first
being how general these dynamics are for other viruses
with different capsid symmetries. It also remains to be
explored how aerosolized viruses at room temperature
and ambient pressure respond. The success of native mass
spectrometry studies under harsher conditions than
applied in this work suggests that these dynamics may not
be wholly foreign®*. Finally, as discussed in the Results
Section, further validation is required to conclusively
establish the temporal nature of the observed structural
heterogeneity. Some approaches to achieve this would be
to perform SPI with varying initial droplet diameters and
controlled humidity, but also using time-resolved AFM.

While this study is limited to a moderate resolution, the
large-scale changes in this system are already clearly
apparent. Background scattering is the primary barrier to
achieving sub-nm resolution using X-ray single-particle
imaging. Two avenues of technical improvements show
promise in increasing the achievable resolution, involving
either reducing the background using helium-based aerosol
delivery* or increasing the tolerance to background using
strongly scattering holographic references*. This work also
opens up the possibility of studying this important question
for aerosol-transmitted pathogenic viruses.

Materials and methods
Sample preparation

E. coli strain C-3000 (ATCC 15597) was cultured in
volumes of 50mL at 37°C with shaking at 150 rpm.
Shaking was reduced to 90 rpm when the exponential
growth phase was reached, and the culture was infected
with 100 uL MS2 (2.9mgmL™", ey50=23.86 mgmL ")
(ATCC 15597-BI) and 100 puL CaCl, (1 M). Incubation
was stopped when the cells were lysed (ca. 3h). One
milliliter of the lysate and 800 pL CaCl, were used to
infect 400 mL of exponential phase growth culture of E.
coli. Incubation was carried out with shaking at 90 rpm
until the cells were lysed (ca. 5h). The lysate was
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precipitated using 10% (w/v) PEG 6000 and 0.5 M NaCl
over 48 h at 4°C. After precipitation, the suspension was
centrifuged at 10,000xg for 30 min. The pellet was re-
suspended in 30mL 0.01M Tris, pH 7.5 (containing
0.1 M NaCl, 0.1 mM MgCl,, and 0.0l mM EDTA). Stir-
ring was carried out for 1 h at room temperature until
complete re-suspension. Next, the suspension was incu-
bated at 37 °C with shaking at 120 rpm after adding 1.5 mg
lysozyme, 300 uL MgCl, (1 M), and 10 uL Benzonase.
After incubation, the suspension was centrifuged at
8000xg for 30 min. The supernatant was precipitated
using 10% (w/v) PEG 6000 and 0.5 M NaCl and incubated
at 4°C overnight. The suspension was centrifuged at
27,000xg for 30 min, and the pellet was re-suspended in
Tris buffer. The re-suspension was applied to a sucrose
gradient (15-50%) and centrifuged at 40,000xg for 18 h at
4°C. The sucrose in the collected band fractions was
removed by repetitive concentration and dilution steps
with Tris buffer using an Amicon Ultra Centrifugal Filter
(100 kDa cutoff). Prior to cryo-EM grid preparation and
sample injection at the XFEL, the Tris buffer of the
sample was exchanged to a buffer containing 0.2 mM
sodium citrate and 5 mM ammonium acetate using a PD
Minitrap G-25 column (Cytiva). The sample concentra-
tion was adjusted to ~2 x 10" particles/mL (or ~12 mg/
mL) for both experiments.

Cryo-EM structure determination

An aliquot (3 pL) of MS2 virions was deposited onto
freshly glow-discharged, 300 mesh R2/2 Quantifoil grids,
followed by 3 s of blotting at 4 °C and 95% humidity using
a Vitrobot Mark IV instrument (ThermoFisher Scientific).
The blotted grid was plunge-frozen into a 37:63 (v/v)
liquid ethane/propane mixture. Images were acquired
using a Talos Arctica microscope (ThermoFisher Scien-
tific) operated at 200 kV and equipped with a Falcon 3EC
detector (ThermoFisher Scientific). A total of 861 movies
were recorded using the EPU software (ThermoFisher
Scientific) in integration mode at a nominal magnification
of x92,000, yielding a final pixel size of 1.58 A2 Each
movie had a total dose of 36e /A? over 39 frames. Image
processing was performed using cryoSPARC*. Drift and
beam-induced motions were corrected using patch
motion correction, and the contrast transfer function
(CTF) was estimated using patch CTF estimation. The
micrographs were inspected and curated using the
manually curated exposures job, from which 622 micro-
graphs were accepted for further processing. Blob picking
was used to pick 60,861 particles, of which 47,546
remained after two rounds of 2D classification. Two
classes out of four from ab initio reconstruction and
heterogeneous refinement (C1 symmetry) had apparent
density for both the capsid and the A protein. The par-
ticles from these two classes (22,592) were selected for
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homogenous refinement (C1), where a 4.9 A resolution
map was obtained as estimated by the Fourier shell cor-
relation (FSC) = 0.143 criterion (see Fig. S1).

SPI data collection

Data was collected at the SPB/SFX (single particles,
clusters and biomolecules & serial femtosecond crystal-
lography) instrument*® of the European XFEL using 6 keV
photons focused into a 250 x 250 nm” spot. Individual
X-ray pulses were generated with 3.8 m] of energy on
average (3.94 x 10'> photons/pulse). The pulses were
delivered in 352-pulse trains with an intra-train repetition
rate of 1.1 MHz and trains arriving every 0.1 s, leading to a
maximum data collection rate of 3520 frames/s. A
detector built specifically for this burst mode operation,
the adaptive gain integrating pixel detector (AGIPD)®,
was placed 700 mm downstream of the interaction region
to collect the diffraction patterns for each pulse indivi-
dually up to a scattering angle of 13° at the corner of the
detector.

MD simulation

We employed the Gromacs package® for our simula-
tions, utilizing the OPLS-AA force field"' to investigate
the A/B and C/C dimers in vacuum conditions. The initial
configurations were based on the 2MS2 PDB structure®.
To achieve a total charge of +10e for the dimers, we
protonated specific aspartic and glutamic acid residues
within each subunit®, adhering to a well-established
protocol*’. Subsequently, the structures underwent a
steepest descent energy minimization followed by a brief
equilibration at 300 K, without the application of periodic
boundary conditions or pressure coupling, to simulate
vacuum conditions. Protein dynamics were monitored
over a 20ns period, with all parameters maintained in
alignment with the established protocol*’.

Phase retrieval

The electron densities were reconstructed through a 3D
iterative phase-retrieval method applied to the full-
resolution intensity volume of the MS2 bacteriophage.
The procedure was almost identical to the pipeline dis-
cussed in the ref. '®. Figure 1d illustrates the recon-
structed electron density obtained for a dehydrated phage.
In Fig. S4, the phase retrieval transfer function (PRTEF)
metric, evaluating the reproducibility of retrieved phases
based on 128 independent phasing runs for both icosa-
hedral and octahedral structures of MS2 capsid. The
electron density reconstruction from the background-
subtracted intensity distribution involved a hybrid
approach employing the error reduction (ER) algorithm
and the difference map (DM) algorithm. Each phasing run
consisted of 400 iterations, comprising 100 ER iterations
followed by 200 DM iterations, and concluding with 100
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additional ER iterations. The support was updated after
each iteration using a smoothing and thresholding pro-
cedure, with the strongest 40,000 voxels retained in the
support. The phase-retrieval process for the reconstructed
Fourier volumes by the decoder network for various tra-
jectory points involved 16 random model starts. The
number of voxels for the support was determined based
on the estimated diameter size and fringe counts in the
3D Fourier volumes. The electron density maps were
visualized with radial coloring to depict structural varia-
tions. The density map, crystal structure, and SPI den-
sities were visualized using the Chimera software".

Particle size determination

We utilized spherical particle fitting on the Fourier
volumes reconstructed by the decoder network of S-VAE.
This process involved computing the radial average of the
volumes and fitting them with the Fourier model of a
spherical particle. This analysis yielded an estimation of
the diameter of the MS2 phages during the shape-phase
transition. The Fourier model for a spherical particle is
described by the function S(g, d):

(1qd) — rqd - cos(mqd)

S(q.d 4 sin
e (mad)’

where d denotes the diameter of the particle and g is
defined with the crystallography convention. The size
distribution of MS2 bacteriophage is shown in Fig. S7.

Acknowledgements

We acknowledge European XFEL in Schenefeld, Germany, for the provision of
X-ray free-electron laser beamtime, proposal 2734, at SPB/SFX SASET, and
would like to thank the staff for their assistance. This work is supported by the
Cluster of Excellence-CUl: Advanced Imaging of Matter of the Deutsche
Forschungsgemeinschaft (DFG)—EXC 2056—project ID 390715994, the
Swedish Research Council (2018-00234 and 2019-06092), and the Carl Tryggers
Stiftelse for Vetenskaplig Forskning (CTS 19-227). We thank lime Schlichting for
useful discussions.

Author details

"Max Planck Institute for the Structure and Dynamics of Matter, 22761
Hamburg, Germany. “Center for Free Electron Laser Science, Deutsches
Elektronen Synchrotron (DESY), 22607 Hamburg, Germany. Laboratory of
Molecular Biophysics, Department of Cell and Molecular Biology, Uppsala
University, Uppsala SE-75124, Sweden. “European XFEL, Holzkoppel 4, 22869
Schenefeld, Germany. °Institute of Biomaterials and Biomolecular Systems,
University of Stuttgart, Pfaffenwaldring 57, 70569 Stuttgart, Germany. © Institute
of Physical Chemistry, Universitdt Hamburg, Grindelallee 117, 20146 Hamburg,
Germany. "The Hamburg Center for Ultrafast Imaging, Universitat Hamburg,
22761 Hamburg, Germany. éCentre for Structural Systems Biology (CSSB),
Notkestrae 85, 22607 Hamburg, Germany. *Department of Physics, Universitat
Hamburg, Luruper Chaussee 149, 22761 Hamburg, Germany. '°Diamond Light
Source, Harwell Science and Innovation Campus, Didcot, Oxfordshire OX11
ODE, UK. ""Department of Chemistry and Physics, La Trobe Institute for
Molecular Science, La Trobe University, Melbourne, VIC 3086, Australia.
"’National University of Singapore (NUS), Department of Physics/Faculty of
Science, 2 Science Drive 3, Singapore 117542, Singapore. '*Department of
Chemistry, Universitat Hamburg, 20146 Hamburg, Germany. 4NERSC,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA



Mall et al. Light: Science & Applications (2026)15:280

Funding
Open Access funding enabled and organized by Projekt DEAL.

Data availability
The raw data is available here: https://doi.org/10.22003/XFEL.EU-DATA-002734-00.

Code availability

The code for the B-VAE is available at https://github.com/AyyerLab/StrucNN/
tree/master/ms2vae. The Dragonfly source code is available at https:.//github.
com/duaneloh/Dragonfly.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41377-026-02262-0.

Received: 7 August 2025 Revised: 21 January 2026 Accepted: 28 February
2026
Published online: 23 June 2026

References

1.

2.

Sun, S. Y, Rao, V. B. & Rossmann, M. G. Genome packaging in viruses. Curr.
Opin. Struct. Biol. 20, 114-120 (2010).

Jana, A. K & May, E. R Structural and dynamic asymmetry in icosahedrally
symmetric virus capsids. Curr. Opin. Virol. 45, 8-16 (2020).

Caspar, D. L. D. & Klug, A. Physical principles in the construction of regular
viruses. Cold Spring Harb. Symp. Quant. Biol. 27, 1-24 (1962).

Valegard, K. et al. The three-dimensional structure of the bacterial virus MS2.
Nature 345, 36-41 (1990).

De Martin Garrido, N. et al. Bacteriophage MS2 displays unreported capsid
variability assembling T=4 and mixed capsids. Mol. Microbiol. 113, 143-152
(2020).

Plevka, P, Tars, K. & Liljas, L. Crystal packing of a bacteriophage MS2 coat
protein mutant corresponds to octahedral particles. Protein Sci. 17, 1731-1739
(2008).

Widom, M, Lidmar, J. & Nelson, D. R. Soft modes near the buckling transition
of icosahedral shells. Phys. Rev. E 76, 031911 (2007).

Nguyen, T. T, Bruinsma, R. F. & Gelbart, W. M. Elasticity theory and shape
transitions of viral shells. Phys. Rev. £ 72, 051923 (2005).

Buenemann, M. & Lenz, P. Elastic properties and mechanical stability of chiral
and filled viral capsids. Phys. Rev. E 78, 051924 (2008).

Seibert, M. M. et al. Single mimivirus particles intercepted and imaged with an
X-ray laser. Nature 470, 78-81 (2011).

Ayyer, K. et al. 3D diffractive imaging of nanoparticle ensembles using an X-ray
laser. Optica 8, 15-23 (2021).

Shen, Z. et al. Resolving nonequilibrium shape variations among millions of
gold nanoparticles. ACS Nano 18, 15576-15589 (2024).

Zhuang, Y. L. et al. Unsupervised learning approaches to characterizing het-
erogeneous samples using X-ray single-particle imaging. IUCrJ 9, 204-214
(2022).

Ignatenko, A. et al. Classification of diffraction patterns in single particle ima-
ging experiments performed at x-ray free-electron lasers using a convolutional
neural network. Mach. Learn.: Sci. Technol. 2, 025014 (2021).

Ayyer, K et al.  Dragonfl. an  implementation of  the
expand-maximize-compress algorithm for single-particle imaging. J. Appl.
Crystallogr. 49, 1320-1335 (2016).

Ayyer, K. et al. Low-signal limit of X-ray single particle diffractive imaging. Opt.
Express 27, 37816-37833 (2019).

Rose, M. et al. Single-particle imaging without symmetry constraints at an
X-ray free-electron laser. [UCr) 5, 727-736 (2018).

Cho, D. H. et al. High-throughput 3D ensemble characterization of individual
core—shell nanoparticles with X-ray free electron laser single-particle imaging.
ACS Nano 15, 4066-4076 (2021).

Hoeing, D. et al. Time-resolved single-particle X-ray scattering reveals electron-
density gradients as coherent plasmonic-nanoparticle-oscillation source. Nano
Lett. 23, 5943-5950 (2023).

20.

21.

22.

23.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49.

50.

51,

Page 10 of 10

Colombo, A. et al. Three-dimensional femtosecond snapshots of isolated
faceted nanostructures. Sci. Adv. 9, eade5839 (2023).

Dold, S. et al. Melting, bubblelike expansion, and explosion of superheated
plasmonic nanoparticles. Phys. Rev. Lett. 134, 136101 (2025).

Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray diffraction.
Light Sci. Appl. 13, 15 (2024).

Thomas, J. J. et al. Electrospray ion mobility spectrometry of intact viruses.
Spectroscopy 18, 31-36 (2004).

Martin-Gonzélez, N. et al. Exploring the role of genome and structural ions in
preventing viral capsid collapse during dehydration. J. Phys.: Condens. Matter
30, 104001 (2018).

Coleman, H. et al. Effect of mechanical stresses on viral capsid disruption
during droplet formation and drying. Colloids Surf. B: Biointerfaces 233, 113661
(2024).

Lauffer, M. A. & Bendet, . J. The hydration of viruses. Adv. Virus Res. 2, 241-287
(1954).

Cosslett, V. E. & Markham, R. Structure of turnip yellow mosaic virus crystals in
the electron microscope. Nature 161, 250-252 (1948).

Bernal, J. D. & Carlisle, C. H. Unit cell measurements of wet and dry crystalline
turnip yellow mosaic virus. Nature 162, 139-140 (1948).

Kuznetsov, Y. G. et al. Imaging of viruses by atomic force microscopy. J. Gen.
Virol. 82, 20252034 (2001).

Kuznetsov, Y. G. & McPherson, A. Atomic force microscopy in imaging of
viruses and virus-infected cells. Microbiol. Mol. Biol. Rev. 75, 268-285 (2011).
Bielecki, J. et al. Electrospray sample injection for single-particle imaging with
x-ray lasers. Sci. Adv. 5, eaav8801 (2019).

Loh, N. T. D. & Elser, V. Reconstruction algorithm for single-particle diffraction
imaging experiments. Phys. Rev. £ 80, 026705 (2009).

Philipp, H. T. et al. Solving structure with sparse, randomly-oriented x-ray data.
Opt. Express 20, 1312913137 (2012).

Giewekemeyer, K. et al. Experimental 3D coherent diffractive imaging from
photon-sparse random projections. IUCrJ 6, 357-365 (2019).
Golmohammadi, R. et al. The refined structure of bacteriophage MS2 at 2.8 A
resolution. J. Mol. Biol. 234, 620-639 (1993).

Daurer, B. J. et al. Experimental strategies for imaging bioparticles with fem-
tosecond hard X-ray pulses. IUCrJ 4, 251-262 (2017).

Kingma, D. P. & Welling, M. Auto-encoding variational Bayes. In International
Conference on Learning Representations, Banff, Canada. arXiv:13126114 (2014).
Zhong, E. D. et al. CryoDRGN: reconstruction of heterogeneous cryo-EM
structures using neural networks. Nat. Methods 18, 176-185 (2021).

Koning, R. . et al. Asymmetric cryo-EM reconstruction of phage MS2 reveals
genome structure in situ. Nat. Commun. 7, 12524 (2016).

Ni, C. Z et al. Crystal structure of the MS2 coat protein dimer. implications for
RNA binding and virus assembly. Structure 3, 255-263 (1995).

Brodmerkel, M. N. et al. Stability and conformational memory of electro-
sprayed and rehydrated bacteriophage MS2 virus coat proteins. Curr. Res.
Struct. Biol. 4, 338-348 (2022).

Perkett, M. R, Mirijanian, D. T. & Hagan, M. F. The allosteric switching
mechanism in bacteriophage MS2. J. Chem. Phys. 145, 035101 (2016).
Knapman, T. W. et al. Determining the topology of virus assembly inter-
mediates using ion mobility spectrometry-mass spectrometry. Rapid Com-
mun. Mass Spectrom. 24, 3033-3042 (2010).

Tamara, S, den Boer, M. A. & Heck, A. J. R High-resolution native mass
spectrometry. Chem. Rev. 122, 7269-7326 (2022).

Yenupuri, T. V. et al. Helium-electrospray improves sample delivery in X-ray
single-particle imaging experiments. Sci. Rep. 14, 4401 (2024).

Ayyer, K. Reference-enhanced x-ray single-particle imaging. Optica 7, 593-601
(2020).

Punjani, A. et al. cryoSPARC: algorithms for rapid unsupervised cryo-EM
structure determination. Nat. Methods 14, 290-296 (2017).

Mancuso, A. P. et al. The single particles, clusters and biomolecules and serial
femtosecond crystallography instrument of the European XFEL: initial instal-
lation. J. Synchrotron Radiat. 26, 660-676 (2019).

Henrich, B. et al. The adaptive gain integrating pixel detector AGIPD a detector
for the European XFEL. Nucl. Instrum. Methods Phys. Res. Sect. A 633, S11-514
(2011).

Péll, S. et al. Heterogeneous parallelization and acceleration of molecular
dynamics simulations in GROMACS. J. Chem. Phys. 153, 134110 (2020).
Pettersen, E. F. et al. UCSF chimera—a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605-1612 (2004).



