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using a manifold-based analysis of experimental diffraction 
snapshots from an X-ray free electron laser, we determine the 
three-dimensional structure and conformational landscape 
of the Pr772 virus to a detector-limited resolution of 9 nm. 
our results indicate that a single conformational coordinate 
controls reorganization of the genome, growth of a tubular 
structure from a portal vertex and release of the genome. these 
results demonstrate that single-particle X-ray scattering has 
the potential to shed light on key biological processes. 

Almost 20 years ago, pioneering simulations by Neutze et al.1 
showed that damage-free imaging of individual biological entities, 
first proposed by Breedlove and Trammell2, and later by Solem 
and Baldwin3, may indeed be possible with X-ray free electron 
lasers (XFELs). This ‘single-particle imaging’ approach involves 
recovering three-dimensional (3D) structure from a collec-
tion of 2D snapshots of individual particles, each viewed in an 
unknown orientation1,4–6. The 3D structures of large viruses have 
been determined with this approach7,8, albeit to resolutions sub-
stantially lower than expected from the highest scattering vector 
recorded on the detector.

‘Classical’ single-particle reconstruction techniques are pred-
icated on integrating information from snapshots emanating 
from a series of identical particles. In practice, it is unlikely that 
the particles are structurally static and identical9,10 or that the 
imaging conditions do not vary from shot to shot. To mitigate 
these effects, published 3D structures obtained by single-par-
ticle X-ray scattering have stemmed from small subsets of the 
data—typically a few tens to a few hundred snapshots—carefully 
selected from large collections to limit heterogeneities11,12. For 
fundamental information–theoretic reasons, such small data sets 
limit the achievable resolution5,13. Further progress requires the 
ability to mitigate imaging artifacts, both experimentally and by 
post facto correction, and the availability of structure-recovery 
algorithms capable of dealing with intrinsic structural heteroge-
neities of the imaged particles. This is doubly important, because 
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conformational change is often vital to biological function10,14–16 
and virulence17 and is thus of significant scientific and thera-
peutic interest.

Here we demonstrate that single-particle XFEL techniques can 
be used to map continuous conformational changes in a biologi-
cal system. Beyond generating 3D conformational movies, our 
approach can determine the conformational coordinates driving 
biological processes and the probability maps—and, potentially, 
the energy landscapes—associated with such changes. With the 
extremely large data sets expected from high-repetition-rate 
XFELs about to enter service18, this approach promises access to 
rare, rate-limiting conformations energetically far above the ther-
mal bath. As such conformations probably entail large structural 
changes, high spatial resolution may not be essential for revealing 
important new biology.

Bacteriophage PR772, a member of the Tectiviridae family, was 
used for single-particle XFEL diffraction experiments. PR772 is a 
lytic phage with a double-stranded DNA genome. This virus was 
chosen primarily for its size (~70 nm in diameter, comparable to 
mammalian viruses), ease of growth to high titers in Escherichia 
coli and biosafety level 1 classification (meaning it is harmless to 
immunocompetent adults and poses no environmental hazards).

We present a movie of continuous 3D conformational changes 
(below referred to as a conformational movie) in the PR772 virus 
and the occupation probability over the viral conformational 
landscape, both extracted from experimental single-particle 
XFEL snapshots. In thermal equilibrium—potentially even under 
non-equilibrium conditions19–22—occupation-probability maps 
can be used to determine the energy landscape of the system.

Our results suggest that a single conformational coordinate 
couples and controls reorganization of the genome content, 
the growth of a tubular membrane structure and the release of 
genome. Our primary purpose, however, is to demonstrate the 
capability to map the conformational spectra of non-crystalline 
biological systems by XFEL techniques, regardless of the causes 
underlying the observed heterogeneities.
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results
compiling conformational movies and landscapes
Our approach to extracting conformational movies and energy 
landscapes from experimental single-particle XFEL snapshots 
involves manifold-based (geometric) machine learning, as pre-
viously described and validated with simulated23 and experimen-
tal single-particle data24,25. We extended the approach to deal 
with the absence of phase information with and without assum-
ing icosahedral symmetry (Online Methods). We used recently 
reported26 single-particle X-ray scattering data collected at the 
Linac Coherent Light Source (LCLS) XFEL for the coliphage 
PR772 (Online Methods). Electron microscopy and light scat-
tering were used to validate the quality of the viral particles before 
and after injection into a sample chamber under conditions simi-
lar to those used in the subsequent XFEL experiment.

Our analysis begins with preprocessing the snapshots to correct 
for detector offset (see Online Methods for detailed description of 
the data-analytical pipeline). As the data set consists of diffraction 
snapshots from no, one or several particles, we used a manifold-
based approach to select 37,550 single-particle snapshots from 
the data set, which consisted of 135,375 snapshots of one or more 
particles, and corrected for shot-to-shot variations in the inci-
dent intensity27. The snapshot orientations were determined as 
described28 (Online Methods). At this stage, the 3D diffraction 
volume and structure can be determined, subject to the assump-
tion that the objects giving rise to the snapshots are identical.

To investigate possible conformational heterogeneities in the 
viewed objects, snapshots within a small orientational aperture 
about a Shannon angle in radius (i.e., snapshots from nearly 
identical projection directions) are used to map the (discrete 
or continuous) conformational spectrum in each projection 
direction24. In the case of continuous conformational changes, 
the number of statistically distinguishable conformational 
‘bins’ describing the continuum is determined by the signal-
to-noise ratio24. The analysis automatically yields orthogonal 
conformational coordinates ranked according to eigenvalue, 
with each conformational coordinate controlling a set of con-
certed conformational changes. Examination of the resulting  
movies reveals the nature of the changes associated with the 
individual conformational coordinates. The conformational 
information from all projection directions is integrated to 
obtain a 3D conformational movie for each or any combina-
tion of conformational coordinates24,25.

The number of snapshots in each conformational bin is counted 
to deduce an occupancy map, with one or more conformational 
coordinates defining the coordinate system24. In thermal equilib-
rium, the energy landscape can be determined from the number 
of snapshots n in each conformational bin via the Boltzmann 
relation, i.e., 

n e
G

k T∝
−

B

where G = Gibbs free energy, kB = Boltzmann constant and  
T = temperature. Theoretical work has shown that it is also pos-
sible to determine free energies from non-equilibrium measure-
ments19–22. A discussion of this possibility is beyond the scope 
of the present paper.

The effect of possible artifacts on the veracity of the outcome 
of each step in the procedure outlined above are described23–25 
and in Online Methods.

Pr772 structure and conformational analysis
We first determined the 3D structure of the PR772 virus using 
37,550 single-particle XFEL snapshots without conforma-
tional sorting. The snapshots were obtained at an incident 
photon energy of 1.6 keV, with the largest scattering vector 
recorded on the detector corresponding to a spatial resolution 
of 9 nm. Projected structures obtained by iterative phasing of 
individual 2D snapshots directly reveal significant structural 
heterogeneity (Supplementary Fig. 1).

Figure 1 shows the 3D diffraction volume and the ‘phased’ real-
space structure of the virus (Online Methods). R split and Fourier 
shell correlation analyses29 showed that the spatial resolution of 
the reconstructed 3D structure is limited to 9 nm by the corner 
of the detector used in the experiment (Supplementary Figs. 2 
and 3). Owing to the projection of the experimental data onto 
icosahedral Wigner D functions, no significant deviation from 
icosahedral symmetry can be expected at this stage, as verified 
by the small differences in the lengths of viral axes with the same 
symmetry. This issue is discussed further below.

Conformational analysis of the same data in all projec-
tion directions24 (Online Methods) reveals a dominant  
conformational coordinate. At the current spatial resolution of 
9 nm, the next conformational coordinate is about a factor of 
two lower in eigenvalue. Over its full range, the dominant con-
formational coordinate drove an increase of 11.0 ± 0.4% in the 
viral diameter, coupled to a reduction of 68.1 ± 2.1% in signal 
from the contents of the viral capsid (Fig. 2 and Supplementary 
Movie 1). We verified that the observed concerted changes  
did not stem from deviations of the capsid from icosahedral  
symmetry, orientational misalignment, variations in the posi-
tion of the beam–particle interaction point, the deposition of  
extraneous material on the virus during the experiment or the 
subset of single-particle snapshots included in the analysis 
(Online Methods).

In equilibrium, the distribution of snapshots over the  
1D conformational landscape defined by the first conformational 
coordinate yields, via the Boltzmann relation, the energy land-
scape. As the extrusion of the viral genome is a non-equilibrium 
process, we present a map of the conformational occupation  
probability (Fig. 3). The most probable conformation occurs at 
~35% of the full range of the conformational coordinate, which we 

30 nm

a b

Figure 1 | 3D diffraction volume and structure obtained without 
conformational analysis. (a) Diffraction volume extracted from 37,550 
experimental 2D single-particle diffraction snapshots of the PR772 virus, 
obtained with an XFEL. (b) Corresponding structure with a resolution of  
9 nm, corresponding to scattering to the edge of the detector.
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suggest corresponds to a partially emptied virus retaining ~70% 
of its inner content.

PR772 is similar in structure to PRD1, a prototypical member 
of the Tectiviridae family. During storage, PRD1 initiates a spon-
taneous process of proteolipid reorganization. Other than in vivo 
infection, sample storage (‘aging’) is the only known mechanism 
for triggering this process. Cryo-EM30 and cryo-EM tomogra-
phy31 have shown that, during this aging process, the PRD1 inner 
membrane containing the genome changes its icosahedral form 
to that of a loose sack connected to a proteolipid tube protruding 
from a fivefold portal of the capsid. The endpoint of this proc-
ess corresponds to a reduction of the volume occupied by the 
genome-containing membrane by ~60%, in close agreement with 
our observation of 68% (refs. 30,31).

The observed increase in the spherically averaged viral diameter 
is, at first sight, reminiscent of viral ‘swelling’ associated with the 
release of the genome in the Bromoviridae family32,33. However, 

the emergence of a proteolipid tube from the capsid—a character-
istic of the Tectiviridae family30,31—could also cause an increase in 
the spherically averaged viral size. The direct observation of such 
a feature requires the removal of icosahedral symmetry.

To this end, we determined the orientations of the diffraction 
snapshots in each conformational bin without the imposition of 
icosahedral symmetry by a standard Bayesian approach34 and com-
piled 3D diffraction volumes as a function of the conformational 
coordinate. Iterative phasing of these volumes reveals substantial 
rearrangements in the distribution of viral content (Supplementary 
Fig. 4) along the conformational coordinate, corroborating the 
changes observed with the imposition of icosahedral symmetry. 
However, the relative paucity of snapshots in each conformational 
bin renders the structural details of each 3D structure sensitive to 
the constraints imposed during iterative phasing. This problem can 
be circumvented by applying iterative phasing directly to the 2D 
diffraction snapshots to obtain projections of the 3D structure. 3D 
volumes for each conformational bin can then be recovered from 
the 2D projections by standard cryo-EM methods35. The resulting 
3D conformations reveal the growth of a tubular structure from 
a fivefold portal vertex of the capsid (Fig. 4 and Supplementary 
Movie 2), as previously observed in this virus family30,31.

discussion
Our results demonstrate that continuous viral conformational 
changes can be detected and accurately quantified by single-particle  
X-ray scattering, even at modest spatial resolution. The mani-
fold-based data-analytical approach used here directly reveals the 
conformational landscape controlling concerted changes in the 
virus. Our results indicate that for the PR772 virus, a single con-
formational coordinate couples and controls the reorganization 
of the internal membrane and genome, the growth of a tubular 
structure from a portal vertex and the release of the genome. We 
have verified that these observations are not due to experimental 
artifacts (Online Methods). XFEL single-particle techniques will 
open the way to systematic investigations of the influence of bio-
logically important effects such as pH, temperature, ligands and 
cofactors on the function of biological entities.
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Figure 2 | 3D structures revealed by conformational analysis assuming 
icosahedral symmetry. (a) Ten structures extracted from all 37,550 single-
particle snapshots showing successive changes as the conformational 
coordinate proceeds from 0 to 1. The density is normalized to the 
maximum value at the 0 of the conformational coordinate. In all, 50 
conformations were reconstructed. (b) Changes in the radial density 
averaged over spherical shells vs. the conformational coordinate over the 
range 0–1. The solid lines are provided as guides to the eye. The radial 
density is normalized to its maximum value at the 0 of the conformational 
coordinate. Error bars correspond to adding the s.d. of 20 independent 
3D phase recovery calculations in quadrature with the s.d. resulting from 
varying the support mask cutoff density by 25%.
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Figure 3 | Conformational probability distribution. Change in the natural 
log of the occupation probability p(τ) vs. the dominant conformational 
coordinate τ, deduced from the 37,550 single-particle snapshots. The 
line is a guide to the eye. Error bars are estimated from Poisson sampling 
uncertainty added in quadrature to variations due to manifold-embedding 
parameters. For an equilibrium distribution, the vertical scale gives the 
energy change in units of thermal energy kBT.
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For a grand canonical ensemble in equilibrium, the highest 
experimentally observable energy depends logarithmically on the 
number of snapshots in the data set. This can be understood as 
follows. The difference in the Gibbs free energy (∆G) between 
two states with populations N1 and N2 is given by the Boltzmann 
relation, N2 / N1 = exp(−∆G/kBT). The upper limit for the energy 
increase ∆Gmax, observable in an ensemble of N snapshots, cor-
responds to N2 = 1 and N1 = N − 1 ≈ N. Thus, the upper limit to 
the highest point sampled in the energy landscape (from which 
only one snapshot is present in the data set) corresponds to  
∆Gmax = kBTlogN.

At present, cryo-EM data sets contain a few million snapshots 
at most, limiting the highest accessible point in the conforma-
tional landscape to energies a few times the thermal energy at 
room temperature kBTRT

24. Current XFEL’s typically produce 
~106 diffraction snapshots per 12-h shift, of which a small per-
centage are single-particle hits from the object of interest. Using 
an online veto procedure, the European XFEL is expected to read 
out ~108 useful single-particle snapshots in a typical five-shift 
experiment18. This will offer an unprecedented opportunity to 
determine conformations and energy landscapes up to energies 
of 18 kBTRT (~10 kcal/mol), which is comparable with the energy 
released by ATP hydrolysis. Using particles in equilibrium and 
without any time resolution, this approach promises the capabil-
ity to determine the structure of fleetingly occupied, potentially 
rate-limiting transition states, which often control biological 
processes. It is reasonable to expect the conformational changes 
associated with surmounting such high energy barriers to be 
large compared with the changes revealed by X-ray crystallog-
raphy and cryo-EM, where the results are strongly weighted 
toward the heavily occupied, low-energy states. Thus, the pres-
ently modest resolution of single-particle XFEL methods may be 
sufficient to reveal hitherto inaccessible conformational infor-
mation on elusive ‘transition states’, especially those of highly 
flexible biological entities involved in important processes such 
as transcription.

In conclusion, we have shown that XFEL-based single- 
particle imaging, when combined with powerful data-analytical  
approaches, has the potential to reveal important conforma-
tional changes in biological entities, identify the conformational 
coordinates controlling key processes and map the conforma-
tional landscapes associated with individual or multiple con-
formational coordinates. The emerging capability of XFELs to 
generate very large data sets promises unprecedented access 
to rate-limiting conformations, which control the course of  
important biological processes.

methods
Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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online methods
Experimental data. Detailed information about the experimental 
PR772 data obtained by single-particle X-ray scattering was pub-
lished previously26. Additionally, we note that the samples were 
stored in a Tris-based buffer (50 mM Tris, 100 mM NaCl, 1 mM 
MgSO4, 1 mM EDTA, pH 8.0). PD-10 columns (GE Healthcare) 
were used for the buffer exchange. The columns were washed with 
dH2O and equilibrated with 250 mM ammonium acetate at pH 
7.5 before buffer exchange. Samples were loaded into the PD-10 
columns and eluted by gravity flow. A second buffer exchange was 
performed for some samples. Samples were diluted as needed and 
filtered through a 0.22-µm filter before injection.

A total of 135,375 diffraction snapshots stemming nominally 
from one or more particles (‘hits’) were collected at the AMO sta-
tion of the Linac Coherent Light Source (LCLS), SLAC National 
Laboratory, at a photon energy of 1.6 keV, using 70-fs pulses. 
(1,040 × 1,024)-pixel diffraction snapshots were recorded on a 
pnCCD detector with a gap of 16 pixels between the two detector 
panels (Supplementary Fig. 5). The detector was placed 581 mm 
from the interaction region.

Snapshot preprocessing. For the PR772 virus (diameter ~70 nm),  
a Shannon pixel with a linear dimension of (2 × 76 nm)−1  
corresponds to ~402 detector pixels. In order to reduce excessive 
oversampling of the data, 1,0242 detector pixels were down-sam-
pled to 2562 by binning groups of 42 detector pixels. All detector 
pixels with intensity values of less than half a photon were set to 0 
in order to reduce noise. Supplementary Figure 5 shows a typical 
raw snapshot before and after this correction. Unless otherwise 
stated, the square roots of diffracted intensities were used for 
further analysis.

Identifying single-particle snapshots. Depending on the number 
of particles intercepted by an X-ray pulse, experimental snap-
shots can emanate from no, one or several particles. The follow-
ing manifold-based approach was used to identify single-particle 
snapshots.

The manifold defined by 135,375 nominal hits was determined 
by diffusion map (DM) analysis36. About 1,500 outlier snapshots 
far from the main body of the manifold were removed, and the 
remaining data re-embedded to obtain a manifold in the shape 
of a scarf (Supplementary Fig. 6a). Nonlinear Laplacian spec-
tral analysis (NLSA)37 along the lower parabolic edge of the 
scarf shows this direction on the manifold represents the effect 
of variations in X-ray beam intensity intersecting the particle. 
Excursions perpendicular to the parabolic edge correspond to 
changes in the number of intercepted particles, with the lower 
edge corresponding to single-particle snapshots (Supplementary 
Fig. 6b). Selecting the snapshots represented by the blue points 
results in a snapshot collection dominated by single-particle hits. 
This collection was further refined by additional embedding 
steps with a smaller number of nearest neighbors in DM, result-
ing in a thin, well-defined parabola of single-particle snapshots 
(Supplementary Fig. 6c).

The parabolic aspect of the final manifold indicates the domi-
nance of a single parameter, specifically changes in the incident 
beam intensity, over other factors. An intensity normalization 
procedure was used to mitigate this nuisance parameter27.

The extracted single-particle data set consists of 37,550 
background-corrected, intensity-normalized, single-particle 
snapshots. Unless otherwise stated, all 37,550 single-particle 
snapshots were used to obtain the results reported in this paper. 
Approximately 12,000 of the selected snapshots were of a higher 
intensity. Restricting the data to these snapshots results in a 
modest reduction in the range covered by the conformational 
coordinate. The reduced conformational range stems from 
the fact that the smaller number of snapshots truncates the 
extremes of the conformational range, where relatively few 
snapshots reside (Fig. 3).

Determining snapshot orientations. We have shown previously 
that a collection of snapshots representing different projections 
of a nonsymmetric object gives rise to DM eigenfunctions closely 
approximating the Wigner D functions of the SO(3) group of 
rotations, from which the snapshot orientation can be obtained38, 
even in the presence of substantial noise39. As shown previously28, 
DM eigenfunctions stemming from snapshots of objects with 
icosahedral symmetry closely approximate icosahedrally sym-
metrized Wigner D functions (Supplementary Fig. 7), from 
which snapshot orientations can be determined. This approach 
was used to determine snapshot orientations, with the following 
minor modifications:

1.  The nearly flat Ewald sphere in this experiment imparts an addi-
tional, near-perfect inversion symmetry to the diffraction patterns. 
Consequently, only seven (rather than 13) icosahedral Wigner D 
functions are needed to recover snapshot orientations.

2.  In ref. 28, the fit to icosahedral Wigner D functions with the 
lowest residual was used to assign each DM eigenfunction to its 
counterpart among the icosahedral Wigner D functions. Here, 
all possible assignments were used to reconstruct 3D diffrac-
tion volumes, and the correct assignment was identified by the 
reconstructed icosahedron with the highest scattering vector.

Reconstructing the 3D diffraction volume without conforma-
tional sorting. Ignoring possible conformational heterogene-
ity, the recovered snapshot orientations result in a diffraction 
volume consisting of 163 voxels (Fig. 1a). The number of voxels 
is determined by the ratio of twice the object diameter to the 
spatial resolution.

The reliability and resolution of the reconstructed diffraction 
volume were tested by random splitting without substitution 
of the 37,550 snapshots into two disjoint data sets A and B. 
The resulting two volumes were compared by evaluating the 
R split40 between them as a function of the magnitude of the 
scattering vector q: 

R q

F q F q

F q F q

A B
q

A B
q

split( )

|| ( ) | | ( ) ||

|| ( ) | | ( ) ||
=

−

+

∑

∑
2

with FA(q) and FB(q) designating the reconstructed volumes of 
data set A and B, respectively, and q the magnitude of the scattering 
vector. The results establish a resolution of 9 nm (Supplementary 
Fig. 2), corresponding to the maximum scattering angle on the 
detector used in the experiment. This estimate is supported by 
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Fourier shell correlation (FSC) analysis of the electron density, 
as discussed below.

Reconstructing the 3D structure without conformational  
sorting. Iterative phasing was used to recover the 3D  
structure from the diffraction volume using the error-reduc-
tion method with a spherical real-space support constraint41. 
Inversion symmetry was imposed in real space by constraining 
the phases to 0 or π. This constraint is warranted by the small 
number of resolution elements in the reconstruction, which 
suppresses the contribution of icosahedral harmonics without 
inversion center.

The reliability and resolution of the reconstructed structure 
were tested by random splitting without substitution of the exper-
imental snapshots into two disjoint data sets A and B, and com-
paring the resulting 3D electron densities by FSC: 
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with the symbols having the same meaning as in the definition  
for R-split above, and * denoting the complex conjugate. The 
FSC plot confirms the detector-limited resolution of 9 nm 
(Supplementary Fig. 3).

Noise-adaptive diffusion map kernel. The results reported here 
were obtained with the standard DM kernel36 and also with a 
noise-adaptive kernel described below. The latter kernel can 
improve the acuity with which small effects can be observed. 
The differences between results obtained with the two kernels 
are small.

The noise-adaptive kernel is motivated as follows. Manifold 
analysis begins by calculating the Euclidean distances between 
image pairs in high-dimensional data space, from which the dif-
fusion distances over the manifold are later extracted by the DM 
algorithm. Even for intensity-normalized images, noise perturbs 
the Euclidean distances between image pairs away from the noise-
free values.

It can be shown that, in the presence of Poisson noise, the 
Euclidean distance d between two snapshots X and Y with and 
without noise are related as follows: 
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with BX and BY representing the total number of photons in snap-
shots X and Y, respectively. Similar expressions can be derived for 
other forms of unbiased noise.

Our analysis is performed on the square root of intensity-nor-
malized diffracted intensities. In this case, the pairwise image 
distances are affected by higher-order moments of the noise. 
However, most of the noise-induced perturbation can be captured 
by a monotonic polynomial function of the inverse photon counts 
in the snapshots X and Y, by 
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with a dominant linear term. The value of 
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obtained from such a fit can be used as an adaptive noise correc-
tion to the distances, resulting in a kernel of the form 
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Mapping the conformational spectrum and the occupancy 
landscape. The manifold-based approach described in detail 
previously24 was used to map conformational heterogeneity in 
the PR772 virus. The relative paucity of snapshots was alleviated 
by considering symmetry-related projection directions together, 
i.e., by assuming icosahedral symmetry.

All snapshot orientations were transferred via icosahedral sym-
metry operations to the asymmetric patch of projection directions 
on S2. This patch was divided into cells, each ~1 Shannon angle in 
radius, with the Shannon angle defined as the ratio of the spatial 
resolution to twice the object diameter. The trivial in-plane rotations  
of the snapshots were corrected within each cell. The essentially iso-
orientational snapshots falling within each cell were analyzed to deter-
mine the conformational coordinate(s) in each projection direction.  
The analysis was performed after imposing an annular mask of 
outer/inner radius of 500:100 detector pixels on each snapshot to 
avoid artifacts due to snapshot shapes and detector saturation.

In all projection directions, a single conformational coordinate 
was seen to drive concerted changes in the size of the virus coupled 
to its inner density. The information from different projection 
directions was integrated to obtain 3D movies of the conforma-
tional changes controlled by this conformational coordinate.

The signal-to-noise ratio of the data justified 50 statistically sig-
nificant conformations along the dominant reaction coordinate. 
The number of raw snapshots assigned to each conformational 
bin was determined as described24. The 1D occupancy landscape 
corresponding to the dominant reaction coordinate was deter-
mined from the number of snapshots per conformational bin.

The values for important parameters used in the analysis are 
as follows. Diffusion map analysis was performed with σ = 3σf 
with σf determined by the procedure described previously42. A 
concatenation parameter of 100 was used in the NLSA analysis 
along the conformational coordinate.

The results do not depend sensitively on the parameter values 
used in the analysis. Where appropriate, any uncertainty intro-
duced by reasonable changes in embedding and NLSA parameters 
is included in the error estimates.

Deviations of the PR772 virus from exact icosahedral symmetry. 
The PR772 virus may deviate from icosahedral symmetry through 
systematic distortions in shape, non-uniform distribution of content 
and/or protrusions at a subset of equivalent vertices. As outlined 
above, the snapshot orientations were determined by projecting 
the experimental DM eigenfunctions onto icosahedral Wigner D 
functions, obtained by assuming icosahedral symmetry.

We have established by simulation that systematic deviations 
in the capsid shape from exact icosahedral symmetry cause 
significant changes in the DM eigenvalue spectrum and the  
character of the eigenfunctions. The eigenvalue spectra shown 
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in Supplementary Figure 8, for example, illustrate the effect of 
a 10% stretch along a fivefold axis. The close agreement between 
the eigenvalue spectrum obtained from experimental PR772 data 
(Supplementary Fig. 7f) and that obtained by simulation from an 
icosahedral capsid (Supplementary Fig. 7e) supports the notion 
that any departures from icosahedral symmetry are subtle.

Using simulated snapshots of a virus at experimental signal-to-
noise ratio containing a large, static, noncentral cavity, we have 
explored the effects of departures from icosahedral symmetry in 
the viral content. The effects of an asymmetric viral content are 
weak, continuous, pseudo-conformational changes with relatively 
low eigenvalue (i.e., importance). Movies of such changes reveal 
them to be due to orientational misalignment, observed also when 
the size of the orientational aperture about each projection direc-
tion is significantly larger than the Shannon angle. No systematic 
changes in viral size or inner density were observed.

In our conformational analysis of the experimental PR772 snap-
shots, pseudo-conformational changes due to orientation mis-
alignment were present in some projection directions. However, 
these effects were significantly weaker than the conformational 
reaction coordinate identified in this paper.

The suitability of an icosahedral approximation as the starting 
point for conformational analysis is corroborated by direct examina-
tion of 2D projections of the structure obtained by iterative phasing 
of individual diffraction snapshots. These reveal a predominantly 
icosahedral shape, and emptying of the genomic content with 
increasing conformational parameter τ (Supplementary Fig. 1).

Spherically averaged radial densities of phased diffraction 
volumes obtained without imposing icosahedral symmetry 
(Supplementary Fig. 4) show the same features obtained assum-
ing icosahedral symmetry, but with more pronounced changes in 
the distribution of the genome inside the capsid.

Lack of artifacts due to deposition of material on the virus. The 
viral particles were introduced into the X-ray beam by forming an 
aerosol from a liquid solution. Evaporation of the aerosol droplets 
can lead to deposition of extraneous material on the viral particles 
before they are intersected by the X-ray beam. Such evaporation-
induced ‘caking’ can lead to changes in the apparent size and 
inner density of the virus. Here, we argue analytically that the 
magnitude of the deposition required to mimic our observations 
is too high to be reasonable.

Consider as a model, a spherical particle of radius r and density 
ρ1, covered by a layer of thickness d and density ρ2. In princi-
ple, such an object can give rise to an apparent minimum in the 
projected density at the center of the particle. It can be shown, 
however, that the realization of such a minimum requires 
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The spherically averaged results obtained assuming icosahedral 
symmetry show an increase of ~10% in the viral size over the full 
conformational range. The observation of a central minimum in the 
projected density would thus require the deposition of extraneous 
material on the virus with a density an order of magnitude higher 
than that of the virus. In any case, the observation of a tubular 
structure without imposition of icosahedral symmetry or spherical 
averaging strongly supports the notion that our results do not stem 
from the deposition of extraneous material on the viral particles.

Lack of artifacts due to variations in camera length. The point 
at which a particle is intersected by the X-ray beam can vary from 
shot to shot. This can change the distance to the detector (camera 
length) and hence the size of the recorded diffraction pattern. For 
at least two reasons, this effect cannot explain our observations.

First, under the conditions used to record the data, the Ewald 
sphere is essentially flat. The size of the diffraction pattern thus 
changes linearly with camera length, which was set at 581 mm 
during the experiment. The observed 11% change in viral size 
would require the same percentage change in the camera length, 
translating to an excursion of 64 mm in the position of the beam–
particle intersection point. This is too large to be reasonable.

Second, the observed changes in particle size are coupled to 
changes in the inner-particle density. Camera-length variations 
cannot give rise to such coupled changes.

3D phase recovery. The diffraction volume was padded with a 
shell of 0 amplitude out to twice the maximum magnitude of 
the experimental scattering vector. This produced voxels with 
half the linear dimension justified by the highest scattering angle. 
This effect was eliminated after phasing by averaging over the 
appropriate voxels.

In each phasing iteration, a centered spherical support was updated 
from the average radial density at 20% of the maximum value43. The 
resulting densities are, in general, affected by the threshold value 
used to define the dynamic support. Errors in the azimuthally 
averaged radial densities were estimated by adding in quadrature:  
(i) the s.d. of phasing results with support thresholds set at 15%, 20% 
and 25%, respectively, and (ii) the s.d. over a set of 20 independent 
phasing runs at each support threshold. The salient features of the 
conformational reaction coordinate are robust against changes in 
the threshold value over the explored range. Specifically, at thresh-
olds of 15%, 20% and 25% of the maximum value, the increase in 
the radial dimension was observed to be 9.8 ± 0.3% and 11 ± 0.4%, 
respectively.

Computational resources. All calculations were performed on a 
Linux workstation with a Dual Intel Xeon Processor E5-2670 v2 
(Ten Core HT, 2.50 GHz Turbo) and 128 GB RAM. Computation 
times were approximately as follows: DM embedding for 37,550 
diffraction snapshots, 1 h; orientation recovery, 8 h; conforma-
tional analysis, 3 h per projection direction.

We previously demonstrated the ability to process 2 × 107 snapshots 
in a few days using the laboratory-scale computing resources44.

Statistics. For each result obtained, the inherent uncertainty 
due to sampling, possible sources of error and validation are 
discussed in the relevant sections of the manuscript and Online 
Methods. Error bars in plots were calculated from the relevant 
s.d. of a set of independent calculations. Details about the 
number of independent calculations included, and variation 
of any parameters in the calculations, are included in the fig-
ure captions and/or relevant sections of the Online Methods. 
In Figure 2b, the error bars correspond to adding the s.d. of 
20 independent 3D phase recovery calculations in quadrature 
with the s.d. resulting from varying the support mask cutoff-
density by 25%. In Figure 3, the error bars represent the s.d. 
obtained from a 25% variation in the parameters used in the 
conformational analysis. In Supplementary Figure 4, the error 
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bars represent the s.d. of 20 independent 3D phase recovery 
calculations. Error bars in Supplementary Movies 1 and 2 cor-
respond to those in Figures 2 and 3. A Life Sciences Reporting 
Summary for this paper is available.

Code availability. Pseudocode for the orientational alignment 
is available in Hosseinizadeh et al.28, and pseudocode describing 
the conformational analysis in Dashti et al.24. Pseudocode for the 
overall analytical pipeline is provided as a Supplementary Note. 
Compiled codes to perform orientational and conformational 
analysis are available upon request.

Data availability. As described previously26, the XFEL diffrac-
tion patterns and the single-particle-hit indices used in this paper 
are publicly accessible in the Coherent X-ray Imaging Data Bank 
under CXI DB ID 58. The indices of the snapshots analyzed in 
the present study are available in Supplementary Data. Source 
data files for Figures 2 and 3 and Supplementary Figures 2–4 
and 6–8 are available online.
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