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We simulated Coulomb explosion dynamics due to fast ionization induced by high-intensity x-rays in six
proteins that share similar atomic content and shape. We followed and projected the trajectory of the
fragments onto a virtual detector, providing a unique explosion footprint. After collecting 500 explosion
footprints for each protein, we utilized principal component analysis and t-distributed stochastic neighbor
embedding to classify these. Results show that the classification algorithms were able to separate proteins
on the basis of explosion footprints from structurally similar proteins into distinct groups. The explosion
footprints, therefore, provide a unique identifier for each protein. We envision that method could be used
concurrently with single-particle coherent imaging experiments to provide additional information on shape,
mass, or conformation.
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Introduction—Radiation damage studies have been of
interest since the idea of single-particle imaging (SPI) was
first introduced [1]. SPI aims to obtain structural informa-
tion from noncrystalline samples with high-intensity femto-
second duration x-ray pulses from an x-ray free-electron
laser (XFEL) that elastically scatter onto a detector [2]. So
far, atomic resolution reconstruction of nanometer-sized
systems such as single proteins has been hindered by
several technical challenges [3]. One aspect of fundamental
importance is the x-ray-induced damage that destroys the
sample. Photons with energies commonly used for imaging
primarily photoionize, leaving atoms in excited electronic
states that, within femtoseconds, decay radiatively and
nonradiatively. Free electrons originating from these events
cause additional changes to the electronic configuration
through collision. In small proteins, this secondary damage
is not as severe since free electrons with a mean free path
greater than the particle’s size escape, leaving behind

charged ions [4]. Excess positive charge buildup leads to
significant electrostatic forces that break the structure apart
in a process known as Coulomb explosion.
Coulomb explosion imaging is a single-molecule struc-

tural determination technique of a sample stripped of its
electrons that traces the fragments by measuring the
momenta of the resulting ions in coincidence [5]. XFELs
provide a tool to carry out Coulomb explosion imaging since
x-rays can be tuned to target specific inner shells while
reaching highly charged states via sequential single-photon
absorption [6–8]. Östlin et al. [9] simulated x-ray-induced
Coulomb explosions on lysozyme to construct time-inte-
grated “explosion footprints” by projecting carbon and
sulphur ion trajectories onto a virtual detector and concluded
these maps could be used to determine the protein’s ori-
entation during exposure. Our present study takes this idea
further by classifying explosion footprints on three pairs of
proteins that share stoichiometric and conformational simi-
larities. Unlike conventional Coulomb explosion images, the
explosion footprints used in this study are constructed
uniquely from ion trajectories and carry no coincidence or
momentum information.
In this simulation study, we aim to answer the following

question: In an XFEL experiment, is it feasible to separate
structurally similar proteins solely based on the explosion
footprint? To do this, we model the interaction between the
x-ray laser and single proteins using a Monte Carlo/
molecular dynamics (MC/MD) code, similar to the model
employed in our earlier studies [10–12], that computes
electronic occupation and ion dynamics. After tracing the
ions’ trajectory, we carry out a dimensionality reduction to
project explosion footprints in two dimensions to assess if
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sufficient structural information is preserved to uniquely
separate explosion footprints from similar proteins. A
schematic summarizing our Letter is presented in Fig. 1.
We see this study as a first step to develop a technique that
can capture additional complementary information during
SPI experiments to aid orientation recovery algorithms

such as expansion, maximization, and compression needed
for reconstruction [13,14].
Results—We begin by preparing the simulation environ-

ment for the systems outlined in Table I. To quantify the
similarity of the three selected pairs of proteins, we use
the local distance difference test (lDDT) [15], calculated
using [16]. lDDT is a superposition-free score that eval-
uates local distance differences in a model compared to a
reference structure. lDDT values span from 0 to 1, where 1
corresponds to a perfect structural match.
Each protein is placed in a vacuum with fixed orienta-

tion, and after a standard equilibration procedure, we
acquire snapshots of the structure at distinct time steps
to perform MC/MD simulations. Model details are avail-
able in Supplemental Material [21]. The Coulomb explo-
sions are triggered by a temporal Gaussian-shaped x-ray
pulse with a 10 fs full width at half maximum duration,
600 eV photon energy, and 5 × 106 photons=nm2 fluence.
We perform 500 simulations for every protein that follow
the electron occupation and ion dynamics as a function of
time. After 100 fs from exposure, we project ion trajectories
onto a unit sphere using the direction of the velocity vector.
See Supplemental Material [21] for additional details. To
visualize the explosion footprints, the spherical signal is
projected into two dimensions (equirectangular projection),
resembling a full spatial area detector, with x and y axes
representing azimuthal and elevation angles, respectively.
Examples of these two-dimensional footprints are shown in
Fig. 2. Averages of many footprints originating from the
same protein can easily be distinguished by eye. However,
singular footprints exhibit high variance due to differences in
the protein structure at the moment of exposure and the
inherent probabilistic nature of photon-matter interaction.
To classify the footprints on an individual basis, we make

use of principal component analysis (PCA) [41] and t-
distributed stochastic neighbor embedding (t-SNE) [42] to
reduce the dimensionality of each explosion footprint to two
dimensions. The two largest principle components account
for 82% of the variance in the data; a third component would
raise it to 84%. We use both techniques since they highlight
different aspects. t-SNE produces a reduced space much
more suitable for clustering algorithms, i.e., well-separated
clusters of similar sizes. PCA preserves distances, making it

FIG. 1. Conceptual overview of the process. First, the system is
simulated under the exposure of an XFEL pulse using the MC/
MD code, MOLDSTRUCT. We create explosion footprints from the
trajectories. Dimensionality of the data is reduced, making
the high-dimensional footprints comparable. We can then show
the reduced footprints as points in a 2D space. In this space, we
can employ clustering to classify the data.

TABLE I. Information about the three different systems we investigate, the high-potential iron-sulfur protein
(HiPIP) dimer and monomer [17], the stretched and compact calmodulin [18,19] proteins, and the symmetric and
asymmetric dimers of the MS2 virus [20]. We list the names used by the Protein Data Bank (PDB) database, the alias
we will refer to them as, and the number of atoms (hydrogen atoms included) in each protein. We also list the
pairwise lDDT score [15] between the proteins in the system. For a visual representation, see Fig. 2.

Systems HiPIP [17] Calmodulin [18,19] MS2 coat protein [20]

PDB name 5D8V 5D8V 1PRW 3CLN 2MS2 2MS2
Alias Dimer Monomer Compact Stretched Sym Asym
Atoms 2430 1215 2184 2240 3858 3858
lDDT 0.38 0.77 0.89
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easier to compare systems. The clustering itself is done using
k means, a simple clustering algorithm that groups similar
data points together by finding the best centers for each group
and iteratively adjusting these centers until the groups are as
compact and distinct as possible.
PCA and t-SNE scatter plots of the explosion footprints

in the reduced spaces are shown in Fig. 3. Both algorithms
can easily separate the monomer and dimer of the same
protein, depicted as dark and light green dots. The
algorithms are also able to separate two of the same protein
in two different conformations, with one being compact
and the other stretched, shown as dark and light yellow
dots. Comparing how PCA places the clusters, we note that
PCA seems to regard the monomer more similar to the
compact and the stretched structures, which is interesting
since this is not obvious to the human eye looking at the
footprints (Fig. 2). The final and most astonishing result is
that t-SNE is able to separate asymmetric and symmetric
structures, depicted as light and dark blue dots. These two
proteins have the same amino acid sequence and their
structures are almost identical. The main differences
between them are in the flexible connecting region between
the 6th (F) and the 7th (G) beta-strand in the beta-sheet, the
so called FG-loop. For the symmetric structure, all FG
loops are well-defined β hairpins, while for the asymmetric
structure, one of the FG loops is collapsed toward the main

protein body [43]. Despite this very subtle difference,
t-SNE clearly separates the two structures, while PCA is
not capable of doing so.
To evaluate the quality in the clustering, we employ the

adjusted random score (ARS) [44], a measure to compare
the similarity of two sets of clusters, on a scale between 1

FIG. 2. Visual representation of systems together with an explosion footprint from a singular explosion, labeled after the different
cases studied. Three pairs of systems were selected for this study. First a monomer (a1) and a dimer (a2) of a high-potential iron-sulfur
protein. The second pair was two systems with similar atom count but different structure: (b1) a stretched and (b2) a compact folding of a
calmodulin protein. The last pair is the one we expect to be hardest to separate: (c1) a symmetric and (c2) asymmetric folding of the MS2
virus coat protein. These two systems have the same amino acid sequence.

FIG. 3. Protein explosion footprints as points in the reduced
space, with dimensionality reduction by PCA [41] (left) and t-
SNE [42] (right). The clustering is evaluated with the adjusted
random score, where PCA gives a score of 0.97 and t-SNE
achieves the maximum score of 1.00, a perfect match. The
original orientation of the proteins was kept fixed and all proteins
can be classified in distinct classes. The classes are predicted by k
means and labeled to what system they mainly correspond to.
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and −1. A value of 1 indicates perfect agreements between
the clusters, 0 indicates similarities between clusters are
random, and −1 indicates perfect disagreement. By setting
one set of clusters to the correct values and the other set of
clusters to the predicted values, we can use the ARS as a
metric for how well the predicted clusters fit the correct
clusters. By computing the ARS of the k-means predicted
clusters and the true labels, we find the PCA achieves a
value of 0.97 and t-SNE a value of 1.00. This means that
t-SNE are able to group individual explosion footprints
together with perfect precision.
It should be kept in mind that these footprints are not

normalized, therefore information about number of atoms
and, by extension, their approximate mass (due to a positive
correlation between number atoms and atomic mass in the
proteins we study) is encoded via the intensity variations. In
an attempt to estimate whether the algorithms would work
even if we removed the information about the number of
atoms in the proteins, we normalized all the integrated
intensities in the footprints to 1. We note that we achieve
similarARS values and reduced spaces using our normalized
footprints (results in SupplementalMaterial [21]) as in Fig. 3,
thus the clustering is not exclusively measuring the number
of atoms.
The results presented so far assume we know the

orientation of the protein, which is typically not the case
for SPI experiments done today. However, attempts to
preorient the proteins with external electric fields exist
[45,46], and earlier studies indicate that the orientation can
be retrieved from the explosions [9]. In addition, in an SPI
experiment where the diffraction image is recorded simul-
taneously, these can be used to find the orientation [14]. We
attempt to distinguish explosion footprints using t-SNE
without any knowledge about the orientation and find the
only two systems that are possible to separate are the dimer
and the monomer (results in Supplemental Material [21]).
So far in our study we considered the use of a spherical

(4π) detector, which is an idealization that is not feasible
using current experimental setups. To mimic a more realistic
experiment, we conclude two tests in tandem. One is
removing the outer pixels of the explosion footprints, we
can reduce the solid angle coverage and approach something
similar to a planar detector as seen in Fig. 4(a), the other is to
artificially reduce the information present in the images,
modeled by Poisson noise (details in Supplemental Material
[21]). To gauge how these effects impact the clustering, we
monitor the ARS while incrementally trimming the edges of
the image, effectively utilizing only a central portion of the
detector, for decreasing levels of information in the foot-
prints. We present the dependence in Fig. 4(b). We see that
the clustering remains effective even for smaller planarlike
detectors that would be experimentally feasible. We also see
that even with 50% reduced information the clustering still
gives an ARS over 0.8 up until roughly 1

2
π sr.

Discussion and conclusion—We have used a
Monte Carlo/molecular dynamics model to simulate
Coulomb explosions of six different proteins initiated by
ultrafast x-ray pulses from x-ray free-electron lasers. By
mimicking a full spatial detector, we can extract directions
of the ions, from which we can create a unique explosion
footprint. By using the explosion data from proteins with
known orientation, we have been able to accurately classify
all different proteins across all degrees of structural
variations. We also demonstrated the robustness of the
classification for detectors covering smaller solid angles
[Fig. 4(b)]. Based on the assumption that proteins exposed
to an intense x-ray pulse explode in a reproducible manner,
we have investigated the possibility to use the information
contained in the explosion to separate proteins based on
structure. This is the first step toward finding ways to
extract more detailed structural information from measur-
ing the direction of ions ejected from proteins.
t-SNE was able to classify all the proteins we tried, from

the less complex cases of the monomer and dimer to the
higher complex case of symmetric and asymmetric struc-
tures. Our study shows that the algorithm seems to be able to
resolve shape and atom count to a great extent, as well as
working with smaller detectors. The most striking is that it
could separate the symmetric and asymmetric structures,
which have identical amino acid chains and very similar
structures. These two structures exhibit an lDDT score of
0.89, as seen in Table I, which is comparable to the level of
accuracy that the machine learning folding predictor
AlphaFold can predict protein backbone structure [47].
Thus, our presentedmethod can distinguish proteins roughly

FIG. 4. (a) Explosion footprint showing different detector sizes,
given in pixels. (b) ARS for a choice of some solid angles and
information content in explosion footprints. Highlighted values
are in pixels. For reference, a score of (0.8–0.9) corresponds to a
good clustering in this case.
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on the same level as AlphaFold can predict structures. This is
promising, but we conclude that none of the algorithms we
used, PCAand t-SNE,were able to separate theproteins ifwe
did not provide the information about the orientation. Protein
orientation might be possible to determine either by physi-
cally orienting the proteins using external fields [48,49] or by
measuring the trajectories of tag ions in the protein structures,
like sulfur [9]. Earlier simulation studies have suggested that
adding a thin layer of water around the proteins would both
improve the heterogeneity between individual proteins
[50–52] andmake the explosion footprintsmorewell defined
[9] than in this study.
To put the numbers of our results into context, we can

hypothesize an experiment to see how it compares to our
simulations. Utilizing a position-sensitive microchannel
plate detector [53] with a 120 mm diameter with a
sample-detector distance of 120 mm, which is an achiev-
able sample-detector distance at the SPB/SFX end station at
EuXFEL [54], we calculate that such detector would cover
a solid angle of 0.25π sr. Compared to the resolution of our
simulations, this case corresponds to using only the 10 × 20

central pixels [see Fig. 4(a)]. Figure 4(b) gives an indication
of the ARS for any size of detector. We highlight the solid
angle value of 0.25π in Fig. 4(b) to easily compare a
realistic detector geometry to our simulations.
To achieve high resolution structures from SPI measure-

ments, it would be beneficial to combine the explosion
footprints with the diffraction images, maybe even with an
x-ray spectrometer tomonitor the atomic processes caused by
the ionization in the sample, similar to what was done in an
early SPI study on ash aerosol particles [55]. Even if the
explosion footprints themselves could not give high reso-
lution structures, they could provide information about global
parameters, such as mass and shape of the protein, which
possibly can be used as support for phasing algorithms.
This is a simulation study, and what we describe will not

be trivial to investigate experimentally. However, based on
our findings we believe that efforts toward structural
classification of proteins based on Coulomb explosions
is an interesting path to improve single-particle imaging
using XFEL. If coupled with machine learning folding
predictors like AlphaFold [47], it could even be a step
toward determine the structure based on machine learning
and explosion footprints only, without the need of the x-ray
diffraction. Protein explosion could, in principle, be
achieved by tabletop femtosecond lasers, which are much
more accessible than XFELs.
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