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Abstract 

Relevant events during protein function like ligand binding/release, interaction with substrates or 

with light are often accompanied by out-of-equilibrium structural dynamics. Time-resolved 

experimental techniques have been developed to follow protein structural changes as they happen 

in real time after a given reaction triggering event. Time-resolved X-ray solution scattering (TR-XSS) 

is a promising approach that bears structural sensitivity with temporal resolution in the femto-to-

millisecond time range depending on the X-ray source characteristics and the triggering method. 

Here we present the basic principles of the technique together with a description of the most 

relevant results recently published and a discussion on the computational methods currently 

developed to achieve a structural interpretation of the TR-XSS experimental data. 
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Introduction 

Most experimental techniques that are directly sensitive to the structure of biological molecules 

require either to crystallize or to cryogenically cool the sample, thus trapping each macromolecule in 

a given state within a solid or at best highly viscous environment. Time-resolved X-ray solution 

scattering (TR-XSS) was developed in order to probe intramolecular and intermolecular motions of 

biological molecules in environments where large-scale conformational changes can freely happen 

[1-4]. 

 
Unlike X-ray macromolecular crystallography (MX) or cryoelectron microscopy (Cryo-EM), X-ray 

solution scattering methods cannot directly yield atomic resolution information due to the averaging 

effect on the measured signal arising from the orientational distribution of different macromolecules 

in solution. In spite of this fundamental limitation, TR-XSS has been successfully applied to a large 

variety of biological systems providing crucial information both on the kinetics and on structural 

characteristics of functionally relevant motions, as recently reviewed by Ihee and coworkers [5]. 

 
While time-resolved spectroscopic techniques typically provide information about local structural 

changes around a given (intrinsic or extrinsic) chromophore, TR-XSS does not require any protein 

labeling and all atoms in the biomolecule contribute to the total scattering signal. It is particularly 

sensitive to global conformation changes but it can also be used to track relatively localized 

structural changes [6]. In this sense, it is complementary to experimental techniques such as time-

resolved optical absorption or Raman spectroscopy, fluorescence resonance energy transfer 

(FRET) spectroscopy, pulsed electron paramagnetic resonance (pulsed EPR) or nuclear magnetic 

resonance (NMR). 

 
Another advantage of TR-XSS is that it is sensitive, not only to the structure of macromolecules in 

solution, but also to that of the surrounding solvent. As the solvent around macromolecules is crucial 

in determining their function [7], being able to track structural changes of both the solute and the 

solvent in the same experiment opens new possibilities. Indeed, TR-XSS has been effectively used 

to monitor changes in the solvent density induced by the energy release from photoexcited proteins 

to the nearby solvent molecules. This allows correlating protein structural changes with the local 

temperature increase of the solvent in a TR-XSS experiment [8]. 

 
In the following, we will briefly review the most relevant TR-XSS studies that have been published in 

the last 5 years and highlight the main directions in which experts in the field are moving towards. 

We will devote particular attention to the studies and approaches that bear the highest potential of 

having significant impact on biologically relevant systems: 1) TR-XSS on natively photosensitive 

proteins; 2) the use of photocaged compounds in non photosensitive systems; 3) temperature jumps 

to trigger protein folding/unfolding. We will not discuss other approaches like rapid mixing as very 

few successful experiments have been performed so far [9]. Rapid-mixing experiments are more 

challenging as they cannot be performed in a classical pump-probe fashion and thus are more 

sensitive to drifts in the background scattering. The final section is an overview of the currently 

available computational methods for the interpretation of TR-XSS data, which is a critical point for 

the further development and wider applicability of TR-XSS to a larger number of systems. Indeed, 

as it is not possible to directly obtain the structure of a protein from an X-ray solution scattering 

pattern, molecular dynamics (MD) simulations can be used to generate putative model structures 

that are then refined against the experimental TR-XSS data. 

 
Details about the TR-XSS method have been recently reviewed by Anfinrud and coworkers [10]. 

Typical samples have a protein concentration of the order of tens of mg/ml and a few hundreds of 

microliters are typically required to collect transient signals at several time-delays in the 



microsecond-to-millisecond (or wider) timescale [10]. Samples are often flown through an X-ray 

capillary in order to minimize any radiation damage effect from either the X-ray or laser beam [4]. 

We invite the readers to refer to refs. 4, 5, and 10 (and references therein) for further details on how 

to set up a TR-XSS experiment. For a detailed description of methods to perform a kinetic analysis 

of reduced TR-XSS datasets for extracting information on kinetic rate constants and structural 

intermediates, the reader can refer to the work by Ihee and coworkers [13]. We will limit here to 

schematically present an example of experimental setup (Figure 1A) and a typical reduced dataset 

(Figure 1B). It is important to realize that, starting from a priori knowledge of a given system, 

expected TR-XSS signal can be calculated. This is useful also to get an idea of what kind of 

structural changes can be detected with this technique. In Figure 2A we show a laser induced 

protein conformational change reported for a bacteriophytochrome [13]. Modifications of the overall 

structure of bacteriophytochrome (Figure 2A) lead to subtle but measurable changes in the 

absolute scattering pattern (Figure 2B). What is measured in TR-XSS are however not absolute 

scattering patterns directly comparable to the curves reported in Figure 2B, but rather scattering 

differences (Figure 2C). The main challenge in the structural interpretation of TR-XSS data is to 

make a structural assignment in terms of atomic models able to reproduce the shape of signals like 

the ones in Figure 2C. 

 
 
 

Recent applications of TR-XSS 
 
Light activation of intrinsically photosensitive proteins 

The possibility of triggering photochemical reactions in solution with light is used to investigate the 

structural dynamics of proteins naturally sensitive to light. Photon absorption by the light sensitive 

region of the protein (chromophore) triggers a sequence of functional reactions often accompanied 

by structural changes that can then be probed by TR-XSS. Time-resolved spectroscopy is often 

used as a complementary technique to determine the kinetics of spectral changes at the 

chromophore level, which is important for both designing the TR-XSS experiments and interpreting 

the kinetics extracted from TR-XSS data. 

 
The phytochrome family, which consists of bilin-containing photoreceptors, has attracted in the last 

decade the attention of several groups working with TR-XSS [16]. Phytochromes regulate a number 

of red and far-red light signaling responses in plants and microorganisms and some species are 

particularly interesting for their potential optogenetic applications [17]. From a structural point of 

view, phytochromes consist of a globular N-terminal photosensory module and a C-terminal output 

regulatory module connected together through a flexible hinge region. The photoisomerization of the 

bilin chromophore is known to induce rearrangements at the photosensory module level. However, 

the role of the output domain in the full-length phytochrome is still debated [16]. Choudry et al. used 

TR-XSS together with optical and infrared (IR) spectroscopy to characterize the complex photocycle 

of an algal phytochrome (DTen Phy) from picoseconds to seconds [18]. TR-XSS results, in 

particular, clarified that the structural perturbation at the chromophore level, occurring in the 

picosecond regime, is transmitted to the protein conformation only in the millisecond timescale, 

when the photoactive state builds up through two intermediate states. Heyes et al. compared the 

light-induced structural dynamics of a full-length phytochrome from Synechocystis cyanobacteria 

(Cph1) and its truncated form not containing the output domain [19]. The results of this study 

revealed that the TR-XSS signal is the same in both forms of the protein up to several milliseconds, 

thus indicating that the signal transduction to the regulatory domain occurs only in the millisecond 

timescale. Lee et al. used TR-XSS and MD simulations to study the photosensory module of the 



bacterial phytochrome BphP from Pseudomonas aeruginosa [20]. Comparison of the experimental 

TR-XSS signal with that calculated from simulated structures allowed the authors to suggest a 

structural pathway after light absorption in the micro-to-millisecond timescale. 

 
Other TR-XSS studies on different photosensitive proteins have been published in recent years. 

Westenhoff and coworkers used TR-XSS data compared with atomic models produced by MD 

simulations to propose the structural rearrangements occurring in phototropin from Chlamydomonas 

reinhardtii [21]. The authors found that the photochemical reaction triggers a rearrangement of the 

hydrogen bond network along the protein chain from the chromophore to the surface, which in turn 

induces a movement of functionally relevant protein domains. Ihee and coworkers made use of TR-

XSS to investigate the structural changes of a circular photoactive yellow protein oligomer controlled 

by light [22]. This study elucidated the effect of salt bridges on the kinetic pathway of the allosteric 

transition in the K30D mutant of homodimeric hemoglobin, where the interfacial salt bridges 

present in the wild type protein are removed [23]. 

 
TR-XSS can be also used to obtain information on ultrafast structural rearrangements around a 

given protein chromophore. As originally proposed by Frauenfelder and coworkers for myoglobin, a 

protein reaction is similar to an earthquake: after photolysis of the bond between the ligand and the 

protein, strain energy is released and a structural deformation propagates from the active site 

through the protein [24]. This model was termed “proteinquake” and was experimentally confirmed 

in the case of myoglobin using TR-XSS at an X-ray free-electron laser (XFEL) [25]. More recently, 

Ihee and coworkers have used the same approach and investigated the ultrafast response of wild 

type homomeric hemoglobin upon carbon monoxide photodissociation [26] confirming the previous 

observation of a proteinquake in myoglobin [25]. Moreover, by using MD based structural 

refinement, the authors managed to identify the most relevant helix motions induced by the 

proteinquake propagation. 

 
Andreeva et al. succeeded in applying TR-XSS on a system characterized by an extremely low 

quantum yield (< 1%) to reveal the timescale of the structural changes accompanying the 

photoactivation of the orange carotenoid protein. Their data suggest that a “numbed” state is formed 

upon light absorption; this state remains non-photoexcitable for at least 0.5 µs [27]. Finally, Neutze 

and coworkers recently proposed a strategy based on MD simulations to explicitly include the X-ray 

scattering cross term between a membrane protein and the surrounding detergent micelle to model 

TR-XSS data from solubilized bacteriorhodopsin after light excitation [28]. This work provides a 

theoretical framework that can significantly aid the interpretation of data from future TR-XSS studies 

on integral membrane proteins. 

 

 
Photocaged compounds 

Only a small fraction of proteins is naturally photoactive. To overcome this limitation and investigate 

large-scale conformational changes of proteins that are natively triggered by the interaction with 

ligands, ions or other substrates, a possible approach is the use of photocaged compounds [29,30]. 

In such compounds, the protein ligand is bound to a small organic molecule through a covalent, but 

photolabile bond. A light pulse at appropriate wavelength can be used to quickly cleave (photolyze) 

this bond, thus releasing the free ligand in solution and making it readily available for protein 

binding. 

 
Photocaged adenosine triphosphate (ATP) in combination with TR-XSS has been recently used to 

investigate functionally relevant biological systems [31-33]. 

https://paperpile.com/c/SX06or/i9tr


After the proof-of-principle study by Josts et al. [31], who used laser-induced release of ATP to track 

the dimerization of MsbA nucleotide binding domains, Andersson and co-workers have recently 

studied the structural dynamics of the ATP-dependent calcium pump protein SERCA [32]. Upon 

pumping calcium ions from the cytoplasm to the sarcoplasmic reticulum, SERCA undergoes major 

structural changes involving several intermediates. While most of these intermediates had already 

been characterized with static X-ray crystallography [34], Ravishankar et al. were able to identify for 

the first time a long-lived structural intermediate that allows ADP release after phosphorylation using 

TR-XSS in combination with MD simulations [32] (see further info in the section on simulation 

methods). 

 
A further study from the Andersson group used again photocaged-ATP to investigate the open-to-

close transition of adenylate kinase (AdK) [33]. AdK is an enzyme with an ATP-binding domain and 

a domain able to bind adenosine monophosphate (AMP-binding domain). The binding of one ATP 

and one AMP molecule triggers a conformational change that brings the two domains closer to each 

other, and allows the catalysis of the phosphoryl transfer reaction that ultimately produces two 

adenosine diphosphate (ADP) molecules. Orädd et al. used TR-XSS to observe a transient 

intermediate state showing a partial closing of the ATP and AMP domains and a partial unfolding of 

the ATP-binding domain, which causes the breaking of an arginine-aspartate salt bridge. The 

structural interpretation is based on comparison with models generated through equilibrium MD 

simulations and it is supported by independent equilibrium NMR measurements on an AdK mutant 

lacking the arginine-aspartate salt bridge [33]. 

 
The above studies were performed using the commercially available 1-(2-nitrophenyl)-caged ATP 

(NPE-ATP). The main limitation of this compound is that its decaging time constant, which is pH 

dependent, is of the order of a few millisecond (4.5 ms at pH 7) [35]. Still ATP hydrolysis is at the 

base of a large number of biological reactions, thus we foresee that the same approach will be 

applied to many other systems that undergo relevant conformational changes in the millisecond-to-

seconds (or longer) timescale. 

 

 
Protein Folding/Unfolding 

The mechanistic details accompanying the transition from the active folded state to the inactive 

unfolded state (and vice versa) of a protein has been largely investigated but is still poorly 

characterized from a structural point of view. TR-XSS offers a new approach to monitor in real-time 

the structural changes that occur during protein folding/unfolding. Indeed, by combining TR-XSS 

with solvent heating by an IR laser pulse, it is possible to monitor the effect of an “instantaneous” 

(compared to the time scale of protein folding/unfolding) temperature increase (T-jump) on both the 

solvent and protein structure [8,36-39]. Experiments are typically performed by exciting water 

vibrational modes in the near-IR with a nanosecond laser and probing the induced structural 

changes with TR-XSS. By comparing the TR-XSS signal in the water scattering region (~2 Å-1) with 

steady-state XSS data of water (or buffer) measured at different temperatures, it is possible to 

estimate the T-jump induced in the protein solution [8]. 

 
Fraser and coworkers investigated T-jump induced conformational changes of Cyclophilin A (CypA), 

a proline isomerase that facilitates protein folding and moderates intracellular signaling pathways 

[36]. The authors were able to resolve two distinct relaxations: 1) a first relaxation occurring within a 

few microseconds from the T-jump and attributed to the increased dynamics of a surface loop 

adjacent to the protein active site; 2) a second relaxation occurring within tens of microseconds and 

interpreted as a small contraction of the protein core of CypA. Interestingly, the latter relaxation is 

not observed in a protein mutant (S99T) where the catalytic activity is impaired due to the absence 

http://paperpile.com/b/SX06or/G1QY


of a key rotameric exchange on the active site. This suggests that the conformational change 

corresponding to the second relaxation is necessary to trigger the enzyme catalytic activity. T-jump 

TR-XSS measurements on wild-type CypA at different starting temperatures (in the 5-30 °C range) 

allowed the authors to also estimate the activation enthalpy and entropy of the two kinetic steps. 

Being able to estimate not only equilibrium enthalpies and entropies, but also activation ones is 

crucial in order to obtain a detailed picture of the energy landscape of a protein and thus of protein 

function. For this reason, it is worth noting that TR-XSS can help retrieving this kind of information 

also in the case of sub-millisecond reactions. 

 
Another interesting example was reported by Lin Chen and coworkers on α-lactalbumin, a 123-

residue protein with a well-defined molten globule state [38]. The analysis of their TR-XSS data, 

collected from 20 μs to 70 ms from a T-jump, revealed three different intermediates (I, U1 and U2). 

Unfolding can proceed either by first populating the I intermediate and then the U1 state (F→I→U1), 

or directly by going from the folded state to the U2 intermediate (F→U2). The I intermediate is a 

molten globule state with a similar topology to the native folded state, but with less condensed 

secondary structures. The U1 and U2 intermediates are two partially unfolded states characterized 

by higher disorder and large protein radius of gyration (Rg). 

 
 

 

Simulation methods for TR-XSS data interpretation 

 
TR-XSS data results from an average over many orientations and conformations, which implies that 

there is no direct way to obtain an atomic detailed structure from the scattering differences. 

Although the structural sensitivity is enhanced by extending the data collection up to the wide-angle 

X-ray scattering (WAXS) region, the information content of solution scattering patterns is not enough 

to avoid the risk of over-interpretation if randomly generated structural models are used as 

candidates for structural refinement. To mitigate this problem, MD simulations are valuable tools as 

they add physico-chemical information and provide reasonable conformational ensembles from 

which X-ray scattering patterns can be accurately computed and compared with experimental data 

[40]. Several softwares like CRYSOL [41], FoXS [42] or WAXSiS [15] are able to calculate the X-ray 

solution scattering pattern of a protein provided that an atomic model is available [42]. 

 
The interpretation of the experimental TR-XSS data in terms of well-defined protein structural 

changes has been so far the main bottleneck of the technique. Indeed, while TR-XSS is able to 

detect even relatively small structural changes and allows to accurately measure the kinetics of 

these changes, it is not possible to obtain detailed information on the atomic displacements directly 

from the data. The use of MD simulation methods is the most promising approach to overcome this 

bottleneck as demonstrated by several examples in the recent literature. 

 
The MD simulations make use of optimized force fields initially designed to reproduce equilibrium 

structures but multiple methods have since then been developed to explore also out-of-equilibrium, 

on-pathway structures [44] (Figure 3). A common strategy to this end is to introduce an additional 

energy term to the force field, a so-called bias, which is used to drive the simulation towards a 

desired state starting from the available experimental information on the system. When the bias is 

an energy penalty associated with the distance between the simulated structure and a reference 

one, the simulation is commonly referred to as targeted MD. A similar approach consists in 

introducing an energy penalty based on the distance between calculated and experimental X-ray 

scattering patterns pairs. We refer to the latter biasing method as XSS guided MD. 

https://paperpile.com/c/SX06or/0RTu


The first structural refinements of intermediate states tracked with TR-XSS have used standard 

equilibrium MD without any bias energy term [45]. For each frame in the simulation, a scattering 

pattern was computed and a scoring function was used to select the structures matching the 

experimental data. More recently, the strategy to select relevant sub-ensembles has been improved 

by implementing clustering methods such as genetic algorithms [21,22,33,36,46]. Especially when 

calculated structures are compared with data collected in the sub-nanosecond timescale, it is 

important to include in the MD simulation the effect of the excess energy deposited on the 

chromophore after laser photoexcitation. This can be done by locally increasing the kinetic energy of 

the chromophore at the beginning of the simulation [47, 48] 

 
Another important direction is to take into account the solvent contribution to the scattering patterns. 

Indeed, popular programs for the calculation of XSS patterns, like CRYSOL [41] or FoXS [42], 

estimate such contribution “implicitly” by treating the solvent (and solvation shell layer) as a 

continuum, which limits the accuracy of the results especially at high scattering angles [43]. The 

possibility to include the solvent atoms in the calculation of the scattering patterns was first 

proposed and successfully used by Merzel and Smith [49]. Hub and coworkers later used explicit-

solvent calculations in XSS-guided structure refinement to reproduce experimental results of several 

different proteins [50]. The same method has been used since then by other authors [38,50,51,52]. 

A recent example is the work of Hsu et al. [51], where the transition from a random-coil to a α-helix 

deca-alanine peptide could be simulated by taking the hydration layer contribution explicitly into 

account. 

 
Unbiased MD simulations, although have yielded successful results, require long computing time on 

dedicated supercomputers to reach timescales often observed in TR-XSS experiments 

(microseconds or longer). Introducing a bias helps in accelerating the exploration of otherwise 

inaccessible states. When crystal structures are available, intermediate states can be found using 

targeted MD [32,38,51]. A recent example involves the membrane protein SERCA mentioned above 

[32]. Here the simulation approach is complicated by the need of modeling the contribution of lipids 

to the overall scattering signal. Ravishankar et al. initially performed several targeted MD 

simulations in the absence of membrane lipids. In all of them, the starting structure was that of the 

fully opened Ca2+ bound state and the final one was one of different existing crystallographic 

structures of SERCA intermediate species. Already at this step, it was possible to isolate models 

yielding a better agreement with TR-XSS data than the crystallographic ones. After addition of the 

lipids to these models, further equilibrium MD simulations were performed. The authors were able to 

obtain a slightly better agreement with TR-XSS data by including the effect of the surrounding lipids. 

They found out that most simulated structures were very similar to each other, which a posteriori 

demonstrates the robustness of an approach that has allowed them to unveil for the first time a 

crucial structural intermediate in the SERCA structural transition. 

 
In cases where the crystal structure of the initial and/or final state is not at hand, but some prior 

knowledge on the reaction and the associated structural transition is available, it is possible to apply 

more localized biases such as a pulling force on definite atoms. Lee et al. have applied such bias to 

either two residues or to the center-of-mass of different domains of Pseudomonas aeruginosa 

bacteriophytochrome (PaBphP) [20]. Thanks to this approach, the authors were able to demonstrate 

that PaBphP undergoes first a slight opening of the α-helices in the photosensory domain and later 

a more dramatic structural change that was never observed in other bacteriophytochromes. The 

simulations were also useful to rule out an alternative possible structural change that had been 

proposed to happen after photoexcitation. 

 
The aforementioned methods make use of the experimental TR-XSS data only indirectly. A more 

direct way is to use TR-XSS guided MD to bias the simulation. This can be achieved by modifying 

standard packages for MD simulations like GROMACS [54] or NAMD [55] and has been done by 

https://paperpile.com/c/SX06or/6eLD
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several authors [38,50,51,56]. As an example, the TR-XSS data from the T-jump experiment on 

bovine α-lactalbumin described above [38] have been interpreted using TR-XSS guided MD 

simulations. Thanks to this approach, refined structures in good agreement with both steady-state 

small-angle X-ray scattering and circular dichroism measurements (both in terms of the ɑ-helix 

content and of the estimated Rg) where obtained. We foresee that TR-XSS guided MD will further 

develop and become more widely used in the next future. 

 
All the above studies suggest that the field is becoming mature enough to develop standard easy-

to-use tools that will allow a wider community to extract relevant structural information on 

intermediates of a given protein functional transition. Other approaches able to better describe non-

equilibrium states (e.g. by integrating QM/MM methods) may still be needed for particularly 

demanding systems. 

 
 

Conclusion 

 
The TR-XSS method, applied to biological systems, initially earned its stripes with intrinsically 

photosensitive systems [1, 2]. The method has continuously improved over the years and recently it 

has been successfully coupled with new approaches to trigger protein conformational changes such 

as T-jump or the use of photocaged compounds. 

 
The signal obtained in TR-XSS experiments is a low-resolution, one-dimensional picture of an 

averaged protein structure. Hence, only indirect methods allow an atomic-detailed interpretation of 

the scattering difference signal. In recent years, the use of MD simulations has become the method 

of choice for structural interpretation of TR-XSS data. Performing MD simulations remains difficult 

for the non-expert user as it has a steep learning curve, but progress is being continuously made 

towards more user-friendly tools. 

 
As illustrated in the present review, several works published in the last 5 years made use of TR-XSS 

to investigate a large variety of important biological systems. The most relevant advancements have 

been the use of new triggering methods and of MD simulations for TR-XSS data interpretation 

(Figure 4). TR-XSS is the tool of choice for detecting global structural changes of a protein in 

solution and the formation of structural intermediates with very high temporal resolution. The 

availability of user-friendly tools to run TR-XSS guided MD simulations can revolutionize the field 

and open up the use of this kind of technique to the vast structural biology community. 
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Figure 1 
 
 

 

Figure 1 - Time-resolved X-ray solution scattering (TR-XSS). (A) Schematic representation of a typical 

experimental setup: a short X-ray pulse (in red) is used to probe the sample at different time delays with 

respect to an excitation laser pulse (in green). At the ID09 beamline of the ESRF, a high-speed chopper is 

used to isolate either a single 100 ps X-ray pulse or a train of pulses (overall duration of a few microseconds) 

depending on the storage ring filling mode [11, 12]. The sample can be sealed in a capillary or, as sketched in 

the figure, circulated through the capillary by means of a pump. A beamstop is placed as close as possible to 

the sample to minimize the contribution of air scattering from the primary beam. (B) Typical time-resolved 

difference patterns from a protein in solution. The signal is obtained by subtracting the “laser off” scattering 

pattern (scattering measured without the laser or before the laser hits the sample) from the scattering 

measured at a time delay Δt with respect to the arrival of the laser pulse. The resulting curves contain the 

contribution of both the protein structural changes and the solvent changes induced by the release of energy 

from the protein to the solvent (heating). The solvent heating contribution can be measured in a separate TR-

XSS experiment and is typically removed from the difference curves ΔS to highlight the protein contribution 

[1]. The zero difference level is indicated for each difference curve by the dotted gray line. The data reported 

in panel B are relative to a TR-XSS experiment performed at the ID09 beamline in which the conformational 

changes of the chromophore binding domain of CarH from Thermus thermophilus were followed after 

photoexcitation at 532 nm (Pounot et al., unpublished results). These data are shown here only for illustrative 

purposes and will be the subject of a separate dedicated publication. 



Figure 2 
 

Figure 2 - Effect of protein conformational changes on difference scattering patterns. (A) The structure 

of bacteriophytochrome from Stigmatella aurantiaca (SaBph) in the dark form (SaBphdark, PDB 6PTQ, cyan 

cartoon and licorice representation) and in a 5 ns photo-activated form (SaBphlight, PDB 7JR5, orange cartoon 

and licorice representation) are superimposed for comparison. After 5 ns from photoexcitation the 

chromophore structure is significantly different from the ground state one; moreover, the relative distance of 

several helices has changed and a functionally relevant salt bridge is broken [14]. The root mean-square 

deviation (RMSD) for the two structures is 1.7 Å. (B and C) For illustrative purposes, we artificially divided the 

overall conformational change in an initial step in which only the chromophore rearrangement has occurred 

(we call this artificial state SaBphinter) and a second step in which also the polypeptide conformational change 

is present (SaBphlight). The absolute scattering patterns corresponding to these three states have been 

calculated using the WAXSiS webserver [15] and are reported in panel B, the inset representing an enlarged 

view of the high scattering angles region. While the three absolute patterns have the same overall shape, they 

differ in small details that are directly linked to the structural changes represented in panel A. This is better 

highlighted by plotting the difference between two scattering patterns, which is typically referred to as the TR-

XSS signal. (C) Comparison of the SaBphinter-SaBphdark scattering difference (blue) with the SaBph5ns-

SaBphdark scattering difference (orange). The panel highlights that an overall (although small) protein structural 

change results in a much larger TR-XSS signal than a structural change localized on the chromophore. 



Figure 3 
 

 

Figure 3 - Simulation methods to interpret TR-XSS data. (A) In the case of equilibrium (unrestrained) MD, 

a starting protein structure changes with time under the action of the force F applied to each atom. In this case 

F is simply calculated as the derivative of the chosen force field (potential energy U) with respect to the atomic 

positions. In the figure, the time evolution of the protein structural change is represented through 5 different 

structures evolving from blue to red (with increasing transparency). (B) In biased MD, an additional energy 

term ℬ is used to avoid getting stuck in local energy minima during the simulation. The bias term can arise 

from an artificial force on specific atoms or from any other local interaction relevant for the system under 

study. (C) In targeted MD, the atoms are constrained to move towards a target structure, represented in green 

here, by introducing a metric (χ2) to evaluate the distance between the starting and the target structure. (D) 

The TR-XSS guided MD acts similarly to the targeted MD, but the metric (Ѱ2) measures the distance between 

the experimental scattering curve (dark yellow line, data is top curve from Figure 1B) and that computed 

using the simulation coordinates (blue line). 



Figure 4 
 

Figure 4 - Overview on triggering methods and data interpretation. (A) Summary of the triggering 

methods described in the manuscript along with brief information useful when designing and preparing a TR-

XSS experiment. (B) Workflow for data interpretation of TR-XSS data based on MD simulation methods. 
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