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Avant-propos 
 

Le rêve d’Arthur 
 
Je suis dans l’espace, avec un vieux…  Je vous raconte pas ça au hasard. Quand je me 

suis réveillé j’ai tout de suite pensé à vous. L’espace… ça a toujours été votre truc ça 
l’espace. Et les vieux, y en a toujours dans vos histoires à vous.  Bref, je flotte dans l’espace… 
avec les étoiles tout. Et y a un vieux à côté. Alors je sais pas si c’est moi vieux où euh... parce 
que les rêves c’est toujours le bordel pour ça. Et le vieux me fait :  

 
« Vous êtes prêt à voir le Graal ? » 
 
 Alors moi je réponds :  
 
« Oui. » 
 
Alors on se dirige vers une… une grande boule, mais en fait c’est notre Terre à nous. Sauf 
qu’au lieu d’être bien plate, ben elle est en boule quoi ! Comme je disais les rêves c’est 
toujours le bordel.  On descend, on descend. On atterrit sur un sentier, dans une forêt, sur le 
territoire du Seigneur Dagonet. Alors me demandez pas pourquoi. D’autant qu’il est même 
pas dans le rêve ce con-là mais, je sais pas comment vous dire, je sais qu’on est chez 
Dagonet. Le vieux se retourne et il me fait :  
 
« J’espère que vous avez pas peur de la marche. Parce que je vous préviens c’est pas la porte à 
côté. » 
 
Moi je lui réponds : 
 
 « Je comprends pas pourquoi on a pas atterri directement plus près alors ? »  
 
Et il me répond pas il part devant. Je le suis. Je le suis, je le suis pis au bout d’un moment je 
me dis :  
 
« Merde… c’est le chemin de Kaamelott ici ! Oh, que je lui fais au vieux, c’est pas le chemin 
de Kaamelott ça ?  

– Si pourquoi ?  
– Comment pourquoi ?  je lui fais, le Graal il est pas à Kaamelott quand même ? 
– Si, il me fait. » 

 
Alors je m’arrête :  
 
« Vous vous foutez de moi ? »  
 
Il se retourne il me dit :  
 
« Vous voulez le voir le Graal où vous voulez pas le voir ? Bon bah bouclez-là et suivez. » 
 



Et il repart. Bon. On arrive à Kaamelott, la baraque vide. Pas un garde à l’entrée, pas un 
loufiat dans les couloirs, on passe devant la salle de la Table Ronde, pas de Table Ronde, la 
pièce vide. On continue, on continue et on arrive devant la porte de ma salle de bain :  
 
« Voilà, ouvrez c’est là derrière.  

– Mais… là derrière ou ça ? Dans la salle de bain ?  
– Oui, dans la salle de bain. »  

 
Alors je le regarde, j’essaie de voir s’il est pas beurré ou quoi, pis je rentre. Là y’a la 
baignoire vide… enfin vide… y’a de l’eau mais y’a personne dedans. Et y’a du sang partout. 
Partout, partout… Il me fait :  
 
« Voilà ! C’est le Graal !  

– Quoi quel Graal ? La salle de bain ?  
– Non pas la salle de bain, la baignoire !  
– La baignoire c’est le Graal ?  
– Ouais, c’est le récipient qui a reçu le sang du Christ. »  

 
Alors là dans le rêve je lui mets une tarte au vieux… mais la bonne tartine attention, avec la 
tête qui part sur le côté, les cheveux de travers tout.  
 
« Tu te payes ma gueule ? », que je lui fais.  
 
Pis là mon vieux c’est lui qui se retourne, qui vient, il me fout une avoine. J’ai l’impression 
que le plafond me tombe sur la gueule. Je me ressaisis. Et il me dit :  
 
« Qu’est-ce que c’est que quelqu’un qui souffre ? Et qui fait couler son sang par terre pour 
que tout le monde soit coupable ? Tous les suicidés sont le Christ. Toutes les baignoires sont 
le Graal. » 
 
Et vous savez qu’on s’est toujours demandé si y avait pas une inscription gravée au fond du 
Graal ! Eh ben oui y’en a une. 
 
 « Allez voir », qu’il me fait.  
 
Alors j’y vais. Et au fond de la baignoire y’a marqué :  
 
« Vous m’avez bien cassé les couilles. » 
 
 Et boum je me réveille. 
 
 

Alexandre Astier, KAAMELOTT, Livre VI, Episode 9. 
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1. Introduction 

 

1.1. Reversibly switchable fluorescent proteins 

 
Fluorescent proteins (FPs) absorb light at one wavelength and emit at another one. The 

first discovered and the most famous one is the green fluorescent protein (GFP). FPs are 

valuable tools for fluorescence microscopy, where they are used as genetic markers in cell 

biology (Adam, 2014). Two families of FPs are known, those originating from Hydrozoa (e.g. 

GFP) and those from Anthozoa. All FPs share a common fold, consisting in an 11-stranded β-

barrel and an α-helix that carries a chromophore formed of three transformed amino-acids. It 

is the chromophore that absorbs and emits light within an FP. The amino acids forming the 

chromophore may vary among different FPs, as well as do the amino-acids constituting the 

chromophore pocket, thus generating a wide range of FPs with a variety of photophysical 

properties. Variants have been generated by mutation in order to tune or create properties 

interesting for microscopy applications.  

A subgroup of FPs, so-called phototransformable fluorescent proteins (PTFPs), recently 

enabled the development of super-resolution microscopy (or nanoscopy). PTFPs are FPs that 

undergo irreversible or reversible transformation upon light absorption. They are divided in 

three main classes: photoactivatable fluorescent proteins (PAFPs), photoconvertible 

fluorescent proteins (PCFP) and reversibly switchable fluorescent proteins (RSFPs). 

Photoactivatable fluorescent proteins are non-fluorescent in their ground state and become 

fluorescent under light illumination. This off-to-on activation is an irreversible process 

involving breakage of a covalent bond and a change in protonation state of the chromophore. 

The photoactivation mechanism consists in the decarboxylation of a well-conserved 

glutamate and in the deprotonation of the chromophore that then fluoresces in the anionic 

form (Adam, 2014). PA-GFP, a variant of GFP is an example of PAFPs used to explore the 

intracellular traffic (Patterson and Lippincott-Schwartz, 2002). Photoconvertible fluorescent 

proteins (PCFPs) are fluorescent in their resting state and undergo a photoinduced shift in 

absorption and emission wavelengths. In other words, they change color. Photoconversion is 

an irreversible process involving covalent bond breaking. Kaede (Ando et al., 2002), EosFP 

(Wiedenmann et al., 2004) and the variants of the latter are examples of green-to-red PCFPs, 

which are used for various multicolor nanoscopy approaches (Adam, 2014). Reversibly 
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switchable fluorescent proteins (RSFPs), or photochromic FPs, undergo a photoinduced 

change of fluorescent state. They can either switch from a fluorescent to a non-fluorescent 

state (RSFPs called negative switchers) or from a non-fluorescent to a fluorescent state 

(RSFPs called positive switchers). Photoswitching is a reversible process involving a 

chromophore rearrangement (isomerizaton in most cases) and a change in the protonation 

state of the chromophore. The most well-studied RSFP is the negative switcher Dronpa (Ando 

et al., 2004) whose molecular mechanism has been extensively studied, as discussed below. 

Padron (Faro et al., 2011), a variant of Dronpa, and asFP595 (Lukyanov et al., 2000) are 

examples of positive switchers. RSFPs are exploited for nanoscopy techniques, including 

REversible Saturable Optical Linear Fluorescence Transitions (RESOLFT) or photochromic 

Stochastic Optical Fluctuation Imaging (pcSOFI) (Adam, 2014). There is also the special case 

of biphotochromic FPs, which are able to undergo photoswitching and photoconversion. 

IrisFP (Adam et al., 2008), a variant of EosFP, is an example of a biphotochromic FP.  

 The photoswitching mechanism in RSFPs has been extensively investigated to further 

our understanding of this class of FPs and in order to design improved RSFPs for imaging 

applications. Dronpa and its variants are the most widely studied. The three-dimensional 

structure of Dronpa, solved by cryo-crystallography, revealed that the chromophore in the 

fluorescent off-state is a cis isomer and that the on-to-off switching involves a cis-to-trans 

isomerization (Andresen et al., 2007). NMR studies at ambient temperature revealed an 

increased flexibility of the β-barrel and the chromophore in the off-state (Mizuno et al., 2008). 

The structural investigation of the positive switcher asFP595 also revealed a cis and a trans 

chromophore in the on- and the off-state, respectively and molecular dynamics (MD) 

simulations predicted that isomerization involves a “hula-twist” motion of the chromophore 

(Andresen et al., 2005). The photoswitching mechanism not only involves structural but also 

protonation-state changes as evidenced by electronic and vibrational spectroscopy 

approaches. Until recently, the sequential order of isomerization and (de)protonation was not 

clear, and if a scenario is now widely accepted, some aspects remain controversially 

discussed. Spectroscopic characterization of Dronpa suggested that an excited-state proton 

transfer (ESPT) is involved in the off-to-on switching (Fron et al., 2007), while time-resolved 

infrared (TRIR) measurements identified the proton transfer being a ground-state process 

(Warren et al., 2013). However, another TR-IR study on Dronpa2 (M159T variant) advocated 

that both isomerization and deprotonation are ground-state processes, attributing the 

picosecond spectroscopic changes in the excited state to protein conformational changes 

priming the chromophore for switching (Lukacs et al., 2013), a view corroborated by a recent 
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follow-up TR-IR study on Dronpa2 (Laptenok et al., 2018) that provided evidence for a cis-

protonated chromophore species being formed with a 91-ns time constant. Results from 

transient absorption spectroscopy on Dronpa and Dronpa2, from 100 fs to milliseconds 

(Yadav et al., 2015), are in line with the conclusions of Warren et al., suggesting that during 

off-to-on switching, the excited state is formed in a few hundreds of femtoseconds and 

isomerization occurs concomitantly with its decay on the picosecond time-scale. 

Deprotonation then takes place on the microsecond time scale (Yadav et al. 2015). In 

summary, the most widely accepted, but still disputed (Laptenok et al., 2018), scenario for 

off-to-on switching in Dronpa and Dronpa2 seems to be excited-state isomerization followed 

by ground-state deprotonation.  

Elucidating the structures of the various photoswitching intermediates is essential to 

fully understand the mechanism of RSFPs. Time-resolved crystallography, introduced below, 

is the method of choice to do so. However, as reported in the various spectroscopy studies 

outlined above, short-lived intermediates are formed in the excited state on a time scale 

inaccessible for time-resolved crystallography at synchrotron sources (see details below). 

Luckily, ultra-short pulses produced by a new kind of X-ray sources, so-called X-ray free 

electron lasers (XFELs), provide the possibility of filling the lack of structural data on the 

ultra-fast time-scale to eventually understand the photoswitching mechanism. Recently, the 

first static structure of an FP was solved using an XFEL, i.e. that of the biphotochromic FP 

IrisFP (Colletier et al., 2016b), paving the way for time-resolved crystallography on the ultra-

fast time scale at XFELs. The study also presented transient absorption spectroscopy results 

revealing a switching mechanism similar to Dronpa. 

 The reversibly switchable enhanced green fluorescent protein (rsEGFP2, Grotjohann 

et al., 2012) is a variant of rsEGFP (Grotjohann et al., 2011), a reversibly switchable version 

of the enhanced GFP (EGFP). rsEGFP2 is a marker used in RESOLFT, a super-resolution 

microscopy method based on the use of RSFPs. rsEGFP2 was designed from rsEGFP in order 

to obtain a fast switcher that reduces the recording time during a RESOLFT experiment. The 

protein presents the common β-barrel fold shared by all FPs (Figure 1a). The spectra of the 

fluorescent on-state and the non-fluorescent off-state showed maxima at 479 nm and 403 nm 

respectively, characteristics of a anionic and neutral chromophore respectively (Figure 1c, El 

Khatib et al., 2016). Belonging to the class of negative switchers, rsEGFP2 is fluorescent in 

its resting state and undergoes on-to-off and off-to-on switching under 488-nm and 405-nm 

illumination, respectively. The life time of the non-fluorescent state is about 100 min in the 

crystalline protein (Schirò et al., 2017). The chromophore, hydroxybenzylidene imidazolinone 
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(HBI) formed from the tripeptide Ser65–Tyr66–Gly67, undergoes cis/trans isomerization 

during photoswitching (Figure 1c), accompanied by a side-chain rearrangement of amino 

acids in the chromophore pocket (El Khatib et al., 2016) and chromophore (de)protonation 

(Grotjohann et al., 2012), as usually observed in other RSFPs. 

 

 
Figure 1: Spectral and structural properties of the reversibly switchable enhanced green 
fluorescent protein 2 (rsEGFP2). (a) Cryo-crystallography structure of the fluorescent on-state 
(PDB entry: 5DTX, El Khatib et al., 2016). (b) Absorption spectra of the on- and off-states of 
rsEGFP2 shown in cyan and magenta, respectively. The absorption maxima are 479 and 403 
nm for the on- and the off-state, respectively (El Khatib et al., 2016). (c) The mechanism of 
the photoswitching of rsEGFP2. rsEGFP2 is fluorescent in its resting state, carrying an 
anionic cis hydroxybenzedilene imidazolinone (HBI) chromophore. Under 488-nm 
illumination, it undergoes cis-to-trans isomerization and a change in protonation state. The 
non-fluorescent state of the crystalline protein presents a life-time of ~100 min (Schirò et al., 
2017) and carries a neutral trans chromophore. Under 405-nm illumination, the protein is 
switched back. The off-to-on switching quantum yield (QY) is 10 times higher than the one in 
the reverse on-to-off direction. 
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1.2. Time-resolved crystallography 

 

1.2.1. Pump-probe principle and time-resolved crystallography using synchrotron radiation 

 

A protein crystal is not a rigid entity that prohibits protein motions. To the contrary, 

since a protein crystal is composed on average of 50 % solvent, motions of side chains and 

even of secondary-structure elements that are not involved in crystal packing are allowed. 

Consequently, most crystalline proteins remain biologically active (Mozzarelli and Rossi, 

1996). It is thus possible to study functionally relevant movements by triggering the reaction 

in all crystalline molecules simultaneously and by subsequently trapping reaction 

intermediates with kinetic crystallography approaches. One such an approach is the cryo-

trapping strategy consisting in first triggering and then stopping the reaction by flash-cooling 

the crystal in order to trap a reaction intermediate (Bourgeois and Royant, 2005). Another 

strategy consists in determining the structure of an intermediate on the fly, in real time. This 

so-called time-resolved crystallography approach, based on the pump-probe principle, allows 

to obtain room-temperature snapshots of proteins at work that can be assembled to form a 

molecular movie of the reaction (Levantino et al., 2015b).  

The pump-probe principle applied in time-resolved crystallography (Figure 2), mostly 

uses a laser pulse (pump) to initiate the reaction in the crystal (defined as time t=0). The use 

of a UV-vis laser, for instance, permits to trigger a reaction in a large fraction of 

photosensitive proteins in a crystal simultaneously. X-rays (probe) then interact with the 

sample after a defined, but variable, time delay (∆ti). Diffraction patterns are collected, and 

processed for all ∆ti until a complete dataset of structure factors is formed. The procedure is 

repeated at a different ∆t. Fourier difference maps between the data sets generated at various 

∆t after the pump and the initial data set (t=0) reveal features indicating the conformational 

changes that occurred at the different time delays, thereby allowing a molecular movie of the 

investigated mechanism to be made.  

Mainly two model proteins were extensively studied by time-resolved crystallography: 

the photoactive yellow protein (PYP) and myoglobin. PYP is a photosensitive protein 

carrying a chromophore that isomerizes after light absorption and undergoes structural 

changes. Regarding the PYP, the fact that the reaction can be triggered by light makes this 

protein very convenient for time-resolved studies. The structure of the light-induced state of 

PYP that had accumulated 10 ms after laser triggering was solved by time-resolved Laue 
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crystallography at a synchrotron sources and revealed trans-to-cis isomerization of the 

chromophore and accompanying side-chain rearrangements (Genick et al., 1997). Earlier 

intermediates were solved after having improved the temporal resolution to the nanosceond 

time-scale (Perman et al., 1998). The authors argued that observed features in the difference 

electron density map corresponded to a short-lived intermediate that is a precursor of longer-

lived late intermediates. The earliest intermediate of the PYP photocycle was caught with a 

100-ps temporal resolution, the limit reachable at a synchrotron source, and allowed to 

propose a trans-to-cis isomerization mechanism involving two different pathways controlled 

by the chromophore environment (Jung et al., 2013). An alternative mechanism was proposed 

based on a parallel time-resolved crystallography experiment (Schotte et al., 2012). 

Myoglobin is another model protein widely chosen for investigating protein dynamics. 

Photodissociation of carbon monoxide (CO) from the heme that is carried by the protein 

makes time resolved crystallography experiments on myoglobin feasible. On the nano- to the 

millisecond time-scale, release and recombination of CO after photodissociation and the 

structural changes accompanying them have been followed (Srajer et al., 1996) and structural 

rearrangements during CO migration have been reported (Bourgeois et al., 2003). The 

temporal resolution was extended to 100 ps and allowed trapping of a short-lived intermediate 

of CO dissociation from a myoglobin mutant (Schotte et al., 2003).  

Time-resolved crystallography at synchrotron sources suffers from several limitations. 

First, the need to work at or close to room temperature makes the crystal more sensitive to 

radiation damage that convolutes with the conformational changes to be investigated. Second, 

large crystals are often required for a sufficient diffraction signal, rendering efficient 

illumination with the pump laser difficult because of the high optical density. Third, the most-

often employed Laue crystallography, using a polychromatic beam in order to recover a larger 

fraction of the reciprocal space in a time-limited exposure (to prevent radiation damage), 

generates diffraction patterns that are difficult to analyze, in particular for highly mosaic 

crystals or for crystals with large unit cells. Fourth, Laue crystallography mostly allows 

studying reversible processes (e.g. dissociation and recombination of CO in myoglobin, 

reversible photoisomerization in PYP), whereas investigations of irreversible processes, such 

as enzyme catalysis, are cumbersome but possible (Schlichting et al., 1990). And last, time-

resolved crystallography at synchrotrons is limited to 100-ps resolution by the electron-pulse 

length, prohibiting the investigation of ultrafast events, such as early intermediates involved 

in photochemical processes. 
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Figure 2: Experimental set-up of a time-resolved crystallography experiment carried out 

according to the pump-probe principle. At t=0, crystallographic data are collected on a crystal 

without prior laser pump and the resting-state structure (showed in green) is solved as a 

reference. The time-delay ∆ti between the laser pump (orange beam) that initiates the reaction 

and the X-ray probe (black beam) is set. In this example, data are collected for ∆t1, ∆t2 and 

∆t3, and structures of the purple, red and blue intermediates are solved, respectively, that are 

then used as frames in a molecular movie. 
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1.2.2. Time-resolved crystallography using X-ray free electron lasers (XFELs) 

 

1.2.2.1 X-ray free electron laser and serial crystallography 

 X-ray free electron lasers are a new kind of X-ray source based on self-amplification 

of stimulated emission (SASE, Margaritondo and Rebernik Ribic, 2011). Electrons are 

injected into a linear accelerator and then pass through an undulator where they oscillate 

under successive magnetic fields of opposite orientations leading to the emission of X-rays. 

The resonant interaction between X-rays and electrons leads to microbunching of the electron 

bunches and to an increase in the intensity of the X-ray radiation. Eventually, ultra-intense 

and coherent X-ray pulses are generated with a peak of brilliance 10 orders of magnitude 

higher than the one of synchrotron radiation and pulse lengths of 10 to 100 fs. In contrary to 

synchrotron radiation, X-rays produced by free-electron lasers suffer from pulse to pulse 

wavelength instability.  

In the year 2000, it was proposed based on simulations that with ultra-short and ultra-

bright X-ray pulses, it would be possible to recover structural information from a biological 

sample before it starts to suffer from radiation (Neutze et al., 2000). This so-called “diffract-

before-destroy” principle promised that by using XFELs for structural biology, the issue of 

radiation damage would be overcome. The Linac Coherent Light Source (LCLS, Stanford, 

California) was the first operational XFEL (Emma et al., 2010), followed by the Spring-8 

Angstrom Compact Laser (SACLA, Sayo, Japan) a few years later (Ishikawa et al., 2012). 

The first macromolecular crystallography experiment using XFELs was carried out at the 

LCLS. A myriad of randomly oriented nanocrystals of photosystem (PS) I were continuously 

presented to the X-ray beam, allowing to collect diffraction data that provided the first X-ray 

structure obtained with XFEL radiation (Chapman et al., 2011), giving birth to serial 

femtosecond crystallography (SFX). Figure 3 illustrates the set-up for an SFX experiment. 

The spatial resolution in this first experiment was low (8.5 Å) because of the still limited X-

ray wavelength of the instrument (6.7 Å). However, the “diffract-before-destroy” principle 

was experimentally confirmed, and it was proven that crystallographic data can be collected 

using ultra-bright and ultra-short pulses, without apparent damage (but see Barty et al., 2012, 

and Lomb et al., 2011), even at near-atomic resolution (Boutet et al., 2012). By combining in 

vivo crystallization and SFX, the structure of the natively inhibited Trypanosoma brucei 

cystein protease cathepsin B (TbCatB) was solved, revealing the mechanism of its inhibition 

(Redecke et al., 2013) and providing the first biologically relevant structure solved using an 
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XFEL. The structure of a G protein-coupled receptor (GPCR) was then solved by SFX from 

microcrystals grown in lipidic cubic phase (LCP), proving the applicability of the method and 

of the instruments for membrane protein structural investigation (Liu et al., 2013). The first 

room-temperature structure of PS II with an undamaged Mn4CaO5 cluster was obtained, but at 

limited resolution (Kern et al., 2012). Femtosecond X-ray emission spectroscopy using XFEL 

pulses demonstrated that metallic clusters are not damaged by the X-ray pulse on the tens of 

femtoseconds time scale (Alonso-Mori et al., 2012). X-ray diffraction and emission 

spectroscopy data were simultaneously collected, yielding an undamaged structure of PS II, 

still at limited resolution, but with an unperturbed redox state of the Mn4CaO5 cluster (Kern et 

al., 2013). This study evidenced the reliability of the method for metalloprotein studies. Other 

metalloproteins such as copper nitrite reductase (Fukuda et al., 2016) and cytochrome c 

oxidase (Andersson et al., 2017) have been studied supporting this reliability. The first high-

resolution structure of undamaged PS II was solved from SFX data collected at different 

positions of several macrocrystals at cryo-temperature (Suga et al., 2015). It allowed to obtain 

the structure of the native Mn4CaO5 cluster of the oxygen-evolving complex that displayed 

slight differences with the structure solved using synchrotron radiation. The usefulness of 

XFELs for structural biology was further underlined by the determination of the rhodopsin-

arrestin complex (Kang et al., 2015) that unveiled the interaction between rhodopsin and 

arrestin and provided structural data to understand the arrestin-mediated signaling 

mechanism. The study was only possible at an XFEL, since microcrystals of the complex 

only provided low-resolution data at a synchrotron facility. Large protein complexes often 

imply large unit cells of the crystal that could limit the reachable diffraction resolution, and 

even more so in the case of nanometric crystals. Limited resolution often also implies 

potential crystal disorder. Exploiting the property of so-called imperfect crystals, the 

resolution limit was extended by using continuous diffraction in between Bragg peaks (Ayyer 

et al., 2016), offering the possibility to reach near atomic resolution for structure 

determination of large complexes using XFEL radiation.  

Experimental phasing of SFX data has been an issue for a long time, making solution 

of unknown protein structures impossible. The first de novo structure was solved using the 

anomalous signal from heavy atoms, thereby proving that sufficient data quality can be 

reached in SFX from microcrystals (Barends et al., 2014). However, a huge amount of 

indexed frames was necessary to reach the data redundancy required for experimental 

phasing. The authors predicted the possibility of solving de novo structures of difficult 

proteins such as membrane proteins. Indeed, in the following, bacteriorhodopsin (Nakane et 
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al., 2016) and GPCRs (Batyuk et al., 2016) were phased experimentally. The anomalous 

signal of sulfur atoms present in lysozyme was detected, but was initially too weak to allow 

for structure solution (Barends et al., 2013). The further development of data processing tools 

improved data quality and eventually allowed solving a protein structure by exploiting the 

anomalous signal (Nakane et al., 2015). In the following, an approach was proposed that 

allowed de novo structure determination of thaumatin by single wavelength anomalous 

diffraction phasing with a reduced number of indexed frames (Nass et al., 2016). The 

structure of the mosquito larvicide BinAB was the first new structure solved using 

experimental phasing, with data collected on in vivo grown nanocrystals (Colletier et al., 

2016a). This study showed that SFX allows collection of data from nanometer-sized crystals 

that is of sufficient quality to undertake experimental phasing for de novo determination of 

unknown protein structures. Using a two-color mode (Marinelli et al., 2015), in which the 

XFEL produces two pulses with different wavelengths and with a tunable time-delay, multi-

wavelength anomalous diffraction is now to be considered for de novo structure determination 

(Gorel et al., 2017). 

Sample preparation is a critical step for an SFX experiment. But there are only a few 

microcrystallization methods reported to the best of our knowledge. Crystallization using 

lipidic cubic phase (LCP) is well described (Caffrey and Cherezov, 2009, Liu et al., 2014). 

The LCP is a pseudo-crystallin material that mimics the membrane environment, making the 

methods suitable for membrane protein crystallization. The lipidic sponge phase (LSP), a 

material related to LCP, was also used for crystallization of the photosynthetic reaction center 

(Johansson et al., 2012) and provided crystals that allowed structure determination at 3.5 Å 

resolution (Johansson et al., 2013). Microcrystallization of PS II was briefly investigated. 

Different approaches including batch and free-interface diffusion (FID) methods consisting in 

triggering the nucleation at the contact zone between highly concentrated protein and 

precipitant solutions were reported (Kupitz et al., 2014b). Microseeding was applied to 

improve the morphological aspect and the diffraction quality of PS II microcrystals (Ibrahim 

et al., 2015). The serendipitous discovery that TbCatB microcrystallisation occurs in Sf9 

insect cells (Koopmann et al., 2012) led to the rationalization of in vivo crystallization using 

different expression systems (Duszenko et al., 2015). Marginally, it was reported that 

supersaturation-controlled microcrystallization reproducibly generates crystals at a desired 

size by varying the evaporation time of the drop (Lee et al., 2018). The crystals required for 

an SFX experiment are often micro- or nanometric in size, depending on the type of the 

experiment. Such small crystals are difficult to detect with optical microscopes. Several other 
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methods can be used for crystal detection, such as second-order nonlinear optical imaging of 

chiral crystals (SONICC, Wampler et al., 2008) or electron microscopy (Stevenson et al., 

2014). The latter was useful in the process of optimizing crystallization (Stevenson et al., 

2016). XFELs produce X-ray pulses bright enough to obtain high-resolution diffraction from 

microcrystals that could not be obtained with synchrotron radiation (see the rhodopsin-

arrestin example above). In the case of a time-resolved crystallography experiment, 

microcrystals are required to ensure sufficient penetration of the pump light to efficiently 

trigger the reaction. The lack of a method to reproducibly obtain microcrystals of 

homogeneous size and of good quality has to be filled.  

Sample presentation to the XFEL beam is also a critical step in an SFX experiment. 

Given that a protein crystal is destroyed immediately after interaction with the intense X-ray 

pulse, the sample has to be continuously refreshed. Various sample delivery methods have 

been developed, among which the most adequate one needs to be chosen wisely for a given 

SFX experiment. The first adopted method was liquid injection using a gas dynamic virtual 

nozzle (GDVN). It consists in focusing a liquid jet with gas under pressure until its diameter 

reaches a dimension comparable to the X-ray beam diameter (DePonte et al., 2008, 

Weierstall, 2014). The main drawback of this method is the formidably huge amount of 

crystalline material that is required and of which about 99.9 % is wasted during the 

experiment. To fix this issue, other approaches were proposed. An up-graded version of the 

GDVN consists in using a focusing liquid (non-miscible with the mother liquor), itself 

focused by a gas stream, resulting in reduced background scattering and sample consumption 

(Oberthuer et al., 2017). Using an electric field instead of gas dynamics to focus the liquid jet 

is an alternative solution to limit sample consumption (Sierra et al., 2012, Sierra et al., 2016). 

Indeed, this electrospun liquid microjet forms droplets at the nozzle exit that reduces sample 

consumption in the end. Also sound waves are used for droplet ejection (Roessler et al., 

2016). The so-called drop-on-demand acoustic ejector has been combined with a conveyer 

belt drive to present the crystal-containing droplets to the X-ray beam (Fuller et al., 2017). 

Combined with a pump-laser set-up makes this sample-delivery system suitable for time-

resolved X-ray crystallography. Furthermore, an LCP injector was conceived to extrude 

viscous media containing crystals, thereby slowing down injection (Weierstall et al., 2014, 

Botha et al., 2015). It presents the advantage to be less sample-consuming and is suitable for 

studying membrane proteins that crystallized in LCP and that can thus be injected directly in 

their crystallization medium. Other viscous media were used to inject crystals of soluble 

proteins. Grease-based media (Sugahara et al., 2015), vaseline (Botha et al., 2015) and 
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agarose (Conrad et al., 2015) have been successfully used for structure determination. As for 

LCP, the use of viscous media for sample extrusion limits sample consumption, but increases 

the x-ray scattering background. It was demonstrated that hyaluronic acid-based (Sugahara et 

al., 2016) or cellulose-based (Sugahara et al., 2017) matrices as alternative viscous media 

have the advantage to minimize the background issue. Protein crystals are very sensitive and 

sometimes the mother liquor is not compatible with a given viscous medium. A systematic 

study reported on chemical compatibility, injection reliability and scattering background of 

various viscous media (Kovácsová et al., 2017). Solid supports were also developed that, 

combined with the raster-scanning approach during data collection (Hunter et al., 2014, 

Roedig et al., 2017), also lead to very low sample consumption. Instead of collecting only one 

diffraction pattern per microcrystal, as it is the case for all sample delivery methods presented 

above, several patterns can be collected from several position on a single crystal mounted on a 

loop at cryogenic temperature (Hirata et al., 2014, Halsted et al., 2018). In this approach 

called serial femtosecond rotation crystallography (SF-ROX), the crystal is hit at each 

position after translating and rotating the loop. For a time-resolved SFX experiment (TR-

SFX), liquid jet injection is the method of choice (if sufficient sample can be produced) 

because of stably-running jets and low background scattering. To the best of our knowledge, 

no TR-SFX experiment using raster-scanning or SF-ROX has been reported. Using LCP or 

viscous media in TR-SFX can be problematic because of the matrix opacity that potentially 

limits the pump-efficiency. However, LCP injection has been successfully used in studies of 

the membrane protein bR (Nango et al., 2016; Nogly et al., 2018, 2016). 

 The new serial-crystallography approach required new types of crystallographic data 

processing procedures to be developed. The challenge was to deal with hundreds of thousands 

of diffraction patterns obtained each from randomly oriented micro- and nanometric crystals 

of various sizes and shapes. The Monte-Carlo integration method was applied for merging 

intensities and determination of structure factors. The method was first assessed based on 

simulated diffraction patterns (Kirian et al., 2010) and then successfully applied to 

experimental data (Kirian et al., 2011). New tools and pieces of software were developed to 

implement this new approached of data processing. CrystFEL was created to deal with 

indexing, integration, and merging of diffraction intensities and with evaluation of the data 

quality (White et al., 2012). The pre-processing software Cheetah reduces data volume by 

finding “hits” (frames containing diffraction patterns), identifying Bragg peaks (facilitating 

the use of processing software), correcting detector artifacts, subtracting detector background, 

generating statistics on hit-rates and determining the resolution limit (Barty et al., 2014). The 
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data processing pipeline combining Cheetah and CrystFEL is described in (White et al., 

2013). Other data processing suites are available, such as cctbx.xfel (part of the cctbx 

platform, Sauter et al., 2013) and nXDS (Kabsch, 2014), a version of XDS adapted for serial 

crystallography (see Sawaya et al., 2014 for a comparison between CrystFEL and cctbx.xfel, 

and Botha et al., 2015 for a comparison between CrystFEL and nXDS). Other pieces of pre-

processing software are also available such as NanoPeakCell (Coquelle et al., 2015) and 

CASS (Foucar, 2016). Further development of the available software and the addition of new 

functionalities drastically improved data quality, allowing reducing the number of frames 

required for a complete dataset and addressing issues inherent to SFX (intensity partialities, 

wavelength variability, cell parameter distribution, jet instability…). Intensity scaling, the 

establishment of a partiality model and the post-refinement procedure (including crystal 

orientation, unit cell dimensions, detector geometry and detector distance) were implemented 

in the latest versions of cctbx.xfel (Sauter, 2015, Ginn et al., 2015) and of CrystFEL (White et 

al., 2016) via the addition of the partialator module (White, 2014). 
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Figure 3: Experimental set-up and data processing pipeline of a serial femtosecond 

crystallography (SFX) experiment. A suspension of microcrystals (green) is injected across 

the X-ray beam (shown in black) using a sample delivery system (liquid injector in the 

example shown). Large amounts of frames are collected from randomly oriented 

microcrystals and are analysed in the pre-processing (hit-finding, Bragg peak search) and 

processing (indexing, Monte-Carlo integration, scaling, post-refinement, merging) pipeline. 

Structure factors are recovered and used for refinement. 
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 Even though serial femtosecond crystallography was successfully developed and 

applied, access to XFEL sources is still very limited. Indeed, only two facilities are fully 

operational world-wide (LCLS in California and SACLA in Japan). Others are starting to 

offer user access, such as the European XFEL (Germany) and PAL-XFEL (South Korea) and 

the SwissFEL (Switzerland) is being commissioned. However, the fact that the entire XFEL 

facility produces X-rays for only one (LCLS, SACLA, SwissFEL) or a handful (EuXFEL, 

PAL-XFEL) of beamlines at a time means beamtime will still remain limited. In parallel, the 

serial crystallography approach was implemented at synchrotron sources, giving birth to so-

called serial synchrotron crystallography (SSX) or serial millisecond crystallography (SMX). 

With synchrotron radiation the “diffract-before-destroy” principle is not applicable because 

radicals spread on the time-scale of X-ray exposure and cause chemical and structural damage 

to macromolecular crystals (Garman and Weik, 2017). However, the serial approach allows 

spreading the absorbed dose over a multitude of crystals, thereby limiting radiation damage 

and providing an effective way for room-temperature data collection at synchrotrons. Most 

sample delivery methods presented above have been adapted to SSX. Data were collected on 

crystals flowing in their mother liquor through a capillary (Stellato et al., 2014) or embedded 

in a grease-based viscous medium that is extruded across the X-ray beam (Botha et al., 2015). 

Solid supports were also used for sample presentation at synchrotrons (Coquelle et al., 2015). 

However, radiation damage was observed in structures based on data collected using nano- 

and microfocused beamlines with exposure times of 100 and 200 ms, respectively. High-

speed fixed-target sample presentation methods were developed for SSX (and SFX) in order 

to reduce the time required for recovering a complete dataset (Sherrell et al., 2015) and was 

then used for proposing a low-dose strategy allowing to solve structure that greatly minimizes 

radiation damage (Owen et al., 2017). Again exploiting the fixed-target method, devices were 

designed for protein crystallization and in situ X-ray diffraction (Axford et al., 2016, 

Heymann et al., 2014, Murray et al., 2015). LCP injectors were also used for membrane 

protein study by SSX (Martin-Garcia et al., 2017). The structure of bR was solved by SSX at 

room temperature and compared with the cryogenic structure, revealing slight differences, 

corroborating the interest for room-temperature data collection and the reliability of SSX for 

room-temperature diffraction experiments. The term “serial crystallography” was initially 

used for data collection strategies using several randomly oriented crystals. There is a 

fundamental difference between oscillation methods and serial crystallography that lays in the 

way data are processed. The Monte-Carlo integration of partial diffraction intensities recorded 

from randomly oriented crystals with varying size and shape can be considered a fundamental 
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requirement of serial crystallography. Methods inspired by the serial approach have been 

developed at synchrotron facilities and are abusively considered as “serial crystallography”. 

For example, the structure of TbCatB has been solved using helicoidal data collection at a 

synchrotron on microcrystals mounted on a loop (Gati et al., 2014). Because of the rotation, 

consecutive frames were collected, indexed and merged as is usually done for oscillation data. 

The same is true for the mesh-and-collect approach (Zander et al., 2015). After scanning the 

grid, the classical oscillation data collection strategy is applied on each detected crystal, 

providing partial data sets that are processed and merged as done for standard oscillation data 

collection. Also the SF-ROX approach (presented above) is rather a multi-crystal than a serial 

approach, given that diffraction patterns are collected from rotating single crystals and 

processed as oscillation data.  

 

1.2.2.2 Time-resolved serial femtosecond crystallography 

 As outlined above, time-resolved crystallography at synchrotron sources is limited by 

the temporal resolution of 100 ps at best, by the need of large crystals that may be difficult to 

illuminate, and by the difficulty of investigating irreversible reactions. By providing ultra-

short and ultra-bright X-ray pulses, XFELs extend the temporal resolution to the sub-

picosecond time-scale and permit working on nano- and microcrystals that are more 

efficiently illuminated in a pump-probe experiment. The need to continuously refresh the 

sample anyway makes the study of irreversible reactions, such as enzyme catalysis, feasible. 

Figure 4 illustrates an SFX set-up adapted for time-resolved crystallography. The proof of 

principle was provided with time-resolved X-ray diffraction from PS I – ferrodoxin co-

crystals collected at time delays of 5 and 10 µs in order to follow the reduction of NADP+, an 

irreversible reaction (Aquila et al., 2012). Even though not enough data were collected for 

structure determination, intensity changes indicated that light-induced changes had happened, 

validating the setup developed for time-resolved experiments at XFELs.  
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Figure 4: Experimental setup of a time-resolved serial femtoscond crystallography 

experiment (TR-SFX). The difference with the serial crystallography setup presented in figure 

3 is that microcrystals are pumped by the optical laser to initiate the reaction in crystalline 

proteins. A time delay ∆ti is chosen between the laser pump (orange beam) and the X-ray 

probe (black beam). Data are collected for each time delay and for the reference state of the 

protein without laser pump (t=0), and processed following the serial crystallography data 

processing pipeline. Structures corresponding to each time delay are solved and assembled as 

a molecular movie. 
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Photosystem II (PS II) has been extensively studied by SFX with the ultimate goal of 

solving the mechanism of water oxidation and oxygen production by plants. PS II, being a 

large membrane protein complex with a metal cluster, is a challenging protein for 

synchrotron-based structural investigation and thus ideal for being studied by SFX at an 

XFEL. In a TR-SFX experiment on PS II (Kupitz et al., 2014a), the authors claimed that 

conformational changes were observed 570 µs after a series of two 527-nm laser flashes. 

However, it was argued later that no conformational changes were identifiable in the electron 

density maps (Sauter et al., 2016). Indeed, simultaneous time-resolved X-spectroscopy and 

SFX, performed by another team, using the same setup than reported in Kern et al., 2013, 

showed that 250 µs after the second laser pulse, the redox state of the Mn4CaO5 cluster 

remained unchanged and that no structural changes are observable at 4.5 Å resolution (Kern 

et al., 2014). In the following, a higher-resolution room temperature structure of PS II bond to 

ammonia, a water analogue, allowed proposing a water-splitting mechanism (Young et al., 

2016). In parallel, another team carried out TR-SFX at room temperature and proposed an 

alternative mechanism of O=O bond formation during water oxidation (Suga et al., 2017). 

As summarized above, time-resolved Laue crystallography at synchrotron sources 

allowed studying PYP after photon absorption and provided clues to describe the photocycle 

structurally. The structures of the 10-ns and 1-µs photo-intermediates were then also solved 

using femtosecond pulses provided by an XFEL (Tenboer et al., 2014). Even though the study 

did not provide any novelty regarding the photocycle undergone by the protein, the presented 

difference maps displayed clearer features than the maps calculated based on synchrotron 

Laue data. TR-SFX was later carried out in order to capture early photo-intermediates that 

could not be studied with the limited temporal resolution of synchrotron sources. The early 

stages of the trans-to-cis isomerization were unveiled in an ultra-fast molecular movie 

ranging from 142 fs to 3 ps (Pande et al., 2016). The TR-SFX study, combined with time-

resolved absorption spectroscopy and QM/MM simulations, revealed that at delays shorter 

than 500 fs, the chromophore is in a twisted trans excited-state, a precursor of an early cis 

ground-state. 

Being a model for studying protein dynamics, myoglobin was naturally chosen to be 

investigated by TR-SFX (Barends et al., 2015), representing the first TR-SFX study carried 

out with sub-picosecond temporal resolution. This molecular movie, ranging from 100 fs to 

150 ps, revealed that photo-dissociation of CO started to occur within 100 – 200 fs and is 

completed after 200 fs. Motions of the heme group are detectable within 300 fs – 3 ps. The 
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later time delays showed increasing displacements of entire α-helices as a function of time. 

These early events were predicted by QM/MM calculations (Barends et al., 2015) and are in 

line with the motions observed by time-resolved X-ray scattering performed on myoglobin in 

solution (Levantino et al., 2015a). 

 Because of the relevance for understanding molecular processes involved in human 

vision and because of potential biotechnology applications, bR, the light-driven proton pump, 

has been widely studied by kinetic crystallography (Wickstrand et al., 2015). Using 

synchrotron radiation, it was mainly studied by cryo-trapping approaches, allowing to obtain 

first insight into how isomerization of the retinal chromophore might enable the structural 

changes leading to proton translocation (Edman et al., 1999). TR-SFX provided the 

opportunity to study bR dynamics during its photocycle at room temperature. Structural 

changes that occurred from nano- to milliseconds (Nango et al., 2016) and on the sub-

picosecond time scale (Nogly et al., 2018) were uncovered and allowed to propose an overall 

mechanism of light-induced proton transfer, from isomerization to proton translocation .  

 Enzymes are of particular biological interest and their catalytic mechanism can be 

investigated by time-resolved crystallography. Metalloenzymes carry a metal cluster involved 

in the chemical reaction they catalyze, making them very sensitive to radiation damage. By 

avoiding radiation damage through SFX experiments, cytochrome c oxidase has been studied 

and the room-temperature structures of the apo-protein (Andersson et al., 2017) and the CO-

bound protein (Ishigami et al., 2017) were solved. Using TR-SFX, the cytochrome c oxydase 

mechanism was studied by determining intermediate-state structures 20 ns and 100 µs after 

photolysis (Shimada et al., 2017).  

 Substrate binding to the active site and turnover are critical steps in enzyme catalysis. 

Using microcrystals, the diffusion time of substrates through crystals is reduced and a time-

resolution of milli- to microseconds can in principle be obtained in a so-called mix-and-inject 

approach (Schmidt, 2013). This approach has been successfully applied to study riboswitches 

on the second to minute time scale (Stagno et al., 2017) and for first time-resolved studies on 

β-lactamase on the second time scale (Kupitz et al., 2017).  

 Most of the TR-SFX studies undertaken until now involved model proteins that have 

already been extensively studied by time-resolved/kinetic crystallography at synchrotrons. 

The field of RSFPs, and by extension PTFPs, misses structural characterization of early 

intermediates that were predicted by simulation or detected by ultrafast spectroscopy. This 

PhD thesis presents the planning, the preparation and the conduction of TR-SFX experiments 

performed with the aim to fill the lack of structural data to understand the mechanism of 
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photoswitching in rsEGFP2. Chapter I addresses the question of sample preparation for such a 

TR-SFX experiment and proposes a protocol for the reproducible production of microcrystal 

batches suitable for liquid injection and efficient illumination in a pump-probe TR-SFX 

experiment. Chapters II and III present the result of TR-SFX experiments on the picosecond 

and nanosecond time-scale, respectively. Supported by transient absorption spectroscopy 

data, a mechanism for photoswitching is proposed and discussed. Chapter IV reports on 

synchrotron structures and photophysical characteristics of the fluorescent and non-

fluorescent states of two rsEGFP2 variants. These variants were designed based on TR-SFX 

results presented in chapter II to test if intermediate-state structures can be used to rationally 

generate improved variants for nanoscopy applications. Finally, chapter V presents the 

serendipitous discovery of structural ground-state heterogeneity in rsEGFP2 that is 

corroborated by the spectroscopic and structural analysis of the two rsEGFP2 variants 

presented in chapter IV. 
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2. Chapter I: Microcrystallization of 
rsEGFP2 

 

 

Introduction 

  

 Sample preparation is one of the major bottlenecks in a serial crystallography 

experiment. Depending on the kind of X-ray source used (synchrotron or free electron laser) 

and the way the sample is presented to the X-ray beam (liquid injection, high viscosity 

extrusion (HVE), raster scanning using solid support, …), crystal requirements in terms of 

size and quantity are not the same. For example, in a serial femtosecond crystallography 

(SFX) experiment at an X-ray free electron laser (XFEL) using a gas dynamic virtual nozzle 

(GDVN), micro- and even nanometer sized crystals are suitable because the peak brilliance of 

this source allows high-resolution diffraction from such tiny crystals. Moreover, larger 

crystals could clog the injection system. To give another example, in a serial synchrotron 

crystallography experiment using a HVE injector, larger crystals are required to obtain high-

resolution diffraction at a sufficiently high signal-to-noise ratio, given that synchrotron 

radiation is less brilliant and that scattering from the viscous medium increases background. 

Each type of serial crystallography experiment thus requires establishing a specific 

microcrystallization protocol that allows generating crystals of adequate size and in sufficient 

amounts. 

 

 Only a handful of microcrystallization methods for serial crystallography experiments 

have been published so far: membrane protein crystallization in lipidic cubic phase (Liu et al., 

2014); in vivo crystallization (Koopmann et al., 2012, Duszenko et al., 2015); batch 

crystallization and free interface diffusion (Kupitz et al., 2014). Microseeding has been used 

to produce monodisperse uniformly-sized microcrystals (Ibrahim et al., 2015). These methods 

can often only be applied successfully for one particular protein or one particular type of 

protein. There is still no general approach for protein microcrystallization so far. 

 

 This chapter presents the establishment and optimization of a microcrystallization 

protocol for the reversibly switchable enhanced green fluorescent protein 2 (rsEGFP2). All 

serial crystallography experiments presented in the following chapters relied on these 
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rsEGFP2 microcrystals. For a time-resolved serial femtosecond crystallography (TR-SFX) 

experiment based on the pump-probe principle and using liquid injection, microcrystals 

should fulfill the following requirements. In addition to being tiny enough to prevent injector 

clogging as mentioned above, their size needs to be small enough to allow full penetration of 

the pump-laser used to trigger the reaction. Figure 1 (provided by Jacques-Philippe Colletier) 

displays the estimated light transmission through an rsEGFP2 crystal as a function of the 

crystal thickness. For rsEGFP2 in the off-state, less than 10% of the light intensity is 

transmitted through a 10-µm-sized crystal. For an rsEGFP2 crystal of the same size in the on-

state, the transmission is close to zero. rsEGFP2 crystals larger than 10 µm are thus not 

suitable for pump-probe experiments, because beyond this size, a crystal would not be fully 

illuminated. Moreover, liquid injection is a very sample-consuming delivery method that 

requires several grams of crystalline protein for a typical TR-SFX experiment (i.e. five 12-

hours shifts at the LCLS). Therefore, a protocol was required that allows obtaining large 

quantities of microcrystals with a homogeneous and tunable size distribution, in a 

reproducible manner. Guidance and super-vision of rsEGFP2 microcrystallization came from 

our collaborator Prof. Ilme Schlichting (MPI Heidelberg, Germany) who made her 

unpublished results and protocols available to us. 

 

Results 

 

The first step consists in exploring the phase diagram of the protein in the known 

crystallization conditions of rsEGFP2 (El Khatib et al., 2016) as illustrated in Figure 2, in 

order to identify in an empirical manner the zone where microcrystals are obtained with a 

high probability. The solubility curve separates the under-saturation zone, where the protein is 

still soluble, from the super-saturation zone. The latter is constituted of the metastable zone, 

where crystal growth is favored, the precipitation zone, where the protein is so unstable that it 

precipitates, and the nucleation zone, between the precipitation and the metastable zones, 

where de novo crystal formation is favored over crystal growth. The separation into zones is 

not rigorous, but provides an idea of how a given protein behaves in a certain crystallization 

condition and provides a basis for crystallogenesis optimization. 

 

In order to explore the crystallization phase diagram of rsEGFP2 in a known condition (4-

(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 8 was used as buffer, 
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ammonium sulfate (AS) was used as precipitant, 4 µl microbatches were set up as sitting 

drops at various protein and precipitant concentrations (Figure 3, see Materials and Methods 

section for details). Immediately after adding the protein to the buffer and precipitant solution, 

the drops turn cloudy. After one night, 20-50 µm-sized crystals appear in some drops, namely 

at 1.8 and 2.0 M AS, and at protein concentrations of 10 and 20 mg/ml (Figure 3a and b). At 2 

M AS, 20 mg/ml protein concentration, crystals are the tiniest (~ 5  × 2 × 2 µm3, Figure 3b). 

As shown in Figure 3c, at 2.2 M AS the drops still look cloudy after 1 day and the protein 

precipitated apparently. But after 3 days, crystals appeared at 10 mg/ml protein concentration 

and are still appearing and growing after 5 days. At 20 mg/ml, crystals appeared and already 

reached their final size after 3 days. This first screening thus identified the most interesting 

condition to be 2 M AS, 20 mg/ml protein, in which 5-10 µm sized crystals were obtained 

after 1 day. It was then decided to scale up this condition and reproduce it in an Eppendorf 

tube. Microcrystals of 5-10 µm were observed in a 40-µl batch as well (Figure 3c). It 

appeared that the crystals were quite inhomogeneous in size and shape. Microseeding was 

performed to remedy this issue. Seeds were prepared by crushing larger crystals in their own 

mother liquor until fragments are sub-micrometric in size (Figure 4, see Materials and 

Methods section for details). 

 

 For microseeding, a 50-µl batch was prepared (2 M AS, 115.4 mM HEPES pH 8, 12.3 

mM NaCl, 20 mg/ml protein) and seeds were added. It appears that seeding improves 

homogeneity in size and shape (Figures 5 and 6). In the following, it was decided to 

investigate the effect on crystal size and shape of changing various parameters, namely AS 

concentration, amount of seeds, batch volume and temperature. Seeded 50 µl batches were 

prepared with AS concentrations ranging from 1.4 to 2.0 M and at protein concentrations of 

10, 15 and 20 mg/ml. The amount of seeds was kept constant. Needle-shaped crystals of 10 

µm in length on average appeared at low AS concentration, and ball-shaped crystals of 3 µm 

in diameter on average appeared at higher AS concentration (Figure 5). It seems that, in 

seeded batches, the precipitant concentration affects crystal shape and thus allows its tuning. 

In contrast, the protein concentration does neither affect crystal size nor shape. 

 

In order to assess the effect of the added amount of seeds, 50 µl batches were prepared 

at constant AS (2 M) and protein (20 mg/ml) concentrations and with different seed dilutions 

in the final volume. With decreasing amounts of seeds, the crystal size increases (Figure 6a). 

Crystals adopt a ball-like shape, as expected at 2 M AS (Figure 5). Thus, it is possible to tune 
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the crystal size by varying the amount of seeds added to the batch. In order to test if the batch 

volume affects crystal size and shape, seeded batches were set up with volumes ranging from 

100 µl to 2 ml (Figure 6b and 6c). If protein, precipitant and seed solutions are rapidly and 

well mixed, the batch volume is not expected to affect crystal size and shape. Indeed, the 

batch volume does not affect crystals size and shape in the range tested (Figure 6b and c). A 

protocol has thus been established that allows for the large-scale microcrystallization required 

by TR-SFX using liquid-jet injection.  

 

The effect of the temperature was also tested. Microcrystals that grew at room 

temperature (20 °C) were compared with those grown in the cold room (4 °C). A low amount 

of seeds (1/3200 v/v) was added in order to obtain sufficiently large crystals to observe 

significant differences in size and shape, if any. Unequivocally, crystals are of different shape 

at different temperatures (Figure 6d). At 4 °C, stick-shaped crystals are observed when ball-

shaped crystal are obtained at 20 °C, as expected. Temperature thus appears as another 

parameter to be considered to tune crystal shape. 

 

Discussion  

 

 We have established a protocol that allows reproducible generation of 

homogeneously-sized rsEGFP2 microcrystals whose size and shape can be tuned. A 

crystallization condition in which macrocrystals were successfully obtained (El Khatib et al., 

2016) represented the starting point for exploration of the protein-crystallization phase 

diagram. The batch method appeared as the method of choice for large-scale 

microcrystallization. We showed that microcrystallization conditions identified in a small 

batch volume can be scaled up to a larger volume. Microseeding is critical for obtaining a 

homogeneous size and shape distribution in the batch. Indeed, adding sub-micrometer 

crystalline fragments to the batch is an efficient way to trigger and control nucleation. 

Modification of various parameters in the seeded batch allowed tuning the crystal aspect: the 

precipitant concentration and temperature affect the shape of the crystals, the amount of seeds 

affects the size. 

 

 Microseeding is an essential aspect of the protocol presented here. Microseeding 

protocols have already been reported in the context of macrocrystallization. It was thus 
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known that nucleation can be controlled by adding seeds to the drop and that the number of 

crystals and their size can be controlled by the amount of seeds (D’Arcy et al., 2014). It is 

commonly admitted that seeding improves the crystal properties (shape, crystalline order, 

diffraction quality, …), and allows shape tuning. The microseeding approach was applied 

here for the batch crystallization method as reported earlier (Schlichting, 2015, Ibrahim et al., 

2015). The way the seeds are prepared can be critical. Given that microcrystals are to be 

produced, seeds have to be sub-micrometer in size. Crushing crystals as finely as possible and 

filtering the obtained fragments is mandatory. Removing larger fragments by filtering 

increases the seed stock homogeneity in size, that in turn increases the quality of the crystal 

batch. The way the seeds are added, and by extension, the order in which the solutions are 

mixed is important. There is no absolute rule, but it can be advised to first mix buffer, salt, 

precipitant and additives, if any, then add the seeds and finally the concentrated protein 

solution. If a small volume of seed suspension is added directly to a large volume of protein 

solution without precipitant, there is a risk that the seeds dissolve. If highly concentrated 

protein and precipitant solutions were mixed first, there is a risk that nucleation occurs 

spontaneously and that subsequent microseeding would not be beneficial. 

 

Following the approach presented here, it has been possible to obtain ten grams of 

microcrystals that were required for TR-SFX experiments presented in the following chapters. 

Furthermore, investigations on the same protein with other X-ray sources and sample delivery 

methods other than liquid-jet injection during SFX were made possible given that the 

established protocol could easily provide crystals in the size and quantities required, by 

modifying key parameters such as precipitant concentration and the amount of seeds added. It 

has to be kept in mind that the established protocol is specific to rsEGFP2 and that it might 

not be successfully applied to another protein. However, we encourage to empirically vary 

different parameters in order to optimize the crystallogenesis for a protein in a known 

macrocrystallization condition.  

 

Once a microcrystallization protocol has successfully been established, another hurdle 

to be taken is large-scale protein production. Indeed, an SFX experiment using liquid 

injection is a very sample consuming method, requiring grams of protein, making the 

purification step challenging, even for well-expressing, easy-to-handle proteins, such as 

fluorescent proteins. Several months of expression and purification were necessary to produce 

the needed protein quantity. During this period, a dozen of Erlenmeyer flasks were daily used 



 45 

for bacterial culture and expression. With an efficient expression vector, hundreds of 

milligrams of protein could be extracted for each 500-ml-culture, requiring a huge amount of 

Ni-NTA resin (several hundreds of milliliters). After elution, large volumes of protein 

solution were recovered and needed to be dialysed to exchange the buffer. Hundreds of 

millilters of protein solution needed to be dialysed against tens of liters of buffer (the largest 

receptacle found in the laboratory was the garbage can). An automatic system was used for 

the size-exclusion chromatography step, allowing to perform several successive injections on 

several columns in parallel. After successful purification, protein concentrating starting from 

liters of solution is yet another challenge. Amicon falcons are not convenient for such a 

volume. Rather, a system using nitrogen pressure to push the solution through a porous 

membrane was used to reduce the protein volume in a first step, making feasible the ultra-

filtration in a second step to reach the desired concentration for crystallization experiments. 

 

During the SFX experiments using liquid injection described further in the following 

chapters, the trend of crystals to sticking one to each other was observed. As a consequence, 

families of social crystals traveled together through the tubing and clogged the injector. Using 

a highly diluted crystal suspension limited the frequency with which clogging occurred, yet at 

the expense of a hit-rate being limited to 2 - 8 %. As a consequence the vast majority of 

collected diffraction patterns were empty (without diffraction signal), and it took more time to 

obtain a complete, high-quality dataset. To prevent this loss of precious beam time, a solution 

was found that consisted in adding fragments of roughly-crushed crystals to the sample. This 

so called sand, prepared analogously to seeds, but without filtration, prevented the 

aggregation of crystals, and allowed increasing the crystal-concentration during injection and 

thus the hit rate to 20 – 30 %. 

  

Materials and Methods 

Expression and purification 

 The reversibly switchable enhanced green fluorescent protein (rsEGFP2 (Grotjohann 

et al., 2012) was expressed and purified as previously described (El Khatib et al., 2016). 

Briefly, competent E. coli BL21(DE3) cells were transformed. Bacteria were grown in self-

inducible medium at 37 °C. After lysis, the protein fused to a N-terminal polyhistidine tag 

was purified by affinity chromatography using Ni-NTA beads followed by a size-exclusion 

chromatography step. 
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Microcrystallization 

 For microcrystallization assays, rsEGFP2 was concentrated to either 100 mg/ml in a 

buffer containing 50 mM HEPES pH 7.5, 50 mM NaCl. Microbatches were set up on sitting-

drop plates. The volumes were 4 µl and 500 µl for the drop and the reservoir solution, 

respectively. The final batch condition was 110 mM HEPES pH ~ 8, 10 mM NaCl, with 

variable protein and AS concentrations (10 and 20 mg/ml and from 1.8 to 2.8 M for the 

protein and the precipitant, respectively). The tables below summarize the preparation of the 

microbatches: 

 

Well (500 µl) 1.8 M AS 2.0 M AS 2.2 M AS 2.4 M AS 2.6 M AS 2.8 M AS 

4 M AS 225 µl 250 µl 275 µl 300 µl 325 µl 350 µl 

1 M HEPES pH 8 50 µl 50 µl 50 µl 50 µl 50 µl 50 µl 

H2O 225 µl 200 µl 175 µl 150 µl 125 µl 100 µl 

  

Drop (4 µl) 
10 mg/ml protein 

1.8 M AS 2.0 M AS 2.2 M AS 2.4 M AS 2.6 M AS 2.8 M AS 

4 M AS 1.8 µl 2.0 µl 2.2 µl 2.4 µl 2.6 µl 2.8 µl 

1 M HEPES pH 8 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 

50 mg/ml 0.8 µl 0.8 µl  0.8 µl 0.8 µl 0.8 µl 0.8 µl 

H2O 1.0 µl 0.8 µl 0.6 µl 0.4 µl 0.2 µl 0 µl 

 

Drop (4 µl) 
20 mg/ml protein 

1.8 M AS 2.0 M AS 2.2 M AS 2.4 M AS 2.6 M AS 2.8 M AS 

4 M AS 1.8 µl 2.0 µl 2.2 µl 2.4 µl 2.6 µl 2.8 µl 

1 M HEPES pH 8 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 0.4 µl 

100 mg/ml 0.8 µl 0.8 µl 0.8 µl 0.8 µl 0.8 µl 0.8 µl 

H2O 1.0 µl 0.8 µl 0.6 µl l 0.4 µl 0.2 µl 0 µl 

 

Microcrystals appeared at 20 °C within 12-24 h in some drops and were still growing 

during the following days. 
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The most promising condition was scaled up to 40 µl in an Eppendorf tube. 8 µl of 

concentrated protein (100 mg/ml) were rapidly mixed with 20 µl of AS at 4 M, 4 µl of 

HEPES pH 8 at 1 M and 8 µl of water. The final concentrations were 2 M AS, 110 mM 

HEPES pH ~ 8, 10 mM NaCl, 20 mg/ml protein. 

  

To produce seeds, macro- or microcrystals stored in their respective mother liquor of 

slightly varying conditions were crushed by 1 – 1.5 mm beads in a tube using a Bead Bug 

Homogenizer (Sigma – Aldrich) by several 4000-rpm cycles of 30 – 60 seconds duration 

each. Because of the heating during the crushing procedure, tubes were kept for 30-60 

seconds in an iced bath between each cycle to prevent protein denaturation or crystal 

dissolution. The seeds were sequentially filtered through stainless steel frits with 2, 0.5 and 

then 0.2 µm pore sizes by Dr. Robert Shoeman (MPI Heidelberg). The filtered seeds were 

washed and stored in 2 M AS, 100 mM HEPES pH 8. Every further dilution of the seeds 

stock was carried out using this buffer.  

 

In order to asses the effect of AS concentration and of protein concentration on the 

aspect of the microcrystals in the seeded batches, 50 µl batches were prepared at 20 °C in 

115.4 mM HEPES pH ~ 8, 12.3 mM NaCl with an AS concentration from 1.4 to 2 M and a 

protein concentration of 10, 15 and 20 mg/ml in the final batch. To do so, different volumes 

of the 4 M AS stock solution were added and the batch completed with water to conserve the 

desired volume. Sedimented seeds were diluted twice. 2 µl of diluted seeds were added in the 

batch to reach a 1/50 dilution (v/v) in the final batch. In order to asses the effect of the amount 

of seeds in the final batches on the aspect of the microcrystals, trials were carried out in 2 M 

AS, 115.4 mM HEPES pH 8, 12.3 mM NaCl, 20 mg/ml protein. Diluted seeds stocks were 

prepared by diluting sedimented seeds. 2 µl from diluted seeds stock were added to the 50 µl 

batches. The table below summarizes the dilution of the seeds stock and the final seeds 

dilution in the batches: 

 

Seeds dilution in the stock 1/1 1/2 1/4 1/8 

Final dilution in the batch 1/25 1/50 1/100 1/200 

 

 In order to study the effect of the final batch volume, microcrystallization was carried 

out in 2 M AS, 115.4 mM HEPES pH 8, 12.3 mM NaCl, 20 mg/ml protein, 1/50 seeds (v/v) 
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in batch volumes of 100, 150, 200, and 250 µl and 2 ml, at 20 °C. The effect of temperature 

was explored by microcrystallization at 20 and 4 °C in 2 M AS, 115.4 mM HEPES pH 8, 12.3 

mM NaCl, 20 mg/ml protein, 1/3200 seeds (v/v) in a volume of 2 ml. In all 

microcrystalization trials described, buffer and precipitant solution were mixed first, then 

seeds were added and the protein was added last. 
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Figures and tables 

 
Figure 1: Illumination efficiency as a function of the crystal size. Estimated light 
transmission as a function of the size of an rsEGFP2 crystal in the on-state (blue diamonds) 
and in the off-state (red squares). Figure produced by Jacques-Philippe Colletier. 
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Figure 2: Schematic view of a protein crystallization phase diagram. The under-saturation 
and super-saturation zones are separated by the solubility curve. The super-saturation zone 
includes the metastable, the nucleation and the precipitation zones. The red arrow illustrates 
the change in condition as crystallization in the batch method proceeds. After mixing, 
precipitant and buffer concentrations do not change, but the protein concentration decreases 
as crystals appear in the nucleation zone and grow in size. Adapted from Chayen, 1998. 
 



 51 

 

  

 
Figure 3: Exploring the phase diagram to find interesting conditions for batch crystallization. 
(a) Microbatch in 4 µl sitting drops at a protein concentration of 10 mg/ml (top) and 20 mg/ml 
(bottom) and at a precipitant concentration ranging from 1.8 to 2.8 M AS, 110 mM HEPES 
pH ~8, 10 mM NaCl, 20 °C, (b) Zoom on microbatch conditions that yield microcrystals after 
1 day, (c) Crystal formation followed in time at 2.2 M AS, 10 mM HEPES pH ~8, 10 mM 
NaCl, 20°C, 10 mg/ml (left) and 20 mg/ml (right) protein concentration. (d) Upscaling the 
condition with 2 M AS, 110 mM HEPES pH ~8, 10 mM NaCl, protein concentration 20 
mg/ml, in a 40 µl batch, at 20°C. 
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Figure 4: Evolution of the seed size when crushing with a Bead Bug Homogenizer. (a) 
Microcrystals without crushing. (b) Microcrystalline seeds become smaller with increasing 
number of crushing cycles.  
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Figure 5 : Effect of the precipitant and protein concentrations on microcrystal shape when 
using seeding. Crystals obtained at 20 °C in 50 µl batches, 115.4 mM HEPES pH ~8, 12.3 
mM NaCl, and in a range of AS concentrations (1.4, 1.6, 1.8 and 2.0 M) and of protein 
concentrations (10, 15 and 20 mg/ml) with seeds (dilution 1/50 (v/v) in the final batch 
volume). 
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Figure 6 : Seeding allows to reproducibly obtain microcrystals that are homogeneous in size 
and shape, in a tunable way using the batch method in large volumes (100 µl – 2 ml). (a) 
Effect of the amount of seeds on microcrystal size with a range of seed dilutions (1/25, 1/50, 
1/100, 1/200 v/v) in the final batch volume (50 µl batch, 20 mg/ml protein, 115.4 mM HEPES 
pH ~8, 12.3 mM NaCl, 2 M AS, 20 °C), (b) and (c) effect of the batch volume (20 mg/ml 
protein, 115.4 mM HEPES pH ~8, 12.3 mM NaCl, 2 M AS, with seeds at a dilution of 1/50 
v/v in the final volume), (d) effect of temperature. Crystals obtained at 20 mg/ml protein, 
115.4 mM HEPES pH ~8, 12.3 mM NaCl, 2 M ammonium sulfate, with seeds (dilution 
1/3200 (v/v) in the final volume) at 4 and 20 °C. 
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Abstract:  

Chromophores absorb light in photosensitive proteins, thereby initiating fundamental 

biological processes such as photosynthesis, vision and biofluorescence. A structural 

description of ultrafast photochemical events, in particular of the excited states that connect 

chemistry to biological function, has remained elusive. Here, we report on the structures of 

two excited states in the reversibly photoswitchable fluorescent protein rsEGFP2. We 

identified the states through femtosecond illumination of rsEGFP2 in its non-fluorescent off 

state and observed their build up (within less than one picosecond) and decay (on the several 

picosecond time scale). Using an X-ray free-electron laser, we performed picosecond time-

resolved crystallography and show that the hydroxybenzylidene imidazolinone chromophore 

in one of the excited state assumes a near-canonical twisted configuration halfway between 

the trans and cis isomers. This is in line with excited-state quantum mechanics/molecular 

mechanics and classical molecular dynamics simulations. Our new understanding of the 

structure around the twisted chromophore enabled the design of a mutant that displays a two-

fold increase in its off-to-on photoswitching quantum yield. 
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Fluorescent proteins (FP) have revolutionized cellular imaging by serving as genetically 

encoded markers1. The propensity of FPs to fluoresce upon visible-light absorption or, 

alternatively, to relax via non-radiative pathways is largely dictated by the excited-state 

structural dynamics of the protein-embedded chromophore2,3. In solution, the isolated 

chromophore of the green fluorescent protein (GFP4) adopts a canonical 90° twisted geometry 

in the excited state2 from which it reverts back to the planar ground state solely via 

radiationless decay5. The tight β-barrel scaffold of FPs restricts the conformational dynamics 

of the chromophore, hindering radiationless decay and thus leading to an increase in the 

fluorescence quantum yield. Modulation of the chromophore twisting has been proposed to 

affect the photophysical properties of all FPs and has therefore been analysed by numerous 

theoretical and experimental studies2,3,6-10.  

A subgroup of FPs, so-called reversibly photoswitchable fluorescent proteins (RSFPs)11, can 

be toggled back and forth between a fluorescent (on) and a non-fluorescent (off) state. This 

property is of considerable interest for advanced fluorescence imaging and biotechnological 

developments12. Photoswitching in RSFPs is a two-step process that involves radiationless 

decay in the form of cis-to-trans or trans-to-cis isomerization and a change in the protonation 

state of the chromophore, as shown for asFP59513, Dronpa10,14,15, Padron16 and IrisFP17. The 

structural basis of ultrafast events leading to photoswitching, as well as the order in which 

these proceed, have so far remained elusive18 as no crystallographic structure of an FP in an 

electronic excited state has been determined. Here, we report the structural and spectroscopic 

characterization of excited states in rsEGFP219, an efficient tag in super-resolution 

microscopy, by the combined use of ultrafast transient absorption spectroscopy, time-resolved 

crystallography using an X-ray laser, and excited-state QM/MM and classical MD 

simulations. Based on one of the excited-state structures, a mutant was designed that displays 

a two-fold increase in off-to-on photoswitching quantum yield. 

 

Results and discussion  

Femtosecond transient absorption spectroscopy of rsEGFP2 in solution 

The chromophore of rsEGFP2 in its fluorescent on state (anionic cis isomer) can be 

photoswitched to the non-fluorescent off state (protonated trans isomer) by irradiation at 488 

nm (Fig. 1 and Supplementary Fig. 13). rsEGFP2 can then be toggled back to the on state by 

400 nm light. Here, we focus on the off-to-on photoswitching, whose quantum yield is an 
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order of magnitude higher than that of the on-to-off photoswitching (supplementary table 7). 

We used femtosecond transient absorption (TA) spectroscopy to monitor spectral changes 

induced by excitation at 400 nm of off-state rsEGFP2 in solution (Fig. 2 and Supplementary 

Fig. 1). Spectral changes appear within few hundreds of fs, reach a maximum close to 0.5 ps 

and decay on a time scale of several ps (Fig. 2). At 0.5 ps two positive (maxima at 355 and 

455 nm) and two negative bands (a narrow and a broad band with maxima at 405 and 530 nm, 

respectively) are observed. The former are characteristic of absorption by excited-state 

species, while the latter indicate depopulation of the off state (405 nm) and stimulated 

emission of excited-state species (530 nm). A global decay analysis was carried out, where we 

focused on spectral changes observed at four wavelengths (385, 455, 530 and 650 nm). This 

analysis yielded three time constants, i.e. 90 fs, 0.9 ps and 3.7 ps (Fig. 2b). We attribute the 

first time constant to the build-up, from the Franck-Condon state, of two electronically-

excited intermediates, which respectively decay with 0.9 and 3.7 ps time constants to ground 

states - that is, either backward to the protonated trans isomer or forward to a still protonated 

cis isomer. The decay of the stimulated emission band from 500 to 700 nm needed to be fitted 

with two exponentials, which implies necessarily that there are two excited-state species. That 

the cis isomer is still protonated is reflected by the appearance of a positive band at 380 nm 

(see Supplementary Information for details). Similar transient spectra were obtained on 

similar time scales (Supplementary Fig. 1f-j) when measurements were performed in heavy 

(D2O) instead of light water (H2O), suggesting that excited-state proton-transfer (ESPT) is 

unlikely. Our transient spectroscopic data are thus consistent with trans-to-cis isomerization 

occurring in the excited state within picoseconds, followed by ground-state proton transfer on 

a slower time-scale (Fig. 3), in line with previous studies on Dronpa10 and IrisFP18. 

 

Ground state structures determined by static serial femtosecond crystallography 

We investigated the geometry of the excited state experimentally, by time-resolved 

serial femtosecond crystallography (TR-SFX) at an X-ray free-electron laser (XFEL), a 

method that can provide structural snapshots on the sub-picosecond time scale20,21. First, to 

determine the on-state structure we collected static SFX data at room temperature (RT) on 

rsEGFP2 in the on state (reference dataset) from microcrystals (Supplementary Fig. 12) 

streamed across the X-ray beam using a liquid microjet. The RT structure of rsEGFP2 in the 

off state was obtained from static SFX (laser-off data set) of microcrystals that were pre-

illuminated prior to injection with 488 nm cw laser-light in a custom-made inline device22. 
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Careful analysis of electron density maps calculated from the laser-off data set showed that it 

was necessary to include the on state at an occupancy of 10% in the model, the remainder 

corresponding to the off state (see Supplementary Information). Since these occupancies are 

in line with the 90% pre-illumination efficiency orthogonally assessed by absorption 

spectroscopy (see Supplementary Information) it serves as an internal control, establishing 

that our data allow the identification of small subpopulations reliably. The rsEGFP2 off and 

on state structures, both refined against 1.7 Å resolution data (Supplementary Table 5), show 

the hydroxybenzylidene imidazolinone (HBI) chromophore in its trans and its cis isomer 

state, respectively, held by a central α-helix within a  β-barrel typical of all fluorescent 

proteins (Supplementary Figs. 16, 17, 18). Conformational changes previously identified by 

synchrotron methods23 that accompany HBI isomerization between the off and on states are 

clearly visible (Tyr146, Asn147, His149, Val151, Tyr152).  

 

Excited-state structures determined by time-resolved serial femtosecond crystallography 

We then set out to visualize the ultrafast structural changes occurring after 

photoexcitation of the off state. We could not perform a pump-laser power titration due to 

scarcity of XFEL beamtime. We decided to err on the high rather than on the low side and 

used a very high laser power density of nominally 400 GW/cm2. Our reasoning for this choice 

was that previous experiments20,21 used a similar power density and that the spatial overlap of 

the pump laser focus with the XFEL beam at the interaction region can decrease due to drifts. 

This was indeed observed during the experiment, causing a 2 - 5 fold reduction of the nominal 

value before manual realignment, which resulted in an actual power density range between 80 

and 400 GW/cm2. rsEGFP2 microcrystals were pre-illuminated with 488 nm laser-light to 

generate the off state and TR-SFX data were collected at pump-probe delays of 1 ps (laser-on-

∆1ps data set) and 3 ps (laser-on-∆3ps data set) after pump-laser excitation at 400 nm to yield 

intermediate-state structures. These delays were chosen on the basis of the time course of the 

spectral changes observed in solution (Fig. 2b), which are close to their maximum at 1 ps, and 

have substantially decayed at 3 ps. A difference Fourier map was calculated at 1.9 Å 

resolution between the laser-on-∆1ps and laser-off data sets (Fobs
laser-on-∆1ps-Fobs

laser-off), which 

revealed strong peaks on the chromophore and surrounding residues (Fig. 4a). The highest 

peaks are located on the imidazolinone ring of the chromophore, on the methylene bridge, and 

to a lesser extent on the phenol ring (Fig. 4c, d and Supplementary Fig. 28). A strong negative 

peak is located on water molecule #17. The strongest positive peaks are compatible with the 
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presence of two new chromophore conformers in the laser-on-∆1ps dataset (Fig. 4c, d, 

Supplementary Figs. 23-25). The first conformer (model P (planar)) is very close to the off-

state conformer, whereas the second (model T (twist)) is midway between the off- and on-

state conformers (Fig. 4c,d, Supplementary Figs. 23 and 25, Supplementary movie). The 

water molecule #17 is hydrogen bonded to the protonated phenol group of the chromophore 

both in the off state19 and in model P, but not in model T, where instead the chromophore 

phenol oxygen forms a hydrogen bond with water #356. A total occupancy of 6 - 7 % was 

estimated for these two conformers by two different approaches (see Supplementary 

Information), leading us to perform difference refinement24,25. The laser-on-∆1ps data are best 

modeled by a combination of models P and T at relative occupancies of 0.6 and 0.4, 

respectively (see Supplementary Information). A simulated difference Fourier map with the 

experimentally determined absolute occupancies of 4 and 3% for models P and T, 

respectively, reproduced the features in the Fobs
laser-on-∆1ps-Fobs

laser-off maps (see Supplementary 

Information). 

 Structural changes occurring within 3 ps after photoexcitation were assessed by 

inspecting a Fobs
laser-on-∆3ps-Fobs

laser-off electron density map (Fig. 4e, f) calculated at 1.9 Å 

resolution and comparing it to a (Fobs
laser-on-∆1ps-random-Fobs

laser-off) map calculated from data 

consisting of the same number of randomly selected indexed images as used for the 1 ps data 

set (Supplementary Fig. 28b, c). Due to the lower quality of the laser-on-∆3ps data set, we 

refrained from performing difference refinement and instead interpreted changes in 

difference-Fourier map features. At 3 ps, only model T is clearly consistent with the observed 

peaks (Fig. 4e, f; see Supplementary Information). Integration of peaks associated with model 

T in the Fobs
laser-on-∆1ps-random-Fobs

laser-off and Fobs
laser-on-∆3ps-Fobs

laser-off maps indicate a 44% decrease 

between 1 ps and 3 ps, suggesting that the intermediate state corresponding to model T has 

been partially depleted after 3 ps. There is no clear evidence for the presence of model P at 3 

ps, either because the corresponding species has fully decayed or because the lower quality of 

the laser-on-∆3ps data set does not allow identification of an intermediate state so close to the 

off-state conformer. Positive peaks overlapping with the chromophore cis isomer are present 

in the Fobs
laser-on-∆3ps-Fobs

laser-off map (Fig. 4e, f; Supplementary Fig. 28b) but absent in the Fobs
laser-

on-∆1ps-Fobs
laser-off map (Fig. 4c, d; Supplementary Fig. 28c), suggesting that a fraction of the 

chromophores has isomerised at 3 ps, but not yet at 1 ps. In addition, integration of negative 

peaks associated with the off-state trans chromophore maps reveal a 37% decrease between 1 
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ps and 3 ps. Thus, not only have intermediate states decayed after 3 ps, but ground states have 

also populated (cis isomer) and repopulated (off state).  

 

Excited-state simulations 

Photoinduced changes in chromophore conformation on the ultrafast time scale were 

also explored computationally by means of excited state quantum-mechanics/molecular 

mechanics (QM/MM) and classical molecular dynamics (MD) simulations. These were 

carried out starting from the static SFX structure of rsEGFP2 in its off state (laser-off data 

set). During a 100 ps simulation of the rsEGFP2 QM/MM system in its ground state (S0), the 

ring-bridging dihedral angles of the chromophore, tau and phi (for a definition see Fig. 1 and 

Supplementary Fig 16c), remained close to the ones observed in the crystallographic off-state 

structure. Subsequently, trajectories of 2 ps duration in the S1 excited state were spawned 

from the ground state simulation, at 1ps intervals. Supplementary Fig 8 shows the values of 

the tau and phi angles as a function of time, averaged over 100 S1 excited-state trajectories 

(left panel). Upon excitation the tau and phi angles change rapidly, from 4 ± 8º and -48 ± 11º 

in the S0 state to -86 ± 9º and 16 ± 10º in the S1 state, respectively (Fig. 4b). This leads to a 

twisted conformation of the chromophore with perpendicular orientation of the phenol and 

imidazole groups (Supplementary Fig. 9a), in agreement with previous QM/MM studies on 

other RSFPs26. The change in chromophore conformation is essentially complete after 1 ps, a 

delay after which model T was observed in the TR-SFX experiments (Fig. 4a-d). Excited-

state classical MD simulations were carried out as a complement to QM/MM simulations (see 

Supplementary Information). For the S1 state they yielded a major chromophore conformation 

(tau = -73°; phi = 11°) similar to the one found by excited-state QM/MM simulations and an 

additional minor conformation (tau = -30°; phi = -11°; Fig. 4b). The minor and major MD 

conformations are accessed on average in less than 30 fs and 1.9 ps, respectively. Both 

QM/MM and excited-state classical MD simulations thus yield for the electronically excited 

S1 state a twisted chromophore conformation very similar to that of model T in the laser-on-

∆1ps TR-SFX structure (Fig. 4b, Supplementary Fig. 9a). 

 

Connection of species and conformations and off-to-on photoswitching model 

 The high pump laser power density used in the TR-SFX experiments make the 

possibility that the crystallographically observed structural changes are caused or influenced 
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by ionization-, multi-photon and/or heating effects a legitimate concern, and at this time we 

cannot exclude this possibility. However, to address these concerns, we performed several 

additional calculations and experiments (see Supplementary Information) that support our 

interpretation of the observed structural changes being representative of photoswitching 

intermediates: a) the effect of multi-photon absorption on structure was addressed by 

QM/MM calculations on the S2 and S3 excited states (see Supplementary Information) which 

yielded a different conformation than the observed twisted conformation; b) solution studies 

showed that off-to-on photoswitching is fully reversible after femtosecond laser excitation at 

the power density employed in the SFX experiments (Supplementary Fig. 7), making it 

unlikely that SFX model T corresponds to an irreversibly bleached species. However, it 

remains possible that multiphoton absorption results in a spectroscopically silent off-pathway 

intermediate; c) importantly, time-resolved absorption spectroscopy of rsEGFP2 in solution 

provided circumstantial evidence that a cationic chromophore species indeed forms at 68 

GW/cm2 and 140 GW/cm2 (see Supplementary Information and Supplementary Fig. 4). 

However, this species is stable on a time scale of nanoseconds, whereas the species 

corresponding to SFX model T significantly decays between 1 and 3 ps in TR-SFX; d) DFT 

calculations of an ionized ground-state cation yielded a planar, not a twisted chromophore. 

We cannot exclude that SFX model P could result from non-linear excitation and corresponds 

to the cationic species. In conclusion, experimental and computational data altogether support 

the notion that the chromophore twisting observed by TR-SFX (model T) was not caused by 

ionization, irreversible photobleaching or multi-photon absorption.  

The intermediate species and conformations detected by TA spectroscopy can be tentatively 

connected to those determined by TR-SFX and by simulations. In the refined SFX model T 

(Fig. 4c, d), the two ring-bridging dihedral angles tau and phi differ by ~90°, resulting in a 

perpendicular positioning of the phenol and imidazolinone groups in a twisted chromophore 

(Supplementary movie). This twisted conformation corresponds to the one obtained by 

QM/MM and classical MD for the S1 electronic excited state (Fig. 4b; Supplementary Fig. 9). 

Thus, SFX model T can be attributed to an S1 intermediate species (denoted I*
T in Fig. 3), but 

cannot correspond to either of the excited state species identified by TA spectroscopy (I*
1, I*

2 

in Fig. 3), as the calculated transition dipole moment for model T is almost zero (not shown). 

A similar chromophore twisting in the excited state has been reported recently for PYP21. The 

chromophore conformation in the SFX model P (Fig. 4c, d) is similar to the minor 

conformation that is accessed in less than 30 fs in classical MD simulations of S1 (Fig. 4b) 
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and could correspond to one of the two TA spectroscopy species (I*
1, I*

2) characterized by a 

broad stimulated emission band at 530 nm (Fig. 2a). QM/MM calculations of the species with 

the highest transition dipole moment lead to a conformation (red star in Fig. 4b) close to SFX 

model P.  

We present a tentative model for off-to-on photoswitching of rsEGFP2 (Fig. 3). Excitation of 

the trans protonated off state leads to a Franck-Condon state that relaxes in 90 fs to two 

excited state species I*
1, I*

2 as seen by TA spectroscopy, one of which corresponds to the 

nearly planar conformation of model P detected in TR-SFX at 1 ps. I*
1, I*

2 decay in 0.9 and 

3.7 ps, either backward to the trans protonated off state or forward to a cis protonated state as 

evidenced by TR-SFX at 3 ps. We anticipate that the cis protonated state becomes 

deprotonated on a timescale beyond that of our TA spectroscopy experiments. The 

spectroscopically invisible twisted intermediate I*
T observed in TR-SFX, QM/MM and MD 

simulations is close to the conical intersection (CI) and thus still electronically excited. The 

scheme illustrates the complementarity of TA spectroscopy and TR-SFX, which are sensitive 

to electronic and structural changes, respectively. 

Chromophore twisting during the transition from the off-state to SFX model T involves 

changes in tau and phi of -84° and + 43°, respectively. This supports that trans-to-cis 

isomerization during off-to-on photoswitching in rsEGFP2 proceeds via a hula-twist motion27, 

in line with the mechanism proposed for asFP59513. Theoretical studies suggested that upon 

excitation the protonated HBI chromophore preferentially rotates around tau, which would 

facilitate isomerization8. While our data confirm that chromophore twisting involves a large 

change in tau, they also indicate that in rsEGFP2, the protein matrix tunes the relative amount 

of tau and phi rotations to minimize the energetic cost of trans-to-cis isomerisaton through 

the excited-state potential energy surface.  

 

Protein structural changes accompanying chromophore twisting 

Formation of the fully twisted intermediate state I*
T involves substantial structural changes for 

residues of the chromophore binding pocket (Supplementary Fig. 23). Three residues stand 

out, viz. Arg97, which is hydrogen-bonded to the chromophore imidazolinone ring in ground 

state structures (off and on) but not in the twisted intermediate state, and Val151 and Thr204, 

which surround the phenol group (Fig. 4c, d). Most strikingly, Thr204 accompanies the 

isomerization of the chromophore, displaying different rotamers in the on state, the off state, 

and the twisted intermediate state (Supplementary Fig. 23). In the twisted intermediate the 
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chromophore phenol group and the Val151 side chain are in close proximity (3.1 Å between 

the OH and CG1 atoms of the former and the latter, respectively). In order to avoid a steric 

clash of its phenol group with the side chain of Val151, the chromophore imidazolinone ring 

tilts by 18° in the opposite direction (positive and negative peaks on the chromophore O2 

atom in Fig. 4d), which likely causes the observed motion of the α-helix N-terminal to the 

chromophore downwards along the barrel axis (Fig. 5), and away from beta-strands 7 

(residues 146-152) and 10 (residues 200-209) (Supplementary Fig. 27). Chromophore 

twisting thus seems to be constrained at the phenol, leading to a downward movement of the 

α-helix carrying the chromophore base (Fig. 5).  

 

Rational protein design based on excited-state structures 

The ability of the protein scaffold to accommodate a fully twisted chromophore is 

likely a key determinant for enabling photoswitching in RSFPs, as compared to non-

photoswitchable fluorescent proteins in which full twisting of the confined chromophore is 

believed to be strongly restrained. The close proximity of Val151 to the twisted chromophore 

in the excited state (see above; Supplementary movie) suggests that photoswitching of 

rsEGFP2 could be facilitated by reducing the side chain at position 151 by a mutation to 

alanine. Indeed, spectroscopic characterization revealed that the V151A variant has an off-to-

on (on-to-off) photoswitching quantum yield of 0.77 (0.064) compared to 0.40 (0.043) for the 

WT protein (Supplementary Fig. 30 and Table 7). Efforts to engineer fluorescent proteins 

have been based so far on ground state structures only28,29. The present work provides the first 

example of rationally improving a photoswitching property based on an excited-state 

structure. Sub-picosecond time-resolved serial crystallography at XFEL sources is expected to 

provide novel and comprehensive insight into excited-state intermediates in a variety of other 

fluorescent proteins, with hereby demonstrated potential for the rational design of enhanced 

variants. 

 

Methods: 

Protein expression, purification and crystallization 

The protein was expressed and purified essentially as described23. Microcrystals were 

obtained by seeding, starting from previously established conditions23. For details see 

Supplementary Information. 
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Ultrafast transient absorption spectroscopy  

Ultrafast transient absorption experiments were carried out on rsEGFP2 in 50 mM Hepes, 50 

mM NaCl, pH 8, using a similar method as described elsewhere18. Briefly, a 1-kHz 

femtosecond transient absorption set up was used and the pump beam (400 nm, 100 fs pulse 

length) was obtained by doubling 800 nm fundamental pulses. rsEGFP2 in the off state, with 

an absorbance of about 0.1 at 400 nm (chamber thickness 0.25 mm), was continuously 

irradiated within a flow cell by 470 nm light to photoswitch the protein to the off state after 

excitation by the pump-laser beam. The instrument response function (110 fs FWHM) was 

estimated from the stimulated Raman amplification signal (Supplementary Fig. 1a) and 

spectra were corrected from group velocity dispersion. To avoid multiphoton processes the 

data shown in Fig. 2 were collected at a low excitation energy density (1.3 mJ cm-2, 

corresponding to a power density of 13 GW cm-2). In order to address the question if the 

pump-laser energy density employed in the TR-SFX experiments (see below) leads to either 

the formation of ionized chromophore species or irreversible formation of photobleached 

species, time-resolved and steady state absorption spectra30 of rsEGFP2 in solution were 

recorded after femtosecond laser excitation at various pump-laser energy densities, 

respectively (see Supplementary Information). 

 

Pre-illumination of microcrystals, SFX data collection and processing and structure 

refinement 

rsEGFP2 microcrystals (Supplementary Fig. 12) were photoswitched from the on to the off 

state within an inline pre-illumination device22 (cw laser (488 nm); Supplementary Fig. 14) 

prior to injection with a liquid microjet into the microfocus chamber of the Coherent X-ray 

Imaging (CXI) Instrument31 at the Linac Coherent Light Source (LCLS). An optical pump X-

ray probe scheme was used for data collection. The crystalline protein in its off state was 

photoexcited (400 nm, 230 fs pulse length, 940 µJ/mm2, 400 GW/cm2) 1 ps and 3 ps prior to 

interaction with the FEL beam (9.5 keV, 35 fs pulse length), yielding SFX data sets with 

64,620 (laser-on-∆1ps) and 22,259 (laser-on-∆3ps) indexed diffraction patterns, respectively. 

A data set (laser-off; 65,097 indexed patterns) was collected by interleaving images without 

pump laser excitation (but with pre-illumination) with the 1 ps time-delay light data. A 

reference data set was collected of rsEGFP2 in the on state (34,715 indexed patterns), from 

crystals that were neither pre-illuminated (488 nm) nor photo-excited with pump-laser 
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illumination (400 nm). NanoPeakCell32 and CASS33,34 were used to identify crystal hits, find 

Bragg peaks and sort laser-on and laser-off images. Diffraction patterns were indexed and 

integrated with CrystFEL35 (Supplementary Table 5). Room temperature static structures of 

rsEGFP2 in the off state (PDB accession code 5O8A) and the on state (wwPDB accession 

code 5O89) were determined by molecular replacement using phases from the respective 

cryo-structures determined by synchrotron methods (pdb ID codes 5DTY and 5DTX, 

respectively23). Details on the partial Q-weighted difference refinement procedure24,25, used to 

determine models T and P from the laser-on-∆1ps data set are described in the Supplementary 

Information. Extrapolated structure factors (defined by eq. 1 in the Supplementary 

Information) and the corresponding difference-refined excited-state structure of rsEGFP2 

have been deposited in the wwPDB under accession code 5O8B. The experimental laser-on-

∆1ps dataset and the corresponding composite structure of rsEGFP2 (83% off state, 10% on 

state, 4% model P, 3% model T) have been deposited in the wwPDB under accession code 

5O8C. 

 

Excited state QM/MM simulations 

Excited-state simulations were performed using fully solvated models of rsEGFP2 derived 

from the SFX structure of the off state determined in this work. Each model had 

approximately 34,000 atoms. Excitation was simulated by carrying out classical MD 

simulations with the neutral chromophore in its S0 ground state, and then spawning 

trajectories with the chromophore switched to its S1 excited state. A QM/MM method was 

used to describe the chromophore's potential energy surface, with the chromophore (45 

atoms) in the QM region, and the remaining atoms of the protein and solvent in the MM 

region. Overall, 100 and 50 excited state trajectories were generated and analyzed in the 

QM/MM and MM simulations, respectively. These excited state simulations were 

complemented by other techniques, including density functional theory and pKa calculations. 

Full details can be found in the Supplementary Information. 

 

Excited-state classical MD simulations 

Classical molecular simulations were performed using specifically designed force fields 

describing the Potential Energy Surfaces of the ground state and of the first excited singlet-

state of the chromophore, accounting for the relation between the two torsion angles tau and 
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phi36 in the excited state (see Supplementary Information). All amino acids were taken in their 

standard protonation state at pH 7, except Glu223 which was protonated to allow hydrogen 

bonding with the N2 nitrogen atom of the chromophore. The protein was neutralized with Na+ 

cations and solvated in a water box. Starting from the SFX structure of the off state, a 

simulation was run for the S0 state at constant temperature (300 K) and pressure (1 atm). Fifty 

simulations of the S1 state of 5 ps duration each were carried out starting from snapshots 

extracted from the S0 state simulation, and using a custom-made specific version36 of the 

PMEMD module of AMBER37. 

Code availability 

The custom-written CNS script used to calculate Q-weighted structure factor amplitude 

difference Fourier maps is available from Jacques-Philippe Colletier (colletier@ibs.fr) on 

request. 

Data availability 

All indexed raw images for the on-state reference (doi://XXXXX), laser-off (doi://XXXXX), 

laser-on-∆1ps (doi://XXXXX) and laser-on-∆3ps (doi://XXXXX) datasets have been 

deposited in the Coherent X-ray Imaging Data Bank (CXIDB; http://www.cxidb.org/). 
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Figures and tables 

 

 
 

Figure 1: Chromophore isomers and protonation states of rsEGFP2 in the fluorescent on (cis / 

anionic; left) and the non-fluorescent off (trans / neutral; right) states. The two dihedral angles 

tau and phi bridging the phenol and imidazolinone rings are indicated by curved arrows (for 

atom numbering see Supplementary Fig. 16c). On-to-off and off-to-on photoswitching is 

initiated by 488 and 400 nm light, respectively. The size of the colored arrows visualizes the 

difference in switching quantum yields, which is an order of magnitude higher for the off-to-

on photoswitching than for the reverse direction (supplementary table 7). 
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Figure 2: Femtosecond transient absorption spectroscopy of rsEGFP2 in solution. (a) 

Femtosecond transient difference absorption spectra recorded at different time delays 

following a femtosecond laser excitation (400 nm) starting from the trans neutral off state. 

From these, the spectrum without laser excitation was subtracted to calculate the difference 

spectrum. (b) Kinetic traces at different wavelengths and the respective fit based on a global 

analysis with three exponential functions and a constant convoluted with a Gaussian-shaped 

pulse of 110 fs (FWHM). In these experiments, the pump laser energy density was low 

enough (1.3 mJ cm-2) to avoid multi-photon processes. 
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Figure 3: Model for the off-to-on photoswitching of rsEGFP2. I*

1, I*
2 are two excited state 

species identified by TA spectroscopy. I*
T corresponds to the twisted intermediate (model T) 

determined in the 1 ps time-delay SFX data and not detected by TA spectroscopy. CI: conical 

intersection. FC*: Franck-Condon state. Sub-ps, ps and ns-ms processes are indicated by blue, 

yellow and green arrows, respectively 
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Figure 4: rsEGFP2 in the electronic excited S1 state. Difference Fourier electron density map 

Fobs
laser-on-∆1ps-Fobs

laser-off, computed between SFX data collected 1 ps after pump laser excitation 

and without excitation, respectively, contoured at - 3.5σ (yellow) and + 3.5σ (blue) shown for 
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the entire protein (a) and zoomed into the chromophore region (c, d). In (a) one strand of the 

 β  barrel has been omitted for clarity. In (c, d) the chromophore models refined from the 

laser-off (grey) and laser-on-∆1ps (model T in pink, and model P in blue) datasets are shown, 

as well as residues that change conformation upon formation of model T. In the intermediate 

state model T, the chromophore is twisted, with the phenol and the imidazolinone ring 

perpendicular to each other. (e, f) Difference Fourier map Fobs
laser-on-∆3ps-Fobs

laser-off, computed 

between SFX data collected 3 ps after pump laser excitation and without excitation, 

respectively, contoured at - 3.0σ (yellow) and + 3.0σ (blue). No model was produced from 

the laser-on-∆3ps data set. In (e, f) models for the off (grey), the on (cyan) and the twisted 

chromophore (pink; determined from the laser-on-∆1ps data set) are shown. All difference 

Fourier maps were Q-weighted38. (b) Ring-bridging tau and phi values for the 

crystallographically determined chromophore models (blue diamonds) and those determined 

by excited state QM/MM simulations (red crosses) and excited-state MD simulations (green 

crosses). The size of the crosses corresponds to one standard deviation. The red star 

corresponds to the conformation with the largest transition dipole moment as calculated by 

QM/MM. 
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Figure 5: Chromophore twisting is accompanied by a downward movement of the central  α-

helix along the barrel axis (off state in grey, twisted intermediate in red). The corresponding 

difference electron density is shown in Supplementary Fig. 24. 

 

References  

 

1. Dean, K.M. & Palmer, A.E. Advances in fluorescence labeling strategies for dynamic 
cellular imaging. Nat Chem Biol 10, 512-23 (2014). 

2. Weber, W., Helms, V., McCammon, J.A. & Langhoff, P.W. Shedding light on the 
dark and weakly fluorescent states of green fluorescent proteins. Proc Natl Acad Sci U 
S A 96, 6177-82 (1999). 

3. Maddalo, S.L. & Zimmer, M. The role of the protein matrix in green fluorescent 
protein fluorescence. Photochem Photobiol 82, 367-72 (2006). 

4. Tsien, R.Y. The green fluorescent protein. Annual Review of Biochemistry 67, 509-
544 (1998). 

5. Voityuk, A.A., Michel-Beyerle, M.-E. & Rösch, N. Structure and rotation barriers for 
ground and excited states of the isolated chromophore of the green fluorescent protein. 
Chem Phys Lett 296, 269-276 (1998). 



 77 

6. Fang, C., Frontiera, R.R., Tran, R. & Mathies, R.A. Mapping GFP structure evolution 
during proton transfer with femtosecond Raman spectroscopy. Nature 462, 200-4 
(2009). 

7. Meech, S.R. Excited state reactions in fluorescent proteins. Chem Soc Rev 38, 2922-34 
(2009). 

8. Olsen, S., Lamothe, K. & Martinez, T.J. Protonic gating of excited-state twisting and 
charge localization in GFP chromophores: a mechanistic hypothesis for reversible 
photoswitching. J Am Chem Soc 132, 1192-3 (2010). 

9. Regis Faro, A. et al. Low-temperature chromophore isomerization reveals the 
photoswitching mechanism of the fluorescent protein padron. J Am Chem Soc 133, 
16362-5. (2011). 

10. Warren, M.M. et al. Ground-state proton transfer in the photoswitching reactions of 
the fluorescent protein Dronpa. Nat Commun 4, 1461 (2013). 

11. Adam, V., Berardozzi, R., Byrdin, M. & Bourgeois, D. Phototransformable 
fluorescent proteins: Future challenges. Curr Opin Chem Biol 20C, 92-102 (2014). 

12. Nienhaus, K. & Nienhaus, G.U. Fluorescent proteins for live-cell imaging with super-
resolution. Chem Soc Rev 43, 1088-106 (2014). 

13. Andresen, M. et al. Structure and mechanism of the reversible photoswitch of a 
fluorescent protein. Proc Natl Acad Sci U S A 102, 13070-4 (2005). 

14. Ando, R., Mizuno, H. & Miyawaki, A. Regulated fast nucleocytoplasmic shuttling 
observed by reversible protein highlighting. Science 306, 1370-3 (2004). 

15. Andresen, M. et al. Structural basis for reversible photoswitching in Dronpa. Proc 
Natl Acad Sci U S A 104, 13005-9 (2007). 

16. Andresen, M. et al. Photoswitchable fluorescent proteins enable monochromatic 
multilabel imaging and dual color fluorescence nanoscopy. Nat Biotechnol 26, 1035-
40 (2008). 

17. Adam, V. et al. Structural characterization of IrisFP, an optical highlighter undergoing 
multiple photo-induced transformations. Proc Natl Acad Sci U S A 105, 18343-8 
(2008). 

18. Colletier, J.P. et al. Serial Femtosecond Crystallography and Ultrafast Absorption 
Spectroscopy of the Photoswitchable Fluorescent Protein IrisFP. J Phys Chem Lett 
(2016). 

19. Grotjohann, T. et al. rsEGFP2 enables fast RESOLFT nanoscopy of living cells. eLife 
1, e00248 (2012). 

20. Barends, T.R. et al. Direct observation of ultrafast collective motions in CO 
myoglobin upon ligand dissociation. Science 350, 445-50 (2015). 

21. Pande, K. et al. Femtosecond structural dynamics drives the trans/cis isomerization in 
photoactive yellow protein. Science 352, 725-9 (2016). 

22. Schiro, G., Woodhouse, J., Weik, M., Schlichting, I. & Shoeman, R.L. Simple and 
efficient system for photoconverting light-sensitive proteins in serial crystallography 
experiments. Journal of Applied Crystallography 50, 932-939 (2017). 

23. El Khatib, M., Martins, A., Bourgeois, D., Colletier, J.P. & Adam, V. Rational design 
of ultrastable and reversibly photoswitchable fluorescent proteins for super-resolution 
imaging of the bacterial periplasm. Sci Rep 6, 18459 (2016). 

24. Terwilliger, T.C. & Berendzen, J. Difference refinement: obtaining differences 
between two related structures. Acta Crystallogr D Biol Crystallogr. 51, 609-18. 
(1995). 

25. Colletier, J.-P. et al. Use of a `caged' analogue to study the traffic of choline within 
acetylcholinesterase by kinetic crystallography. Acta Crystallographica Section D 63, 
1115-1128 (2007). 



 78 

26. Schafer, L.V., Groenhof, G., Boggio-Pasqua, M., Robb, M.A. & Grubmuller, H. 
Chromophore protonation state controls photoswitching of the fluoroprotein asFP595. 
PLoS Comput Biol 4, e1000034 (2008). 

27. Liu, R.S. Photoisomerization by hula-twist: a fundamental supramolecular 
photochemical reaction. Acc Chem Res 34, 555-62 (2001). 

28. Goedhart, J. et al. Structure-guided evolution of cyan fluorescent proteins towards a 
quantum yield of 93%. Nat Commun 3, 751 (2012). 

29. Pandelieva, A.T. et al. Brighter Red Fluorescent Proteins by Rational Design of 
Triple-Decker Motif. ACS Chem Biol (2016). 

30. Hutchison, C.D.M. et al. Photocycle populations with femtosecond excitation of 
crystalline photoactive yellow protein. Chemical Physics Letters 654, 63-71 (2016). 

31. Liang, M. et al. The Coherent X-ray Imaging instrument at the Linac Coherent Light 
Source. J. Synchrotron Rad. 22, 514-519 (2015). 

32. Coquelle, N. et al. Raster-scanning serial protein crystallography using micro- and 
nano-focused synchrotron beams. Acta Crystallographica Section D Biological 
Crystallography 71, 1184-1196 (2015). 

33. Foucar, L. et al. CASS-CFEL-ASG software suite. Computer Physics 
Communications 183, 2207-2213 (2012). 

34. Foucar, L. CFEL-ASG Software Suite (CASS): usage for free-electron laser 
experiments with biological focus. Journal of Applied Crystallography 49, 1336-1346 
(2016). 

35. White, T.A. et al. Crystallographic data processing for free-electron laser sources. 
Acta Crystallogr D Biol Crystallogr. 69, 1231-1240 (2013). 

36. Jonasson, G. et al. Excited State Dynamics of the Green Fluorescent Protein on the 
Nanosecond Time Scale. J Chem Theory Comput 7, 1990-7 (2011). 

37. Case, D.A. et al. AMBER 10. 10 edn (University of California, San Francisco, 2008). 
38. Ursby, T. & Bourgeois, D. Improved Estimation of Structure-Factor Difference 

Amplitudesfrom Poorly Accurate Data. Acta Crystallographica Section A 
Foundations of Crystallography 53, 564-575 (1997). 

 

 



 79 

4. Chapter III: Photoswitching mechanism 
of a fluorescent protein revealed by time-

resolved serial femtosecond crystallography 
and transient absorption spectroscopy 

 

Authors: Joyce Woodhouse1, Gabriela Nass-Kovacs2,#, Nicolas Coquelle1,3,#, Lucas M. 

Uriarte4,#, Virgile Adam1,#, Thomas R. M. Barends2, Martin Byrdin1, Eugenio de la Mora1, R. 

Bruce Doak2, Mikolaj Feliks5, Martin Field1,6, Franck Fieschi1, Virginia Guillon1, Stefan 

Jakobs7, Yasumasa Joti8, Pauline Macheboeuf1, Koji Motomura9, Karol Nass2, Shigeki 

Owada10, Christopher M. Roome2, Cyril Ruckebusch4, Giorgio Schirò1, Robert L. Shoeman2,  

Michel Thepaut1, Tadashi Togashi8, Kensuke Tono8, Makina Yabashi10, Marco Cammarata11, 

Lutz Foucar2,#, Dominique Bourgeois1, Michel Sliwa4,*, Jacques-Philippe Colletier1, Ilme 

Schlichting2,*, Martin Weik1,* 

 
I was the main contributor to the work presented in this chapter, except to the transient 
absorption spectroscopy part. 
 

Affiliations: 
1Institut de Biologie Structurale, Univ. Grenoble Alpes, CEA, CNRS, F-38044 Grenoble, 
France. 
2Max-Planck-Institut für medizinische Forschung, Jahnstrasse 29, 69120 Heidelberg, 
Germany. 
3Large-Scale Structures Group, Institut Laue Langevin, 71, avenue des Martyrs, 38042 
Grenoble cedex 9 - France 
4Université de Lille, CNRS, UMR 8516, LASIR, Laboratoire de Spectrochimie Infrarouge et 
Raman, F59 000 Lille, France 
5Department of Chemistry, University of Southern California, Los Angeles, USA 
6Laboratoire Chimie et Biologie des Métaux, BIG, CEA-Grenoble, Grenoble, France  
7Department of NanoBiophotonics, Max Planck Institute for Biophysical Chemistry, 
Göttingen, Germany 
8Japan Synchrotron Radiation Research Institute, 1-1-1 Kouto, Sayo-cho, Sayo-gun, Hyogo 
679-5198, Japan 
9Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Sendai 
980-8577, Japan 
10RIKEN SPring-8 Center, Sayo, Japan 
11Department of Physics, UMR UR1-CNRS 6251, University of Rennes 1, Rennes, France 
 

*Correspondence 

#These authors contributed equally to this work. 



 80 

 

Abstract:  

Reversibly switchable fluorescent proteins (RSFPs) serve as markers in advanced 

fluorescence imaging. Photoswitching from a non-fluorescent off-state to a fluorescent on-

state involves trans-to-cis chromophore isomerization proton transfer. Whereas excited-state 

events on the ps timescale have been structurally characterized, conformational changes on 

slower timescales remain elusive. Here we studied the off-to-on photoswitching mechanism in 

the RSFP rsEGFP2 by a combination of time-resolved serial crystallography at an X-ray free-

electron laser and ns-resolved pump-probe UV-visible spectroscopy. Ten ns after 

photoexcitation, the crystal structure features a chromophore that isomerized from trans to cis 

but the surrounding pocket features conformational differences compared to the final on-state. 

Spectroscopy identifies the chromophore in this first ground-state photo-intermediate as being 

protonated. Deprotonation then occurs on the µs timescale and correlates with a 

conformational change of the conserved neighbouring histidine. Together with a previous 

excited-state study, our data allow establishing a detailed mechanism of off-to-on 

photoswitching in rsEGFP2. 
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Phototransformable fluorescent proteins (PTFPs) represent invaluable tools for advanced 

fluorescence microscopy, by serving as genetically-encoded markers that change emission 

colour or intensity when irradiated with visible light at specific wavelengths1,2. A subgroup of 

of PTFPs, so-called reversibly switchable fluorescent proteins (RSFPs), are used in ensemble-

based nanoscopy approaches such as RESOLFT (reversible saturable optical fluorescence 

transition3) or NL-SIM (nonlinear structured illumination microscopy4), where they are 

repeatedly toggled back and forth between a fluorescent on- and a non-fluorescent off-state by 

irradiation with light at two different wavelengths5. Depending on whether irradiation at the 

excitation peak turns the fluorescent state off or on, RSFP are coined negative or positive 

switchers, respectively. It is widely accepted that the molecular basis of photoswitching in 

RSFPs (with the exception of some engineered variants such as Dreiklang6) is a combination 

of isomerization and change in protonation state of the chromophore phenol moiety, as 

evidenced by X-ray crystallography7 and absorption and fluorescence spectroscopies8. In all 

negative RSFP, the fluorescent on-state chromophore is an anionic cis-isomer (cis-phenolate) 

whereas the non-fluorescent off-state is a neutral trans isomer (trans-phenol). The 

chronological order of isomerization and protonation-changes has been debated, as well as 

corresponding time-scales on which they occur.  

Over the past decade, several spectroscopic investigations focused on Dronpa, a 

negative RSFP from Anthozoa (e.g. corals)9. Due to the thousand-fold higher switching 

quantum yield (QY) in the off-to-on (0.37) direction as compared to on-to-off (3.2 × 10-4)8, 

only off-to-on photoswitching has been studied in practice. The first investigation of Dronpa 

by ultrafast optical spectroscopy suggested that the deprotonation of the trans-phenol occurs 

in the excited state on the ps timescale via an excited-state proton transfer (ESPT) 

mechanism10. Shortly after, however, time-resolved infra-red (TR-IR) spectroscopy on 

Dronpa11 and its fast-switching M159T mutant12 indicated that isomerization accompanies the 

excited-state decay. Trans-to-cis isomerization is thus followed by chromophore 

deprotonation, which takes place on the  µs timescale as a thermally-driven ground-state 

process. Further evidence that trans-to-cis isomerization occurs within ps in the excited state 

was provided by transient absorption spectroscopy, which attributed the first photoproduct to 

a cis-protonated chromophore13. However, another TR-IR study on Dronpa-M159T mutant 

advocated that both isomerization and deprotonation are ground-state processes, attributing 

the ps spectroscopic changes in the excited state to protein conformational changes priming 

the chromophore for switching14. Thus, the existence and structure of a cis-protonated 
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switching intermediate has remained elusive in Dronpa as well as in RSFPs from Hydrozoa 

(e.g. jellyfish). To address this issue, we studied off-to-on photoswitching in rsEGFP2, a 

negative RSFP, by a combination of time-resolved crystallography and transient absorption 

spectroscopy.  

rsEGFP2 is a bright, photostable, monomeric and photoswitchable variant of the 

enhanced green fluorescent protein (EGFP). This fast RSFP is extensively used for tagging 

proteins in mammalian cells for live-cell RESOLFT nanoscopy15. Its hydroxybenzylidene 

imidazolinone (HBI) chromophore, formed autocatalytically from the three residues Ala-Tyr-

Gly, is carried by an α-helix entrapped within an 11-stranded  β-barrel16 (Fig. 1a). rsEGFP2 

remains photoactive in the crystalline state, so that first insights into the structure of its on- 

and off-state chromophores could be obtained by conventional crystallography16. Optical 

spectroscopy measurements and crystal structures established that in rsEGFP2, as in other 

RSFPs such as Dronpa17, asFP5957 mTFP0.718 or IrisFP19, the resting on-state is characterized 

by a cis-phenolate chromophore, which absorbs at 479 nm and emits at 503 nm (fluorescence 

QY of 0.35), whereas the off-state features a trans-phenol chromophore, which absorbs at 403 

nm. As for Dronpa, rsEGFP2 is a negative RSFP, meaning that on-to-off photoswitching 

competes with fluorescence16 and is triggered by illumination of the anionic species at 479 nm 

with a switching QYon-to-off of 1.65 × 10-2. Back-switching to the on-state is triggered by 

illumination at 405 nm, and characterized by a QYoff-to-on of 0.3316 (Fig. 1b).  

The two rsEGFP2 chromophore states that can be accumulated at room temperature 

and physiological pH were characterized by conventional X-ray crystallography16. In order to 

characterize the room-temperature structure of photoswitching intermediate states that only 

form transiently, another method is needed that allows collecting structural data on a time 

scale from a few ps to µs. This methodology is time-resolved serial femtosecond (fs) 

crystallography (TR-SFX) using X-ray free electron lasers (XFELs). Recently, we combined 

ultra-fast optical spectroscopy and TR-SFX to study excited-state structures of rsEGFP2 on 

the ps timescale during off-to-on switching20. Optical spectroscopy showed that the excited 

state decays on the time scale of a few ps. TR-SFX revealed that 1 ps after photoexcitation at 

400 nm, the chromophore adopts a twisted conformation half-way between the trans and cis 

isomers, while at 3 ps, the cis chromophore of a presumable ground-state intermediate starts 

to become populated. The quality of the latter data did not, however, allow building a 

structural model reliably. Consequently, the structure of the first photoproduct during 

rsEGFP2 off-to-on photoswitching has remained elusive and the exact mechanism of 
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photoswitching unresolved.  

 Here, we describe TR-SFX experiments that allowed capturing an off-to-on switching 

intermediate, formed 10 ns after photoexcitation of rsEGFP2. The intermediate structure 

reveals that the initially trans-protonated chromophore has transitioned to the cis isomer and 

evidences conformational changes in the main and side chains of residues in the chromophore 

pocket. Pump-probe UV-visible spectroscopy indicates that at this time, the chromophore is 

still protonated, as deprotonation only occurs on the µs to ms time scale in solution. 

Accordingly, structural features revealed by the 10 ns structure are compatible with a cis 

protonated chromophore only. Thus, our data, together with a ps study published earlier20, 

establish that off-to-on photoswitching in rsEGFP2 involves excited-state isomerization on the 

ps time scale followed by ground state proton transfer on the µs to ms time scale and allow 

proposing a detailed switching mecanism. 

 

Results 

Time-resolved UV-visible transient absorption spectroscopy of rsEGFP2 in H2O and D2O 

solution and of rsEGFP2 microcrystals 

Time-resolved UV-visible transient absorption spectra were recorded on the 100-ns – 10-ms 

timescale after single-shot ns-laser excitation at 410 nm of rsEGFP2 in its off-state in solution 

(50 mM HEPES pH 8, 50 mM NaCl; Fig. 2a). On the examined time-scale, the excited state 

had decayed20 so that the photodynamics of rsEGFP2 in the ground state could be monitored. 

The transient difference absorbance spectrum at 100 ns shows a broad positive band with a 

maximum at 420 nm (magenta in Fig. 2a). This band evolves within 5 µs to a spectrum (light 

blue) with two positive maxima at 390 nm and 460 nm. This spectrum is similar to a static 

difference absorption spectrum between the cis protonated form generated at pH 4 and the 

trans protonated form at pH 8 generated by light irradiation (Fig. 2b, light-blue spectrum), 

suggesting that at 5 µs the chromophore has isomerized, but is still in the protonated state. 

Within 180 µs, the first peak (390 nm) vanishes, while a negative band appears at 420 nm. 

The second peak (460 nm) increases and shifts to 480 nm. Subsequently, and on a timescale 

from 100 µs up to a few ms, the maximum of the negative band shifts from 420 to 400 nm 

while the positive band at 480 nm further increases in amplitude. The transient difference 

spectrum obtained after 3 ms resembles the static difference spectrum between the cis anionic 

form and the trans protonated form (Fig. 2b, light-green spectrum). Therefore, the positive 

band (480 nm) in the transient spectra can be assigned to the absorbance of the cis anionic 
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form, whereas the negative band (390 nm) relates to the depopulation of the trans protonated 

form.  

Global fit analysis of kinetic traces for all wavelengths identified three time constants of 4.4 ± 

0.1 µs, 40.5 ± 0.4 µs and 919.4 ± 1.2 µs, respectively. When similar experiments were carried 

out in D2O solution (50 mM HEPES pD 8, 50 mM NaCl ; Supplementary Fig. 1), time 

evolution also required fitting with three exponential functions, yielding time constants of 5.5 

± 0.1 µs, 73.8 ± 0.2 µs and 2198.0 ± 1.1 µs. Thus, the first time constant is similar in H2O and 

D2O, but a significant isotope effect is observed for the two others (kH/kD= 1.80 and 2.40, 

respectively) which can thus be assigned to proton transfer steps. Decay associated spectra 

(Fig. 2c) show that the 4.4 µs time constant is mainly characterized by a growth of the 

positive band at 460 nm. The 40.5 µs time constant has some positive and negative 

contributions characteristic of the band shift observed, while the 919.4-µs time constant is 

mainly characterized by the respective decay and growth of the 390-nm and 480-nm bands. 

Averaging the second and third time constant according to their absorbance at 480 nm in the 

respective decay associated spectrum (Fig. 2c) yields a single characteristic time constant for 

chromophore deprotonation of 759.1 µs in H2O and 1914.3 in D2O.  

Nanosecond transient absorption data were also recorded from a suspension of 

rsEGFP2 microcrystals (in 100 mM HEPES pH 8, 2.5 M ammonium sulphate), using a 

modified flash-photolysis setup (see methods). Transient difference spectra similar to those 

measured in solution were obtained, with positive bands first growing at 460 nm and then at 

480 nm (Supplementary Fig. 2). A global fit analysis of kinetic traces for all wavelengths 

yielded time constants of 2.6 ± 0.1 µs, 36.5 ± 0.5 µs and 310 ± 3 µs, i.e. significantly smaller 

than of rsEGFP2 in H2O solution (50 mM HEPES pH 8, 50 mM NaCl), with a single 

characteristic time constant for chromophore deprotonation of 188 µs. When adding 

ammonium sulphate in a solution experiment (50 mM HEPES, 50 mM NaCl, pH 8, 1.25 M 

ammonium sulphate) time constants of 3.7 ± 0.1 µs, 41.2 ± 0.5 µs and 310.7 ± 6 µs 

(Supplementary Fig. 3) were found that are similar to those for microcrystals, with single 

characteristic time constant for deprotonation of 258 µs. The presence of ammonium sulphate 

in solution and in the crystal thus accelerates proton transfer. 

rsEGFP2 structure solved by TR-SFX 10 ns after photoexcitation  

In order to structurally characterize intermediates along the off-to-on photoswitching reaction 

of rsEGFP2, TR-SFX was carried out at the Spring-8 Angstrom Compact Laser (SACLA21) 

XFEL, according to an optical pump – X-ray probe scheme. A pump-probe delay of 10 ns 
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was specifically chosen in order to increase chances to trap a ground-state intermediate 

featuring a cis-protonated chromophore. Indeed, the 10-ns delay is much shorter than the µs – 

ms time-scale on which time-resolved UV-visible transient absorption spectroscopy identified 

chromophore deprotonation to occur (see above), while much longer than the ps timescale on 

which a twisted-chromophore isomerization intermediate has been characterized in the 

excited state20. Prior to injection, rsEGFP2 microcrystals were photoswitched from their 

(resting) on-state to their off-state (lifetime of 100 min22) by illumination with 488-nm light, 

using a dedicated pre-illumination device22. Two interleaved data sets were collected, with 

(laser_on_∆10ns) and without (laser_off) activation by the 400-nm pump-laser (power 

density 1.4 GW/cm2). From the laser_off data set, a laser_off structure was determined at 1.7 

Å resolution. The initial model consisted in 90% off-state and 10% on-state (see Method 

section for details), with the chromophore being in the trans and the cis conformation, 

respectively (Fig. 3a). The reason for including the on-state model was because of absorption 

spectroscopy that indicated a residual amount of ~10% of the molecules remained in the on-

state after pre-illumination22. However, in the resulting Fobs
laser_off-Fcalc

laser_off map, negative 

peaks on the trans chromophore and on the side chains of Tyr146 and His149 were observed, 

suggesting that the off-state is less than 90% occupied (Fig. 3a). Moreover, a positive peak at 

3.6 σ was observed halfway between the trans and cis conformers of the chromophore, 

suggesting the presence of a third, hitherto unobserved conformation (Fig. 3a). An ensemble 

refinement against the laser_off dataset was carried out and also suggested the presence of a 

third chromophore conformation (oval contours in Fig. 3b and c). Ensemble refinement 

identified this conformation as a trans isomer (called trans2 hereafter), irrespective of 

whether the starting model was the cis chromophore of the on-state (Fig. 3b) or the trans 

chromophore (called trans1 hereafter) of the off-state (Fig. 3c). Thus, the chromophore was 

modelled in a triple conformation, i.e. 70% trans1, 20% trans2, and 10% cis and refined 

against the laser_off dataset (Fig. 3d). Ensemble refinement also suggested a third 

conformation of the His149 side chain (His149-supp, cf. circles in fig. 3b and c), in addition 

to the ones characteristic of the on- (His149-on) and the off- (His149-off) states (Fig. 3b, c), 

respectively. Likewise, three conformations of His149 (His149-off, His149-supp, His149-on) 

were included in the laser off_model at 70, 20 and 10% occupancy, respectively. Inclusion of 

these new chromophore and His149 conformers cleared all major peaks in the Fobs
laser_off-

Fcalc
laser_off map (Fig. 3d). Alternate conformations were also included for other residues 

(positions 146-148 and 150-152) of β-strand-7, who is known to adopt slightly different 
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conformations in the on- and the off-states at room-temperature20, and for Thr204. For those 

residues, however, only a single additional conformer was needed to account for the presence 

of both the cis and the trans2 isomers of the chromophore, so that occupancies were refined to 

70% (corresponding to the trans1 chromophore conformation) and 30% (cis and trans2) (see 

details in the Methods section).  

 Following pump-laser irradiation, some protein molecules in the crystal are excited 

and change structure whereas others are not and thus remain in the laser_off structure. The 

structural features that occur within 10 ns after photoexcitation can be disentangled from the 

resting laser_off structure in a q-weighted23 difference Fourier map. Such a map was 

calculated at 1.9 Å resolution, using observed structure factor amplitudes of the 

laser_on_∆10ns and laser_off data sets (Fobs
laser_on_∆10ns-Fobs

laser_off) and phases calculated from 

the laser_off model (Fig. 4a). The strongest features are located at the chromophore and its 

direct environment. Negative (down to -5.1 σ) and positive (up to 5.7 σ) peaks are observed 

at the positions of the trans1 and the cis chromophore, respectively, in particular on their 

phenol group and methylene bridge. No negative peak is observed on the trans2 

chromophore. Additionally, negative peaks are present on the off-state conformers of Tyr146 

(-5.8 σ) and His149 (-5.1 σ on His149-off and -3.8 σ on His149-supp), and positive ones on 

their on-state conformers (3.9 σ and 3.6 σ, respectively). The off-state has thus been depleted 

and an intermediate state built up with a chromophore conformation similar to the one 

observed in the on-state. For Tyr146 and His149, the negative peak is larger than the positive 

one (-5.8 /3.9 σ and -5.1 /3.6 σ for Tyr146 and His149 respectively), suggesting that their side 

chains display some degree of disorder in the 10-ns intermediate state.  

 A structural model for the rsEGFP2 intermediate structure 10 ns after photoexcitation 

(laser_on_∆10ns intermediate structure) was determined by difference refinement24,25 using 

extrapolated structure factor amplitudes (Fextrapolated
laser_on_∆10ns, see eq. 1 in Methods section)26. 

An occupancy of ~ 50% was estimated for the intermediate state in the laser_on_∆10ns 

dataset (Supplementary Fig. 4, see details in the Methods section). The 50% occupancy 

exceeds the primary quantum yield of the off-to-on photoswitching reaction (0.3316) because 

those molecules that after excitation return to the initial ground state within a few ps20 can be 

excited again during the 100-ps pump pulse. The 2Fextrapolated
laser_on_∆10ns - Fcalc map (Fig. 4b) and 

the corresponding simulated annealing composite omit map (Fig. 4c) feature continuous and 

well-defined electron density in the intermediate state for the entire chromophore and for the 

side chains of Tyr146 and Val151. In contrast, the side chain of His149 is not well defined, 
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and positive and negative peaks appear in the Fextrapolated
laser_on_∆10ns - Fcalc map when a single 

conformer is included (Supplementary Fig. 5a, b). Therefore, we included in the 

laser_on_∆10ns intermediate structure two alternate conformations for His149 (see the 

Methods section for alternative models that were assessed), one being similar to the His149-

on conformer (on-like) with an occupancy of 40% and the other similar to the His149-off 

conformer (off-like) with an occupancy of 60% (Fig. 4b and Supplementary Fig. 5). Inclusion 

of a second conformer for His149 resulted in disappearance of the corresponding peaks in the 

Fextrapolated
laser_on_∆10ns -Fcalc map. In the refined model of the laser_on_∆10ns intermediate 

structure (Supplementary Fig. 5d), the δ (ND1) nitrogen atom of the on-like His149 

conformer is at 4.3 Å from the phenol-oxygen of the chromophore and H-bonded to the main 

chain carbonyl oxygen of Asn147 (distance: 2.6 Å). As the latter is an obligate H-bond 

acceptor, this observation strongly suggests that the δ nitrogen (ND1) of the on-like His149 

conformer is protonated in the laser_on_∆10ns intermediate structure. Fig. 5 displays an 

overlay of the laser_on_∆10ns intermediate structure and the on-state structure (PDB entry 

code 5O8920) and shows that the main difference between these are the conformations of 

His149 and Glu223. The δ nitrogen atom (ND1) of His149 H-bonds to the deprotonated 

chromophore phenol oxygen in the on-state (Fig. 5c), but not to the protonated chromophore 

phenol oxygen of the on-like His149 conformation adopted in the laser-on-∆10ns 

intermediate structure (Fig. 5b). The increased distance between the chromophore phenol 

oxygen and on-like His149ND1 may sign for the protonation of the chromophore, resulting in 

increased van der Waals exclusion volume. The ε (NE2) nitrogen atom of the off-like His149 

conformer is at 2.7 Å from the phenol-oxygen of the chromophore, indicating that the two 

atoms are H-bonded (Fig. 5b). Assuming that the protonation state of His149 does not change 

between the two conformers observed in the laser_on_∆10ns intermediate structure, i.e. that 

the ε (NE2) nitrogen of the off-like His149 conformer is unprotonated, the chromophore 

phenol would be an obligate donor for this H-bond. Thus, the two His149 conformers 

observed 10 ns after excitation by the pump laser are compatible with a protonated cis isomer 

of the chromophore. As to Glu223, one of its carboxyl oxygens is in H-bonding distance to 

N2 of the chromophore in the laser_on_∆10ns intermediate (Fig. 5e) but not in the on-state 

structure (Fig. 5f), and is in H-bonding distance to Ser206OG in the on-state structure (Fig. 

5f) but not in the laser_on_∆10ns intermediate structure (Fig. 5e). 
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Discussion 

The mechanism of off-to-on photoswitching in rsEGFP2 involves trans-to-cis isomerization 

and deprotonation of the chromophore, and it was here investigated by ns-resolved pump-

probe UV-visible spectroscopy and TR-SFX. Spectroscopy in solution provides evidence for 

the existence of three intermediate states decaying with time constants of 4.4, 40.5, and 919.4 

µs, respectively. Only the latter two time constants are markedly affected when experiments 

are carried out in D2O instead of H2O solution, indicating the involvement of proton transfer. 

The data show that chromophore deprotonation takes place after excited-state decay in the 

ground state, with an overall time constant of 759.1 µs. The crystal structure obtained 10 ns 

after phototriggering features a cis chromophore that is thus still in the protonated state. In an 

earlier TR-SFX study20, chromophore twisting was observed in the excited state 1 ps after 

photoexciting the off-state. Also a low-occupancy population of a cis isomer was found 3 ps 

after photoexcitation that indicated chromophore isomerisation occurs in the excited state. 

Due to insufficient data quality, however, no structural model could be established of the 3-ps 

intermediate state20. The present spectroscopic and structural evidence unequivocally shows 

that the excited-state chromophore isomerisation in rsEGFP220 is followed by proton transfer 

in the ground-state, as suggested for Dronpa based on time-resolved IR and UV-vis 

spectroscopy11-13. Off-to-on switching in rsEGFP2 (hydrozoan origin) and in Dronpa 

(anthozoan origin) thus involves the same sequential order of steps. 

The TR-SFX structure determined from data collected 10 ns after triggering photoswitching 

from rsEGFP2 in its off-state differs from the structure of the stable cis anionic on-state (Fig. 

5) and thus corresponds to that of an intermediate state (laser_on_∆10ns). Spectroscopy (see 

above) provides evidence that the chromophore is still protonated (neutral) so that the 10-ns 

intermediate corresponds to a cis protonated photoproduct. In the 10-ns intermediate 

structure, the side chain of His149 is present in two alternate conformations (on-like and off-

like, Fig. 4b). The observation that a significant fraction (60%) of His149 is still in an off-like 

conformation when the chromophore has already isomerized suggests that isomerization 

precedes the conformational change in the His149 side chain. The latter is thus completed on 

a time-scale longer than 10 ns and could correspond to the 4.4 µs process (no isotope effect) 

identified by spectroscopy in solution. Notably, the water molecule being hydrogen bonded to 

the chromophore phenolate in the on-state (W356 in Fig. 5a), and absent in the off-state (not 

shown), is present at 10 ns (Fig. 5b). Interestingly, Thr204 adopts the same rotamer in the 10-



 89 

ns intermediate and the on-state structure (Fig. 5a), whereas it is in different rotamers in 1-ps 

intermediate and in the off-state structure20. 

The hydrogen bonding network in the chromophore pocket and the protonation state 

of His149 in the on-like conformation can be inferred from inspecting the laser-on-∆10ns 

structure (Fig. 5b). Double (de-)protonation of His149 was not considered because its 

probability is negligible at the pH value (pH 8) of the crystalline protein. In the on-like 

conformation, His149ND1 is 2.6 Å from the carbonyl oxygen of Asn147 (Fig. 5b). Given this 

short distance, the two atoms are likely to be H-bonded. Since Asn147O can only serve as an 

H-bond acceptor, His149 would be ND1 protonated in the on-like conformation. The 

chromophore phenol group, known from spectroscopy to be protonated at 10 ns, engages in 

two H-bonds, i.e. with W356 and with Thr204OG1 (Fig. 5b). 

A possible scenario for the transition from the laser_on_∆10ns intermediate to the 

stable cis anionic on-state might be as follows. The occupancy of the off-like conformation of 

His149 decreases as that of the on-like conformer progressively increases. The chromophore 

transfers its proton to an unknown partner. A proton transfer from the chromophore to His149 

seems unlikely, given that the closest nitrogen atom of the latter (ND1) is most likely already 

protonated. His149 moves from the on-like conformation in the laser_on_∆10ns intermediate 

closer to the chromophore in the cis anionic on-state so that its anionic phenolate group now 

engages in H-bonds with His149ND1 (2.8 Å), Thr204OG1 (2.7 Å) and W356 (2.8 Å). 

Asn147O is not H-bonded to His149ND1 anymore in the on-state, but rather to W356. 

Changes in the H-bonding network around the chromophore phenol group between the 

laser_on_∆10ns intermediate and the cis anionic on-state structure (Fig. 5) are strikingly 

similar to the ones between the protonated A form and the anionic B form of wild-type GFP27. 

An exception is the H-bond between the chromophore phenol and Thr204OG1 present in the 

laser_on_∆10ns intermediate structure but absent in the protonated A form of wild-type GFP 

(Fig. 2a in 27). The presence of this H-bond in the laser_on_∆10ns intermediate structure 

might drive chromophore deprotonation by stabilizing the anionic chromophore of the on-

state. The pathway taken by the proton upon chromphore deprotonation remains unclear. We 

speculate that the proton might be transferred from the chromophore via Thr204OG1 and 

His149O to the solvent outside the protein as suggested for GFP28. A proton pathway between 

the solvent and the chromophore has also been suggested to exist in the positive RSFP 

Padron29,30. 

 The laser_off structure, determined from SFX data without pump-laser excitation, 

features the chromophore in two trans conformations, one of which (trans2, 20% occupancy) 
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was not previously observed in the off-state of rsEGFP2. The third His149 conformation 

(His149-supp), included in the laser_off structure in addition to the ones in the on (His149-

on) and the off (His149-off) states (Fig. 3d) might correspond to the trans2 conformation of 

the chromophore to which it would be H-bonded (distance of 3.0 Å between phenol oxygen 

and ND1). We do not yet have an explanation for this structural off-state heterogeneity, but 

note that a similar chromophore conformation has been observed in rsFolder16, a reversibly 

switchable fluorescent protein designed for efficient expression in oxidizing cellular 

environments. There is no negative peak in the Fobs
laser_on_∆10ns - Fobs

laser_off difference Fourier map 

on the phenol group of the trans2 chromophore (Fig. 4a). However, a negative peak on 

His149-supp (Fig. 4a) provides circumstantial evidence that the trans2 chromophore of the 

off-state efficiently reacts to pump-laser activation at 400 nm. A negative peak on the trans2 

chromophore might have been annihilated by the nearby positive peak on the cis 

chromophore (Fig. 4a). We speculate that rsEGFP2 molecules featuring His149 in the on-like 

conformation 10 ns after excitation mostly correspond to chromophores initially in the trans2 

state, while those displaying His149 in the off-like conformation would prominently 

correspond to chromophores initially in the trans1 state. Indeed, trans1 chromophores do not 

directly H-bond to His149 in the off-state, so that the motion of this residue may lag behind. 

 Based on results obtained by time-resolved pump-probe UV-visible spectroscopy and 

TR-SFX, a model for the rsEGFP2 off-to-on photoswitching process can be proposed (Fig. 6). 

Excitation at 400 nm of the trans protonated chromophore in the off-state triggers excited-

state isomerization that passes through a twisted conformation after 1 ps20. After excited-state 

decay, the first photoproduct in the ground state is a cis protonated chromophore that we 

characterized by TR-SFX after 10 ns (magenta bold bar in Fig. 6). Transient absorption 

spectroscopy in H2O solution evidences a first ground-state process with a time constant of 

4.4 µs (no isotope effect) that might correspond to a protein rearrangement during which the 

off-like conformation of His149 vanishes and the on-like conformation becomes fully 

occupied. Chromophore deprotonation then occurs with a characteristic time constant of 

759.1 µs (isotope effect) to yield the final cis anionic on-state. Concomitantly or subsequently 

to chromophore deprotonation, His149 moves from the on-like conformation to the one 

adopted in the final on-state and establishes the third H-bond with the anionic chromophore. 

The present study illustrates the power of using TR-SFX at an XFEL to study and understand 

light-induced structural changes in photoswitchable fluorescent proteins. Even though 

structural changes on the ns time-scale could have in principle been studied by Laue 

crystallography at synchrotron sources, only the intense XFEL radiation provides a useful 
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diffraction signal from microcrystals whose size is limited by the requirement of sufficient 

optical activation by the pump laser. TR-SFX is anticipated to provide structural insight into 

photoswitching of other fluorescent proteins that might be of value for rationally tailoring 

their photophysical properties for nanoscopy20. More generally, the number of photosensitive 

proteins whose molecular workings have successfully been uncovered by TR-SFX20,31-40 is 

likely to increase further41. 



 92 

Methods  

Protein expression, purification, crystallization, and filtering  

rsEGFP215 was expressed and purified as described earlier16. For TR-SFX, rsEGFP2 

microcrystals (3  × 3 × 3 µm3) were generated by seeding (Woodhouse et al., to be described 

elsewhere) a solution with final protein, precipitant, salt and buffer concentrations of ~20 

mg/ml, ~2 M ammonium sulphate, 20 mM NaCl, 120 mM HEPES pH 8, respectively. Prior to 

injection, sedimented microcrystals were resuspended in 100 mM HEPES pH 8, 2.5 M 

ammonium sulphate. A suspension containing 2-8% (v/v) microcrystals was filtered through a 

20-µm stainless steel filter using a sample loop and a manually-driven syringe.  

 

Transient absorption spectroscopy of rsEGFP2 in solution and in microcrystals 

Details of the conventional ns-ms transient absorption setup (90° geometry between pump 

and probe beams) for solution measurements were published earlier42. Briefly, a ns pump laser 

at 410 nm (8 ns, 3 mJ) was used and focused onto a 1 cm × 1 mm cell containing the protein 

solution (absorbance of about 1 at 410 nm in a 1 cm path-length). Before pump-laser 

excitation, rsEGFP2 was switched off with 488-nm light (200 mW) from a continuous wave 

laser diode (Cobolt 06-MLD 488) for 2 minutes. After pump-laser excitation, the time traces 

where recorded from 340 to 520 nm every 10 nm to reconstruct the transient absorption 

spectra. Between each single shot excitation rsEGFP2 in solution was converted to its off state 

by visible-light irradiation with a lamp and a long pass filter at 450 nm and a Hamamatsu Xe 

lamp (8 mW/cm2) equipped with a fibre and a band pass filter centred at 480 nm.  

For spectroscopy experiments in H2O solution, rsEGFP2 was either in 50 mM HEPES pH 8, 

50 mM NaCl or in 50 mM HEPES pH 8, 50 mM NaCl, 1.25 M ammonium sulphate. For 

spectroscopy experiments in D2O solution, H2O / D2O exchange was performed by several 

cycles of dilution/concentration. Thirty ml of 50 mM HEPES pD 8, 50 mM NaCl were added 

to a tube containing 2 ml of rsEGFP2 at 70 mg/ml in 50 mM HEPES pH 7.5, 50 mM NaCl. 

Then the protein solution was concentrated to a final volume of 3 ml using 10 kDa 

concentrators (Amicon 15 ml Centrifugal Filters 10 kDa Millipore). The 

dilution/concentration cycle was repeated three times, so that the total dilution factor was at 

least 100, i.e. the final D2O content was  ~ 99%.  

For spectroscopy experiments on microcrystal suspensions, rsEGFP2 microcrystals (3  × 3 × 3 

µm3) were suspended in 100 mM HEPES pH 8, 2.5 M ammonium sulphate. Suspensions were 
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irradiated for 30 min at 488 nm (Cobolt 06-MLD 488; 200 mW) to achieve off-switching. For 

the subsequent ns – ms transient absorption experiment, the crystals were placed in a cell with 

a 1-mm spacer between windows. The setup was modified (collinear geometry between pump 

and probe beams) to minimize light diffusion34. The pump laser (410 nm, 5 mJ) was focused 

using a spherical lens onto the cell containing the colloidal microcrystal suspension. The 

probe light source was not modified from conventional experiments and the focal spot size of 

both pump and probe beams was 2 mm. Following single-shot excitation, the time traces were 

recorded from 350 to 520 nm using 10-nm steps to reconstruct the transient difference 

absorption spectra. Between each single shot excitation the cell was moved manually to probe 

a previously unexposed area. 

 

Pre-illumination, crystal-injection, pump-laser excitation, SFX data collection and on-line 

monitoring 

A suspension of rsEGFP2 microcrystals (2 – 8% (v/v) was transferred into a stainless steel 

syringe that was mounted on an anti-settling device43 and whose temperature was maintained 

at 20°C with an adjustable Peltier element. The microcrystal suspension was injected with a 

gas dynamic virtual nozzle (GDVN44) injector into the helium-filled Diverse Application 

Platform for hard X-ray Diffraction in SACLA (DAPHNIS45) chamber on beamline BL3-

EH4c at SACLA21 (hutch temperature ca 27 ºC). The GDVN carried a sample capillary of 

100 µm inner diameter and operated at flow rates of 30 - 40 µl/min. Both parameters, as well 

as the low microcrystal concentration, were critical to avoid microcrystal aggregation and 

thus nozzle-clogging that occurred at lower flow-rates and smaller nozzle diameters. The 

resulting jet had a diameter of 3-5 µm at a focusing helium pressure of 15 psi.  

On their way from the sample syringe to the injector, rsEGFP2 microcrystals were 

photoswitched from their on-state (the resting state) to the off-state (see Fig. 1) by irradiation 

with continuous 488-nm laser-light (cw, 200 mW) within a pre-illumination device22. The 

analysis of absorption spectra (Fig. 8 in22) obtained from microcrystals collected at the exit of 

the device with (200 mW) and without pre-illumination indicated that approximately 90% of 

microcrystalline rsEGFP2 were switched off. The transit time from the pre-illumination 

device to the interaction zone was less than, or equal to, 1 min. This time interval is short 

compared to the off-to-on thermal recovery of microcrystalline rsEGFP2 (100 min22) so that 

90% of the proteins were in their off-state when reaching the interaction zone. 
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SFX data were collected at 30 Hz using X-rays (nominal photon energy 10 keV, pulse length 

≤ 10 fs, 300 µJ per pulse at the sample position, 2×1011 photons/pulse) focused to 1.4 µm 

(horizontal)   × 1.6 µm (vertical) (FWHM). Data were recorded on an octal-MPCCD detector 

with eight sensor modules46 positioned 52 mm away from the sample. Online monitoring of 

diffraction data, such as determination of hit-rate and estimation of the fraction of multiple 

hits, was done with CASS47. 

TR-SFX data were collected using an optical pump – X-ray probe scheme with a pump-probe 

delay of 10 ns. The off-to-on transition was triggered by a pump-laser pulse (400 nm, 100 ps 

pulse length, 180 µm  × 180 µm focal spot (FWHM), 46 µJ per pulse, leading to a power 

density of 1.4 GW/cm2) generated by a Ti:sapphire laser, aligned perpendicularly to both the 

liquid jet and the X-ray beam. A sequence of interleaved laser_off and laser_on diffraction 

images was collected at 30 Hz.  

 

Off-line hit-finding, sorting of laser-on and laser-off data, data processing 

A total of about 609,000 frames were collected for the laser_on_∆10ns and the laser_off 

datasets, respectively. NanoPeakCell48 was used to perform offline hit-finding and sort frames 

with and without prior pump-laser excitation into laser_on_∆10ns (13300 hits) and laser_off 

(12487 hits) data sets, respectively. CrystFEL 0.6.2 was used for further data processing (i.e 

indexing and integration), resulting in 9781 and 9997 indexed frames for the laser_on_∆10ns 

and laser_off data sets, respectively. The “ring-nocen” method was used for intensity 

integration. The sample-detector distance was refined until the distribution of unit-cell 

parameters was Gaussian49. Merging with the partialator module of CrystFEL 0.6.2 was 

optimal when combining scaling and partiality refinement without the push-res option as 

judged by Rsplit, CC* and the Wilson plot. Data collection statistics are given in 

Supplementary Table 1. 

 

Structure solution and refinement 

The structure corresponding to the laser_off data set was phased by molecular 

replacement using Phaser50 with the structure of rsEGFP2 in it off-state determined by 

synchrotron cryo-crystallography (PDB entry 5DTY16) as a starting model. Refinement with 

the Phenix suite51 included positional and isotropic individual B factor refinement in 

reciprocal space. Model building was carried out using Coot52 and occupancies were set 
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manually. Given that the pre-illumination efficiency was approximately 90%22, an alternate 

chromophore conformation corresponding to the cis isomer in the on-state was included at 

10% occupancy. Accordingly, those residues adopting different conformations in the on- and 

the off-states, i.e. the entire β-strand 7 and Thr204, were also first modelled in double 

conformations, (90% off and 10% on). When the remaining 90% were attributed to the trans 

isomer of the off state, a negative peak in the Fobs
laser_off – Fcalc

laser_off map indicated that the 

relative occupancy must be lower than 90% and a positive Fobs
laser_off – Fcalc

laser_off peak 

halfway between the cis and the trans (called trans1 hereafter) isomers indicated the presence 

of a third chromophore conformer (called trans2 hereafter) occupied at 20% or less (Fig. 3a). 

Ensemble refinement against the laser_off dataset was carried out with the Phenix suite 

starting from the on-state model (cis chromophore; Fig. 3b) or the off-state model (trans1 

chromophore; Fig. 3c). The values of pTLS, tbath and tx were varied, where pTLS is the 

fraction of the molecules included in the TLS fitting procedure, tbath is a parameter that 

controls the X-ray weight and that is coupled to the thermostat temperature and tx is the 

relaxation time used during the simulation. The tested values were 0.6, 0.8, 0.9 and 1.0 for 

pTLS, 2.5, 5 and 10 K for tbath, and 0.35, 0.7 and 1.4 ps for tx. Rfree was plotted as a function 

of the different sets of parameter values using a custom-made python script. The lowest Rfree 

was chosen as a criterion to determine the most appropriate set of values of these three 

parameters. Ensemble refinement indicated the presence of a third chromophore conformation 

(trans2) and a third rotamer of His149 (His149-supp). Consequently, the chromophore and 

His149 were modeled with three alternate conformations, i.e. cis, trans1, trans2 and His149-

on, His149-off, His149-supp, at occupancies of 10%, 70% and 20%, respectively (Fig. 3d). 

Inspecting the Fobs
laser_off – Fcalc

laser_off map indicated that all other residues in β-strand 7 

(positions 146-148 and 150-152) and of Thr204 needed to be modelled as occupying the on- 

and off-state conformers, at relative occupancies of 30% and 70%, respectively.  

Structural changes 10 ns after pump-laser excitation were qualitatively identified in a 

q-weighted23 (qW) difference Fourier electron density map (Fobs
laser_on_∆10ns-Fobs

laser_off), 

calculated with the laser_off structure as a phase model using CNS53 (Fig. 4a). For further 

analysis, extrapolated structure factors (Fext) were calculated based on the q-weighted 

structure factor amplitude differences according to the following formula: 

Fextrapolated
laser_on_∆10ns= α * q/<q> * (Fobs

laser_on_∆10ns - Fobs
laser_off) + Fobs

laser_off (eq. 1), where α is the 

inverse of the estimated occupancy of the fraction of molecules that changed conformation 

upon photoexcitation and q is the Bayesian weight retrieved through the q-weighting 
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procedure23. To determine α, a procedure reported earlier20 was applied, i.e. 

Fextrapolated
laser_on_∆10ns were calculated and the ratio of integrated peaks in the Fextrapolated

laser_on_∆10ns 

– Fcalc
laser_off map and of integrated peaks in the qW Fobs

laser_on_∆10ns - Fobs
laser-off map was plotted as 

a function of α (Supplementary Fig. 4). Only peaks in the vicinity of the chromophore, 

Tyr146, His149, Val151 and Thr204 were integrated. The most appropriate value of  α is the 

one at which a plateau is reached, i.e. 2 in the present case (Supplementary Fig. 4). An α of 2 

corresponds to an occupancy of 50% of the laser_on_∆10ns intermediate structure that 

exceeds the primary switching quantum yield (0.33) because of multiple consecutive 

excitations during the 100-ps pump pulse. When Fext were calculated without q-weighting, α 

was estimated to be 2.5 (40% occupancy), at which similar 2Fext – Fcalc maps were obtained. 

The laser_on_∆10ns intermediate structure was refined using the difference 

refinement procedure, and 2Fextrapolated
laser-on-∆10ns – Fcalc and Fextrapolated

laser-on-∆10ns – Fcalc electron 

density maps were used to build the model. The same procedure as for the laser-off model 

(Fig. 4b and Supplementary Fig. 5) was followed. A simulated annealing 

2Fextrapolated
laser_on_∆10ns - Fcalc composite omit map was calculated to remove any potential 

model bias (Fig. 4c and Supplementary Fig. 5d). His149 was modeled either in a 

conformation (off-like) similar to His149-off in the off-state (Supplementary Fig. 5a), in a 

conformation (on-like) similar to His149-on in the on-state (Supplementary Fig. 5b) or by a 

mixture of both (40% and 60%, respectively) (Supplementary Fig. 5c) and coordinates and 

individual B factors were refined. The various computed maps indicate that the mixture of 

conformations best fits the data. Asn147, Ser148 and Asn150 were also modelled in alternate 

conformations allowing to release the strain on the peptide bonds around His149 in the on- 

and off-like conformations. Simulated annealing composite omit maps (Fig. 4c and 

Supplementary Fig. 5d), a polder map with omitted His149 (Supplementary Fig. 5e) and a 

feature-enhanced map (Supplementary Fig. 5f) were calculated with Phenix for validation. 

Hydrogens were added in the riding positions using phenix.reduce in the last step of 

reciprocal-space refinement, but not kept in the final model. Refinement statistics are given in 

Supplementary Table 1. Figures were prepared using PyMOL54. 
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Figures and tables 

 

Supplementary Table 1: Data collection and refinement statistics 

Dataset  laser_off laser_on_∆10ns 

PDB entry code 6GMJ 6GMK 

Pre-illumination (488 nm) yes yes 

Pump-laser excitation (400 nm) no yes 

Nominal pump-probe delay n.a. 10 ns 

Space group P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.7  

62.9 

71.7 

 

52.0 

62.9 

72.1 

Collected frames ~609,000 ~609,000 

Indexed frames 9,997 9,781 

Resolution (Å) 29.46 – 1.7 

(1.73  – 1.7) 

31.30 – 1.9 

(1.93  – 1.9) 

Rsplit (%) 21.83 (48.01) 11.67 (41.80) 

CC* 0.98 (0.91) 0.99 (0.93) 

I / σ(I) 4.74 (2.52) 6.56 (3.03) 

Completeness (%) 100 (100) 100 (100) 

Multiplicity 76.7 (23.6) 107.34 (13.9) 

Riso (with respect to laser_off 
dataset)* 

n.a 0.295 

Refinement statistics   

Refinement  Classical 
refinement 

Difference-
refinement 

Resolution (Å) 1.7 (1.73-
1.70) 

1.9 (1.96-1.90) 

Number of reflections 26348 (2736) 18204 (2610) 

Rfree 18.12 (25.45) 23.67 (32.95) 

Rwork 14.91 (22.87) 18.95 (25.81) 

Number of protein atoms 2230 2039 

Number of water molecules 254 163 

B-factor protein (Å2) 40.6 33.5 

r.m.s.d. bond lengths (Å) 0.022 0.006 

r.m.s.d. angles (°) 1.999 0.873 
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Ramachandran favoured 98.51 98.80 

Ramachandran allowed 1.49 0.80 

Ramachadran outliers 0.00 0.40 

Rotamer outliers 0.82 0.88 

C-beta outliers 0 0 

Clashscore 9.5 5.2 

*Riso was calculated using Scaleit up to 1.9 Å resolution. 
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Figure 1: (a) Three-dimensional structure of rsEGFP2 showing an 11-stranded β-barrel 
embedding a chromophore held by a central α-helix. (b) Photoswitching scheme. The 
chromophore of rsEGFP2 in its fluorescent on state (bottom) absorbs at 479 nm (laser 488 
nm) and emits at 503 nm. The competitive isomerization leads the chromophore to its non-
fluorescent off-state, which absorbs at 403 nm (laser 400 nm) and ultimately isomerizes back 
to the initial on-state. Flashes and arrows represent the colour of each actinic wavelength. The 
width of arrows is representative of the efficiency of each isomerization. 
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Figure 2: Transient absorption spectroscopy of rsEGFP2 in H2O solution (50 mM HEPES pH 
8, 50 mM NaCl). (a) Time-resolved difference absorption spectra recorded after a 410 nm 
nanosecond excitation of the trans protonated off state. The spectrum without laser excitation 
was subtracted to calculate the difference spectrum. The coloured arrows correspond to the 
three time constants identified by a global fit analysis of kinetic traces for all wavelengths. (b) 
Static difference absorption spectra for cis protonated (obtained at pH 4) minus trans 
protonated form (obtained at pH 8). (c) Decay associated spectra obtained by fitting the 
kinetic traces in panel a for all wavelengths with three exponential functions. 
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Figure 3: Chromophore (HBI) and its neighbouring residues in rsEGFP2 laser_off structure 
determined by serial femtosecond crystallography without pump-laser activation. (a) The 
initial laser-off model consists of  a mixture of the off-state conformer (light grey carbon 
trace) and the residual on-state conformer (yellow carbon trace) with occupancies of 90% and 
10%, respectively. B-sharpened 2Fobs

laser_off - Fcalc
laser_off (blue) and Fobs

laser_off - Fcalc
laser_off 

(green/red) maps at 1.7 Å resolution are displayed at 1σ and +/- 3σ, respectively. A positive 
Fobs

laser_off -Fcalc
laser_off peak between the trans (grey) and the cis (yellow) chromophores suggests 

the presence of an additional conformer. (b) Result of ensemble refinements against the laser 
_off data set starting for the off-state model (chromophore 100% trans1) or (c) the on-state 
model (chromophore 100% cis). A third chromophore conformation and a third rotamer of 
His149 are revealed. (d) The final laser-off model features triple conformations of His149 and 
of the chromophore, i.e. His149-off and trans1 (light grey), His149-on and cis (yellow) and 
the additional His149-supp and trans2 (dark grey) conformations, at 70%, 10% and 20% 
occupancy, respectively. Alternate conformations of Tyr146 and Val151 are the ones of the 
off- and the on-state, at 70% and 30% occupancy, respectively. B-sharpened 2Fobs

laser_off - 
Fcalc

laser_off (blue) and Fobs
laser_off -Fcalc

laser_off (green/red) maps calculated from the laser-off data set 
at 1.7 Å resolution are displayed at 1σ and +/- 3σ, respectively. 
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Figure 4: Chromophore (HBI) and its binding pocket 10 ns after pump-laser activation. (a) 
Q-weighted difference electron density map (Fobs

laser_on_∆10ns - Fobs
laser_off) is contoured at +3σ 

(green) and -3σ (red) and overlaid onto the model determined from the laser_off data set. (b) 
Model of the laser_on_∆10ns intermediate structure (cyan) determined by difference 
refinement at 1.9 Å resolution. B-sharpened 2Fextrapolated

laser_on_∆10ns - Fcalc (blue, 1σ) and 
Fextrapolated

laser_on_∆10ns - Fcalc maps (green/red, +/- 3σ, respectively) are shown. (c) Simulated 
annealing composite omit 2Fextrapolated

laser_on_∆10ns - Fcalc map (magenta, 1σ). 
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Figure 5: Overlay (a, d) of the chromophore region in the 10-ns intermediate structure (cyan, 
b, e) and the on–state structure (yellow, c, f) determined from SFX at room temperature (PDB 
entry code 5O8920). The focus is on the phenol moiety of the chromophore, His149 and water 
W356 (a, b, c) and on the entire chromophore, Ser206 and Glu223 (d, e, f). Key distances are 
indicated. 
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Figure 6: Model for the rsEGFP2 off-to-on photoswitching process. The bold magenta bar 
represents the laser_on_∆10ns intermediate structure determined by TR-SFX. Time constants 
correspond to those determined by nanosecond-resolved pump-probe UV-visible absorption 
spectroscopy in H2O solution (50 mM HEPES pH 8, 50 mM NaCl). 
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Supplementary figures 

 

 
Supplementary Figure 1: Transient absorption spectroscopy of rsEGFP2 in D2O solution (50 
mM HEPES pD 8, 50 mM NaCl). (a) Time-resolved difference absorption spectra recorded 
after nanosecond excitation at 410 nm of the trans protonated off-state. The spectrum without 
laser excitation was subtracted to calculate the difference spectrum. The coloured arrows 
correspond to the three time constants identified by a global fit analysis of kinetic traces at all 
wavelengths. (b) Decay associated spectra obtained by fitting the kinetic traces in panel a for 
all wavelengths with three exponential functions. 
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Supplementary Figure 2: Transient absorption spectroscopy of a suspension of rsEGFP2 
microcrystals in 100 mM HEPES pH 8, 2.5 M ammonium sulphate. (a) Time-resolved 
difference absorption spectra recorded after a 410 nm nanosecond excitation of the trans 
protonated off state. The spectrum without laser excitation was subtracted to calculate the 
difference spectrum. The coloured arrows correspond to the three time constants identified by 
a global fit analysis of kinetic traces for all wavelengths. (b) Decay associated spectra obtained 
by fitting the kinetic traces in panel a for all wavelengths with three exponential functions. 
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Supplementary Figure 3: Transient absorption spectroscopy of rsEGFP2 in H2O solution (50 
mM HEPES pH 8, 50 mM NaCl, 1.25 M ammonium sulphate). (a) Time-resolved difference 
absorption spectra recorded after a 410 nm nanosecond excitation of the trans protonated off state. 
The coloured arrows correspond to the three time constants identified by a global fit analysis 
of kinetic traces for all wavelengths. The spectrum without laser excitation was subtracted to 
calculate the difference spectrum. (b) Decay associated spectra obtained by fitting the kinetic 
traces in panel a for all wavelengths with three exponential functions. 
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Supplementary Figure 4: Determination of the weighting factor α, corresponding to the 
inverse of the occupancy of the laser-on-∆10ns model. The ratio of integrated peaks in the 
Fextrapolated

laser_on_∆10ns – Fcalc
laser_off map and of integrated peaks in the qW Fobs

laser_on_∆10ns - Fobs
laser_off 

map is plotted as a function of  α. 
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Supplementary Figure 5: Modelling the side chain of His149 in the laser_on_∆10ns 
intermediate structure (a) in a conformation (off-like) similar to His149-off in the off-state (b) 
in a conformation (on-like) similar to His149-on in the on-state (c) in a mixture of both at 
occupancies of 40% and 60%, respectively. B-sharpened 2Fextrapolated

laser_on_∆10ns - Fcalc (blue, 1σ) 
and Fextrapolated

laser_on_∆10ns - Fcalc maps (green/red, +/- 3σ, respectively) obtained using 
extrapolated structure factors are shown. (d) Simulated annealing composite omit 
2Fextrapolated

laser_on_∆10ns - Fcalc map (magenta, 1σ). (e) Polder map where His149 was omitted 
(green/red, +/- 3σ, respectively). (f) Feature enhanced 2Fextrapolated

laser_on_∆10ns - Fcalc map (orange, 
1σ). Models are displayed in cyan.  
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5. Chapter IV: Structural characterization 
of the on- and off-state of rsEGFP2 V151A 

and V151L 
 
Introduction 

 

 Chapter II reported on a twisted chromophore conformation that is adopted in the 

excited state 1 ps after illumination of rsEGFP2 in its off-state (Coquelle et al., 2018). From 

this excited-state structure, the hypothesis was formulated that amino acid side chains in the 

vicinity of the chromophore might affect its motion during photoswitching and thus the 

photophysical properties of rsEGFP2. In particular, the side chain of Val151 seemed to hinder 

formation of the twisted chromophore. In order to test the hypothesis that Val151 possibly 

acts as a gate obstructing chromophore isomerization (Figure 4d in Coquelle et al., 2018, 

chapter II), variants were generated in which Val151 was substituted by an amino acid with a 

longer (Leu) or a shorter (Ala) side chain. They were characterized structurally in the 

framework of this thesis and spectroscopically by Dr. Virgile Adam (IBS), in order to assess 

the effect of these mutations on protein properties, thereby clarifying the role of Val151 in 

rsEGFP2.  

 Figure 1 shows the absorption spectra of the on- and off-states of rsEGFP2 and its two 

variants, V151A and V151L (data provided by Dr. Virgile Adam). The on-state spectra of the 

three versions display a peak with a maximum at around 488 nm. The spectra for rsEGFP2 

and its variant V151L are almost super-imposable. A shoulder to the peak is observed at 

~ 400 nm in rsEGFP2 and its variant V151A, which is missing in the on-state spectrum of 

rsEGFP2 V151L. The off-state spectra of the three versions of the protein are quite different. 

The main peak of the off-state spectrum of rsEGFP2 V151A (maximum at 404 nm) is blue-

shifted compared to the original protein (maximum at 406 nm), and the peak of the off-state 

spectrum of rsEGFP2 V151L (maximum at 425 nm) is red-shifted compared to the original 

protein. A secondary peak is observed in the off-state spectrum of rsEGFP2 and V151L 

around 490 nm. The red-shift of the rsEGFP2 V151L off-state spectrum increases the overlap 

of the on- and off-state spectra, whereas the observed blue-shift of the off-state spectrum of 

V151A decreases this overlap. A decrease and an increase in the overlap of the on- and off-

state spectra could lead to an increase and a decrease of the switching contrast (the ratio 
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between the fluorescence maximum measured under 405-nm-light illumination and the 

fluorescence minimum measured under 488-nm-light illumination after an equilibrium is 

reached). Indeed, this contrast is improved in rsEGFP2 V151A and degraded in rsEGFP2 

V151L (Figure 2). Table 1 reports various photophysical parameters for rsEGFP2 and its 

variants (data provided by Dr. Virgile Adam).  

 Overall, the off-to-on switching quantum yield is ten times higher than the on-to-off 

one for rsEGFP2 and its variants (Table 1). The mutation leads to an increase and a decrease 

of off-to-on and on-to-off switching quantum yields for rsEGFP2 V151A and V151L, 

respectively, compared to the original version. In other words, V151A is a better switcher, 

while V151L is less efficient. The shoulder observed in the on-state spectrum at 400 nm of 

rsEGFP2 (cyan trace in Figure 1) and rsEGFP2 V151A (green trace in Figure 1) could 

correspond to a small population of proteins in the off-state generated by ambient light. Such 

ambient-light conditions would not be sufficient to switch off rsEGFP2 V151L which could 

explain why the shoulder is missing in its on-state spectrum (yellow trace in Figure 1). 

Moreover, the secondary peak observed at around 490 nm in the off-state spectrum of 

rsEGFP2 (magenta trace in Figure 1) and rsEGFP2 V151L (red trace in Figure 1) could result 

from a residual on-state population, illustrating the decreased contrast compared to rsEGFP2 

V151A for which this secondary peak is missing in the off-state spectrum (blue trace in Figure 

1). 

 Structural investigation of the rsEGFP2 V151A and V151L variants was then 

undertaken in this thesis to reveal potential structural changes in the chromophore pocket that 

could help explaining the observed photo-physical differences between variants and the 

original protein. The current chapter presents X-ray crystallographic structure solution and 

analysis of rsEGFP2 V151A and V151L variants in their on- and off-states. 

 

Results 

X-ray crystal structures of rsEGFP2 variants 

 X-ray crystallographic data were collected at the ESRF synchrotron on the obtained 

macrocrystals to solve the structure of the fluorescent on- and the non-fluorescent off-states of 

the rsEGFP2 V151A and V151L variants. To determine the structure of the resting state, i.e. 

the on-state, crystals were not illuminated. To generate the off-state prior to data collection, 

crystals were exposed to 488-nm laser light until the crystal turned white, indicating that 

photoswitching from the on- to the off-state occurred.  
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Crystal structures of rsEGFP2 V151A in the on- and off-states 

A model of the on-state of rsEGFP2 V151A was built in a well defined 2Fobs-Fcalc 

electron density map at 1.4 Å resolution with final Rwork/Rfree values of 17.76%/14.82% 

(Figure 3a and Table 2). The mutation at position 151 from valine to alanine is evident. The 

chromophore appears to be a cis isomer, as expected for the on-state. The phenol group of the 

chromophore and the imidazole ring of the His149 were refined with an occupancy of 0.9 

indicating that these two groups are either not fully occupied, or partially disordered. A model 

of the 488-nm illuminated state of rsEGFP2 V151A was built and refined in a 2Fobs-Fcalc map 

at 1.55 Å resolution with a final Rwork/Rfree of 20.85%/16.04% (Figure 3b and Table 2). In 

contrast to the on-state, the chromophore appears to be in a trans isomerization state, as 

expected for the off-state and also His149 is in a different conformation.  

 

Crystal structure of rsEGFP2 V151L in the on- and off-states 

A model of the fluorescent on-state of rsEGFP2 V151L was built in a 2Fobs-Fcalc 

electron density map and refined at 1.8 Å resolution with final Rwork/Rfree of 20.91%/16.17% 

(Figure 3c and Table 2). It can be seen that the valine in position 151 has indeed been 

substituted by a leucine. The chromophore appears in the cis configuration. A model of the 

488-nm illuminated state of rsEGFP2 V151L was built in a 2Fobs-Fcalc map and refined at 1.7 

Å resolution with a final Rwork/Rfree of 15.28%/19.65% (Figure 3d and Table 2). The 

chromophore, His149 and Leu151 are displayed in two conformations with occupancies of 

50% each. The alternate conformations of the chromophore correspond to a trans isomer, 

characteristic of the off-state, and to a cis isomer similar to the one in the on-state, indicating 

that on-to-off photoswitching was not fully efficient. Several datasets were collected on 

different crystals after 488-nm illumination, and in each case a mixture of cis and trans 

isomers was observed. Table 2 reports statistics for crystallographic data collections and 

processing and of model refinement. 

 

Comparison of rsEGFP2 V151A and rsEGFP2 on- and off-state structures 

 The on-state structures of rsEGFP2 V151A and of rsEGFP2 are very similar, except 

for the introduced mutation (Figure 4a). The distance between the oxygen of the phenol and 

His149-ND1 was measured to be 2.7 and 2.8 Å for rsEGFP2 and rsEGFP2 V151A 
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respectively, indicating a possible hydrogen bond in both cases. There is a striking difference 

between the off-state of rsEGFP2 and the off-state of rsEGFP2 V151A (Figure 4b). His149 

loses the hydrogen bond to the chromophore when switching from the on- to the off-state, but 

only in rsEGFP2 does its NE2 atom form another bond with the phenol oxygen of Tyr146 

(distances of 2.6 and 4.9 Å for rsEGFP2 and rsEGFP2 V151A, respectively). In both off-state 

structures, the chromophore is hydrogen bonded to a water molecule (distances of 2.8 and 2.9 

Å for rsEGFP2 and rsEGFP2 V151A, respectively).  

 

Comparison of rsEGFP2 V151L and rsEGFP2 on- and off-state structures 

The on-state of the V151L variant is very similar to the one of rsEGFP2, as for 

V151A, except for the introduced mutation (Figure 4c). The distance between the oxygen of 

the chromophore phenol group and His149-ND1 is 2.9 Å for V151L, indicating a possible 

hydrogen bond. The comparison between rsEGFP2 and rsEGFP2 V151L off-state structures 

displays a most striking difference: the chromophore is in two different trans conformations 

(Figure 4d). The chromophore in the off-state of rsEGFP2 is not hydrogen bonded to His149 

as in the on-state, but rather to a water molecule. In V151L, to the contrary, the oxygen atom 

of the chromophore phenol group forms a hydrogen bond with His149-ND1 (distance of 2.7 

Å). His149 in the off-state does not adopt the same conformer in the V151L variant as in 

rsEGFP2. In the latter, Tyr146 moved from its on-state position to form a hydrogen bond with 

His149 in the off-state. In the V151L variant (Figure 4d), however, Tyr146 adopts the same 

conformation in the on- and the off-states (Figure 3d).  

 

Comparison of on- and off-state structures in V151A and V151L variants 

 Comparing the on- and the off-state structures shows that photoswitching involves a 

movement in His149 and chromophore isomerization in both variants, yet with a smaller 

amplitude in the V151L than in the V151A variant (Figure 5a and b). The on-state structures 

of the two variants are very similar (Figure 5c) but the off-state structures differ (Figure 5d). 

In the V151L variant, the chromophore is hydrogen bonded to His149, which is in a different 

conformation than in the V151A variant. 
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Discussion 

 

The crystal structures of rsEGFP2 V151A and V151L variants in their on- and off-

states were solved and compared to the corresponding structures of the original rsEGFP2 

protein. The on-state structures of the variants and of the original protein are very similar 

(Figures 4a and 4c). However, there is an important difference between the off-state structures 

of the two variants. While in the V151A variant the chromophore displays a conformation 

close to the one observed in rsEGFP2 (Figure 4b), the V151L off-state structure reveals a 

chromophore conformation different from the one of rsEGFP2 (Figure 4d), yet similar to the 

one in the off-state of rsFolder (El Khatib et al., 2016). As a consequence, the isomerization 

amplitude for the V151L variant (Figure 5b) is much smaller than for the V151A variant and 

the orignal protein (Figure 4b). Substituting valine in position 151 by a leucine residue thus 

introduced a steric obstacle limiting the amplitude of chromophore isomerization during 

photoswitching. Another unique feature of the V151L variant is its hydrogen bond between 

the chromophore phenol group and His149 in both its on- and off-states (Figure 5b), which is 

not present in the off-states of the V151A variant and the original protein (Figure 4b).  

 

 The degraded switching contrast of V151L compared to rsEGFP2 (Table 1, Figure 2) 

is manifested in the structure of the 488-nm illuminated state (Figure 3d), where it appears 

clearly that half of the crystalline proteins remained in the on-state as judged from a 50% 

occupancy of a cis chromophore that adds to the 50% of a trans chromophore characteristic of 

the off-state. This mixture reveals the difficulty, or even the probable impossibility, to fully 

switch-off the protein. Furthermore, we reported that the on-to-off switching quantum yield of 

V151A is increased compared to rsEGFP2 (Coquelle et al., 2018). In other words, V151A is a 

better switcher than rsEGFP2. A model of the V151A structure in the on-state was refined 

with a reduced occupancy for the chromophore and for His149, indicating a possible 

depopulation of the on-state due to the exposure to the ambient light of the crystal during 

harvesting and flash-cooling.  

 

While the on-state spectra of rsEGFP2 V151A and V151L are quite similar to the one 

of rsEGFP2, with a maximum at around 488 nm, the off-state spectra are quite different 

(Figure 1). The off-state spectrum of rsEGFP2 shows a peak at 406 nm. The same peak is 

blue-shifted with a maximum at 404 nm for V151A and red-shifted with a maximum at 425 
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nm for V151L. The differences in chromophore conformation of rsEGFP2 and its variants in 

the off-state correlates with the observed shift in their respective absorption spectrum. This 

shift leads to a change in the degree of overlap between on- and off-state absorption spectra, 

providing an explanation for the improved and degraded contrast in V151A and V151L, 

respectively (Figure 1). Moreover, a secondary absorption peak at around 480 nm in the off-

states of rsEGFP2 and of V151L could be interpreted as resulting from a residual on-state 

fraction that illustrates the lower contrast compared to V151A.  

Furthermore, rsEGFP2 displays on-to-off and off-to-on photoswitching quantum yields 

intermediate between those of its two variants (Table 1). Moreover, the off-state spectrum of 

rsEGFP2 appears like a mixture of the off-state spectra of V151A and V151L (Figure 2). 

Together, these observations support the notion that off-to-on photoswitching behavior of the 

original rsEGFP2 protein is a mixture of the behaviors of its two variants. The crystal 

structures of the two variants provide structural clues to understand the photophysical 

properties of rsEGFP2 and its two variants. Indeed, the side-chain length of the residue in 

position 151 alters the chromophore environnement and seems to modify chromophore-

switching behavior. The longer (shorter) the sidechain is, the lower (higher) are the switching 

contrast and the switching quantum yields. In the following chapter, experimental evidence 

will be provided that supports the hypothesis that the rsEGFP2 off-state can be decomposed 

into two structurally different off-states. 

The results presented in this and the following chapter were the starting point of a new 

PhD project (Kyprianos Hadjidemetriou) aimed at studying the rsEGFP2 variants by TR-SFX 

following the same approach than already published (chapter II, Coquelle et al., 2018). In 

addition to the femtosecond transient difference absorption study by Michel Sliwa 

(unpublished), TR-SFX data at pump probe delays of 1, 3, and 20 ps were successfully 

collected on V151A microcrystals during a recent LCLS beamtime (LR38, 22 – 26 February 

2018). V151A microcrystals for this experiment were produced according to the protocol 

presented in chapter I. 

 

Material and methods 

Site-directed mutagenesis 

 The rsEGFP2 variants were generated following the same procedure than described 

in (Coquelle et al., 2018). 5’- CAACAGCCACAACGCCTATATCATGGCC-3’ and 5’- 
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CTACAACAGCCACAACCTCTATATCATGGCCG-3’ fragments were used as primers for 

V151A and V151L substitution, respectively. 

 

Expression and purification 

The variants (V151A and V151L) of rsEGFP2 were expressed and purified following 

the same procedure than described in chapter I. Competent E. coli BL21 (DE3) cells were 

transformed. Bacteria were grown in self-inducible medium at 37 °C. After lysis, the protein, 

fused to a N-terminal polyhistidine tag, was purified by affinity chromatography using Ni-

NTA beads followed by a size-exclusion chromatography step. 

 

Crystallization 

For V151L, crystallization trials were performed using the vapor diffusion method 

with hanging drops in 24-well plates. The well solution was composed of 100 mM HEPES 

pH 7.8 - 8.4 and 1.7 - 2.4 M ammonium sulfate for a total volume of 500 µl. Drops were 

prepared at 20 °C by mixing 2 µl from the well with 2 µl of protein solution at 10 mg/ml in 50 

mM HEPES pH 7.5, 50 mM NaCl. Crystals appeared within a few days and were still 

growing during a few weeks to reach their final size.  

For V151A, crystallization trials were first assessed following the same procedure 

using the same conditions than for rsEGFP2 V151L but without success (drops remained 

clear even after several days). A cross-seeding approach was then adopted. First, V151A 

crystals were generated by vapor diffusion in sitting drops on 24-well plates using seeds of 

original rsEGFP2 whose preparation is described in chapter I. The well solution was 

composed of 100 mM HEPES pH 8, 2 M ammonium sulfate. Drops were prepared at 20 °C 

by mixing 10 µl of protein solution at 10 mg/ml, 50 mM HEPES pH 7.5, 50 mM NaCl with 

10 µl of solution at 2 M ammonium sulfate, 100 mM HEPES pH 8 containing rsEGFP2 seeds 

diluted 1/1000 (v/v). After a few days, crystals appeared and reached their final size. Drops 

were then collected and pooled in a tube. After centrifugation, the supernatant was removed 

and the pellet suspended in 2 M ammonium sulfate, 100 mM HEPES pH 8 to a total volume 

of ~240 µl. Crystals were then crushed using a Bead Bug Homogenizer for four to five 180-

second cycles at 4500 rpm The tubes were centrifuged, the supernatant was removed and the 

pellet formed of crystal fragments was suspended in 2 M ammonium sulfate, 100 mM HEPES 

pH 8. Seed stocks were constituted with a range of seed dilutions (1/1000, 1/2000, 1/4000, 

1/8000, 1/16000, 1/32000 (v/v)) in 1.8 - 2.4 M ammonium sulfate concentration. Finally, 
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rsEGFP2 V151A crystals were generated on 24-well plates using the vapor diffusion method 

in hanging drops. The well solution was composed of 100 mM HEPES pH 8, and 1.8 - 2.4 M 

ammonium sulfate concentration. Drops were prepared by mixing 2 µl of protein solution at 

10 mg/ml, 50 mM HEPES pH 7.5, 50 mM NaCl with 2 µl of a V151A seed stock at various 

dilutions. Crystal appeared and reached their final size within a few days. The reason why 

seeding was necessary to obtain crystals is still unclear. Generation of V151A macrocrystals 

was later repeated by Maxime Killer who spontaneously obtained crystals without using 

seeds. 

 

In crystallo photoswitching, X-ray data collection and processing 

 For structure determination of the rsEGFP2 V151A variant in its on-state, a 

macrocrystal (200  × 20 × 20 µm3) grown in 2.2 M ammonium sulfate, 100 mM HEPES pH 8 

was harvested with a cryo-loop and soaked for a few seconds in a cryo-solution composed of 

2 M ammonium sulfate, 100 mM HEPES pH 8, 20 % glycerol (the same cryo-solution was 

used for all crystal preparations presented here). Then the crystal was flash-cooled in liquid 

nitrogen. For structure determination of V151A in the off-state a macrocrystal (150 × 10 × 10 

µm3) grown in the same condition was exposed to 488-nm laser-light, guided through a fiber, 

for around one minute at room temperature (RT) directly in the drop where it grew until the 

crystal turned white. The crystal was then harvested with a cryo-loop and soaked in the cryo-

solution before being flash-cooled. For structure determination of the rsEGFP2 V151L variant 

in its on-state, a macrocrystal (300 × 100 × 100 µm3) grown in 1.7 M ammonium sulfate, 100 

mM HEPES pH 7.8, 10 mg/ml was harvested with a cryo-loop and soaked in the cryo-

solution before being flash-cooled in liquid nitrogen. For structure determination of V151L in 

the off-state, the same procedure than for V151L was applied. A macrocrystal (150 × 50 × 50 

µm3) grown in 1.8 M ammonium sulfate, 100 mM HEPES pH 8.2, 10 mg/ml protein was 

exposed to 488-nm laser-light for around one minute at RT as described above and then 

soaked in the cryo-solution before being flash-cooled. 

 

 X-ray crystallographic oscillation data were collected at 100 K on ID29 at the 

European Synchrotron Radiation Facility (ESRF, Grenoble, France) operating in 7/8 

multibunch mode at an X-ray wavelength of 0.976 Å (12.7 keV) and with a beamsize of 30 

µm  × 30 µm. Data were recorded with a Pilatus 6M detector (Dectris). For rsEGFP2 V151A 

in the on-state, 1050 frames were recorded with an oscillation range of 0.10 ° and an exposure 
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time of 0.037 s per frame with a photon flux of 1.6 × 1011 ph/s at 5 % transmission. For 

rsEGFP2 V151A in the off-state, 547 frames were recorded (oscillation range 0.15 °, exposure 

time 0.039 s per frame, photon flux 2.8 × 1011 ph/s, 9.94 % transmission). For rsEGFP2 

V151L in the on-state, 794 frames were recorded (oscillation range 0.15 °, exposure time 0.1 

s per frame, photon flux 2.2 × 1010 ph/s, 1.27 % transmission). For rsEGFP2 V151L in the off-

state, 950 frames were recorded (oscillation range 0.10 °, exposure time 0.037 s per frame, 

photon flux 2.8 × 1010 ph/s, 9.02 % transmission). Images were indexed and intensities were 

integrated and merged using XDS (Kabsch, 2010). 

 

Molecular replacement and structure refinement 

 For both states of the two variants, molecular replacement was performed with Phaser 

(McCoy et al., 2007) using the cryo-structure of rsEGFP2 in the fluorescent on-state as a 

starting model (PDB entry: 5DTX, El Khatib et al., 2016). Manual model building was 

performed in Coot (Emsley et al., 2010) and refinement with the Phenix suite (Afonine et al., 

2012) included positional and isotropic individual B factor refinement in reciprocal and real 

space. PyMOL (DeLano, 2002) was used to produce figures. For the structure of the on-state 

of rsEGFP2 V151A, the occupancy of the phenol of the chromophore and the imidazole of 

His149 was fixed to 0.9 before final cycles of refinement were carried out. For the structure of 

rsEGFP2 V151L after 488-nm-light illumination, the chromophore, His149 and Leu151 were 

modeled in alternate conformations with an occupancy fixed to 0.5 before the final cycles of 

refinement. 
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Figures and tables 

 

 
Figure 1: Absorption spectra of rsEGFP2 and its two variants, V151A and V151L in their 
fluorescent on-state and non-fluorescent off-state in solution. Spectra of the on and off-states 
of rsEGFP2 are represented in cyan and magenta, respectively. Spectra of the on- and off-
states of rsEGFP2 V151A are in green and blue, respectively. Spectra of the on- and off-states 
of rsEGFP2 V151L are represented in yellow and red, respectively. Doted vertical lines are 
indicating the peak maxima in the off-state spectra. Spectroscopy measurements, 
normalization and analyses were performed by Dr. Virgile Adam. 
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Figure 2: Reversible fluorescence switching cycle of rsEGFP2 (black), rsEGFP2-V151A 
(red), rsEGFP2-V151L (blue) at low illumination power density (488 nm: 6.7 mW/cm2, 
405 nm: 1 mW/cm2). Data provided by Dr. Virgile Adam. 
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 rsEGFP2 

WT 
rsEGFP2-

V151A 
rsEGFP2-

V151L 
Absorption maximum on [nm] 479 483 482 
Absorption maximum off [nm] 406 404 425 
Extinction coefficient (ε) on (488 nm), pH 7.5 
[M−1.cm−1] 

57150 47660 65847 

Extinction coefficient (ε) off (404 nm), pH 7.5 
[M−1.cm−1] 

22000 24640 37153 

Extinction coefficient (ε) off (488 nm), pH 7.5 
[M−1.cm−1] 

87.8  37.4  302.8  

Fluorescence quantum yield  0.31  0.25  0.41  
Brightness  17 145 11 915 26 997 
On-to-off switching quantum yield (Φoff) 0.0431 0.0639 0.0284 
Off-to-on switching quantum yield (Φon) 0.402 0.77 0.31 
Contrast (based on ε) ~50 (650)  ~100 

(1270)  
~20 (210) 

 
Thermal recovery (h) 4.5 65 10 
pKa  5.8 6.3 5.7 

 
Table 1: Photophysical parameters for rsEGFP2 and its V151A and V151L variants. The 
analysis was carried out by Dr. Virgile Adam.  
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Figure 3 : Zoom on the chromophore (HBI) region in crystal structures of rsEGFP2 variants 
V151A and V151L in their on- and off-states. (a, b) Electron density maps (mesh) and models 
of the rsEGFP2 V151A variant in the (a) on- (green) and (b) off-state (dark grey). (c, d) 
Electron density maps (mesh) and model of the rsEGFP2 V151L variant in the (c) on- 
(yellow) and (d) off-state (light grey). In (d) an alternate conformation of the chromophore 
corresponding to the cis isomer of the on-state (yellow) remains in the off-state. 2Fo-Fc (1σ) 
and Fo-Fc (+/- 3σ) electron density maps are shown in blue and green/red, respectively. 
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Data collection and 

processing 
    

Dataset rsEGFP2 V151A 
on-state 

rsEGFP2 
V151A 
off-state 

rsEGFP2 
V151L 
on-state 

rsEGFP2 
V151L 
off-state 

Illumination (488 nm) No Yes No Yes 

Space group P212121 P212121 P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

50.99 

62.09 

69.41 

 

51.16 

60.29 

66.61 

 

51.14 

62.51 

70.42 

 

51.33 

61.21 

70.29 

Collected frames 1050 547 794 950 

Observations 166,004 (12,182)* 89,498 (6,540) 91,956 
(14,602) 

84,740 
(13,701) 

Resolution (Å) 1.4 (1.44-1.4) 1.55 (1.59-
1.55) 

1.8 (1.91-1.8) 1.7 (1.81-1.7) 

Rmeas (%) 4.8 (42.5) 4.5 (60.6) 6.5 (46.6) 4.7 (42.8) 

CC ½ (%) 99.9 (85.3) 99.9 (70.7) 99.9 (91.6) 99.9 (87.1) 

I/σ(Ι) 17.26 (3.23) 14.82 (2.26) 14.17 (2.72) 4.7 (42.8) 

Completeness (%) 97.4 (96.7) 97.0 (98.4) 98.3 (98.3) 97.2 (98.5) 

Multiplicity 3.9 (3.9) 3.0 (3.0) 4.3 (4.3) 3.5 (3.5) 

Refinement statistics     

Resolution (Å) 1.4 (1.43-1.40) 1.55 (1.60-
1.55) 

1.8 (1.88-1.80) 1.7 (1.77-1.70) 

Number of reflections 42,980 (2,810) 29,616 (2,662) 21,186 (2620) 24,184 

Rfree (%) 17.71 (25.06) 20.85 (28.05) 20.91 (28.90) 19.65 (27.01) 

Rwork (%) 14.74 (21.41) 16.04 (23.71) 16,17 (25.45) 15.28 (21.96) 

Number of protein 

atoms 

2,037 2,014 2,064 2,228 

Number of solvent 

atoms 

356 278 317 298 

B-factor protein (Å2) 12.84 16.72 24.03 24.51 

r.m.s.d bond lengths 

(Å) 

0.014 0.011 0.003 0.007 

r.m.s.d angles (°) 1.421 1.261 0.790 1.110 
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Ramachandran 

favored (%) 

99.21 98.38 98.03 97.78 

Ramachandran 

allowed (%) 

0.79 1.62 1.97 1.85 

Ramachandran 

outliers (%) 

0.00 0.00 1.74 0.37 

Rotamer outliers 0.44 0.45 0.00 2.03 

C-beta outliers 1 0 0 0 

Clashscore 5.66 6.76 3.18 5.89 

Table 2 : Data collection and refinement statistics 
* Values in brackets correspond to the highest resolution shell.
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Figure 4: Structural comparison between rsEGFP2 and its V151A and V151L variants. (a) 
Model of rsEGFP2 V151A in the on-state (green) superimposed on the model of rsEGFP2 in 
the on-state (cyan, PDB entry: 5DTX, El Khatib et al., 2016) (b) Model of rsEGFP2 V151A 
in the off-state (dark grey) superimposed on the model of rsEGFP2 in the off-state (magenta, 
PDB entry: 5DTY, El Khatib et al., 2016). (c) Model of rsEGFP2 V151L in the on-state 
(yellow) superimposed on the model of WT rsEGFP2 in the on-state (cyan). (d) Model of 
rsEGFP2 V151L in the off-state (light grey) superimposed on the model of WT rsEGFP2 in 
the off-state (magenta). The cis conformer was removed from rsEGFP2 V151L in the off-state 
for clarity. The length of key hydrogen bonds (dotted lines) are indicated. 
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Figure 5 : Comparison of on- and off-state structures in V151A and V151L variants. (a) 
Comparison of on- (green) and off-state structures (dark grey) of rsEGFP2 V151A. (b) 
Comparison of on- (yellow) and off-state structures (light grey) of rsEGFP2 V151L. (c) 
Comparison of on-state structures of V151A (green) and V151L variants (yellow). (d) 
Comparison of off-state structures of V151A (dark grey) and rsEGFP2 V151L variants (light 
grey). The cis conformer was removed from rsEGFP2 V151L in the off-state for clarity. 
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6. Chapter V: Investigating the off-state 
heterogeneity of rsEGFP2 

 
Introduction 

 
 The present chapter is a direct continuation of the previous one and aims at linking 

various observations reported in the previous chapters. As a reminder, in chapter III, the 

laser-off structure of rsEGFP2 revealed an unexpected second trans isomer populated at 20% 

in one of the TR-SFX experiments (Figure 3 of chapter III) but not in a similar one (Figures 

S17 and S18 of Coquelle et al., 2018 reported in chapter II). However, no explanation was 

provided for its observation. In chapter II, a movement of V151 after formation of the excited 

electronic state during photoswitching was demonstrated. Variants of rsEGFP2 (V151A and 

V151L) were subsequently generated and characterized, and the off- and on-state structures of 

the variants were solved and discussed in chapter IV (Figures 3-5 of chapter IV). If the on-

state structures of rsEGFP2 and its variants are similar, the off-state structures are different, in 

particular for the V151L variant, in which the off-state displays the chromophore in a different 

conformation than in the V151A variant.  

 

 Here is reported a second serendipitous observation of the conformational 

heterogeneity in the rsEGFP2 off-state structure after 488-nm-illumination. Difference Fourier 

electron density maps are shown and confronted with the laser-off model of rsEGFP2 in 

which this conformational heterogeneity was observed first (Figure 3 of chapter III). 

Furthermore, the model of the heterogeneous off-state of rsEGFP2 is compared to the off-state 

model of its variants V151A and V151L. This comparison reveals that the conformational 

heterogeneity of rsEGFP2 is controlled by the residue in position 151 and that it can be 

bisected in the two variants. Our conclusions reinforce the prospect of a structure-based 

rational design of fluorescent proteins to improve their photophysical and structural 

characteristics. 

 

Results 
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Confirming off-state heterogeneity in rsEGFP2 after 488-nm-illumination 

  

During a TR-SFX experiment at the LCLS CXI instrument (proposal number LM47, 

June 2016), rsEGFP2 microcrystals were pre-illuminated with 488-nm laser light before 

injection (Schirò et al., 2017; see manuscript in appendix D). As during earlier TR-SFX 

experiments (i.e. LI56 at the LCLS (Coquelle et al., 2018)) and 2015A8031 at SACLA 

(chapter III, Woodhouse et al., under revision) a pre-illumination device was used to the 

characterization of which I marginally contributed (Schirò et al., 2017; see manuscript in 

appendix D). During LM47, it became evident spectroscopically that pre-illumination was not 

fully efficient, and that 30% of crystalline rsEGFP2 remained in the on-state (Figure 1; as a 

reminder, only 10% remained in the on-state after photoswitching during LI56 and 

SACLA2015A8031). We noticed after LM47 that the SMA fiber within the HPLC tee union 

of the pre-illumination device (see figure 2 in Schirò et al., 2017) was loosened, leading to a 

50% drop in laser power at the sample position (unpublished). 2Fobs
laser_off_LM47 – 

Fcalc
laser_off_LI56 and Fobs

laser_off_LM47 – Fcalc
laser_off_LI56 maps, calculated with the laser_off data set 

collected during LM47 and the phases of the laser_off structure (published in Coquelle et al., 

2018) features negative density on the trans1 chromophore (Figure 2a). The positive density 

that appears in the Fobs
laser_off_LM47 – Fcalc

laser_off_LI56 map looks different from a cis isomer of 

the chromophore. That pre-illumination was inefficient during LM47 was structurally evident 

from a difference Fourier map calculated between laser_off data sets collected during LI56 

and LM47, i.e. Fobs
laser_off_LM47 - Fobs

laser_off_LI56 that features negative and positive density on 

the cis and the trans1 chromophore, respectively (Figure 2b). The maps of figure 2 indicate 

that the lack of efficiency of the pre-illumination leads to the appearance of another 

conformation of the chromophore. 

To explore structural changes generated by pre-illumination during LM47, a q-

weighted (qw) difference Fourier map was calculated between the laser_off_LM47 data set 

and the on_state_reference_LI56 data set collected during the LCLS beamtime LI56, phased 

with the on-state model (pdb entry: 5O89, Coquelle et al., 2018), i.e. Fobs
laser_off_LM47 – 

Fobs
on_state_state_reference (Figure 3a). This map features strong negative (- 8.4 σ) and positive (6.2 

σ) peaks at the chromophore. Couples of negative and positive peaks are present all along the 

β7−strand and especially around the side chains of key residues in the vicinity of the 

chromophore, such as Tyr149 (- 4.9 σ/3.7 σ), Val151 (- 5.5 σ/3.7 σ), and His149, for which a 

relatively strong negative peak (-8.4 σ) seems to be associated with two positive peaks (4.7 
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and 5.3 σ). These features taken together are evidence for chromophore isomerisation and 

concomitant motions of the residues in the chromophore pocket as a result of on-to-off 

photoswitching during pre-illumination that occurs at least partially. Intriguing are the 

peculiar shape of the positive electron density associated with the chromophore and the fact 

that two positive peaks seem to be assignable to His149. Figure 3b displays the same qw-

Fobs
laser_off_LM47 – Fobs

on_state_state_reference map, overlaid with the laser-off model determined from 

SACLA2015A8031 data described in chapter III (PDB entry: 6GMJ, from which the cis 

isomer has been omitted). Strikingly, the chromophore in the trans1 and trans2 conformations 

fits into the positive electron density peak. Moreover, His149 in its off and supp 

conformations (as named in chapter III) explain the two positive peaks associated to this 

residue in the map. The Fourier difference map after 488-nm pre-illumination thus reveals 

two conformations of the protein in the off-state, as has already been observed before (see 

chapter III). In the following, the heterogeneous off-state model of rsEGFP2 is compared to 

the off-state structure of its two variants V151A and V151L (Figure 4). In the remainder of 

the chapter, the protein conformation associated to the trans1 and trans2 isomer will be 

named off1 and off2 conformation of rsEGFP2. 

 

Comparison between off-state chromophore conformations in rsEGFP2 and its variant 

V151A 

Figure 4a shows an overlay of the trans chromophore conformations observed in the 

off-state models of rsEGFP2 (see chapter III) and of rsEGFP2 V151A. The trans1 

chromophore conformation in rsEGFP2 (light grey) is almost superimposable to the off-state 

conformation of V151A (cyan). Strikingly, the Tyr146 conformation in the V151A off-state 

superimposes with the one corresponding to the off2 and not the off1 conformation of 

rsEGFP2. In rsEGFP2, the trans1 chromophore forms a hydrogen bond with His149 (2.8 Å), 

whereas in the off-state of V151A, the phenol of Tyr149 is too far from His149 to establish a 

hydrogen bond (4.9 Å). Another difference is the position of His149 itself, which is not 

perfectly superimposable in V151A and in the conformation corresponding to the trans1 

chromophore. An explanation for this mismatch could be the wider space in the V151A 

variant because of the substitution near His149.  

 



 135 

Comparison between off-state chromophore conformations in rsEGFP2 and its variant 

V151L 

Figure 4b shows an overlay of the two trans conformations observed in the  rsEGFP2 

off-state (see chapter III) and the off-state structure of the V151L variant. Unlike V151A, the 

chromophore conformation in the V151L off-state (magenta) is almost superimposable to the 

off2 conformation in rsEGFP2 (dark grey). His149 adopts similar conformations in V151L 

and in the rsEGFP2 off-state with the trans2 chromophore. In off2, however, His149 is further 

from the phenol of the chromophore (3.0 Å) than in the off-state of V151L (2.7 Å). The steric 

hindrance of the Val151 side chain in rsEGFP2 could explain this difference. It both cases, 

the distance between the imidazole of His149 and the phenol of the chromophore allows 

hydrogen bonding.  

  

Discussion 

 

 The difference Fourier map (Figure 3) calculated between the laser_off_LM47 data set 

collected during the LM47 beamtime at the LCLS of the off-state and the 

on_state_reference_LI56 data set collected during the LCLS beamtime LI56 of the on-state 

(Coquelle et al., 2018) revealed again the second chromophore conformation after 488-nm 

illumination. It is the second observation of this heterogeneity. Indeed, in chapter III, the 

laser_off model already displayed the chromophore in two trans conformations and it was 

proposed that off2 could correspond to an alternate off-state. The similarity between off2 and 

off1 and the off-states of V151L and V151A, respectively, reinforces the notion of an alternate 

off-state. The assumptions that the off1 and off2 conformations of rsEGFP2 actually 

correspond to the off-states of its variants V151A and V151L, respectively, and that they can 

both be generated by 488-nm illumination could explain why rsEGFP2 adopts a behavior 

which appears as a mixture of the behaviors of its two variants, as suggested by the 

spectroscopic characterization reported in the previous chapter. 

 In chapter II (Coquelle et al., 2018) rose the idea that V151 in rsEGFP2 generates 

steric hindrance in the excited state, acting as a gate during the trans-to-cis isomerisation of 

off-to-on photoswitching. From figure 2 of the present chapter, it appears that V151 is also at 

the origin of the observed off-state heterogeneity after on-to-off switching in rsEGFP2. 

Indeed, if the valine in position 151 is replaced by an alanine (shorter side chain) and a 

leucine (longer side chain), a chromophore isomer similar to trans1 and trans2 is generated 
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after 488-nm illumination, respectively. Thus, the intermediate side chain length of a valine in 

rsEGFP2 allows both trans conformations to be formed during on-to-off switching. 

 The reason why the second off-state conformation, i.e. off2, has not been observed 

before in the rsEGFP2 off-state structure determined by traditional cryo-crystallography at a 

synchrotron (PDB entry: 5DTY, El Khatib et al., 2016) is not clear. A possible explanation is 

that cryo-cooling altered the conformational energy landscape (Fraser et al., 2011) in a way 

that the trans2 conformation disappeared and only trans1 remained. The trans2 conformation 

was not reported in the off-state structure of rsEGFP2 solved by room-temperature SFX in 

Coquelle et al., 2018 (see chapter II) either, but was observed in two subsequent similar SFX 

experiments (present chapter and chapter III) using the same pre-illumination device (Schirò 

et al., 2017, see appendix). Since the trans2 conformation in LM47 was more populated than 

in SACLA2015A8031 and even more than in LI56 (Coquelle et al., 2018), we suspect, but 

cannot prove, that the degrading pre-illumination efficiency (see Figure 1 in this chapter) is 

responsible for the formation of off2 in RT SFX experiments. 

 Assuming that a lower 488-nm pre-illumination efficiency is indeed related to the 

appearance of the trans2 chromophore conformation, and assuming that the trans1 and trans2 

chromophore conformations correspond to those adopted in the off-states of V151A and 

V151L, respectively, the following thought experiment can be proposed based on the 

photophysical properties of rsEGFP2 and its two variants (see Table 1 in chapter IV). Under 

488-nm light illumination of the on-state (Figure 5a), cis-to-trans isomerisation occurs in a 

fraction of rsEGFP2 molecules (e.g. in 1/3) and trans1 and trans2 are generated at e.g. equal 

occupancies (Figure 5b). Because of its lower switching contrast determined via the V151L 

off-state (see Figure 2 and Table 1 in chapter IV), trans2 will more likely switch back to the 

cis conformation if 488-nm illumination is maintained and the newly-generated cis 

conformation will isomerize again and generate trans1 and trans2 at the supposed 50/50 ratio 

(Figure 5c). For simplicity, we assume in Figure 5c that only trans2 but not trans1 responds 

to 488-nm light illumination. The more often the on-to-off and off-to-on switching cycles are 

repeated, the more populated is the trans1 and the less populated the trans2 chromophore 

conformation (Figure 5d). 

The tentative explanation for the appearance of a second off2 conformation is based on 

two assumptions, i.e. that the pre-illumination efficiency was degraded and that the features 

observed in the difference Fourier map between the laser_off_LM47 data set and the 

on_state_reference_LI56 experiment correspond to the heterogeneous off-state modeled in 

chapter III. The first assumption could be tested by solving rsEGFP2 structures after varying 
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the 488-nm illumination (either the laser power or the exposure time) and assessing the 

relative populations of on-, off1- and off2-states. Such a series of experiments was undertaken, 

in which cryo-crystallographic data were collected on a synchrotron beamline after room-

temperature illumination (unpublished data). Cis and trans1 isomers were observed at a ratio 

depending on illumination conditions, but none of the crystal structures showed a trans2 

isomer. This experiment could be repeated in an XFEL experiment, using the same pre-

illumination setup than described in Schirò et al., 2017 operated at various laser powers. To 

test the second assumption, extrapolated structure factors (Genick, 2007) could be calculated 

from Fobs
laser_off_LM47 – Fobs

on_state_state_reference and the difference refinement procedure could be 

applied to extract only the heterogeneous off-state, to model it and to compare it to the 

laser_off structure reported in chapter III. Such a difference refinement is currently in 

progress. 

As a perspective, and based on the hypothesis that off1 and off2 of rsEGFP2 

correspond to V151A and V151L off-state, respectively, these two variants could be studied 

by TR-SFX on similar time-scales than for rsEGFP2 (Chapter II and III) with the fundamental 

aim to understand the photophysical behavior of rsEGFP2 and the more practical goal to 

characterize rationally-designed variants. Such TR-SFX experiments have been carried out (at 

the LCLS (LR38), 22 – 26 February 2018 and at SACLA (2018A8026, 27 – 29 July 2018) 

and are currently being analysed. 

 

Material and methods 

 

Expression, purification and microcrystallization 

 rsEGFP2 was expressed and purified as previously described (El Khatib et al., 2016). 

Microcrystals were obtained as reported (Coquelle et al., 2018, chapter II), following the 

protocol described in chapter I. 

 

Injection, data collection and processing 

 Sample injection, data collection and processing of the on-state dataset were already 

described in chapter II (Coquelle et al., 2018). rsEGFP2 microcrystals for collection of a 

renewed laser_off data set were prepared for injection following roughly the same procedure 

than reported in chapter II. Briefly, a microcrystal suspension was centrifuged in a 15-ml 
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falcon for 5 min at 1000 g. The mother liquor (~2 M ammonium sulfate, 20 mM NaCl, 120 

mM HEPES pH 8) was removed and the pellet was resuspended in 2.5 M ammonium sulfate, 

100 mM HEPES pH 8. In order to increase the hit rate during data collection (limited to 8 % 

in LI56 and SACLA20158031, see Discussion section in chapter I), fragments of crushed 

crystals, so-called sand, were added to the suspension of homogeneously size microcrystals to 

avoid their aggregation. The fragments of crushed crystals were prepared analogously to 

seeds (see chapter I) but without filtering. By adding 5 – 10 % (v/v) of sand, it was observed 

that the crystal suspension could be injected at a concentration of 20-30% (v/v), allowing to 

drastically increase the hit-rate and thus reducing the time required to collect a complete data 

set with sufficient quality. SFX data were collected in the microfocus vacuum chamber of the 

CXI instrument at the LCLS (proposal LM47, 23 – 27 June 2016) operating at 120 Hz, with 

X-ray pulses of 35 fs in length and a photon energy of nominally 9.1 keV. The X-ray beam 

was focused to 1 – 2  µm. 

 

Difference electron density map calculation 

A q-weighted difference Fourier map (Ursby and Bourgeois, 1997), Fobs
laser_off_LM47  - 

Fobs
on_state_reference_LI56, was calculated using CNS (Brünger et al., 1998) between the 

laser_off_LM47 data set collected during the LM47 beamtime at the LCLS of the off-state and 

the on_state_reference_LI56 data set collected during the LCLS beamtime LI56 of the on-

state, phased with the on-state model  (pdb entry 5O89, Coquelle et al., 2018). Figures were 

prepared using PyMOL (DeLano, 2002). 
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Figures and tables 

 

 
Figure 1: Absorption spectra of rsEGFP2 microcrystals (3  × 3 × 3 µm) after having been 
pre-illuminated at a laser power of nominally 200 mW within a custom-made device (Schirò 
et al., 2017) during LCLS experiments LM47  (green; June 2016) and LI56 (blue; May 2015). 
Whereas during LI56 90% of rsEGFP2 were switched to the off-state and only 10% remained 
in the  on-state, the efficiency decreased during LM47 where 70% were switched to the off-
state and 30% remained in the on-state. 
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Dataset  laser_off 

Pre-illumination (488 nm) yes 

Space group P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.1  

62.4 

70.7 

Resolution (Å) 8.32 – 1.7 

(1.72  – 1.7) 

Rsplit (%) 5.69 (59.48) 

CC* 0.99 (0.84) 

I / σ(I) 13.20 (2.78) 

Completeness (%) 100 (100) 

Table 1: Data collection statistics calculated after removal of overloads. 
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Figure 2: Structural evidence for the lack of efficiency of the 488-nm pre-illumination. (a) 
2Fobs

laser_off_LM47 – Fcalc
laser_off_LI56 (blue) and Fobs

laser_off_LM47 – Fcalc
laser_off_LI56 (green/red) 

displayed at 1σ and +/- 3σ respectively. (b) Fobs
laser_off_LM47 – Fobs

laser_off_LI56 (green/red) 
displayed at +/- 3σ.  Model of the laser_off_LI56 (as a reminder 90 % trans (light grey), 10 % 
cis (yellow), PDB entry: 5O8A, Coquelle et al., 2018) was used for phasing. The dotted black 
circle points out intriguing positive difference electron density. 
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Figure 3 : Investigating the heterogeneity of the off-state of rsEGFP2. (a, b) A difference 
Fourier map Fobs

laser_off_LM47  - Fobs
on_state_reference_LI56 map calculated between the 

laser_off_LM47 data set collected during the LM47 beamtime at the LCLS of the off-state and 
the on_state_reference_LI56 data set collected during the LCLS beamtime LI56 of the on-
state, phased with the on-state model (yellow, PDB code 5O89, Coquelle et al., 2018) is 
displayed at. + / - 3 σ (green / red). In (a) is shown the on-state model and in (b) the laser-off 
model solved from data collected during SACLA2015A8031 (PDB entry: 6GMJ (Woodhouse 
et al. under revision, chapter III)). The trans1 and trans2 conformations are displayed in light 
and dark grey, respectively. The cis conformer was removed for clarity from the laser-off 
model. 
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Figure 4: Comparing the heterogeneous off-state structures of rsEGFP2 (PDB entry: 6GMJ 
(Woodhouse et al. under revision, chapter III)) with the off-state structures of its variants 
V151A (a) and V151L (b). The rsEGFP2 conformations corresponding to the trans1 and 
trans2 chromophores are displayed in light and dark grey, respectively. The residual cis 
conformer present in the model was removed for clarity. The off-state structures of V151A 
and V151L are displayed in cyan and magenta, respectively. 
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Figure 5: Proposed thought experiment explaining the increasing ratio of trans1 and trans2 
populations under continuous 488-nm illumination. The grey-scale (from light to dark) of the 
lightning symbol represents the total accumulated number of photons during illumination. (a) 
Starting point where it is assumed that every molecule is in the fluorescent on-state with a cis 
chromophore (yellow). (b) Evolution of the ensemble of molecules after illumination. In one 
third of the molecules, the chromophore has isomerized. For simplicity, it is assumed that the 
trans1 (cyan) and trans2 (magenta) isomers are formed in equal proportions. (c) Evolution of 
the ensemble under maintained 488-nm illumination. The chromophores in two rsEGFP2 
molecules that had remained in the on-state now isomerized to trans1 and trans2 isomers. The 
trans2 previously generated in panel (b) isomerized back to the cis isomer. Again for the sake 
of simplicity, it is assumed that under 488-nm illumination trans1 (=V151A-off-state) never 
isomerizes back to cis and that trans2 (=V151L-off-state) always isomerizes back to cis, 
representing the improved and degraded contrast of V151A and V151L compared to 
rsEGFP2, respectively. (d) Further evolution upon continued 488-nm illumination. After 
several more cycles, i.e. more accumulated photons, trans1 would eventually be the only 
isomer and trans2 would be fully depleted. 
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7. Summary, concluding remarks and 
perspectives 

 
 

 The results presented in this thesis illustrate the pipeline followed for several TR-SFX 

experiments performed on rsEGFP2, in order to structurally elucidate the photoswitching 

mechanism of the protein. This achievement has been possible thanks to the use of XFELs 

and the use of XFEL-based method. As outlined above, sample preparation is a critical step 

for a successful TR-SFX experiment, but only a handful of methods and protocols have been 

reported. Here, a microcrystallization protocol for rsEGFP2 based on the batch method is 

presented that uses microseeding in order to reproducibly obtain crystals that are 

homogeneous in size and shape. The preparation of seeds and microcrystals is described. 

Even though this particular protocol is suitable only for rsEGFP2, the general approach 

consisting in exploring the phase diagram of the protein for a chosen condition, in using 

microseeding to improve crystallization, and in varying different parameters such as the 

amount of seeds, protein and precipitant concentration, is valuable for any protein of interest 

in the context of an SFX experiment. The encountered issues arising from manipulating such 

crystals are reported and clues are proposed how to fix them. For example, injector clogging, 

which limits crystal concentration and thus the hit-rate, has been fixed by adding sand to the 

crystal suspension. Thanks to the solid sample preparation protocol, several successful TR-

SFX experiments have been carried out at both the LCLS and SACLA, allowing structure 

determination of reaction intermediates that unveil the photoswitching mechanism of 

rsEGFP2. 

 Investigations on the ultra-short time-scale, 1 ps after photon absorption, allowed 

structure determination of an early photoswitching intermediate carrying a “twisted” 

chromophore. Corroborated by transient absorption spectroscopy and predicted by QM/MM 

simulations, the “twisted” chromophore is identified as an excited state intermediate. TR-SFX 

data collected at 3 ps did not allow structure determination, but provided evidence that 

isomerization already occurred, revealing that trans/cis isomerization is an excited-state 

process. TR-SFX on a longer time-scale allowed trapping the first photoproduct of off-to-on 

photoswitching. The structure solved at 10 ns after 400-nm laser pumping shows a cis 

chromophore. Transient absorption spectroscopy reveals that the change in chromophore 

protonation state occurs on the µs time-scale, proving that the 10-ns intermediate is still 
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protonated. The 10-ns structure informs about alternate conformations of His149 and raises 

questions to be answered in future TR-SFX experiments.  

 Figure 1 illustrates a proposed photocycle of rsEGFP2 based on the structural results 

presented in this thesis and summarized above. Under 488-nm illumination of the fluorescent 

on-state, photoswitching leads to the formation of a heterogeneous off-state, constituted of off-

1 and off-2 substates, as described in chapter V, with a trans1 and a trans2 chromophore, 

respectively, as modeled in chapter III. Given that off-2 is not observed in the laser_off_LI56 

structure (chapter II), and is only a minor species observed in the laser_off_SACLA structure 

(chapter III), it is assumed here that off-1 is the main substate from which are generated the 

photo-induced intermediates at 1 ps and 10 ns. The 1-ps intermediate displays a “twisted” 

chromophore attributed to an excited state based on transient absorption spectroscopy and 

QM/MM simulations. Evidence is provided in chapter II that isomerization occurs on the 

picosecond time-scale, in line with the most accepted mechanism in which isomerization is an 

excited-state process (Kaucikas et al., 2015). The 10-ns intermediate displays a cis 

conformation of the chromophore, similar to the on-state, but with alternate conformations of 

the His149 side chain. Transient absorption spectroscopy provides evidence that at 10 ns, the 

chromophore is still protonated, in line with the most accepted mechanism in which 

isomerization precedes ground-state deprotonation during photo-induced off-to-on switching 

(Warren et al., 2013, Yadav et al., 2015). Regarding the two conformations of His149 at 10 

ns, two scenarios can be envisaged. In the first, the alternate conformation of His149 is 

explained by a certain disorder being the consequence of the hydrogen bound between the 

phenol of the chromophore and the imidazole of His149 that is missing because of the neutral 

state of the former. In the second, the presence of alternate conformations of His149 at 10 ns 

could be a consequence of the off-state heterogeneity as a starting point.  



 148 

 
Figure 1: Proposed photocycle of rsEGFP2 based on the structural observations presented in 

this PhD thesis. Under 488-nm illumination, on-to-off switching occurs, from the on-state 

with its anionic cis chromophore (green) to a heterogeneous off-state displaying neutral trans1 

(off-1 shown in dark grey) and trans 2 (off-2 shown in light grey) chromophores. Under 400-

nm illumination, the off-1-state, undergoes off-1-to-on switching. The 1-ps intermediate 

displays a twisted chromophore (orange) in the excited state. The 10-ns intermediate (cyan) 

carries a neutral cis chromophore and revealed an alternate conformation of the His149. On-

to-off switching intermediates and the off-2-to-on switching mechanism remain unknown, as 

illustrated by question marks. 
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The photoswitching mechanism of Dronpa and Dronpa2 has been extensively studied 

and starts to be well understood. It consists in exited-state isomerization on the picosecond 

time-scale, followed by ground-state deprotonation on the microsecond time-scale (Kaucikas 

et al., 2015; Warren et al., 2013; Yadav et al., 2015). The ensemble of results presented in this 

PhD thesis is in line with this proposed mechanism. However, it has been recently reported 

that instead of being an excited-state process, isomerization occurs rather in the ground state 

with conformational changes extending to the nanosecond time-scale (Laptenok et al., 2018). 

As illustrated by the 10-ns intermediate structure presented in the present manuscript, 

conformational rearrangements take place on the nanosecond time-scale, but the accepted 

view that isomerization already occurred is not questioned. However, one should not forget 

the fact that RSFPs from different families are compared. The chromophores of Dronpa and 

rsEGFP2, as well as the residues in the chromophore pocket are different. One cannot assume 

per se that the switching mechanism is the same for these two RSFPs . 

Several questions remain to be answered. For instance, the fate during photoswitching 

of off-2 is unclear. As a perspective, and assuming that off-2 corresponds to the off-state of the 

V151L variant as discussed in chapter V, this variant could be investigated by TR-SFX in 

order to test the hypothesis that the off-state heterogeneity in rsEGFP2 is correlated with the 

alternate conformations of His149 at 10 ns. Such an experiment is very challenging, since 

V151L is a bad switcher compared to its parent protein, making efficient pre-illumination and 

pumping difficult. Such an experiment has been carried out on the nanosecond time-scale 

recently at SACLA (SACLA20188026; 27 – 29 July 2018), using the same set-up than 

reported in chapter III. Results are currently being examined. Assuming that off-1 corresponds 

to the off-state of the V151A variant as discussed in chapter V, this variant is also of great 

interest. As a relatively good switcher compared to its parent and to V151L, it is easier to 

handle for such a TR-SFX experiment and promises to generate clearer features in Fourier 

difference electron density maps. TR-SFX experiment on rsEGFP2 V151A were already 

performed on the picosecond  (LCLS, LR38, February 2018) and the nanosecond time scales 

(SACLA20188026; 27 – 29 July 2018). Since we hypothesize that rsEGFP2’s properties are a 

mixture of its variant’s (V151A and V151L) properties, unveiling the photoswitching 

mechanism of the variants would lead to a better comprehension of the original protein and 

bears potential for applications in nanoscopy. Based on the photocycle proposed in figure 1, 

another challenging question remains: what happens structurally during on-to-off switching ? 

The on-to-off switching quantum yield is ten times lower than the one for off-to-on switching. 
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Since it is reported in chapter II that even off-to-on switching intermediates are occupied at a 

very low level on the ultra-fast time scale, the situation is expected to be worse starting from 

the on-state so that it is probably impossible to structurally characterize on-to-off switching 

intermediates. Unveiling the mechanism of fluorescence emission is a better option, since the 

fluorescence quantum yield is of the same order of magnitude than the off-to-on switching 

quantum yield. Excited-state intermediates of the fluorescent on-state have been followed 

structurally over five decades in time (LCLS, LM47, June 2016) and results are currently 

being analysed. 

The work presented here allowed understanding the off-to-on photoswitching 

mechanism of rsEGFP2. It is interesting to realize that the rsEGFP2 switching mechanism is 

similar than the one of Dronpa belonging to another RSFP family. The deeper comprehension 

of the switching mechanism allows a better use of rsEGFP2 and its variants V151A and 

V151L in nanoscopy applications. Furthermore, variants other than V151A and V151L have 

been generated and are currently being characterized and tested as nanoscopy candidates.  
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Appendix A: Résumé de la thèse en français 
 
 

Les protéines fluorescentes photo-commutables (RSFPs) ont la propriété de passer 

d’un état fluorescent à un état non-fluorescent en réponse à la lumière. Cette propriété en fait 

des outils de marquage pour la microscopie de super-résolution (ou nanoscopie). Le 

mécanisme de photo-commutation implique l’isomérisation du chromophore ainsi qu’un 

changement d’état de protonation de ce dernier. Le mécanisme a été très étudié par différentes 

approches de spectroscopie et de simulation mais reste encore mal compris, l’ordre séquentiel 

des évènements est notamment encore débattu. Certains de ces évènements de la photo-

commutation se déroulent à des échelles de temps très courtes, ce qui rend difficile l’étude 

structurale par cristallographie des rayons X à l’aide des sources synchrotron actuelles dont la 

résolution temporelle est encore limitée. Les lasers à électrons libres (XFELs) sont une 

nouvelle source de rayons X produisant des impulsions suffisamment courtes pour permettre 

l’étude structurale des intermédiaires précoces ou à courte durée de vie qui se forment ou 

cours de la photo-commutation, et suffisamment brillantes pour permettre la collecte de 

données cristallographiques sur des cristaux de tailles nano- et micrométrique. L’utilisation de 

ce nouveau genre d’instrument a permis l’émergence de la cristallographie sérielle, une 

nouvelle approche de la cristallographie aux rayons X. Cette approche a depuis été adaptée 

aux lignes synchrotrons. 

 

Le travail présenté ici se focalise sur l’étude de rsEGFP2, une protéine fluorescente 

photo-commutable de la famille de la protéine fluorescente verte (GFP). Il y est décrit la mise 

au point d’un protocole de microcristallisation permettant l’obtention d’échantillons en vue 

d’une expérience de cristallographie résolue en temps au XFEL. Un mécanisme de photo-

commutation y est proposé à travers le résultat de deux expériences sur les deux XFELs 

actuellement opérationnels, à des échelles de temps différentes, dévoilant un chromophore 

« twisté » à l’état excité ainsi qu’un état cis protoné de ce dernier. La caractérisation 

structurale des variants de rsEGFP2 par cristallographie d’oscillation « classique » combinée 

à la découverte fortuite d’une conformation alternée du chromophore dans l’état non-

fluorescent, issue d’expérience de cristallographie sérielle, apporte un complément 

d’explication des propriétés photophysiques de la protéine.  
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Introduction 

 

 Le protéines fluorescentes (FPs) sont des protéines qui absorbent la lumière à une 

certaine longueur d’onde et en émettent à une autre. La première identifiée et la plus connue 

est la GFP. Le repliement commun à toutes les FPs est un tonneau de feuillets β, traversé par 

une hélice α qui porte le chromophore formé de trois acides aminés modifiés lors de la 

maturation et qui est responsable des propriétés d’absorption et d’émission de la protéine. Les 

propriétés photophysiques de la protéine dépendent des acides aminés qui constituent le 

chromophore ainsi que de ceux qui l’entourent. Les FPs se repartissent en trois classes. Les 

protéines fluorescentes photo-activables (PAFPs) n’émettent pas de lumière à l’état basal. 

Elles subissent une réaction photo-induite et irréversible pour passer d’un état non-fluorescent 

à un état fluorescent. Les protéines fluorescentes photo-convertibles (PCFPs) émettent de la 

lumière à une certaine longueur d’onde à l’état basal et subissent une réaction photo-induite 

l’amenant à un autre état fluorescent émettant de la lumière à une autre longueur d’onde. Les 

protéines fluorescentes photo-commutables (RSFPs) peuvent passer réversiblement d’un état 

fluorescent à un état non-fluorescent. Elles se divisent en deux catégories : les commutateurs 

positifs, non-fluorescents à l’état basal et les commutateurs négatifs fluorescents à l’état basal. 

Le mécanisme de photo-commutation implique l’isomérisation du chromophore et un 

changement d’état de protonation de ce dernier. La protéine fluorescente verte améliorée 

réversiblement commutable (rsEGFP2) est un commutateur négatif utilisé comme marqueur 

en microscopie de super-résolution. La compréhension du mécanisme de commutation chez 

cette protéine (et par extension des autre RSFPs) mènerait à l’élaboration de protéines 

variantes aux propriétés améliorées ou nouvelles, mieux adaptées aux applications pour 

lesquelles elles ont été conçues. L’ordre séquentiel de ces évènements et leur nature ont 

longtemps été débattus et sont encore actuellement très étudiés chez Dronpa et ses variants. 

Le manque de données structurales concernant les différents intermédiaires qui pourraient se 

former pendant la photo-commutation constitue un frein à la compréhension du mécanisme 

du phénomène. La cristallographie résolue en temps, qui permet de résoudre la structure 

d’intermédiaire formée au cours d’une réaction, est une approche envisageable pour combler 

ce manque. Les évènements de photo-commutation étant très précoces ou très rapides (de 

l’ordre de la picoseconde, voir plus court), le synchrotron, limitée en résolution temporelle, 
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n’est plus adapté pour l’étude d’un tel phénomène. D’où la nécessité d’un autre type 

d’instrument produisant un nouveau genre de rayons-X : les laser à électrons libres (XFELs), 

capable de produire des impulsions ultra-brilliantes et ultra-courtes, rendant accessible les 

échelles de temps des évènements précoces de la photo-commutation. 

 La cristallographie résolue en temps repose sur le principe « pompe-sonde », qui 

consiste en l’utilisation d’une « pompe » (généralement un laser optique) pour déclencher la 

réaction dans le cristal de protéine, et d’une « sonde » de rayons-X utilisée pour la collecte de 

données cristallographiques. Le délai entre la « pompe » et la « sonde » est ajusté pour chaque 

collecte. Les facteurs de structure correspondant à chaque délai sont récupérés et permettent 

de détecter les changements de conformations au cours de la réaction et de reconstituer ainsi 

un film moléculaire. La diffraction de Laue, utilisant un faisceau polychromatique de rayons-

X, a initialement été adoptée pour les études résolues en temps au synchrotron à température 

ambiante. Cependant, les dégâts d’irradiation, exacerbés par la collecte à température 

ambiante, la possibilité de n’étudier presque exclusivement que des réactions réversibles, la 

difficulté d’illuminer efficacement un cristal de taille suffisante pour assurer une diffraction à 

haute résolution, et l’analyse compliquée des images de diffractions obtenus avec un faisceau 

polychromatique constituent des limitations à la méthodes. Et par-dessus tout, le synchrotron 

a une limitation temporelle de 100 ps. 

 Le XFEL est une nouvelle source de rayons-X produisant des impulsions de quelques 

femtosecondes avec un pic de brillance de dix ordres de grandeur supérieur à ce que le 

synchrotron peut produire. Le principe « diffraction-avant-destruction » prédit qu’avec de tels 

impulsions, l’information de diffraction peut être enregistrée avant que l’échantillon ne 

commence à être détruit, permettant de s’affranchir du problème des dégâts d’irradiation. Le 

principe a été expérimentalement testé et permet la collecte de données sur des cristaux de 

taille nano- et micrométrique, injectés en série, et présentés aux rayons-X avec une orientation 

aléatoire. Cette nouvelle approche de cristallographie sérielle à la femtoseconde (SFX) ouvre 

la possibilité d’étudier des protéines difficiles à cristalliser, telles que les protéines 

membranaires, les protéines radiosensibles, telles que les metalloprotéases, et les grands 

assemblages dont la diffraction est limitée en résolution spatiale au synchrotron. La méthode 

a très vite évolué. Le développement de nouvelles manières de présenter l’échantillon a 

permis de limiter la consommation de matériel biologique, l’optimisation des outils de 

traitements de données a contribué à améliorer la qualité des données, permettent le phasage 

expérimental d’une part, et réduisant le nombre d’images requis pour un jeu complet de 

qualité suffisante. L’adaptation de la méthode « sérielle » au synchrotron a permis la 
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d’étendre de la dite méthode, les XFELs étant des instruments difficiles d’accès. La résolution 

temporelle atteignable au XFEL offre de nouvelles perspectives concernant la cristallographie 

résolue en temps, permettant d’explorer des échelles de temps jusqu’alors inaccessibles, et 

donc de s’intéresser aux évènements précoces et aux intermédiaires de courte durée de vie 

chez les protéines photosensible tels que les RSFPs. 

  

Résultats et discussion 

Chapitre I : Microcistallization de rsEGFP2 

 La préparation des échantillons est une étape critique pour le succès d’une expérience 

de cristallographie résolue en temps au XFELs. La taille des cristaux est à prendre en 

considération, ils ne doivent pas excéder une certaine taille de peur, d’une part de limiter 

l’efficacité de l’illumination avec le laser optique, et d’autre part, de bloquer l’injecteur lors 

de l’expérience. Un équilibre entre efficacité d’illumination et qualité de diffraction est à 

trouver pour déterminer la taille idéale en fonction du type d’expérience. Très peu de 

méthodes de microcristallisation ont été rapportées.  

Il est ici proposé un protocole de microcristallisation de la protéine rsEGFP2 en vue 

d’expériences résolues en temps au XFEL, et de cristallographie sérielle en générale. A partir 

de condition d’une cristallisation connue, un diagramme de phase est établie, en faisant varier 

la concentration de protéine et de précipitent. La zone intéressante, zone de nucléation, celle 

qui permet d’obtenir spontanément des microcristaux, est identifiée et reproduite en grand 

volume. L’apport du micro-ensemencement (« micro-seeding »), par l’ajout de fragments de 

cristaux sous-micrométriques permet de contrôler la nucléation et de drastiquement améliorer 

l’homogénéité en taille et en forme des cristaux. Il est également montré que la quantité de 

fragments ajoutés à la préparation permet d’ajuster la taille finale des cristaux obtenus : moins 

il y aura de « graines » ajoutés, plus les cristaux seront de grande taille. La forme des cristaux 

est également modifiable en faisant varier la concentration de précipitant dans les préparations 

ensemencées. Pour finir, il est observé que le volume de la préparation ne semble pas affecter 

l’aspect final des cristaux.  

Ainsi, le protocole proposé permet d’obtenir de façon reproductible et en grands 

volumes des cristaux homogènes en taille et en forme, ces deux aspects étant facilement 

modifiables en faisant varier quelques paramètres. Quelques ajustements à la « recette » 

permettent de préparer des échantillons en vue d’un type d’expérience de cristallographie 

sérielle donné, peu importe la source (synchrotron ou XFEL) ou la méthode de présentation 
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de l’échantillon (injection liquide, milieux visqueux, support solide…). Il est à noter que le 

protocole présenté n’est valable que pour une protéine donnée, mais que l’approche proposée 

peut être appliquée de manière exploratoire sur d’autres protéines. 

 

Chapitre II : Chromophore « twisté » à l’état excité d’une protéine fluorescente photo-

commutable capturé par cristallographie à la femtoseconde résolue en temps 

 L’élucidation de la structure d’intermédiaires très précoces, tels que les états excités, 

est très importante pour comprendre les processus photo-induits tels que la photo-

commutation. Jusqu’à présent, ils étaient inaccessibles, mais l’utilisation des lasers à électrons 

libres permet de révéler leur structure. Grâce à la combinaison de la cristallographie résolue 

en temps en utilisant le laser à électrons libres, la spectroscopie d’absorption ultra-rapide et 

des simulations de dynamique moléculaire, deux états excités ont été dévoilés et discutés. 

 Les résultats de spectroscopie d’absorption révèle que l’isomerisation trans/cis, lors de 

la commutation de l’état non-fluorescent à l’état fluorescent, se produit à l’état excité à 

l’échelle de la picoseconde, et que la déprotonation se déroule sur une échelle de temps plus 

longue. Les données de cristallographie résolue en temps à 1 ps révèlent deux états du 

chromophore généré par la pompe laser : l’un, planaire et l’autre twisté. Les calculs de 

dynamique moléculaire prédisent la formation de ces deux états à l’échelle de la picoseconde. 

Les données de cristallographie résolue en temps à 3 ps dévoile l’isomère cis du 

chromophore, suggérant que l’isomérisation a donc déjà eu lieu. 

 Mis en commun, les résultats semblent indiquer que l’isomérisation trans/cis du 

chromophore se déroule à l’échelle de la picoseconde et implique la formation d’un état 

« twisté » à mi-chemin entre les isomères trans et cis, associé à un état excité. La structure de 

cet état excité révèle l’importance de l’acide aminé en position 151 dans le mécanisme de 

commutation. Des variants ont été générés pour lesquels la valine 151 a été substituée par une 

alanine, à la chaîne latérale plus courte ou une leucine à la chaîne latérale plus longue. Ces 

variants ont été caractérisés et affichent un contraste amélioré et un rendement quantique de 

commutation augmenté pour le premier, par opposition à un contraste dégradé et un 

rendement quantique de commutation abaissé pour le second. 
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Chapitre III : Mécanisme de photo-commutation élucidé par cristallographie à la 

femtoseconde et spectroscopie d’absorption résolues en temps. 

 Si, au vu des résultats précédents, il s’avère que l’isomérisation du chromophore se 

produit à l’état excité à l’échelle de la picoseconde, la suite des évènements de la photo-

commutation reste encore à élucider. La combinaison de spectroscopie d’absorption UV-

visible résolue en temps à l’échelle de la micro- milliseconde et de cristallographie résolue en 

temps à l’échelle de la nanoseconde permet de proposer un mécanisme de photo-

commutation. 

 La spectroscopie d’absorption à l’échelle de la micro- milliseconde révèle que la 

déprotonation a lieu à l’échelle de la centaine de microsecondes, et qu’un réarrangement 

conformationnel se produit à l’échelle de la milliseconde. La structure de l’intermédiaire 

formé à 10 ns dévoile l’isomère cis du chromophore. La déprotonation se déroulant plus tard, 

cet état correspondrait à l’isomère cis protoné, le premier photo-produit formé lors de la 

commutation de l’état non-fluorescent vers l’état fluorescent. La conformation alternée de 

l’histidine 149 constitue la différence marquante avec l’état cis anionique de l’état 

fluorescent. Cet acide aminé forme une liaison hydrogène avec le chromophore dans l’état 

fluorescent. Le changement d’état de protonation du chromophore expliquerait cette 

différence qui implique nécessairement un réarrangement sur une échelle de temps plus 

longue. Ce résultat, qui complète celui du résultat discuté dans le chapitre précédent, permet 

de proposer un scénario de photo-commutation dans lequel l’isomérisation se produit à l’état 

excité à l’échelle de la picoseconde, suivi par la déprotonation à l’état basal à l’échelle de la 

microseconde et un réarrangement conformationel à l’échelle de la milliseconde. 

 Il est également rapporté la découverte fortuite d’un deuxième isomère trans formé 

suite à la l’illumination à 488 nm, isomère qui pourrait être assimilé à un état off non-

fluorescent alternatif.  

 

Chapitre IV : Caractérisation structurale des états fluorescent et non-fluorescent des variants 

V151A et V151L de rsEGFP2. 

 Dans le chapitre II, il était discuté que la formation d’un intermédiaire « twisté » à 

l’état excité était lié à la longueur de la chaine latérale du résidu en position 151, que 

raccourcir ou rallonger la chaine latérale de ce dernier influerait les propriétés de la protéine. 

Les variants V151A et V151L ont été générés et caractérisés, et il s’avère que le premier est 

un meilleur commutateur avec un meilleur contraste, et que le deuxième se comporte de 
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manière opposée. Il est ici présenté et discuté la structure des états fluorescents et non-

fluorescents des variants V151A et V151L obtenues par cristallographie aux rayons-X au 

synchrotron en condition cryogénique. 

 La structure de l’état fluorescent des deux variants est très similaire à celle du parent 

d’origine, mise à part la mutation introduite. Cependant, des différences sont notables si on 

compare les structures des états non-fluorescents. Chez V151A, le chromophore est en trans, 

très similaire à celui de rsEGFP2. La tyrosine 146 et l’histidine 149 ont des positions 

différentes et ne sont pas liées par liaison hydrogène comme c’est le cas pour rsEGFP2. Chez 

V151L, le chromophore est aussi en trans, mais différent de celui de rsEGFP2 et semble se 

lier à l’histidine 149, contrairement à rsEGFP2, dont la conformation de l’histidine 149 est 

différente. Il est également rapporté que les états fluorescent et non-fluorescent coexistent 

dans le cristal après illumination à 488 nm, conséquence d’une difficulté à éteindre totalement 

les protéines, probablement due au mauvais contraste affiché par ce variant. 

 Les résultats structuraux montrent des différences entre les trois versions de la 

protéine qui peuvent expliquer les différences de comportement photophysique rapportées. Il 

est également remarqué que rsEGFP2 se comporte spectroscopiquement comme un mélange 

de ces deux variants. 

 

Chapitre V : Etude de l’hétérogénéité de l’état non-fluorescent de rsEGFP2. 

 Ce dernier chapitre propose une explication aux différentes observations faites et 

discutées dans les chapitres précédents. A partir des résultats rapportés dans le chapitre II, les 

variants V151A et V151L de rsEGFP2 ont été générés, puis caractérisés spectroscopiquement 

et structuralement dans le chapitre IV. Le chapitre III rapporte une conformation inattendue et 

intrigante assimilable à un état non-fluorescent alternatif. Suite à une expérience de 

cristallographie résolue en temps au XFEL, cet état est réapparu. 

 Sur la base d’une carte de différence calculée entre un état obtenu après illumination à 

488 nm et un état non illuminé, donc fluorescent, de la densité électronique apparaît indiquant 

la présence des deux états trans du chromophore déjà observés dans le chapitre III, mais 

observés ici de manière plus claire. Sur la base d’une carte de différence calculée entre deux 

états obtenus après illumination à 488 lors de l’expérience courante et une expérience 

précédente (celle du chapitre II), il semble que l’efficacité insuffisante de l’illumination visant 

à éteindre la protéine est la raison de l’apparition de ce nouvel état. La comparaison des états 

off-1 et off-2 avec les états non-fluorescents des variants V151A et V151L permet de proposer 
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que le off-1 est assimilable au off-V151A et le off-2 assimilable au off-V151L. En partant de 

cette dernière hypothèse, et en se basant sur les propriétés des variants, notamment le 

contraste, un modèle est proposé pour expliquer le peuplement relatif des états off-1 et off-2 

par une illumination prolongée à 488 nm. 

 De plus, si il s’avère que les états off-1 et off-2 peuvent coexister lorsque la protéine 

s’éteint, cela expliquerait pourquoi en solution le comportement spectroscopique de rsEGFP2 

est un mélange des comportements de ses deux variants. Des expériences de spectroscopie 

ultra-rapides entreprises par le Dr. Michel Sliwa (non présentées dans le manuscrit) semblent 

confirmer cet état de fait et posent les bases de futures études de cristallographie résolue en 

temps au XFEL sur les variants V151A et V151L. 

 

Conclusion 

 
 Grâce au protocole de microcristallisation proposé dans le chapitre I, il a été possible 

de produire de manière reproductible et en grande quantité les échantillons nécessaires aux 

expériences de cristallographie résolue en temps au XFEL discutées dans les chapitres 

suivants. Ces expériences ont permis d’élucider la structure d’un intermédiaire « twisté » à 

l’état excité se formant à l’échelle de la picoseconde (Chapitre II), ainsi que d’un 

intermédiaire où le chromophore est cis protoné à 10 ns (Chapitre III), premier photo-produit 

de la commutation. Ainsi un mécanisme de photo-commutation est proposé, semblant 

s’accorder avec le mécanisme déjà élucidé, mais encore discuté de façon controversée, chez 

Dronpa. 

 La caractérisation des variants V151A et V151L, la résolution des structure de leurs 

états fluorescent et non-fluorescent, ainsi que la découverte et l’explication proposée de 

l’hétérogénéité de l’état non-fluorescent de rsEGFP2, permettent d’une part de comprendre 

plus finement le mécanisme de photo-commutation, et pavent le chemin vers la conception 

rationnelle basée sur la structure de nouvelles protéines dérivées de rsEGFP2 et optimisées 

pour les applications en microscopie de super-résolution. 

 En guise de perspective, l’étude par cristallographie résolue en temps des variants 

V151A et V151L a été entreprise récemment. 
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Appendix B: Supplementary Information: 

Chromophore twisting in the excited state 

of a photoswitchable fluorescent protein 

captured by time-resolved serial 

femtosecond crystallography 
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1. Ultrafast transient absorption spectroscopy 

 
Ultrafast transient absorption spectroscopy of rsEGFP2 in solution in the picosecond time-

domain carried out at low pump energy 

The ultrafast transient absorption experiments were carried out on rsEGFP2 in 50 mM 

Hepes, 50 mM NaCl, pH 8, using a method similar to that described elsewhere for IrisFP1. 

Briefly, a 1-kHz femtosecond transient absorption set up was used; and the pump beam (400 

nm) was obtained by doubling fundamental 800 nm pulses. The solution of rsEGFP2 in the 

off state (absorbance ca. 0.1 at 400 nm) was inside a flow cell (1 mm thick CaF2 windows, 

optical path length 250 µm). Before entering the flowcell, the reservoir solution was irradiated 

continuously with 470 nm light to switch the protein back to the off state after excitation by 

the pump beam (2 µJ / pulse at the sample position; spot diameter 0.4 mm; energy density 1.3 

mJ/cm2). Owing to the low absorbance and the low pump excitation power, multiphoton 

processes and formation of ionic species were avoided (see next section for higher-power 

experiments). The instrument response function (110 fs FWHM) was estimated using the 

stimulated Raman amplification signal (Supplementary Fig. 1a) and spectra were corrected 

from group velocity dispersion.  

Supplementary Fig. 1a-c shows the transient difference absorbance spectra from 355 

to 675 nm and from -0.1 to 39.9 ps after excitation of rsEGFP2 in its off state by a 110 fs 

pulse at 400 nm. Between -0.1 and 0.4 ps, four difference bands are growing (Supplementary 

Fig. 1a): two positive (maxima at 355, 455 nm) and two negative bands (narrow and broad 

band with minima at 405 nm and 530 nm, respectively). The former are characteristic of 

absorption by excited-state species, the latter reflect the depopulation of the off state (405 nm) 

and stimulated emission of excited-state species (530 nm). Between 0.5 and 39.9 ps, all bands 

decay with two time constants (a global decay analysis was carried out where we focused on 

spectral changes observed at four wavelengths (385, 455, 530 and 650 nm) and this analysis 

yielded two decay time constants of 0.92 ± 0.08 ps and 3.65 ± 0.15 ps, Supplementary Fig 1d) 

and a positive band is growing at 380 nm to reach a difference spectrum characterized by this 

positive band and a small negative band between 465 and 600 nm with a maximum at 502 nm 

(Supplementary Fig. 1c) that do not change up to upper limit of the pump-probe delay of 1 ns 

(not shown). The band at 380 nm is most likely due to formation of a protonated cis isomer in 

line with its presence in a spectrum recorded from rsEGFP2 in its fluorescent on state at pH 4 

where the cis isomer of the chromophore is protonated (Supplementary Fig. 2). The negative 
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band with the maximum at 502 nm (Supplementary Fig. 1c, difference spectrum at 39.9 ps) 

originates from the depopulation and stimulated emission of the anionic cis isomer present in 

a residual population (about 10%) of the fluorescent on state (Supplementary Fig. 2). 

Since the residual population (10%) of the fluorescent on state emits at 502 nm, i.e. 

close to the time-dependent stimulated-emission band with a maximum at 530 nm (Fig. 2a, 

Supplementary Fig. 1a-c), its time evolution needed to be determined. To this end, spectral 

changes of a solution with 100% of the rsEGFP2 molecules being in their fluorescent on state 

(anionic cis chromophore) were followed upon femtosecond excitation at 400 nm 

(Supplementary Fig. 3). The expected negative band with a maximum at 502 nm rises within 

a few hundred femtoseconds (Supplementary Fig. 3a), followed by a vibrational relaxation 

within a few picoseconds (shift and increase of the band), and then remains constant 

(Supplementary Fig. 3b) up to 50 ps. Consequently, the decay of the spectra in Fig. 2a on the 

ps time scale (decay in 0.9 and 3.7 ps) and Supplementary Fig. 1b,c is solely due to photo-

dynamics of the protonated off state without contributions from the photo-dynamics of the 

anionic on state.  

 

Ultrafast transient absorption spectroscopy of rsEGFP2 in solution as a function of pump 

energy 

In the previous section, transient absorption spectroscopy was carried out at low pump energy 

(corresponding to 13 GW/cm2 and less than one photon absorbed per protein) to avoid multi-

photon and photobleaching processes. Since TR-SFX experiments were carried out at much 

higher pump energy (corresponding to nominal 400 GW/cm2), transient absorption 

spectroscopy was carried out at two additional pump energies, corresponding to 68 and 140 

GW/cm2 (Supplementary Fig. 4). Excitation at higher pump energies was not possible due to 

laser scattering and a strong signal from the solvent (spectra with 140 GW/cm2 were cut 

below 430 nm). At 13, 68 and 140 GW/cm2, the 455 nm band (absorption of excited state 

species) reaches its maximum at 0.6 ps and decays with similar time constants (2.75 +/- 0.03 

ps, 2.73 +/- 0.05 ps, 2.47 +/- 0.14 ps, respectively), indicating that the formation and decay of 

excited state species do not strongly depend on the pump energy. However, at 68 and 140 

GW/cm2 an additional species is formed within a few hundred femtoseconds that absorbs 

from 500 to 700 nm with a maximum at 700 nm (Supplementary Fig. 4e,f,h,i) and whose 

spectrum remains constant up to 1 ns (not shown). Similar pump-energy dependent 

experiments on Dronpa2 and photoactive yellow protein3 yielded a similar additional band that 
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has been interpreted as being due to the formation of solvated electrons and a chromophore 

radical cation.Importantly, the band attributed to a radical cation and solvated electron species 

does not evolve on the ps time scale. This means that this radical does not correspond to 

either of the two SFX intermediate states (models P and T, see below) whose occupancies 

decrease between 1 and 3 ps. 

 

Power titration with femtosecond excitation of rsEGFP2 off-to-on photoswitching in solution 

The off-to-on photoswitching efficiency with femtosecond laser excitation of rsEGFP2 in 

solution was investigated as a function of the laser energy density, similarly to experiments 

carried out on crystals of the photoactive yellow protein4. The experiments were carried out 

on a 2.5 mM rsEGFP2 solution in 50 mM Hepes, 50 mM NaCl, pH 8. The sample was 

sandwiched between the faces of an Infrasil cuvette with an optical path length of 50 µm. The 

pump beam to trigger off-to-on photoswitching (400 nm, about 150 fs pulse length, circular 

polarization) was obtained by using the second harmonic of a Coherent Femtosecond 

Amplifier (Elite). The white probe beam was obtained by a cold halogen lamp (Schott). Pump 

and probe beam spatial profiles at the sample position were characterized by a beam profiler 

camera (Spiricon) and were 380×250 µm2 FWHM and 68×62 µm2 FWHM, respectively. The 

stability of pump-probe spatial overlap was checked several times during the experiments. A 

LED source at 490 nm (Thorlabs) was collimated and focused on the sample (about 200 

mW/cm2) and used to prepare the off state before femtosecond excitation and to check the 

reversibility of photoswitching after femtosecond excitation. 

Before pump-laser excitation, a spectrum of the on state (resting state) was collected, 

followed by illumination with the LED source at 490 nm for about 15 min in order to generate 

the off state (see Supplementary Fig. 5). The on- and off-state spectra were then used as a 

reference for interpreting the spectra after fs excitation. 

The scheme of the experiment was as follows: 

1 - spectrum acquisition (on state) during 5 seconds 

2 - 490 nm LED illumination during 15 seconds 

3 - spectrum acquisition (off state) during 5 seconds 

4 - 400 nm femtosecond pulse 

5 - spectrum acquisition during 5 seconds 

6 - 490 nm LED illumination during 15 seconds 
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The above sequence was repeated five times at each laser energy. It was verified by 

calculation that protein molecules outside the pump surface cannot reach the probe surface 

within the time necessary to complete one cycle. The spectra acquired at steps 5 and 1 were 

used as a measure of the on state switching efficiency by fs excitation and of the reversibility 

of photoswitching after fs excitation, respectively (see Supplementary Fig. 5). The spectra 

were then fitted in the 380-525 nm wavelength range by a linear combination of the on and off 

reference spectra. Supplementary Fig. 5 shows the on and off reference spectra (blue and 

green curves, respectively), the spectrum after 400 nm fs excitation at 950 µJ/mm2 (red 

curve), the result of the fitting procedure for the spectrum after 400 nm fs excitation (cyan 

curve), and the spectrum after 490 nm LED re-illumination (magenta curve). 

The coefficients of the linear combination obtained with the fitting procedure give an estimate 

of the on and off state fractions at every step in the sequence. Supplementary Fig. 6 shows the 

fraction of on state after 400 nm laser excitation as a function of the energy density up to 1 

mJ/mm2. Supplementary Fig. 7 shows the sum of the fractions of on and off states after 400 

nm laser excitation (left panel) and the fraction of off state after 490 nm LED re-illumination 

(right panel) in the same energy density range. Points in Supplementary Fig. 6 are averaged 

over several (typically five) repetitions. It is worth noting that sample concentration and 

thickness were chosen such as to have similar numbers of protein molecules in the excited 

volume and in microcrystals during the SFX experiment. This condition enables a direct 

comparison of the excitation conditions used during SFX experiments and the spectroscopic 

measurements described here. 

   

Spectra in Supplementary Fig. 5 (red and cyan curves) and data in Supplementary Fig. 7 left 

panel demonstrate that the product of fs excitation is spectroscopically interpretable as a 

linear combination of on and off states over the entire energy-density range explored, 

including the one in the SFX experiment (0.94 mJ/mm2). Data in Supplementary Fig. 6 shows 

that the on-to-off photoswitching efficiency is monotonic in the entire energy range, excluding 

the formation of a photobleached species that would lead to a decrease in on-state formation 

above a certain energy-density threshold. Spectra in Supplementary Fig. 5 (green and 

magenta curves) and data in Supplementary Fig. 7 right panel demonstrate that 99% on 

average of the product of femtosecond excitation is reversibly switchable back to the off state 

upon illumination by 490 nm LED radiation.  
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2. QM/MM and MD simulations 
 

Excited state QM/MM simulations: calculation of protonation states 

All QM/MM simulations described were performed starting from the crystallographic off-

state conformation of the laser-off structure obtained in this work (see below). 

Protonation states for the residues in the protein were obtained by performing Poisson-

Boltzmann (PB) continuum electrostatic calculations combined with a Monte Carlo titration. 

These calculations were performed using the Pcetk module5 of the pDynamo6 program 

coupled to the external PB solver, extended-MEAD7. 

The initial setup of the electrostatic model was performed in CHARMM8,9. Molecular 

mechanics parameters, such as atomic charges and radii, were taken from the CHARMM 

force field10 for the protein, whereas those for the neutral and anionic forms of the 

chromophore were adapted from the work of Reuter et al11. Hydrogen atoms were added to 

the X-ray crystallographic structure of the off-state structure of rsEGFP2 using the HBUILD 

routine in CHARMM. 

Titratable residues were protonated according to their standard protonation states at pH 7. The 

coordinates of the added hydrogens were geometry optimized in CHARMM, whereas the 

coordinates of the heavy atoms were kept fixed. During the subsequent PB calculations in 

pDynamo, the solvent was assigned an ionic strength of 100 mM and a temperature of 300 K. 

To calculate the molecular surface of the protein, a solvent probe with a radius of 1.4 Å and 

an ion exclusion layer of 2.0 Å were used. The electrostatic potential was calculated using 

four focusing steps at resolutions of 2.0, 1.0, 0.5, and 0.25 Å. Each step employed a grid of 

1213 points. The Metropolis Monte Carlo method, as implemented in pDynamo5, was used to 

calculate the protonation states of titratable groups. Each MC run consisted of 500 

equilibration scans followed by 20000 production scans. Double moves12 were applied for the 

pairs of groups whose absolute electrostatic interaction energy was calculated to be > 2.0 kcal 

mol-1. Titration curves were calculated for a pH range between 0 and 14 at a resolution of 0.5 

pH units. 

At pH 7 the calculations indicated that the residues of the protein were all in their expected 

forms with the exception of Glu223, which was protonated. The histidines were all singly 

protonated with the delta-protonated forms being most stable for His3, His182, His200 and 

His218, and the epsilon-protonated forms for the remaining histidines, His5, His4, His26, 

His78, His82, His140, His149 and His170. The chromophore itself was determined to be 
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predominantly neutral, 85%, with the remaining 15% anionic. The populations of the cationic 

and zwitterionic forms of the chromophore were negligible for the whole range of pH values. 

 

Excited state QM/MM simulations: molecular dynamics simulations 

Once the predominant protonation states of the protein at pH 7 had been determined, a 

simulation model of the system with the chromophore in its neutral state was prepared using 

the VMD 13 and NAMD 14 programs. A molecular mechanical (MM) model of the protein was 

setup using the appropriate protonation states and the same CHARMM force field as 

indicated in the previous section. Using the solvate module of VMD this system was then 

solvated in an orthorhombic water box of approximate dimensions 62.0  × 73.7 × 71.3 Å3 to 

ensure a layer of water of at least 10 Å on each side of the protein. In addition, K+ cations 

were included to make the total system neutral. The complete model consisted of 3735 protein 

atoms, 10232 water molecules and 6 K+ cations (34437 atoms in total). Standard CHARMM 

parameters were employed for the K+ cations, and the TIP3P model15 was taken for water. 

In the next step, a geometry refinement of the model was performed in which the protein 

heavy atoms were weakly restrained to their experimental crystallographic positions using 

harmonic positional restraints (force constant 2 kcal mol-1 Å-2). The solvent atoms and protein 

hydrogens were unrestrained. This refinement consisted of 1000 steps of geometry relaxation 

using the steepest descent method, a heating molecular dynamics (MD) simulation in which 

the temperature was gradually increased from 20 to 300 K at a rate of 10 K ps-1, and a 10 ns 

MD equilibration run at 300 K. All calculations were done with the application of periodic 

boundary conditions and determination of the long-range electrostatic interactions using the 

particle-mesh Ewald method. The MD runs were carried out in the NPT ensemble under the 

normal pressure of 1 bar and using a time step of 2 fs.  

To terminate, a 100 ps MD simulation was carried out (using the same conditions of 

temperature and pressure as above) in which all atoms were permitted to move freely. The 

relatively short duration of the simulation was employed to ensure that the protein atoms did 

not deviate substantially from their crystallographic positions. For the subsequent 

calculations, structures were saved at 2 ns and 10 ps intervals from the restrained and 

unrestrained MD simulations, respectively, giving 15 snapshots in all. 
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Excited state QM/MM simulations: method 

All quantum chemical/molecular mechanical (QC/MM) simulations were done with the 

pDynamo program6. Most calculations were carried out with pDynamo's semi-empirical QC 

methods, although tests were also performed with density functional theory (DFT) and 

complete active space self-consistent field (CASSCF) molecular orbital methods using 

pDynamo coupled to the ORCA QC program16. 

We preceded our simulations with tests to calibrate different QC/MM models versus the 

rsEGFP2 system. For this we benefited from our previous extensive experience of the 

application of QC/MM methods to similar fluorescent proteins (see, for example17,18). Among 

other things, we examined the QC model, the number of atoms in the QC region, the number 

of mobile atoms for the QC/MM MD simulations, and the treatment of the QC/MM 

interactions. 

Our final QC/MM model, which we used for the simulations presented in this paper, provided 

a  reasonable compromise between accuracy and cost, and consisted of the following four 

points: 

• the semi-empirical AM1 QC method19 combined with the same CHARMM MM model for 

the non-QC atoms as employed for the MD simulations. We have shown previously that the 

AM1 semi-empirical method, in combination with a suitable configuration interaction (CI) 

method, provides a reasonable description of the ground and lower energy excited states of 

the chromophore17,18. Here, we employed a FOMO-CASCI approach, which has been shown 

by others to approximate state-averaged ab initio CASSCF methods well20. For our 

production runs, we employed an active space of 4 electrons in 3 orbitals, as we found that 

this gave results in accord with larger and more expensive CI spaces. 

•  a QC region comprising the chromophore with QC/MM covalent interactions treated via the 

link atom method6. This gave 45 QC atoms in total of which 3 were link atoms. Other QC 

regions that were tested included either all or various combinations of the additional groups, 

Gln95, Arg97, Ser164, Gln184, Glu223, and the water hydrogen-bonded to the chromophore's 

phenol group. 

• an approximately spherical mobile region of 15 Å radius around the chromophore 

containing 2224 atoms. All other atoms were kept fixed at their initial positions during the 

dynamics although their interactions with the mobile atoms were, of course, computed. Test 

simulations allowing all atoms in the system to move showed no significant differences with 

those presented here. 
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• the inclusion of the full QC (electronic density and nuclear charge)/MM (partial charge) 

electrostatic interactions in the QC SCF/CI calculation. All the QC/MM and MM/MM non-

bonding (electrostatic and Lennard-Jones) interactions were smoothed using the atom-based 

force switching approximation with inner and outer cutoffs of 8 and 12 Å, respectively6. 

With each QC/MM model, MD simulations were performed using either a velocity Verlet 

algorithm (all atoms mobile) or a Langevin algorithm with a small collision frequency of 10-2 

ps-1 (immobile atoms 15 Å from the chromophore). The time step for each algorithm was 1 fs 

and simulations were run at a temperature of 300 K. For each electronic state, equilibration 

runs of, typically, 100 ps duration were carried out before production runs were started. To be 

clear, complete QC SCF and CI calculations were performed at each time step so that a 100 ps 

simulation with a 1 fs timestep required 105 SCF/CI energy and force calculations. 

 

Excited state QM/MM simulations : chromophore models in vacuum 

To test the QC model employed in the QC/MM simulations, the trans structure of the 

chromophore was extracted from the X-ray crystallographic structure of the off-state 

conformer and studied in vacuum. The geometry-optimized structure in the ground singlet 

state, S0, has tau and phi angles of -1º and -42º, respectively. The non-planar phi angle is due 

to the unfavorable steric interaction between the phenol and the imidazolinone oxygen in the 

trans state. The vertical excitation energies to higher states are calculated to be 3.29, 4.01, 

5.83 and 1.94 eV for the S1, S2, S3 and T1 states, respectively. The S0 → S1 energy is in good 

agreement for that found for the neutral form of the chromophore in previous studies using a 

variety of semi-empirical and ab initio theoretical approaches21,22. 

Geometry optimization of the S1 excited state leads to a lowest energy minimum with tau and 

phi angles of -88º and 0º, respectively, with an energy 2.13 eV higher than the geometry 

optimized form of S0. There are also additional, higher energy minima for S1 with planar 

values for tau and values of ± 90º for phi but we do not observe these in our subsequent 

simulations. The optimized geometry of the S2 state resembles that of S0 with values of -24º 

for both the tau and phi angles, whereas the geometry of S3 has tau and phi  angles of 42º and 

-72º, respectively, and a distorted imidazolinone ring. By contrast, the optimized geometry of 

T1 is similar to that of S1 with tau and phi angles of -105º and 1º, respectively, and an energy 

with respect to S0 of 1.07 eV. 
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Excited state QM/MM simulations of the chromophore in rsEGFP2 

The initial 100 ps simulation of the rsEGFP2 QC/MM system in its S0 state yielded structures 

closely resembling the X-ray crystallographic off-state structure with tau and phi values 

(mean ± one standard deviation) of 2 ± 8º and -46 ± 11º, respectively. The vertical S0 → S1 

excitation energy was consistent with that observed for the chromophore model in vacuum 

with values of 3.30 ± 0.11 eV. This is equivalent to an absorption band maximum of 376 nm, 

which compares reasonably to the experimental value of 408 nm. 

It is in principle possible to carry out quantum dynamical simulations to mimic light-

excitation of the type that occurs in the TR-SFX experiments (see, for example23). However, 

these calculations are expensive and also sensitive to the way in which the radiation field is 

treated. Instead, in this work, we employed a simpler approach in which we performed 

simulations in the S0 ground state of rsEGFP2 and then, at given intervals, spawned 

trajectories in the appropriate excited state. At the end of each excited state trajectory, the 

ground state simulation was resumed from its configuration at the last spawning point so as to 

have a continuous ground state trajectory. The switch from the ground to excited states was 

assumed to occur instantaneously without modification of the atomic positions and velocities. 

We start with excitations to the S1 state. Supplementary Fig. 8 (left panel) shows the change 

in the values of the tau and phi angles as a function of time for 100 S1 excited state 

trajectories spawned at 1 ps intervals from a S0 ground state trajectory. Each excited state 

trajectory was run for 2 ps. The angles change rapidly from their initial ground state values 

(tau = 4 ± 8º, phi = -48 ± 11º) to those of the S1 state (tau = -86 ± 9º, phi = 16 ± 10º) with the 

change essentially being complete after 1 ps. Supplementary Fig. 9 shows the average 

structure at 1 ps calculated from these trajectories, which is in close agreement with the 

experimental intermediate structure determined by time-resolved serial femtosecond 

crystallography at the same time point (see below). Although we do not expect to obtain very 

accurate excited state kinetic constants from our simulations, due to the approximate nature of 

our dynamical approach, we nevertheless performed exponential fits for the curves in 

Supplementary Fig. 8 (left panel). We find that the change in tau is a mono-exponential 

process with a time constant of 0.32 ps, whereas the change in phi is bi-exponential with fast 

and slow components of 0.09 and 0.86 ps, respectively. 

To estimate how the initial S0 structures influence the excitation dynamics, we repeated the 

analyses of the preceding paragraph using various subsets of the excitation trajectories. The 

results were, in general, relatively insensitive to how the trajectories were selected. To 
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illustrate this, we show in Supplementary Fig. 8 (right panel) the change in the values of the 

tau and phi angles as a function of time for the 28 (out of 100) trajectories whose initial 

vertical S0 → S1 excitation energy was within one third of the standard deviation (0.11 eV) of 

the average excitation energy (i.e. 3.30 ± 0.037 eV). As can be seen, the dynamics is very 

similar although the fluctuations at the start of the trajectory are a little larger. Exponential fits 

of these curves are qualitatively similar to the previous ones, with a time constant for the 

change in tau of 0.36 ps, and time constants for the change in phi of 0.10 and 0.60 ps. The 

average structures after 1 ps derived from the full (100) and reduced (28) sets of excitation 

trajectories are extremely similar and thus are not presented here. Surface hopping from the S1 

to the S0 state was not permitted during these trajectories. When surface hopping was 

permitted by using the approximate AS3 surface hopping algorithm of Fabiano and co-

workers24 a substantial deexcitation to the S0 state can occur during the 2 ps duration of the 

excitation trajectories. In contrast to the conclusions of Fabiano and co-workers, we note that 

the fraction of trajectories that deexcite is sensitive to the values of the parameters employed 

in the AS3 algorithm. However, with a choice of parameter values similar to theirs, we find 

that still approximately 15-20% of the excitation trajectories survive in the S1 state at 1 ps. 

Observation of a twisted chromophore in Fig. 4 and Supplementary Fig. 9 is thus not an 

artifact from preventing surface hopping. Deexcitation to the S0 state is rapid, with the ground 

state S0 structure being recovered within about 150 fs. 

In addition to the S0 → S1 simulations, we also performed simulations from S0 to the S2 and S3 

states. We do not show results for these here as they generate structures which are consistent 

with model chromophore calculations (see above) that are far from the twisted intermediate 

structure observed experimentally. Likewise, we also examined the behavior of the T1 state of 

the chromophore in the protein, although this is unlikely to be relevant to the experimental 

observations due to the short time span of the experiments (~1 ps) and the much longer time 

constants associated with singlet to triplet intersystem crossing (> 1 ns). Interestingly, we find 

that the average T1 dynamical structure of the chromophore in the protein is actually quite 

close to that of the S0 ground state despite the fact that its vacuum optimized structure 

resembles that of S1. 

Finally, we also performed switching simulations from S1 to S0, i.e. by carrying out a 

QM/MM MD simulation in the S1 state and then periodically switching to S0. In agreement 

with experiment we find that the majority of the simulations revert back to the trans 
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configuration of the S0 ground state, although a small fraction, ~ 4%, leads to the cis 

configuration. 

 

DFT calculations of the cationic ground-state chromophore in rsEGFP2 

Quantum mechanical calculations of the cationic chromophore, generated by removal of one 

electron from the neutral trans species of the off state, were carried out for all geometries 

characterized by the values of tau and phi in the interval from -60° to +60° in steps of 30°. 

For each geometry, all coordinates except for tau and phi were optimized using density 

functional theory, with the B3LYP functional and 6-31G* basis set25. The energy landscape 

resulting from these calculations exhibits a unique minimum-energy geometry, corresponding 

to the planar trans chromophore of the off-state.  

 

Excited state classical MD simulations: force field 

Starting from the crystallographic off-state conformation of the laser-off structure obtained in 

this work (see below), force field molecular dynamics simulations of the protein with the 

neutral chromophore in the electronic ground state S0 were first carried out to sample initial 

geometries for starting the excited state S1 chromophore simulations.  

The Amber 99 force field of the AMBER suite26 was used for standard amino-acids. 

Concerning the chromophore, force constants of the bonded terms and van der Waals 

parameters were taken by analogy in the Amber force field. Equilibrium values were taken 

from geometries optimized at the DFT level of calculations for the S0 state and CIS 

(Configuration Interaction between Singly excited states) level for the S1 state, using the 6-

31G* basis set25. The results are shown in Supplementary tables 1 and 2. Point charges for the 

S0 and S1 states were derived by fitting the ab initio electrostatic potential created by the 

chromophore (including the two peptide links) in the S0 or S1 state. Several constraints were 

imposed in the fitting procedure using a custom made program, as done previously by 

Jonasson et al27. The calculated values are shown in Supplementary table 3. Concerning the 

dihedral potentials of the tau and phi torsions around the ring bridging bonds, the standard 

form of the Amber force field was taken for the S0 state with small force constants equal to 6 

kcal/mol and 3 kcal/mol, respectively, to allow the chromophore to keep the large phi torsion 

angle (-46°) observed in the crystallographic off-state conformation of the laser-off structure. 

For the S1 state of the neutral chromophore, we have to define a coupled potential of the tau 

and phi torsions as already done for the anionic form of the chromophore27. Quantum 
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mechanical calculations of the excited state of the neutral chromophore has been pointed out 

to be a difficult task21,28, and only sparse quantitative information is available in the literature 

for the neutral excited state. Minima in the tau-twisted geometries (tau = +/- 90° and phi = 0) 

have been reported, with an energy stabilization with respect to the planar geometry of either -

8 kcal/mol29 21 or -19 kcal/mol30. The minimum  energy path from the cis planar geometry to 

the tau-twisted geometry calculated by Toniolo et al 29 shows a low barrier of about 1 kcal 

located near  tau = 45°. No minimum along the phi torsion was reported. Olsen et al30 have 

calculated the energy of a constrained geometry with phi = 90° and tau = 0°, yielding a 

destabilization of 13 kcal/mol with respect to the planar geometry. In this work we have 

calculated the energy landscape of the excited state using simply the CIS method. This was 

done only on a grid of points with absolute values of tau and phi smaller than 60°, since CIS 

in not reliable for absolute values near 90°. In order to obtain a complete grid we have added 

to the CIS points the two tau - twisted minima (tau = +/- 90° and phi = 0), with an energy 

stabilization equal to  -8 kcal/mol21,29. The entire set of values was fitted by a sum of products 

of sine and cosine of multiples of tau and phi, as reported earlier27. The result is shown in 

Supplementary Fig. 10 together with the expression of the fitted analytical energy function. In 

agreement with the above-mentioned theoretical results, we find a strictly repulsive phi 

profile, and a tau profile between the cis and the tau-twisted geometry with a small barrier 

(0.7 kcal/mol) located at about 40°. The tau profile starting from the trans geometry is 

barrier-less and stabilized by -8 kcal/mol in the two tau-twisted geometries (tau = +/- 90° and 

phi = 0).  

Concerning the remaining torsional parameters, those for the phenol ring were taken from the  

Amber force field. For the imidazolinone ring, no specific parameters are available in the 

standard force fields. However, these parameters, especially those governing the flexibility at 

the nitrogen N3 site linked to the rest of the protein, play an important role when simulating  

the overall dynamics of the chromophore within the protein. In this work we used a custom 

made specific torsional force field for the imidazolinone ring, comprising nine independent  

terms31  : five terms for the intra-cycle dihedral angles (that imply only the five atoms of the 

ring) and four improper angles (all atoms of the ring, except N2). Usual ring force fields 

include also exo-cyclic dihedral terms (for instance O2-C2-N3-C1), so that the dynamics at a 

given atom site results from an inextricable combination of many terms.  

The force constants were adjusted on the fluctuations of the nine angles observed in a 10 ps 

DFT/MD simulation of the S0 anionic methyl-terminated chromophore (A. de la Lande, 
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private communication, 2011). The DFT/MD was performed using a modified version of 

deMon2k32. The resulting average geometry is planar. The DFT/MD fluctuations 

(Supplementary table 4) are found in the interval ~ 4 - 8° except the one for the N3 nitrogen 

improper torsion that takes, as expected, a much larger value (15.1°). The force constants of 

our specific force field and the resulting fluctuations are shown in the last two columns of 

Supplementary table 4. It appears that all DFT/MD fluctuations are well reproduced by the 

force field, particularly the higher flexibility of N3. This force field was initially tailored for 

the anionic S0 chromophore. We have assumed it can also be used for the neutral 

chromophore since the higher flexibility of N3, as compared to the carbon atoms in the 

imidazolinone ring, is critical and is correctly reproduced here. 

 

Excited state classical MD simulations : MD protocol 

All amino acids were in their standard protonation state at pH 7, except for Glu223, which 

was protonated to allow hydrogen bonding with N2 of the chromophore. The protein was 

neutralized with Na+ cations and solvated in a water box, resulting in 34474 atoms. The 

system was first minimized and equilibrated using the protocol described in27.  

A free dynamics simulation of 2 ns duration was run for the S0 state at constant temperature 

(300 K) and pressure (1 atm). Fifty simulations of the S1 state of 5 ps duration each were 

carried out starting from snapshots extracted from the second half of the free S0 state 

simulation, and using a custom-made version of the PMEMD module of AMBER27. 

 

Excited state classical MD simulations: protein dynamics with the chromophore in S0  

The average value and the standard deviation of the dihedrals tau and phi in the ground state 

simulations are equal to -7° ± 10° and -38° ± 13°, respectively. Among the H-bonds linking 

the O2 oxygen of the imidazolinone ring of the chromophore to the OH oxygen of the phenol 

ring of the chromophore (O2-Arg97(NH2) / Arg97(NH2)-Gln184(OE1) / Gln184(OE1)-W17 

/ W17-Ser164(OG) / W17-OH) three of them appear as strong H-bonds: O2-Arg97(NH2), 

Arg97(NH2)-Gln184(OE1) and W17-OH. The H-bonds of the water W17 to Ser164 and to 

Gln184 exhibit a weaker character.  
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Excited state classical MD simulations: protein dynamics with the chromophore in S1  

The excited chromophore first accesses in less than 30 fs a flat area of the potential energy 

surface around the planar trans geometry (Supplementary Fig. 10), where its average 

conformation is characterized by tau and phi values of -37° ± 12° and -10° ± 10°, respectively 

(conformation 1, Supplementary Fig. 11). Subsequently, full chromophore twisting occurs, 

leading to a conformation with tau and phi values of  -80° ± 7° and 12° ± 8°, respectively 

(conformation 2, Supplementary Fig. 11). The fully twisted chromophore conformation is 

observed in all 50 simulations and forms in less than 1 ps in 18 of them and in less than 4 ps 

in the remaining 32, with an average value of 1.9 ps. The H-bond between the phenol oxygen 

of the chromophore and the water molecule W17 is formed in 98% of the S0 snapshots and in 

97% and 56% of the S1 snapshots in which conformation 1 and conformation 2 are observed, 

respectively. Full twisting in tau is thus accompanied by a weakening of that H-bond. 

 

S0-S1 energy gap and oscillator strengths calculated from QM and QM/MM simulations  

TDDFT and semi-empirical QM calculations on a chromophore model were performed to 

determine the energy gaps and oscillator strengths of the principal conformations observed 

experimentally. Reliable theoretical values of the emission wavelength from the fully tau-

twisted neutral S1 chromophore calculated by Toniolo et al29 and by Polyakov et al21 are 

~1100 nm and 953 nm, respectively, much too far from the observed 530 nm. Since no values 

for a conformation similar to SFX model P (tau and phi values of -37° and -10°, respectively) 

are available in the literature we have performed a calculation at the simple TDDFT level 

with the B3LYP density functional and the cc-pVTZ basis set, using the Gaussian 03 

package. This level of calculation has been shown to provide a value of the absorption energy 

of the planar neutral chromophore28 in good agreement with the accurate values of Polyakov 

et al21. The calculated emission wavelength for SFX model P is equal to 570 nm, not far from 

the observed 530 nm. The corresponding oscillator strength is 0.15, which is smaller than the 

one associated with the fully planar chromophore (0.6628). 

The semi-empirical QM calculations provide similar results. Fully planar and SFX model P 

chromophores are characterized by energy gaps corresponding to 380 and 484 nm, 

respectively and oscillator strengths of 0.87 and 0.53. The oscillator strength of the fully 

twisted chromophore (SFX model T) is negligibly small (< 0.001) and its energy gap 

corresponds to an emission band of ~1500 nm.  
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We also analyzed the oscillator strengths for the structures in the QM/MM excited state 

simulations. As in the model chromophore calculations, their values are small for structures 

around the fully tau-twisted conformation of the chromophore (SFX model T). However, the 

structures with maximum oscillator strengths are clustered quite sharply in the region with tau 

values of ~ -40° and phi values of ~ -20° and with excitation energies of ~ 220 kJ/mol. The 

latter is equivalent to an emission of ~ 540 nm, which is red-shifted with respect to the 

emission for the model chromophore calculations. Although we only see a transient 

population of structures of this type, they correspond well to the minor conformation detected 

by MD simulations and to SFX model P. 

In summary, it follows that the stimulated emission band with a maximum at 530 nm seen in 

the ultrafast transient absorption experiments originates most probably from SFX model P 

(near planar chromophore), but not from SFX model T (fully twisted chromophore). 
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3. Serial femtosecond crystallography 
 

Protein expression and purification  

The reversibly photoswitchable enhanced green fluorescent protein 2 (rsEGFP233) was 

expressed and purified as described34. After cell lysis, purification of rsEGFP2 fused to an N-

terminal polyhistidine tag was achieved using 100 ml of Ni-NTA affinity resin, followed by 

size exclusion chromatography on a HiLoad 16/600 Superdex 75 prep grade column. To 

obtain the large amount of protein required for these experiments, 136 cycles of size 

exclusion chromatography were performed in 9 days using two high-throughput Akta Xpress 

systems on the MP3 platform (IBS, Grenoble).  

 

Microcrystal growth, preparation and injection 

rsEGFP2 microcrystals were obtained by seeding (Woodhouse et al., to be described 

elsewhere), using crystallization conditions similar to those described in34 which yield 

macrocrystals in the hanging drop vapor diffusion geometry. The final protein, precipitant, 

salt and buffer concentrations were ~20 mg/ml, ~2 M ammonium sulphate, 20 mM NaCl, 120 

mM HEPES pH 8, respectively. Just prior to injection, rsEGFP2 microcrystals (3  × 3 × 3 µm3 

(Supplementary Fig. 12)) were centrifuged for 5 min in a 15 ml tube at 1000 g. The 

supernatant was removed and the pellet resuspended and diluted 25- to 50-fold with 100 mM 

HEPES pH 8, 2 M ammonium sulphate (sample from which the on-state reference data set 

was collected) or 2.5 M ammonium sulphate (for samples from which all other data sets were 

collected). A solution containing 2 - 10% (v/v) crystals was filtered through a 20 µm stainless 

steel filter using a sample loop and a high-performance liquid chromatography (HPLC) pump. 

After filtering, the crystal slurry was concentrated by centrifugation and removal of part of the 

supernatant. Crystal suspensions (typically 2 to 4 ml volume) were transferred into a stainless 

steel sample syringe installed on an anti-settling device35 equipped with a regulated, 

adjustable Peltier element-cooled syringe holder. The sample temperature was 20°C. Crystals 

were injected into the vacuum (~0.1 millitorr) microfocus chamber of the Coherent X-ray 

Imaging (CXI) endstation36 of the Linac Coherent Light Source (LCLS) at SLAC National 

Accelerator Laboratory using a gas dynamic virtual nozzle (GDVN) injector37. The GDVN 

featured a sample capillary of 75 µm inner diameter and was run at a flow rate of 30 µl/min. 

The resulting jet had a diameter ranging from 3 to 6 µm (corresponding to linear flow rates of 

40 to 25 m/s, respectively), depending on the focusing helium pressure. Attempts to increase 
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the crystal concentration to above 8% (v/v) resulted in frequent clogging of the injector tubing 

or GDVN with rsEGFP2 microcrystals. To reduce the probability of clogging, tubing and 

nozzle were rinsed with water every 10 min for 2 min. A total of about 1g rsEGFP2 

microcrystals were used during the five 12 hrs shifts during which our TR-SFX data were 

collected. 

 

Pre-illumination of microcrystals to convert rsEGFP2 from the on to the off state 

The absorption maxima of rsEGFP2 in its fluorescent (on) and its non-fluorescent (off) states 

are at 479 and 406 nm, respectively (Supplementary table 7). The resting state is the on state. 

Our goal was to study a picosecond timescale intermediate state along the off-to-on transition, 

requiring to switch all protein molecules in the crystal to the off state by pre-illumination (488 

nm), before triggering the reaction with the pump laser (400 nm; see below), and probing the 

structure with X-ray pulses (Supplementary Fig. 13). The low primary quantum yield of the 

on-to-off photoswitching (0.04, Supplementary Table 7) required a large excess of photons 

per molecule to ensure efficient photoconversion. Pre-illumination was achieved by 488 nm 

laser light using a pre-illumination device (Supplementary Fig. 14)38. Briefly, the output beam 

of a CW laser (488 nm wavelength, 200 mW nominal power) was guided by a SMA optical 

fiber (200 µm core) to the tubing (254 µm inner diameter) connecting the sample reservoir 

with the GDVN. The optical fiber and the tubing were aligned with a stainless steel HPLC 

Tee union thereby forming an illumination cuvette, at a linear distance of 2 m upstream of the 

interaction zone. The transit time of a crystal under laser light within the pre-illumination 

region was 0.025 s. Absorption spectroscopy of microcrystals collected at the exit of the Tee 

union showed that crystalline rsEGFP2 was ~90% in the off state, and the remaining ~10% in 

the on state (Supplementary Fig. 15). At a flow rate of 30 µl/min, the delay between pre-

illumination and laser pumping was 40 s, i.e. a time far shorter than the characteristic time of 

the off-to-on thermal recovery of monomeric rsEGFP2 in microcrystals (~100 min)38. Thus, 

the fraction of off state conformers in rsEGFP2 microcrystals presumably remains close to 

90% at the interaction zone prior to laser pumping. 

 

Femtosecond pump-laser excitation of rsEGFP2 crystals in TR-SFX experiments 

Triggering photoswitching from the off towards the on state was achieved with pulses (~230 

fs FWHM pulse length; 400 nm wavelength; 1.5 μJ/pulse; circularly polarized) generated by 

the second harmonic of a Ti:sapphire laser focused to a spot size of 40 μm × 40 μm (FWHM; 
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energy density 940 µJ mm-2 ; power density 400 GW cm-2), in nearly collinear geometry with 

respect to the X-ray beam. The spatial overlap of the pump-laser focus with the XFEL beam 

at the interaction region was assessed every few hours by using a fine-grinded YAG screen in 

combination with a high-resolution camera monitoring the screen. Misalignments on the order 

of 20 – 30 μm were observed and corrected for.  

 

SFX data collection and on-line monitoring 

SFX data were collected at the CXI instrument of the LCLS (29 April – 3 May 2015; proposal 

LI56) operating at a repetition rate of 120 Hz, with a nominal photon energy of 9.5 keV (that 

is, a nominal wavelength of 1.3 Å) and an X-ray pulse length of 35 fs. The X-ray beam was 

focused to 1.3 µm (FWHM), with a beamline transmission of roughly 50%. The transmission 

was further reduced to 25% of the incident beam intensity, resulting in 0.3 mJ at the sample 

position. Data were acquired on the CSPAD detector39, which was used in dual-gain mode 

with a low gain setting in the inner region to compensate for its relatively low dynamic range 

and obtain accurate measurements of both high and low resolution intensities. CASS40,41 was 

used for online monitoring of the diffraction data, determination of the hit rate and resolution 

cutoff, and to estimate the fraction of multiple hits. Online real-time analysis was crucial to 

adjust the injector position and crystal concentration. In order to avoid FEL-related systematic 

effects (since the FEL can behave like two distinct alternating 60 Hz sources), equal amounts 

of pump laser-on [1] and pump laser-off [0] data were collected with non-uniform 

interleaving42 in the following repetitive sequence: [1, 0, 1, 1, 0, 0, 0, 1, 0, 1, 0, 1, 0, 1, 0, 1, 1, 

0].  

Laser-on data were collected at nominal pump-probe delays of ~1 ps (laser-on-∆1ps) and 3 ps 

(laser-on-∆3ps). When collecting reference data (laser-off data), the pump-laser pulse was set 

to occur 20 ns after the X-ray pulse. A total of four data sets were collected at room 

temperature:  

i) Reference data set: no pre-illumination, no pump-laser data allowed the 

determination of the structure of the rsEGFP2 resting state (fluorescent on state);  

ii) Laser-off data set: pre-illumination, no pump-laser data allowed the determination 

of the structure of rsEGFP2 in the non-fluorescent off state;  

iii) Laser-on-∆1ps data set: pre-illumination, pump-laser data captured rsEGFP2 

intermediate states, 1 ps after initiation of the off-to-on transition; and  
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iv) Laser-on-∆3ps data set: pre-illumination, pump-laser data  captured an rsEGFP2 

intermediate state, 3 ps after initiation of the off-to-on transition.  

 

Note that dataset ii) was in fact collected interleaved with dataset iii). During collection of 

dataset iv), however, only pump-laser-on data (light) were collected due to time constraints. 

 

Calculation of absorbed X-ray dose 

The diffraction-weighted dose43 calculated for an rsEGFP2 crystal (3 × 3 × 3 µm3; containing 

2.5 M ammonium sulphate in 39% of its volume) that is fully hit by the 1.3 µm Gaussian 

beam (8x1010 photons/pulse) of CXI, was estimated with the RADDOSE3D server 

(http://www.raddo.se/)44 to be 12 MGy. Note that RADDOSE3D does not yet take into 

account that photoelectrons escaping from a microcrystal diminish the energy deposited in the 

crystal, so that the absorbed dose was in effect smaller than 12 MGy. On the other hand, 

photoelectrons generated in the surrounding buffer within the jet may stream into the injected 

crystals, increasing the nominal dose.  

 

Time-sorting diffraction images based on arrival time diagnostics 

Time resolution in SFX experiments is achieved by temporally separating the 400 nm optical 

laser pulse (pump) from the following X-ray pulse (probe) by a well-defined, nominal pump-

probe delay, in our case 1 ps or 3 ps. Due to the inherent time jitter of the FEL X-ray pulses, 

i.e., the shot-to-shot temporal deviation from the expected periodic arrival time, and because 

of thermal drifts of the pump-probe synchronization, the actual and nominal pump-probe 

delays differ. The actual pump-probe delay was monitored by an arrival-time monitor (the so-

called timing tool) developed at the LCLS X-ray free electron laser45. Briefly, the tool uses the 

ultrafast free-carrier generation induced by X-rays in a Si3N4 membrane to encode the relative 

arrival time of X-ray and pump-laser pulses. A pixel/time calibration was performed during 

the experiment and used to associate a correct time delay to every indexed diffraction pattern. 

The diagnostics showed that the delays were distributed around the nominal delay with a 

spread of about 400 fs for the (nominally 1 ps) laser-on-∆1ps data and 250 fs for the 

(nominally 3 ps) laser-on-∆3ps data. The time resolution of the experiment is in principle also 

affected by the group velocity mismatch between the X-ray and optical pulses. However, due 

to the small jet diameter at the X-ray / pump laser intersection point (3-6 μm), this effect is 
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limited to a few fs. By also taking into account the duration of the photolysis pulses (230 fs), 

we estimate an overall time resolution of ~430 fs. 

 

Hit-finding and sorting of laser-on and laser-off data  

We used NanoPeakCell46 (https://github.com/coquellen/NanoPeakCell) to select hits, find 

Bragg-peaks and sort laser-on and laser-off images. NanoPeakCell hit-finding parameters 

were adjusted after visual inspection of the first diffraction patterns. All patterns with more 

than 10 pixels above the threshold value of 3000 were considered as hits – a deliberately 

permissive setting that was chosen to avoid missing potential hits. Laser-on-∆1ps and laser-

off hits were sorted based on the laser-state code present in the LCLS raw ‘.xtc’ data stream. 

Indexing, integration and merging was performed with CrystFEL 0.6.147. As this was the first 

use of NanoPeakCell in a time-resolved SFX experiment, the more established pre-processing 

software CASS40,41 was also used in parallel for data-sorting, hit- and Bragg-peak-finding and 

automatic feeding to CrystFEL. The two programs yielded similar indexing, scaling and 

refinement statistics as well as electron density maps. For practical reasons, NanoPeakCell 

was chosen for the final off-line re-processing.  

The overall hit rate was on average 2.5% due to the low crystal concentration required to 

prevent clogging of injection tubing and the nozzle (see sub-section on Microcrystal growth, 

preparation and injection). Indexing relied on the Bragg peaks found by NanoPeakCell, 

which on average extended to 2.18 (±0.4) Å resolution. The overall indexing rate was ~50%. 

Reaching such a high indexing rate was only possible after optimizing the geometry of the 

tiles of the CSPAD detector42. The sample-detector distance was also refined48, by repeating 

the indexing task at various distances and selecting the distance yielding the maximal 

indexing rate. Distance refinement resulted in Gaussian-like distributions of all three unit-cell 

parameters. Integration was performed using the “ring-nocen” method in CrystFEL, and data 

were scaled and merged using the “partialator” module. Final data statistics, including Rsplit, 

signal-to-noise ratio (SNR) and CC*, are given in Supplementary table 5. The use of the 

scaling option in CrystFEL produced data with better merging statistics than the simple 

Monte-Carlo averaging, but neither did partiality refinement nor post-refinement (including 

partiality refinement; Supplementary table 6). A direct correlation was established between 

the Gaussian-like distribution of unit-cell parameters, the merging statistics and the content of 

difference Fourier density maps48.  
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On-state and off-state structures of rsEGFP2: Data collection and refinement  

Two reference datasets were collected, nominally corresponding to rsEGFP2 in the on and in 

the off state, respectively. Both structures were phased by molecular replacement (MR) using 

Phaser49 and refinement was performed using the Phenix suite50. Graphic operations in real 

space were performed using Coot51. Figures were produced using PyMOL525051 or custom-

made python scripts and the matplotlib library53. All structure factor amplitude difference 

Fourier maps were Q-weighted as described54 and produced using a custom-written CNS55 

script56. Briefly, Q-weighting assigns a weight to structure factor amplitude differences based 

on measurement errors (sigma), using Bayesian statistics. Q-weighting was introduced in the 

early days of time-resolved Laue crystallography as a means to improve the estimates of 

difference amplitudes and to reduce the noise in difference maps54. Q-weighting also 

increases the signal-to-noise ratio of amplitude differences from monochromatic datasets, and 

was shown to improve difference refinement57 accuracy58. More recently, Q-weighting was 

used to generate extrapolated structure factors for difference refinement of a photobleached 

chromophore structure from synchrotron data59 and to compute difference maps from XFEL 

data60. Despite integration of laser-off, laser-on-∆1ps and laser-on-∆3ps data sets at 1.7 Å 

resolution, Q-weighted difference Fourier maps were calculated at 1.9 Å resolution because of 

poor Q-weight values in the 1.7 – 1.9 Å resolution range. 

rsEGFP2 on-state structure: the reference dataset that allowed solving the rsEGFP2 on-state 

structure was collected from rsEGFP2 microcrystals that were neither pre-illuminated at 488 

nm nor irradiated with the pump laser at 400 nm. 986,178 patterns were collected, of which 

105,612 (10.7%) contained hits and 34,715 (3.5%) were indexed (Supplementary table 5). 

The structure was phased by MR using the synchrotron cryo-crystallographic (100 K) 

structure of rsEGFP2 in the on state (PDB code 5DTX34) as a search model. Subsequent 

refinement of the on-state structure included iterative cycles of model adjustment in real 

space, and coordinates and individual B-factor refinement in reciprocal space. The statistics 

(Rfree, Rwork = 0.195, 0.167 at 1.7 Å resolution) of the final SFX on-state structure 

(Supplementary Fig. 16a, b) are comparable to those of the cryo-crystallographic structure of 

rsEGFP2 in the on state (Rfree, Rwork = 0.206, 0.174 34 at 1.45 Å resolution). The two 

structures superimpose with an rmsd of 0.17 Å over 243 Cα atoms.  

Pre-illuminated (488 nm), laser-off structure: the laser-off dataset was collected over three 

experimental shifts from rsEGFP2 microcrystals pre-illuminated at 488 nm, but without 
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pump-laser excitation at 400 nm. 3,531,773 patterns were collected, of which 132,264 (3.7%) 

contained hits and 65,097 (1.8%) were indexed (Supplementary table 5). A structure factor 

amplitude difference Fourier map was calculated between the laser-off dataset and the on-

state reference dataset (Fobs
laser-off – Fobs

reference), using phases calculated from the on-state 

structure (Supplementary Fig. 17). A clear negative peak (-10.8 σ) on the on-state 

chromophore and a similarly high positive peak (+7.1 σ) around the coordinates of the off-

state chromophore indicate that, in the laser-off data set, a large fraction (estimated at around 

90%, see below) of the chromophores in the crystal have switched from the on to the off state 

upon pre-illumination. This observation is in line with the spectroscopic results obtained on 

pre-illuminated microcrystals collected at the exit of the pre-illumination device (see sub-

section on Pre-illumination of microcrystals). The Fo
laser-off – Fo

reference map illustrates that the 

cis (on state) to trans (off state) isomerization of the chromophore is accompanied by 

backbone motions from β-strand-7 residues (Tyr146 to Tyr152) and by conformational 

changes in the side chains of Tyr146, His149, Val151 and Thr204. These motions are 

qualitatively identical to those reported earlier34. 

The laser-off dataset was phased by molecular replacement using the off-state synchrotron 

structure of rsEGFP2 determined at 100 K (PDB code 5DTY34) as a search model. 

Examination of the initial mFobs
laser-off -DFcalc map revealed positive peaks (higher than 3 σ) on 

the on state conformations of Tyr146, Val151 and Thr204 side chains, and negative peaks on 

the off-state conformation of the chromophore and His149 side chain. Likewise, the 

2mFobs
laser-off -DFcalc map (Supplementary Fig. 18) indicated the presence of two conformers 

for the Tyr146 side chain. Hence, both maps were suggestive of a fraction of rsEGFP2 

molecules having remained in the on state, in agreement with spectroscopic measurement on 

pre-illuminated microcrystals (Supplementary Fig. 15). The absence of a positive peak on 

His149 was tentatively explained by the observation that, in the off-state structure, two waters 

bind at its on-state position. These could compensate for the difference in electron density at 

His149.  

We further investigated the hypothesis that pre-illuminated rsEGFP2 crystals contain both on-

state  and off-state conformers by including the on-state conformation of rsEGFP2 (on state 

SFX structure solved from the reference data set, see above) as an alternative conformation in 

the refinement. The relative occupancies of the on- and off-state chromophores were varied 

manually (from 0 to 45 % and from 100 to 55 %, respectively, by 5 % steps), and the 

refinement statistics and mFobs
laser-off -DFcalc maps inspected and compared. Refinement 
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statistics (namely Rfree and Rwork) would suggest that the occupancy of the on-state 

conformation is 25% in the laser-off SFX structure (Supplementary Fig. 19), but integration 

of mFobs
laser-off -DFcalc map (Supplementary Fig. 19b) reveals negative peaks on the on-state 

chromophore at occupancies higher than 10% (Supplementary Fig. 19b). Thus, one or more 

long–lived intermediate states, generated by the pre-illumination and invisible in the 

2mFobs
laser-off -DFcalc map, could exist that would display a different conformation of the 

chromophore and yet the same protein environment as the reference on state structure. As it 

was not possible to model these intermediates from electron density maps, we chose to use a 

starting model consisting of 90% off state and 10% on state for the refinement of the laser-off 

structure, in agreement with spectral measurements on pre-illuminated microcrystals collected 

at the exit of the pre-illumination device (Supplementary Fig. 15). Water 24, which is present 

in the chromophore pocket in the on-state structure but not in that of the off state34, was also 

treated as an alternate conformer. Reciprocal space refinement included positional and B-

factor refinement for all atoms. The resulting observable-to-parameter ratio was 1.52. The 

final laser-off structure displays refinement statistics (Rfree, Rwork = 0.176, 0.145 at 1.7 Å 

resolution) that are comparable to those reported for the cryo-crystallographic structure of 

rsEGFP2 in the off state (Rfree, Rwork = 0.224, 0.178 at 1.5 Å resolution), and the two 

structures superimpose with an rmsd of 0.12 Å over 233 Cα atoms. Further details regarding 

the SFX laser-off structure are listed in Supplementary table 5.  

Of important note, it was verified that pre-illumination efficiency was constant during the 

three experimental shifts which were used to collect the laser-off dataset. To this end, we 

calculated difference Fourier maps between the laser-off dataset consisting of all data and 

reduced laser-off datasets produced from data collected during individual shifts only. The 

three maps, phased using the final laser-off structure (90% off, 10% on), show no features on 

the chromophore when displayed at ± 3.5 σ, and only minor peaks at ± 3 σ. Likewise, 

difference Fourier maps calculated between the laser-off dataset and datasets produced from 

one-to-one combinations of two shifts were featureless (Supplementary Fig. 20). Altogether, 

these maps confirm that the laser-off data from the three shifts contain similar structural 

information, and hence justify merging them to yield a single laser-off dataset and structure.  
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1-ps intermediate-state structure: data collection, modeling and refinement  

The laser-on-∆1ps dataset was collected over three experimental shifts from rsEGFP2 

microcrystals that had been pre-illuminated at 488 nm, excited by a pump-laser at 400 nm, 

and probed after 1 ps by an XFEL pulse. Acquisition of this dataset and of the laser-off 

dataset was interleaved (see above). 3,531,773 patterns were collected, of which 132,464 

(3.7%) contained hits and 64,620 (1.8%) were indexed (Supplementary Table 5). All patterns 

were merged into a single dataset referred to hereafter as the laser-on-∆1ps dataset. 

A difference Fourier map was calculated between the laser-on-∆1ps dataset and the laser-off 

dataset, using phases calculated from the final laser-off model (90% off, 10% on). The Fobs
laser-

on-∆1ps-Fobs
laser-off electron density map shows strong features on the chromophore and its 

vicinity, when displayed at ± 3.5  σ (Fig. 4a; Supplementary Fig. 21). The peaks are located 

around the chromophore (residue 68) and, with few exceptions that are outlined below, no 

peaks are observed at above ± 4 σ  on the rest of the protein. Difference Fourier maps 

calculated from laser-on-∆1ps datasets that were obtained using either all indexed images, 

images collected during individual shifts or combinations thereof, all revealed the same 

features (Supplementary Fig. 22). These six maps illustrate that the structural information 

present in the various datasets collected with a nominal pump-probe delay of 1 ps is similar, 

at least qualitatively (Supplementary Fig. 21). Hence, the Fobs
laser-on-∆1ps-Fobs

laser-off map calculated 

from all 1 ps light and dark data was chosen to inspect, model and refine structural changes of 

the protein at 1 ps after the pump-excitation. The clarity of this map can in part be explained 

by the high isomorphism between the two datasets compared (Supplementary Table 5). 

Negative peaks are seen at the position of the chromophore in the off-state (peaks at the 

phenol hydroxyl OH, the imidazolinone carbonyl O2 and the methylene linker CB2 are at -

9.1, -7.0 and -7.9 σ, respectively), suggesting that this conformation is depleted (see 

Supplementary Fig. 16c for a topology of the chromophore). A large positive peak appears 

nearby the imidazolinone ring of the chromophore, tipping at the linker atom CB2 (+6.0 σ). 

This peak highlights a reorientation of the chromophore phenol group and, by its bilobal 

nature, is suggestive of the presence of two states. In line with this observation, two positive 

peaks are seen between the on- and off-state positions of the phenol group (Supplementary 

Figs. 21 and 23). The Fobs
laser-on-∆1ps-Fobs

laser-off map also features peaks on residues in the 

immediate vicinity of the chromophore (Supplementary Figs. 21 and 23). First, a strong 

negative peak is seen on Wat17 (-5.4 σ), which is H-bonded to the chromophore OH in the 

off-state conformation. Also, a negative peak is seen on the side chain of Arg97 (strongest 
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peak: -4.0 σ) which, together with Glu223, stabilizes the imidazolinone ring of the 

chromophore, in both the on- and the off-state structures of rsEGFP2 (3 Å distance from NH2 

to chromophore imidazolinone oxygen O3). Likewise, a negative peak is seen on Wat19 (-4.2 

σ), at 2.7 Å from Glu223 (Oε1) and Asn69 (N). Negative peaks are observed on the side 

chains of Val151 and Phe166 (-3.2 and -3.0 σ, respectively) as well as on the main chain of 

Val151 (-3.2 σ). Gln95, another important residue for the stabilization of the chromophore, is 

also highlighted in the Fobs
laser-on-∆1ps-Fobs

laser-off map. In both the on- and the off-states, its side 

chain nitrogen is H-bonded to the chromophore carbonyl oxygen O3 through Wat8 (at 2.7 and 

2.7 Å from the latter two). All three atoms feature negative peaks between -4.2 σ  (Gln95 Oε1 

and Wat8) and -4.8 σ (chromophore O3). The transition of the chromophore from the off to 

the intermediate state is accompanied by structural changes in the protein backbone, as 

indicated by a pair of positive and negative peaks seen on the backbone atoms of His149 

(+3.2 σ and -3.4 σ). At the C-terminal end of the chromophore, pairs of negative and positive 

peaks are observed on the backbone carbonyl and side chain of Val69 (+4.2 σ and -3.3 σ), 

and on the sulphur atom of Cys71 (+4.4 σ and -4.2 σ), indicative of local changes. In addition 

to these, negative peaks are also seen on the backbone carbonyl oxygen atoms of residues that 

contribute the α-helix N-terminal to the chromophore (Supplementary Fig. 24). The height of 

these peaks inversly correlates with their distance to chromophore, being -5.9 σ on Leu65 (n-

1), -3.9 σ on Thr 64 (n-2), and -3.3 σ  on Val62 (n-4) and Leu 61 (n-5). Note that in Fig. 4, 

not all Fobs
laser-on-∆1ps-Fobs

laser-off peaks are visible, given the complex environment of the 

chromophore. These are yet illustrated in Supplementary Figs. 23 and 24.  

The peaks observed in the Fobs
laser-on-∆1ps-Fobs

laser-off map suggest that part of the chromophores 

have moved away from their off-state position, and that an intermediate has built up, 

approximately mid-way between the on- and the off-state conformations of the chromophore. 

In order to assess whether these peaks indeed correspond to a new conformer, and not to a 

changed mixture of on- and off-state conformers61, we calculated structure factor amplitudes 

(Fc) to 1.7 Å resolution from a model consisting of a 1:1 mixture of on- and off-state 

conformations and assigned to each Fc the experimental sigma value observed in the laser-on-

∆1ps dataset. From this simulated dataset, a 2mFo-DFc electron density map was calculated, 

which shows a clear separation of the densities of the two states at 1.7 Å resolution – and not 

a merged single continuous peak between the two conformers. Hence, the positive Fobs
laser-on-

∆1ps-Fobs
laser-off peaks observed mid-way between the on- and the off-state conformations of the 

chromophore most likely indicate the buildup of one (or two) intermediate(s) state(s).  
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These two Fobs
laser-on-∆1ps-Fobs

laser-off peaks are at similar height, viz. +5.4 (peak 1) and +6.3 σ 

(peak 2), and each is 2.8 Å away from a negative peak, covering either the off-state 

chromophore OH or Wat17 (Supplementary Fig. 25). The distance between peak 2 and the 

off-state chromophore OH is 1.5 Å, while that between peak 1 and the off-state chromophore 

CE2 is 1.1 Å. Hence, we considered two possible intermediate state models. In the first model 

(model P), the chromophore OH and CE1 were placed into peaks 2 and 1, respectively, but at 

the cost of a suboptimal fit into the peak on the imidazolinone ring (model P; Supplementary 

Fig. 25a, b). Wat17 was placed in a minor positive peak at 2.4 and 2.7 Å from Gln184 Nε2 

and the chromophore OH, respectively. In the second model (model T; Supplementary Fig. 

25c, d), we fitted the chromophore OH in peak 1 and the base of the phenol ring in the bifid 

peak on the imidazolinone ring. Peak 2 was accounted for by placing Wat17 at 2.7 Å distance 

from the chromophore OH. In this model, the chromophore displays a twisted geometry in 

that its imidazolinone and phenol rings are quasi perpendicular to one another – as opposed to 

being coplanar, as observed in the on- and off-state structures. Thus, in the two models, we 

initially accounted for the preservation of the H-bond between Wat17 and the chromophore 

OH.  

After phasing by molecular replacement using the final laser-off structure (consisting of 90% 

off-state conformer and 10% on-state conformer) as a search model, no density was visible in 

the 2mFo
laser-on-∆1ps  - DFc (contoured at +1 σ) and mFo

laser-on-∆1ps  - DFc maps (contoured at ±3 σ) 

that would have indicated the presence of model P or model T. Simulated maps (using 

calculated structure factors Fc and experimental sigma values) computed to 1.7 Å resolution 

from models consisting of a i:j mixture of the off-state conformation (all protein and 

chromophore atoms) and either model P or model T (only chromophore atoms) reveal that 

both intermediates would have been visible in 2mFo
laser-on-∆1ps - DFc and mFo

laser-on-∆1ps - DFc 

electron density maps, if their occupancy had been higher than 25%. Therefore, the putative 

intermediate state(s) undraped by the Fobs
laser-on-∆1ps-Fobs

laser-off map is (are) presumably populated 

to less than 25%. 

It was shown that in cases where insight into small structural changes was needed and where 

modeling errors for the two structures are correlated – as in the present case, difference 

refinement should lead to improved estimates of structural differences57 – as compared to 

conventional refinement. Bayesian weighting of structure factor amplitude differences was 

further proposed to improve these estimates62. Q-weighting is one such Bayesian statistics 

approach, which assigns a weight to each amplitude difference based on the experimental 
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error (i.e. sigma values) of subtracted structure factors58,57. Here, Q-weighted difference 

amplitudes were used to produce extrapolated structure factor amplitudes for refinement of 

the laser-on-∆1ps data set using the following formula59 :  

 

Fextrapolated
laser-on-∆1ps = α * Q/<Q> * (Fobs

laser-on-∆1ps  - Fobs
laser-off) + Fobs

laser-off (eq. 1), 

 

where α is inversely proportional to the fraction of molecules that changed conformation and 

Q is the Bayesian weight retrieved through the Q-weighting procedure54. <Q> was 0.91 for 

the laser-on-∆1ps vs. laser-off data. It is of important note that since Q is solely determined 

from comparisons of Fobs/σFobs in the two datasets, all terms in this equation are experimental 

or based on experimental measurements, and no calculated structures factors (Fcalc) are 

involved. Hence, our extrapolated structure factors are not biased by the laser-off structure. 

Despite integration of laser-off, laser-on-∆1ps and laser-on-∆3ps data sets at 1.7 Å resolution, 

difference refinement was carried out at 1.9 Å resolution because of poor Q-weight values in 

the 1.7 – 1.9 Å resolution range. 

The first step in the difference refinement was to determine α. To this end, we compared the 

experimental Fobs
laser-on-∆1ps - Fobs

laser-off map with the mFextrapolated
laser-on-∆1ps -DFc maps obtained 

from difference refinement of the off-state structure (i.e. the same structure that was used to 

phase the experimental Fobs
laser-on-∆1ps - Fobs

laser-off map) against Fextrapolated
laser-on-∆1ps calculated for 

various α values. At this stage, only rigid-body and B-factor refinement was performed, as 

our intention was to obtain a replica of Fobs
laser-on-∆1ps - Fobs

laser-off features in the mFextrapolated
laser-on-

∆1ps -DFc maps. We were expecting that, at the appropriate α value, the latter maps would 

feature peaks of the same height and at the same position than those observed in the former 

map (Supplementary Fig. 26) – i.e. a negative peak on the off-state chromophore, and positive 

peaks at the positions of models P and T. To estimate the similarity between maps, the ratio 

between absolute integrated positive and negative peaks (above 3.0 σ) in the Fextrapolated
laser-on-

∆1ps - Fc
laser-off and the Fobs

laser-on-∆1ps-Fobs
laser-off maps was calculated for α-values ranging from 1 to 

50 – corresponding to occupancies of 100 to 2 % (Supplementary Fig. 26b, c). We obtained a 

curve of sigmoidal appearance that started leveling of at α≈15, corresponding to a 6.7 % 

decrease in occupancy of off-state conformers (Supplementary Fig. 26c). The agreement 

between difference maps continued to improve in the range 15 ≤ α ≤ 30. Furthermore, 

electron density became visible in extrapolated 2Fextrapolated
laser-on-∆1ps - Fcalc

laser-off maps that 
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overlaid with phenol atoms of the chromophore in models P and T – although neither was 

included in the model that was used to phase these maps (Supplementary Fig. 26d, e). 

Challenged by the ability offered by the difference data to model such low occupancies, we 

used a second approach to estimate the occupancies of models P and T, whereby calculated 

structure factors were generated for two hypothetical models, consisting in i) 100 % off-state 

(Fcalc
dark) and ii) a 50:50 mixture of model P and model T (Fcalc

light); the negative peak on the 

off-state chromophore in this simulated Fcalc
light-Fcalc

dark map accounts for 100% of conversion 

from the dark to a light structure. Comparison of the integrated values of this peak in the 

simulated Fcalc
light-Fcalc

dark and experimental Fobs
laser-on-∆1ps-Fobs

laser-off maps also suggests a 6.9 % 

decrease in occupancy of off-state conformers in the laser-on-∆1ps dataset. 

At this point, we could safely assume that, overall, ~7% of microcrystalline rsEGFP2 

monomers had departed from the off-state, but it remained unclear whether model P, model T 

or a combination thereof, offered the best model of the difference data. Therefore, we 

generated a model with both conformers present, and refined it against extrapolated structures 

factors generated with α = 15 (Supplementary Fig. 26c). Reciprocal space refinement 

included positional and B-factor refinement for all atoms, and occupancy refinement for 

model P and model T chromophores. Occupancies of the latter were respectively refined to 

0.6 and 0.4, suggesting that, in the difference data, the two conformers co-exist. At α = 15, 

relative occupancies of 0.6 and 0.4 correspond to absolute occupancies of ~4 % and ~3 % for 

model P and model T, respectively. Note that in control calculations, the occupancies of 

model P and model T did not vary much as a function of α (Supplementary Fig. 26f). From 

there on, refinement was straightforward, and included real space fitting of residues in the 

2Fextrapolated
laser-on-∆1ps - Fcalc electron density map. Standard equilibrium restraints (including 

bond, angle, torsion angle and separate planarity restraints for the imidazolinone and phenol 

groups) were used in the crystallographic refinement – i.e., the same restraints that were used 

for the refinement of the static off- and on-state structures. Residues that showed 

conformational changes were modeled in alternate conformation, which we hypothesized to 

be associated to model T (and not to model P) and whose occupancy were set accordingly, 

due to the stronger dissimilarity of this model with the off-state structure (see below). 

Rfree/Rwork of the final model are 0.293/0.275 at 1.9 Å resolution.  

 

The chromophore in model P displays a conformation close to the off-state chromophore, and 

the C2-CA2-CB2-CG2 (tau) and CA2-CB2-CG2-CD2 (phi) dihedral angles change by -
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50° and +52°, respectively. The chromophore conformation in model T, however, displays an 

imidazolinone ring that is nearly perpendicular to that of the phenol group (Fig. 4c, d), as 

illustrated by respective changes in tau and phi of -84° and +43°, with respect to the off-state 

(Fig. 4c, d). We hypothesize that the similarity of model P to the off-state chromophore 

indicates that no major conformational changes in the protein scaffold accompanies the slight 

change in chromophore conformation. Consequently, conformational changes in the 

difference-refined laser-on-∆1ps structure with respect to the off-state structure are interpreted 

as accompanying chromophore twisting towards model T. The most notable conformational 

change is that occurring in the side chain of Thr204 (β-strand-10), which rotates by 120° in 

model T (Supplementary Fig. 23). Hence, the on-state, the off-state and model T are each 

associated to a specific rotamer of Thr204. In model T, the chromophore phenol OH is at 2.9 

and 3.1 Å from Wat356 and Wat17, respectively. Wat17 is H-bonded to Gln184(Nε1) and 

Ser164(Oγ) in both the off-state structure and in model P. As Ser164Oγ is itself a donor in the 

H-bond it forms with Tyr52(O), the chromophore OH is an obligate donor in the H-bond it 

establishes with Wat17 in the off-state. The same applies to Wat356, which is H-bonded to 

His149(O), Val151(N) and Leu202(O) and Thr204(OH) in the off-state structure of rsEGFP2. 

Upon transition of the chromophore to model T, steric hindrance forces Thr204 side chain to 

rotate by 120°, resulting in the breaking of its H-bond with Wat356, and in the latter 

becoming available for H-bonding to the chromophore phenol-OH. Upon transition to model 

T and formation of this H-bond, that with Wat17 is forced to break, since the chromophore 

OH can only be donor in a single H-bond. Thus, this water was kept in model P, but not in 

model T (Supplementary Fig. 23). Also due to steric hindrance, His149 side chain draws back 

from the chromophore phenol, but no rotation of its side chain is suggested by the data. 

Around the imidazolinone ring of the chromophore, side chains of several residues display 

conformational changes, including Leu43 (β-strand-3), Gln95, Arg97 (β-strand-5) and 

Glu223 (β-strand-11). Minor conformational changes are also observed in residues Val151 

(β-strand-7) and Phe166 (β-strand-8).  

A distance difference matrix (DDM) was calculated between the difference refined laser-on-

∆1ps structure and the off-state conformer (Supplementary Fig. 27a). This DDM illustrates 

that in addition to the above-described local-changes, the β-barrel expands upon the transition 

from the off-state to model T, and thus offers a peek into concerted conformational changes 

across the protein. Most notably, β-strands-7 and -10 draw away from the rest of the structure 

and from the chromophore (Supplementary Fig. 27a, b).  
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Difference Fourier maps calculated with data collected after a 3 ps pump-probe delay 

The laser-on-∆3ps dataset was collected during three hours from rsEGFP2 microcrystals pre-

illuminated at 488 nm, excited by a pump-laser at 400 nm, and probed after 3 ps by  XFEL 

pulses. 822,721 patterns were collected, of which 34,750 contained hits and 22,259 were 

indexed (Supplementary Table 5). Due to time constraints, we did not interleave the 

collection of this dataset (laser-on-∆3ps) with that of a laser-off dataset (cf. section SFX data 

collection and on-line monitoring) but instead used as a reference dataset, the laser-off dataset 

collected along with the laser-on-∆1ps dataset. This choice was justified because the pre-

illumination setup was stable during the three experimental shifts used for collection of the 

laser-on-∆1ps dataset, resulting in similar levels of on-to-off photoswitching efficiency. 

Indeed, difference Fourier maps calculated between the laser-off dataset and reduced laser-off 

datasets produced on a per-shift basis or from one-to-one combinations of shifts, were 

essentially featureless (see Supplementary Fig. 20).  

The Fobs
laser-on-∆3ps-Fobs

laser-off map was computed using phases calculated from the laser-off 

structure (consisting of 90% off-state and 10% on-state conformer). For a valid comparison, 

we generated a reduced laser-on-∆1ps dataset, by randomly selecting as many indexed 

patterns in the laser-on-∆1ps data, as recorded for the laser-on-∆3ps dataset (i.e. 22,262 

patterns). This dataset is hereafter referred to as laser-on-∆1ps-random dataset 

(Supplementary Table 5) and was used to compute a Fobs
laser-on-∆1ps-random-Fobs

laser-off map. As 

expected, features in this map are weaker than in the Fobs
laser-on-∆1ps-Fobs

laser-off map, and hence 

better visualized at a contour level of ± 3.0 (instead of ± 3.5 σ for the Fobs
laser-on-∆1ps-Fobs

laser-off 

map). The two maps are nevertheless qualitatively similar, showing negative peaks on the off-

state chromophore (strongest peaks at -10.9 vs. -6.7 σ, in the Fobs
laser-on-∆1ps-Fobs

laser-off and Fobs
laser-

on-∆1ps-random-Fobs
laser-off maps, respectively) and Wat17 (-6.4 vs. -4.5 σ), and positive peaks on the 

model T chromophore (5.4 vs. 4.0 σ) and model P chromophore (6.3 vs. 4.5 σ).  

The Fobs
laser-on-∆3ps-Fobs

laser-off map differs significantly from the two laser-on-∆1ps maps (Fig. 4; 

Supplementary Fig. 28 and 29). Both the negative peak observed on the off state chromophore 

and the positive peaks on the chromophore models P and T are lower in the Fobs
laser-on-∆3ps-

Fobs
laser-off map (Supplementary Fig. 28 and 29). The large positive peak observed on the 

imidazolinone ring (peaking at 5.9 σ on the CB2 atom) in the Fobs
laser-on-∆1ps-random-Fobs

laser-off map 

is strongly diminished. Likewise, positive peaks on the phenol-OH of model P and model T 
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are respectively at 2.4 and 3.9 σ in the Fobs
laser-on-∆3ps-Fobs

laser-off map, to compare to 4.5 and 4.0 σ 

in the Fobs
laser-on-∆1ps-random-Fobs

laser-off map. It is thus likely that model P, which was populated to 

60% in the difference-refined laser-on-∆1ps structure, has nearly vanished at 3 ps. To 

estimate by how much the population of model T evolves between 1 and 3 ps, we integrated 

peaks around the chromophore in the Fobs
laser-on-∆3ps-Fobs

laser-off map (i.e., all positive peaks on the 

chromophore were assigned to model T), and compared this value to 40% (occupancy of 

model T in the difference-refined laser-on-∆1ps structure) of that obtained from the 

integration of peaks around model T and model P in the Fobs
laser-on-∆1ps-random-Fobs

laser-off map. 

Doing so, we found that model T decreases by 44 % (Supplementary Fig. 28b, c). In line with 

the decrease in occupancy of the intermediate states (-100% and -44 % for model P and model 

T, respectively), a 37% decrease is observed of the integrated value of negative peaks around 

the off-state chromophore, when the Fobs
laser-on-∆1ps-random-Fobs

laser-off and the Fobs
laser-on-∆3ps-Fobs

laser-off 

are compared, suggesting that at least a fraction of the intermediate states have fallen back to 

the off-state. In addition, positive peaks are seen in the Fobs
laser-on-∆3ps-Fobs

laser-off map, which 

overlay with the position of the on-state chromophore (peaks at 4.8, 3.7 and 3.2 σ on CB2, 

OH and CG2) and are absent in the Fobs
laser-on-∆1ps-random-Fobs

laser-off map. Thus, the crystallographic 

evidence suggests that a fraction of the intermediate states have progressed towards the cis 

conformation – hence completing isomerization. 

Further insight into intermediate-state conformations and occupancies at 3 ps could have been 

obtained from difference refinement. Due to the lower quality of the laser-on-∆3ps dataset, 

however, the agreement between difference maps is lower and shows a noisier evolution as a 

function of α, than observed with the laser-on-∆1ps datasets (Supplementary Fig. 26c). Thus, 

we refrained from further pursuing difference refinement of the 3ps dataset, and restrained 

ourselves to a qualitative description of features in the Fobs
laser-on-∆3ps-Fobs

laser-off map 

(Supplementary Fig. 28 and 29). 

 

4. Site-directed mutagenesis, purification and spectroscopic characterisation of 

rsEGFP2 and rsEGFP2-V151A 

The primer for V151A substitution in rsEGFP2 (5′-

CAACAGCCACAACGCCTATATCATGGCC-3′) was 5’-phosphorylated with 10 U of T4 

polynucleotide kinase (New England Biolabs, Ipswich, USA). PCR was carried out in a 50-µl 

mixture using 1 U of Q5 Hot Start High-Fidelity DNA Polymerase (New England Biolabs) 



 193 

and 20 U of 9°N DNA Ligase (New England Biolabs). Digestion of the template methylated 

DNA was achieved by incubating the PCR product with 10 U DpnI (New England Biolabs) at 

37°C for 1 h. Then the sample was subjected to two more PCR cycles, ensuring the 

polymerisation of the reverse strand from digested fragments as primers. Competent E. coli 

DH5α cells were transformed by the final product (5 µL/50 µL cells) for DNA minipreps and 

sequencing. Fluorescent proteins (rsEGFP2 and rsEGFP2-V151A) fused to an N-terminal 

polyhistidine tag were expressed in E. coli BL21 (DE3) grown in an auto-inducible medium. 

After cell lysis, the fluorescent proteins were purified by Ni-NTA affinity chromatography.  

Absorption spectra were recorded using a Jasco V-630 UV/VIS photospectrometer (Easton, 

USA). Emission spectra were measured with a CCD-based spectrometer (AvaSpec-ULS2048, 

Avantes, Eerbeek, The Netherlands) coupled with optic fibres to a cuvette holder. 

Photoinduced fluorescence switching cycles were measured as described34 at low laser power 

densities: 6.7 mW/cm² at 488 nm (to both excite and switch-off fluorescence) and 1 mW/cm² 

at 405 nm (to promote off-to-on photoswitching). Photoswitching quantum yields were 

calculated by a custom-made routine in MATLAB (The MathWorks Inc., Natick, 

Massachusetts, USA) following a method reported earlier63. Briefly, a kinetic model 

involving one-to-one reversible conversion between the on and the off state was used to fit 

photoswitching raw data (Supplementary Fig. 30). Molar extinction coefficients of on and off 

states (Supplementary Table 7) were calculated using the Ward method64. 
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Supplementary figures 

 

 
Supplementary Figure 1: Ultrafast transient difference absorption spectra of rsEGFP2 (trans 
protonated off state) in H2O (a - d) and D2O (f - i) under continuous irradiation at 470 nm at 
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pH 8/pD 8 recorded after excitation by the 400 nm femtosecond pulse (a, f) from -0.1 to 0.4 
ps, (b, g) from 0.5 to 2.9 ps, (c, h) from 3.4 to 39.9 ps, (d, i) global fitting with four 
wavelengths using three exponential functions and a constant convoluted with a Gaussian 
pulse of 110 fs (FWHM; energy density 1.3 mJ/cm2) and (e, j) pre-exponential factors 
associated to the kinetics at 385, 455, 530 and 650 nm. 
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Supplementary Figure 2: Steady state absorption spectra (molar absorptivity) of rsEGFP2 in 
its off state at pH 8 (red), its on state at pH 4 (blue), its on state at pH 8 (green) and emission 
spectrum (excitation at 465 nm) of rsEGFP2 on state at pH 8 (green dashed line).  
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Supplementary Figure 3: (a) Ultrafast transient difference absorption spectra of rsEGFP2 
(cis anionic on state) in solution at pH 8 recorded after excitation by a 400 nm femtosecond 
pulse from 0.6 to 10 ps. (b) Examples of the kinetics at four different wavelengths and their 
respective fit obtained by a global analysis with one exponential function (1.78 ps +/- 0.17 ps, 
vibrational relaxation) and a constant convoluted with a Gaussian pulse of 166 fs (FWHM). 
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Supplementary Figure 4: Ultrafast transient difference absorption spectra of rsEGFP2 (off 
state) in H2O under continuous irradiation at 470 nm at pH 8 recorded after excitation by a 
400 nm femtosecond pulse from -0.1 to 0.3 ps (a, d, g), from 0.4 to 1.4 ps (b, e, h), and from 
1.6 to 9.9 ps (c, f, i) for three different pump power densities (13 GW cm-2 (left), 68 GW cm-2 
(middle), and 140 GW cm-2 (right). 
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Supplementary Figure 5: On and off reference spectra (blue and green curves, respectively), 
spectrum after 400 nm femtosecond excitation of the off state at 950 µJ/mm2 (red curve) and result of 
the corresponding fit (cyan curve), and spectrum after 490 nm LED re-illumination (magenta curve). 
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Supplementary Figure 6: Fraction of on state after 400 nm laser excitation as a function of the 
energy density in the range 0-1 mJ/mm2. Points are averaged over several (typically 5) repetitions. 
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Supplementary Figure 7: Left panel: sum of the fractions of on and off states after 400 nm laser 
excitation as a function of the energy density in the range 0-1 mJ/mm2. Right panel: fraction of off 
state after 490 nm LED re-illumination in the same energy density range. Points in both plots are 
averaged over several (typically 5) repetitions. Dashed green lines indicate the mean value of all 
points in every plot. 
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Supplementary Figure 8: The change in the tau (τ, blue) and phi (φ, red) dihedral angles of 
the chromophore in rsEGFP2 upon excitation to S1 as a function of time obtained from 
QM/MM simulations. The curves correspond to the mean values calculated from the 
structures of 100 S0 → S1 excitation trajectories; the error bars indicate one standard deviation 
on either side of the mean (left panel). The right panel shows results from a subset of 28 (out 
of 100) trajectories. These were selected because they had starting structures whose vertical 
S0 → S1 excitation energy was within one third of a standard deviation of the average 
excitation energy. Note that surface hopping from the S1 to the S0 state was not permitted 
during these trajectories. 
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Supplementary Figure 9: Chromophore conformations determined by TR-SFX, excited-state 
QM/MM and excited-state classical MD simulations. (a) Chromophore conformation 
averaged over 100 S1 QM/MM excited-state trajectories at 1 ps (magenta), superimposed with 
the chromophore conformation in the off (white), on (cyan) and the 1 ps intermediate state 
corresponding to model T (salmon) determined by TR-SFX. The major conformation found 
for S1 by MD is shown in yellow. (b) The minor conformation found for S1 by MD (yellow) is 
superimposed with the chromophore conformation in the off (white), on (cyan) and the 1 ps 
intermediate state corresponding to model P (blue) determined by TR-SFX. 
 

 

a b
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Supplementary Figure 10 : Energy landscape of the excited neutral chromophore in vacuum 
as a function of phi and tau. Energy values (kcal/mol) are indicated on the energy contour 
lines. The energy reference is that of the trans planar geometry (phi = tau = 0°). (left panel) 
landscape of the entire domain. (right) zoom on the domain explored in the present 
simulations. Analytical expression of the energy surface : E = 6.093 - 8.821*cos(2φ) -
0.524*cos(2φ) cos(τ) + 0.547*cos(6φ) + 2.717*cos(2τ) - 2.091*cos(4τ) + 0.635*cos(6τ) + 
0.604*cos(τ) + 0.673*sin(2φ) sin(3τ) - 0.701*cos(2φ)cos(3τ) - 0.680*sin(2φ) sin(8τ)  + 
0.4188*sin(4φ) sin(8τ) + 0.370*cos(2φ)cos(6τ) + 0.214*sin(4φ) sin(3τ) -
0.203*cos(2φ)cos(5τ) + 0.142*cos(3τ) 
Note that in this expression φ is identical to phi, and τ is defined as the dihedral N2-CA2-
CB2-CG2 (τ = tau + 180°). 
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Supplementary Figure 11: Chromophore dihedral angles tau and phi observed in the first 5 
ps of 50 S1 simulations of rsEGFP2. 
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Supplementary Figure 12: Microcrystals (3 × 3 × 3 µm3) of rsEGFP2 grown by seeding 
have a homogeneous size distribution. Micrographs were obtained with an optical microscope 
(Zeiss SteREO Discovery.V12) carrying an Achromat S 1.5 x objective (upper panel) and an 
inverted microscope (Olympus IX 81) with oil immersion and a total magnification of 150-
fold (lower panels). 
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Supplementary Figure 13: rsEGFP2 microcrystals are photoswitched from the fluorescent 
on state (resting state) to the non-fluorescent off state (lifetime 100 min in microcrystals38 by 
pre-illumination with 488 nm laser light. Pump-laser illumination at 400 nm triggers 
photoswitching from the off to the on state. 
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Supplementary Figure 14: Pre-illumination setup used for switching rsEGFP2 from the on 
to the off state38. A HPLC stainless steel Tee union was used to keep the polished core of a 
200 µm optical fiber in place and in direct contact with the side of the tubing (ID 254 µm), 
through which the protein crystals were pumped. The other end of the optical fiber was 
connected to a 200 mW CW laser (488 nm). The protective sleeve of the optical fiber was 
pulled back in the photo to show the fiber core.  
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Supplementary Figure 15: Absorption spectra of rsEGFP2 microcrystals without (green) 
and with 488 nm pre-illumination at 200 mW (black). Calculations based on these data 
indicate that 90% of crystalline rsEGFP2 has been converted to the non-fluorescent off state, 
and 10% remains in the fluorescent on state.  



 210 

 

 
 
Supplementary Figure 16: SFX structure of rsEGFP2 in the on state. The final on model 
(cyan) is shown with a 2mFobs

reference - DFcalc map contoured at 1  σ. Panels (a) and (b) show 
two views, 90° apart. In panel (b), the H-bonding partners of the chromophore (HBI) phenol 
group are shown, namely His149, Thr204 and Wat24 (H-bond lengths of 2.9, 2.8 and 2.6 Å, 
respectively). (c) Topology of the chromophore in the cis isomer. Two dihedral angles (tau 
(C2-CA2-CB2-CG2) and phi (CA2-CB2-CG2-CD2)) determine the isomerization state of the 
chromophore (green and orange arrows, respectively). (d) Ribbon diagram of rsEGFP2. 
Strands whose residues face the chromophore phenol and imidazolinone groups are 
highlighted in purple and yellow, respectively. Strands whose residues face the α-helix N-
terminal to the chromophore are highlighted in orange. The structural element holding the 
chromophore in the middle of the β-barrel, including the  α-helix N-terminal to it, is shown in 
blue. Other α-helices are shown in green, and residues in loops are shown in black.  
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Supplementary Figure 17 : In-line pre-illumination of crystals results in efficient on-to-off 
transition. Q-weighted54 difference Fourier map calculated between the reference (no pre-
illumination) and the laser-off (pre-illumination at 488 nm) datasets, using the final on model 
for phasing. In all panels, the on-state model appears as a cyan carbon trace, and the off-state 
model as a grey carbon trace. Difference Fourier maps are contoured at ± 4.0 σ, with negative 
and positive peaks displayed in yellow and blue, respectively. Panels (a) and (b) show two 
views of the chromophore pocket, ~45° apart, and allow observing all conformational changes 
that accompany the on-to-off transition. This transition involves large conformational changes 
in residues from β-strand-7 (Tyr146, His149, Val151; mostly visible on panel (a)) and β-
strand-10 (Thr204; mostly visible on panel (b)). These changes include both main and side 
chain atoms. (c) Overview of Fobs

laser-off-Fobs
reference map. The ribbon diagram of the on model is 

shown in the same color as above. Only the chromophore is shown as sticks. (d) Distance 
difference matrix (DDM) calculated between structures of rsEGFP2 from SFX on- and laser-
off structures. The position of the chromophore is indicated by *. The on-state structure 
appears more compact than the laser-off structure. Residues in β-strand-7 (i.e. residues 149 to 
156) show the largest backbone deviation, moving closer to the chromophore in the on-state 
structure.  
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Supplementary Figure 18: Occupancy of the on-state conformer in the laser-off dataset. In 
both panels, the off-state conformer of the laser-off structure appears as a grey carbon trace, 
and its on-state conformer as a cyan carbon trace. (a, b) 2mFobs

laser-off - DFcalc map calculated 
from the laser-off dataset. Views (a) and (b) are roughly 90° apart. In panel (b), Wat17 is 
shown, which is H-bonded to the phenol hydroxyl group of the off-state chromophore 
(distance: 2.7 Å). This water is also H-bonded to Ser164 and Gln184 (2.9 and 2.9 Å distance, 
respectively).  
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Supplementary Figure 19: Occupancy of the on-state conformer in the laser-off dataset (a). 
Rfree (blue) and Rwork (red) values obtained when refining the laser-off dataset with 0 to 45% of 
the on-state model and 100 to 55% of the off model. The plot suggests that the best model is 
that composed of 25 and 75% of on-state and off-state conformers. (b) Integration of positive 
and negative mFobs

laser-off -DFcalc peaks on key residues subject to structural rearrangements 
upon off-to-on transition. Peaks located on the off-state and on-state conformers are colored in 
blue and red, respectively. Strong negative peaks are observed on the on-state chromophore in 
mFobs

laser-off -DFcalc maps with an on-state occupancy higher than 10%. Therefore, we set the 
relative occupancy of the on-state and off–state conformers to 10 and 90%, respectively, in the 
final laser-off model.  
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Supplementary Figure 20: All laser-off data collected over three experimental shifts contain 
similar structural information. Q-weighted54 difference Fourier maps calculated from reduced 
laser-off datasets produced on a per-shift basis (1st row) or by a combination of shifts (2nd 
row). The complete laser-off dataset was used as a reference, and phases were calculated from 
the final laser-off model, consisting of 90% and 10% of off- and on-state conformers, 
respectively. In all panels, the off-state model appears as a grey carbon trace, and the on-state 
model as a cyan carbon trace. Difference Fourier maps are contoured at ± 3.5 σ, with negative 
and positive peaks displayed in yellow and blue, respectively. (a) 1st shift (12 hours); (b) 2nd 
shift; (c) 3rd shift; (d) 1st and 2nd shifts; (e) 1st and 3rd shifts; (f) 2nd and 3rd shifts. (a-f) 
Regardless of which reduced laser-off dataset is considered, the difference Fourier maps are 
virtually featureless, indicating that the structural information collected during the various 
shifts is both qualitatively and quantitatively highly similar. Thus, the pre-illumination setup 
and the on-to-off photoswitching efficiency were stable over the course of the three shifts. The 
flatness of these maps validates the merging of laser-off data collected during the three shifts.  
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Supplementary Figure 21: Pump-laser illumination at 400 nm results in conformational 
changes in the chromophore region after 1 ps. Q-weighted54 difference Fourier map (Fobs

laser-on-

∆1ps-Fobs
laser-off) calculated between the laser-on-∆1ps dataset and the laser-off dataset, using the 

final laser-off model consisting of 90% and 10% of off- and on-state conformers, respectively 
for phasing. The off-state model appears as a grey carbon trace, and the on-state model as a 
cyan carbon trace. Difference Fourier maps are contoured at ± 3.5 σ, with negative and 
positive peaks displayed in yellow and blue, respectively. Panels (a) and (b) show two views 
of the chromophore pocket, rotated by ~180°, allowing to observe peaks on both sides of the 
chromophore. Strong negative peaks, up to -10 σ, are seen on the phenol hydroxyl, 
imidazolinone carbonyl oxygen and methylene linker of the off-state chromophore, as well as 
on waters 8, 17, and 19 which are H-bonded to it. These negative peaks indicate that the 
fraction of crystalline off-state chromophore is decreased, 1 ps post-pumping at 400 nm, and 
that waters in direct interaction with the chromophore are affected at the same time. Negative 
peaks are also observed on side chain atoms of residues stabilizing the chromophore 
imidazolinone ring (Gln95, Arg97 and Glu223), and on backbone atoms of residues N-
terminal or C-terminal to the chromophore (Leu61 to Cys71, where the chromophore is HBI). 
In addition, positive peaks are seen mid-way between the on- and off-state chromophore. 
Hence, a fraction of the crystalline off chromophore has transitioned to a new state. A positive 
peak is also seen for Wat17, suggesting that it accompanies this transition.  
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Supplementary Figure 22: All laser-on-∆1ps data collected over three experimental shifts 
contain similar structural information. Q-weighted54 difference Fourier maps calculated from 
segmented laser-on-∆1ps datasets produced on a per-shift basis (1st row) or by binary 
combination of shifts (2nd row). The final laser-off dataset was used as a reference, and phases 
were calculated from the final laser-off model, consisting of 90 and 10% of off- and on-state 
conformers, respectively. In all panels, the off-state model appears as a grey carbon trace, and 
the on-state model as a cyan carbon trace. Difference Fourier maps are contoured at ± 3.5 σ, 
with negative and positive peaks displayed in yellow and blue, respectively. (a) 1st shift (12 
hours); (b) 2nd shift; (c) 3rd shift; (d) 1st and 2nd shifts; (e) 1st and 3rd shifts; (f) 2nd and 3rd shifts. 
(a-f) Regardless of which subset of the full laser-on-∆1ps dataset is considered, the negative 
features of the maps are comparable, i.e. peaks of similar intensities are seen on the phenol 
hydroxyl, imidazolinone carbonyl oxygen and methylene linker of the chromophore, as well 
as on waters 8, 17, and 19. As for positive peaks, these only rise above 3.5 σ in difference 
Fourier maps calculated from data combination from two shifts, illustrating the direct 
relationship between the clearness of map features and the number of indexed patterns used to 
produce parent datasets. More importantly, the similarity between the difference Fourier maps 
shown in panels a-f and that computed from the complete laser-on-∆1ps dataset (shown in 
Supplementary Fig. 20) retrospectively validates the merging of laser-on-∆1ps data collected 
over the three shifts. 
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Supplementary Figure 23: Peaks in the Q-weighted54 Fobs

laser-on-∆1ps-Fobs
laser-off map are 

concentrated around the chromophore region. Upper and lower panels show opposite views of 
the chromophore region. The off-state model (grey) accounting for 90% of the laser-off data 
set is displayed in the left panels, and the difference-refined laser-on-∆1ps model is shown in 
the right panels (model T in pink, and model P in blue). In all panels, the Fobs

laser-on-∆1ps-Fobs
laser-off 

map is contoured at ± 3σ. Red circles highlight peaks 1 and 2 into which model T and model 
P were built, respectively. Residues visible in the panels are those that display peaks higher 
than ± 3σ in the vicinity of the chromophore, and they accordingly display dynamics in the 
difference-refined structure (right panels). Structural waters interacting with the chromophore 
are also shown. Hydrogen-bonds are highlighted by dashed lines, and the bond-length (in Å) 
overlaid on these. Wat17 and Wat356 are obligate acceptors in the H-bond they establish with 
the chromophore, implying that the phenol OH of the chromophore can only interact with one 
of them at the time. H-bonding to Wat17 is thus exclusive to the off-state chromophore and to 
model P, while H-bonding to Wat356 is the preserve of model T. Formation of model T is 
accompanied by a 120° rotation in the side chain of Thr204, hitherto H-bonded in a similar 
fashion (obligate donor) to Wat356. 
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Supplementary Figure 24: The α-helix N-terminal to the chromophore features a succession 
of peaks in the Q-weighted54 Fobs

laser-on-∆1ps-Fobs
laser-off map. Upper and lower panels show 

opposite views of the α-helix N-terminal to the chromophore. The off-state model accounting 
for 90% of the laser-off data set is displayed in the left panels (grey), and the difference-
refined laser-on-∆1ps model is shown in the right panels (model T in pink, and model P in 
blue). In all panels, the Fobs

laser-on-∆1ps-Fobs
laser-off map is contoured at ± 3σ. All residues in the α-

helix N-terminal to the chromophore show peaks in the difference map and likewise for the 
three residues C-terminal to it.  
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Supplementary Figure 25: Modeling of the intermediate state models at 1 ps. In all panels 
(a-d), the Q-weighted54 difference Fourier map (Fobs

laser-on-∆1ps-Fobs
laser-off) calculated between the 

laser-on-∆1ps dataset and the laser-off dataset, is contoured at ± 3.5σ, with negative and 
positive peaks displayed in yellow and blue, respectively. The off-state model appears as a 
grey carbon trace, and the intermediate-state models P (a, b) and T (c, d) are shown as blue 
and pink carbon traces, respectively. Negative peaks are observed on the off-state 
chromophore, suggesting that upon pumping at 400 nm and at a pump-probe delay of 1ps, the 
latter has been depleted. Two positive peaks appear midway between the on (not shown; see 
Supplementary Fig. 21 and 22) and off-state conformations of the chromophore, suggesting 
the buildup of an intermediate state: two conformations of the chromophore could explain 
these two peaks. (a, b) In model P, the chromophore OH and CE1 fit in the two peaks. 
However, the large bilobal peak observed on the imidazolinone is only partially accounted 
for. (c, d) In model T, the chromophore OH fits in peak 1, whereas peak 2 accommodates 
water 17, H-bonded to the chromophore OH in the off-state conformation. This model 
provides a better fit for the peak observed on the imidazolinone but implies that the H-bond 
between the chromophore OH and water 17 is preserved after the transition to the 
intermediate state.  
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Supplementary Figure 26: Determination of absolute and relative occupancy of models 
T and P at 1 ps. (a) Experimental Fobs

laser-on-∆1ps - Fobs
laser-off map contoured at 3σ. The laser-

off model is displayed, with the chromophore off- and on-conformers represented as white 
and cyan sticks, respectively. (b) Fextrapolated

laser-on-∆1ps - Fcalc
laser-off maps obtained from 

extrapolated structure factors calculated using increasing α values and phased using the laser-
off model. All maps are contoured at ± 3σ. At α=1, which would correspond to 100% 
occupancy of the intermediate state, the Fextrapolated

laser-on-∆1ps - Fcalc
laser-off map is featureless. 

When α reaches 15, the resulting Fextrapolated
laser-on-∆1ps - Fcalc

laser-off map reveals peaks 
qualitatively and quantitatively similar to those observed in the experimental Fobs

laser-on-∆1ps - 
Fobs

laser-off map. (c) Determination of α, i.e. the inverse of the intermediate state occupancy. 
Fextrapolated

laser-on-∆1ps - Fcalc
laser-off peaks higher than ± 3σ (b) observed in a radius of 1.5 Å 

around the chromophore atoms in all its conformations (off and on conformers, as well as 
models T and P) were integrated and the ratio of their absolute sum over the overall signal of 
the experimental Fobs

laser-on-∆1ps - Fobs
laser-off (black) was plotted. We attempted to use the same 

approach to determine α for the laser-on-∆3ps (blue). For the laser-on-∆1ps dataset, this ratio 
increases with α values up to ~15, and then reaches a plateau at  ~0.8. For the laser-on-∆3ps 
dataset, the curve shape is similar but the plateau only reaches 0.3. Therefore, we decided not 
to perform difference refinement with the laser-on-∆3ps dataset. (d, e) 2mFextrapolated

laser-on-∆1ps - 
DFcalc

laser-off maps obtained from extrapolated structure factors calculated using increasing α 
values, and phased using the laser-off model. All maps are contoured at 1σ. The chromophore 
models T and P are shown in salmon and blue sticks, respectively (d, e). α values are identical 
to those used to generate the Fextrapolated

laser-on-∆1ps - Fcalc
laser-off maps shown in (b). For α=1, the 

density is surrounding the off-state chromophore (model not shown), but with increasing α 
values, electron density builds up around model T and model P. Recall that no phase 
information from the latter was introduced during map computation. (f) Refined occupancies 
of model T (magenta) and model P (green) obtained at increasing α values in the laser-on-
∆1ps dataset. 
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Supplementary Figure 27: The β-barrel expands upon the transition from the off state to 
model T. (a) Difference distance matrix calculated between the off-state structure and the 
difference-refined laser-on-∆1ps structure. Red and blue indicate increasing and decreasing 
distances, respectively, in model T with respect to the off-state structure. (b) Porcupine plot of 
the differences between the off-state structure and the difference-refined laser-on-∆1ps 
structure. The off-state (cyan) and model T (pink) chromophores are shown. The movement of 
Cα atoms by more than 0.2 Å is indicated by arrows on the ribbon representation, with the 
magnitude of motions illustrated by the length of arrows exaggerated seven fold to increase 
visibility. 
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Supplementary Figure 28: After pumping at 400 nm, the crystalline system further evolves 
between 1 ps and 3 ps. (a) Overview of the Q-weighted54 difference Fourier map (Fobs

laser-on-

∆3ps-Fobs
laser-off; contoured at ± 3.5σand colored as in Supplementary Fig. 23), overlaid on the 

off-state model (grey). (b, c) Close-up view of the off-state (grey) and intermediate 
chromophore model T (pink), overlaid with the Fobs

laser-on-∆3ps-Fobs
laser-off (b) and Fobs

laser-on-∆1ps-

random-Fobs
laser-off (c) maps, both contoured at ± 3σ. Comparison of (b) and (c) suggests that the 

intermediate state corresponding to model T has decayed on the 1 to 3 ps timescale.  
 

b c

a

b cc
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Supplementary Figure 29: Sequence-wise integration of peaks from Q-weighted54 
difference Fourier map Fobs

laser-on-∆1ps-Fobs
laser-off (a), Fobs

laser-on-∆1ps-random-Fobs
laser-off (b), and 

Fobs
laser-on-∆3ps-Fobs

laser-off (c). In all three panels, the x-axis corresponds to the protein sequence, 
with the secondary structure illustrated by a cartoon. The y-axis reports the integrated values 
of difference Fourier map peaks, with negative and positive peaks colored in red and blue, 
respectively. The α-helix central to the β-barrel and which supports the chromophore is 
highlighted by a blue shaded band. β-strands whose residues face the phenol and 
imidazolinone groups of the chromophore are highlighted by purple and yellow shaded bands, 
respectively. β-strands whose residues face the α-helix N-terminal to the chromophore are 
highlighted by orange shaded bands. All peaks higher than ± 3σ were integrated and assigned 
to the closest residue within a 1.5 Å radius. In panel (a), * indicates the peak corresponding to 
the chromophore. (b, c) For the sake of comparison, a laser-on-∆1ps-random dataset was 
generated (with as many indexed images as in the laser-on-∆3ps dataset). The integrated peak 
values for the chromophore, negative and positive alike, are decreased in the difference 
Fourier map calculated with the laser-on-∆3ps dataset. Thus, the combined occupancy of 
model T and model P decreases on the 1-3 ps timescale, whereas the off-state chromophore 
appears to repopulate. 
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Supplementary Figure 30: Reversible switching cycle of rsEGFP2 (a) and rsEGFP2-
V151A (b). Raw data (blue) were fitted (red) using a kinetic model involving one-to-one 
reversible conversion between the on- and the off-state. Cyan and violet lines represent the 
illumination times at 488- and 405-nm, respectively. 
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Supplementary Table 1 : Equilibrium bond lengths (Å) used in the excited-state MD 
simulations. All other values were taken from standard residues in the Amber force field. 
Atom names are according to Supplementary Fig. 16c. 
 
 S0 S1 

C1-N2 1.296 1.302 

N2-CA2 1.410 1.359 

CA2-CB2 1.367 1.419 

CB2-CG2 1.445 1.399 

CA2-C2 1.486 1.462 

C2-O2 1.225  1.211 

C2-N3 1.406  1.403  

N3-C1 1.394 1.356 

N3-CA3 1.458  1.448 

C1-CA1 1.508 1.506 
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Supplementary Table 2 : Equilibrium angles (°). All other values were taken from standard 
residues in the Amber force field. Atom names are according to Supplementary Fig. 16c. 
 
 

S0 S1  

C1-N2-CA2 107 108 

N2-CA2-C2 108 108 

CA2-C2-N3 103 103 

C2-N3-C1 108 108 

N3-C1-N2 114 112 

N2-CA2-CB2 119 118 

C2-CA2-CB2 133 134 

CA2-CB2-CG2 134 132 

CB2-CG2-CD1/CD2 120 120 

N3-C2-O2 123 122 

CA2-C2-O2 134 135 
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Supplementary Table 3 : Atomic charges (in a.u.). Atom names are according to 
Supplementary Fig. 16c. 
 

 S0 S1 

N1 -0.4157 -0.4157 

H1 0.2719 0.2719 

CA1 0.0236 0.0018 

HA1 0.1301 0.1407 

CB1 -0.1712 -0.1841 

HB1 (3 atoms) 0.0395 0.0720 

C1 0.5929 0.1047 

N2 -0.6255 -0.4626 

CA2 0.0691 0.3487 

CB2 -0.1160 -0.4775 

HB2 0.1605 0.1832 

CG2 0.0484 0.2545 

CD1 / CD2 -0.1139 -0.1480 

HD1 /HD2 0.1570 0.1651 

CE1 (CE2) -0.3213 -0.3385 

HE1 (HE2) 0.1875 0.1922 

CZ 0.4182 0.4685 

OH -0.5536 -0.5457 
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HH 0.4007 0.3971 

C2 0.5082 0.3331 

O2 -0.4743 -0.5098 

N3 -0.3261 -0.0604 

CA3 -0.1529 -0.0370 

HA3 (2 atoms) 0.1226 0.1009 

C3 0.5973 0.5973 

O3 -0.5679 -0.5679 
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Supplementary Table 4: Fluctuations (°) of the imidazolinone dihedral and improper angles 
during dynamics of the S0 methyl-terminated anionic chromophore, obtained either by 
DFT/MD or  by classical dynamics with the force field used in this work. Force constants k 
used in this work (kcal/mol for intra-cycle dihedrals, kcal/mol/radian2 for improper dihedrals). 
 
 

 

angle Fluctuations  Force 

constants 

 
DFT/MD Force field k 

Intra-cycle dihedrals  
   

C1-N2-CA2-C2 4.5  4.4 12.0 

N2-CA2-C2-N3 
5.6 5.0 

5.5 

CA2-C2-N3-C1 5.5 
4.9 

5.5 

C2-N3-C1-N2 5.0 4.7 8.0 

N3-C1-N2-CA2 3.8 4.0 16.0 

Improper torsions 
   

CA2 7.3 6.9 6.0 

C2 4.4 4.4 30.0 

N3 
15.1 

11.9 4.0 

C1 7.9 7.7 
10.0 
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Supplementary Table 5: Data collection and refinement statistics 

Dataset  
on-state 

reference laser-off laser-on-
∆1ps laser-on-∆3ps laser-on-∆1ps-

random 

Pre-illumination (488 nm) no yes yes yes yes 

Pump-laser excitation (400 nm) no no yes yes yes 

Nominal pump-probe delay n/a n/a 1 ps 3 ps 1 ps 

Space group P212121 P212121 P212121 P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.7 ± 0.1 

62.3 ± 0.1 

71.9 ± 0.1 

 

51.5 ± 0.1 

62.9 ± 0.1 

71.8 ±0.1 

 

51.5 ± 0.1 

62.9 ± 0.1 

71.8 ±0.1 

 

51.5 ± 0.1 

62.9 ± 0.1 

71.8 ±0.1 

 

51.5 ± 0.1 

62.9 ± 0.1 

71.8 ±0.1 

Collected frames 986,178 3,531,773 3,531,773 822,721 n/a 

Indexed frames 34,731 65,102 64,629 22,262 22,262 

Indexed frames  

(after outlier rejections) 

34,715 65,097  64,620 22,259 22,260 

Observations 6,655,463 13,199,336 13,080,130 4,176,799 4,698,783 

Resolution (Å) 17.3 – 1.7 

(1.76 - 1.70) 

17.8 – 1.7 

(1.76 – 1.70) 

17.8 – 1.7 

(1.76 – 1.70) 

17.4 – 1.7 

(1.76 – 1.70) 

17.3 – 1.7 

(1.76 – 1.70) 

Rsplit (%) 9.1 (59.1) 6.8 (34.0) 6.8 (32.1) 11.4 (64.2) 11.8 (56.9) 

CC* 0.996 (0.870) 0.998(0.962) 0.998(0.958) 0.995 (0.883) 0.995 (0.892) 

I / σ(I) 9.2 (2.2) 11.5 (2.9) 11.4 (3.0) 7.3 (2.2) 6.8 (1.9) 

Completeness (%) 99.8 (98.7) 99.8 (100) 99.9 (100) 98.0 (73.2) 99.9 (100.0) 

multiplicity 254 (9) 665 (35) 516 (34) 162 (4)  179 (8) 

Riso (with respect to dark 
dataset)* 

22.0 n.a 5.0 7.5 6.8 

Refinement statistics      

Refinement strategy Classical 
refinement  

Classical 
refinement 

Difference-
refinement 

  

PDB ID  5O89 
 

5O8A 
 

5O8B(#)   

Resolution (Å) 1.7 (1.76-1.70) 1.7 (1.76-
1.70) 

1.9 (1.97-
1.90) 

  

Number of reflections 25573 (2287) 25880 (2384) 18792 (1708)   

Rfree 0.195 (0.308) 0.184 (0..263) 0.293 (0.379)   

Rwork 0.167 (0.244) 0.146 (0.196) 0.275 (0.344)    

Number of protein atoms 1960 3802 1936   

Number of water atoms 315 329 312    

B-factor protein (Å2) 25.15 20.8 27.2   

r.m.s.d. bond lengths (Å) 0.006 0.006 0.003    

r.m.s.d. angles (°) 0.97 0.85 0.51    
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Ramachandran favored 98.7 96.5 96.4    

Ramachandran allowed 1.3 2.6 3.6     

Ramachadran outliers 0 0.9 0.0   

Rotamer outliers 0 0.48 0.45   

C-beta outliers 0 0 0   

Clashscore 3.63 6.81 6.49   

*Riso was calculated using Scaleit65 
 
#5O8B corresponds to the difference-refined excited-state structure of rsEGFP2 1 ps following 400 nm-laser 
irradiation of the off state and contains extrapolated structure factors defined by eq. 1 in the Supplementary 
section entitled ‘1-ps intermediate-state structure: data collection, modeling and refinement’. Also, a composite 
structure based on 5O8A and 5O8B (83% off state, 10% on state, 4% model P, 3% model T) and containing 
observed structure facture amplitudes Fobs

laser-on-∆1ps has been deposited under accession code 5O8C. 
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Supplementary Table 6 : Effect of various merging schemes on overall data statistics  
Rsplit (%) Dataset # indexed 

patterns 
Overall 
Signal to 
noise ratio 
(Monte-
Carlo and 
scaling) 

Monte-Carlo Monte-Carlo 
and scaling 

Monte-Carlo 
and partiality 

Monte-Carlo 
Partiality 
Scaling 

Monte-Carlo 
Partiality 
Scaling 
Post-refinement 

reference 34731 9.2 10.8 9.1 11.4 9.9 9.8 

laser-on-

∆1ps 

64629 10.1 9.5 7.3 11.1 8.7 9.1 

laser-off 65102 10.0 9.6 7.3 11.2 8.78 9.1 

laser-on-

∆3ps 

22262 7.3 13.4 11.4 14.5 12.9 12.6 

 

Shift 3 – 

pump on 

16333 5.5 16.4 14.1 18.0 15.6 15.8 

Shift 3 – 

pump off 

16415 
5.5 16.3 14.0 17.7 15.4 

16.3 

Shift 4 – 

pump on 

24072 6.5 14.5 11.4 15.8 13.2 13.1 

Shift 4 – 

pump off 

24260 6.5 14.5 11.5 15.7 13.1 
13.0 

Shift 5 – 

pump on 

24224 7.1 13.5 11.1 14.6 12.6 12.3 

Shift 5 – 

pump off 

24427 7.1 13.2 10.9 14.5 12.6 12.4 

Shifts 3 & 4 

– pump on 

40405 7.9 11.7 9.2 13.3 10.7 11.1 

Shifts 3 & 4 

– pump off 

40675 8.0 11.7 9.2 13.2 10.7 11.1 

Shifts 3 & 5 

– pump on 

40557 8.1 
11.6 9.2 13.3 10.6 10.9 

Shifts 3 & 5 

– pump off 

40842 8.1 11.8 9.3 13.4 10.7 11.1 

Shifts 4 & 5 

– pump on 

48296 9.0 
10.3 

8.2 11.7 
9.7 9.7 

Shifts 4 & 5 

– pump off 

48687 9.0 
10.4 8.2 11.8 9.7 

9.9 

Merging was performed at 1.6 Å resolution with 3 iterations when needed, and using the scsphere model for estimating 
partiality 66.  
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Supplementary Table 7 : Photophysical parameters of rsEGFP2 WT and rsEGFP2-V151A 
at pH 7.5 
 rsEGFP2 rsEGFP2-V151A 
Absorption maximum on [nm] 479 483 
Absorption maximum off [nm] 406 404 
On-to-off photoswitching quantum yield (Φoff) 0.04 0.06 
Off-to-on photoswitching quantum yield (Φon) 0.40 0.77 
Extinction coefficient (ε) on [M−1.cm−1] 57 150 47 660 
Extinction coefficient (ε) off [M−1.cm−1] 22 000 24 640 
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Abstract 
 
 Reversibly switchable fluorescent proteins (RSFPs) are able to reversibly toggle 
between a fluorescent on-state and a non-fluorescent off-state under visible light irradiation. 
This property makes them a suitable marker used in super-resolution microscopy (or 
nanoscopy). The photo-switching mechanism involves isomerisation of the chromophore and 
a change of its protonation state. This mechanism has been well studied but remains poorly 
understood. The structural nature and the sequential order of atomistic events are still under 
debate. Some of them take place on the ultra-fast time scale and make structural investigation 
by X-ray crystallography impossible using current synchrotron radiation sources whose 
temporal resolution they offer is limited. X-ray free electron lasers (XFELs) are a new kind of 
X-ray source producing femtosecond pulses that allow structural investigation of ultra-fast 
intermediates during photoswitching. They are also so bright that crystallographic data 
collection from micro- and nanometer-sized crystals became possible. The bright and short 
XFEL pulses required a new methodology to be developed, the so-called serial 
crystallography methodology. This method is now being adapted to synchrotron radiation 
facilities. 
 
 Here is presented a time-resolved crystallography study of the reversibly switchable 
green fluorescent protein 2 (rsEGFP2). A microcrystallization protocol is described allowing 
the preparation of suitable samples in large amounts for time-resolved serial crystallography 
experiments. A photoswitching mechanism of rsEGFP2 is proposed based on crystallographic 
results obtained from data collected at the two XFEL facilities currently fully operational, i.e. 
the LCLS in the USA and SACLA in Japan. In particular, the structure of two photoswitching 
intermediates have been determined, one featuring a twisted chromophore in the excited state 
and the other displaying a protonated cis isomer of the chromophore in the ground state. The 
structural characterization of rsEGFP2 variants by traditional oscillation crystallography 
combined with the serendipitous discovery of an alternate chromophore conformation in the 
off-state during an XFEL experiment provided unique insight into the photophysical behavior 
of the protein.  
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Résumé 
 
 Les protéines fluorescentes photocommutables (RSFPs) ont la propriété de passer d’un 
état fluorescent à un état non-fluorescent en réponse à la lumière. Cette propriété en fait des 
outils de marquage pour la microscopie de super-résolution (ou nanoscopie). Le mécanisme 
de photocommutation implique l’isomérisation du chromophore ainsi qu’un changement 
d’état de protonation de ce dernier. Le mécanisme a été très étudié par différentes approches 
de spectroscopie et de simulation mais reste encore mal compris, l’ordre séquentiel des 
évènements est notamment encore débattu. Certains de ces évènements de la 
photocommutation se déroulent à des échelles de temps très courtes, ce qui rend difficile 
l’étude structurale par cristallographie des rayons X à l’aide des sources synchrotron actuelles 
dont la résolution temporelle est encore limitée. Les lasers à électrons libres (XFELs) sont une 
nouvelle source de rayons X produisant des impulsions suffisamment courtes pour permettre 
l’étude structurale des intermédiaires précoces ou à courte durée de vie qui se forment ou 
cours de la photocommutation, et suffisamment brillantes pour permettre la collecte de 
données cristallographiques sur des cristaux de tailles nano- et micrométrique. L’utilisation de 
ce nouveau genre d’instrument a permis l’émergence de la cristallographie sérielle, une 
nouvelle approche de la cristallographie des rayons X. Cette approche a depuis été adaptée 
aux lignes synchrotrons. 
 

Le travail présenté ici se focalise sur l’étude de rsEGFP2, une protéine fluorescente 
photocommutable de la famille de la GFP. Il y est décrit la mise au point d’un protocole de 
microcristallisation permettant l’obtention d’échantillons en vue d’une expérience de 
cristallographie résolue en temps au XFEL. Un mécanisme de photocommutation y est 
proposé à travers le résultat de deux expériences sur les deux XFELs actuellement 
opérationnels, à des échelles de temps différentes, dévoilant un chromophore « twisté » à 
l’état excité ainsi qu’un état cis protoné de ce dernier. La caractérisation structurale des 
variants de rsEGFP2 par cristallographie d’oscillation « classique » combinée à la découverte 
fortuite d’une conformation alternée du chromophore dans l’état non-fluorescent, issue 
d’expérience de cristallographie sérielle, apporte un complément d’explication des propriétés 
photophysiques de la  protéine.  

 
 

 
 

 




