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I Preface 

 

The current manuscript refers to my Ph.D. work, entitled “Time-resolved serial femtosecond 

crystallography at X-ray free electron lasers to study light-sensitive proteins on the ultra-fast 

time scale.” My Ph.D. work was conducted under the supervision of Dr. Martin Weik and was 

prepared at the Institut de Biologie Structurale in Grenoble (France). The awarding body is the 

Doctorate School of Physics of the Université Grenoble-Alpes, and it was funded by the 

Université Grenoble-Alpes and the Ministère de l'Enseignement supérieur, de la Recherche et 

de l'Innovation between September 2017 to April 2021, and the Commissariat à l'énergie 

atomique et aux énergies alternatives from May 2021 to January 2022. The work focuses on 

the use of X-ray free electron lasers (XFELs) to study the structure and function of two light-

sensitive proteins, fatty acid photodecarboxylase (FAP), and rsEGFP2 and its mutants. 

 

Chapter 1 gives a general introduction to X-ray radiation, time-resolved serial crystallography, 

and data analysis methods. Chapter 2 focuses on the newly discovered photoenzyme, FAP, 

using time-resolved serial femtosecond crystallography (TR-SFX) from the pico- to the 

millisecond time scale. It also describes the problems I have encountered during the data 

analysis. Chapter 3 presents the work on the reversibly photoswitchable fluorescent proteins, 

rsEGFP2, and its mutants V151A and V151L. Investigation was carried out on the static 

structures of the off-state rsEGFP2 and its mutants and TR-SFX on the rsEGFP2 mutants in the 

nanosecond time scale. At the end of Chapter 3, a systematic comparison of rsEGFP2 data from 

XFEL and synchrotrons is made. 

 

By the end of my Ph.D. work, the following articles were prepared or submitted showing my 

contribution and work as described in the corresponding sections. The complete articles can be 

found in the Appendices. 

 

FAP project (Chapter 2): 

 

Described in Section 2.2 and shown in Appendix 6.1 

Sorigué D., Hadjidemetriou K., Blangy S., Gotthard G., Bonvalet A., Coquelle N., Samire P., 

Aleksandrov A., Antonucci L., Benachir A., Boutet S., Byrdin M., Cammarata M., Carbajo S., 

Cuiné S., Doak R. B., Foucar L., Gorel A., Grünbein M., Hartmann E., Hienerwadel R., Hilpert 

M., Kloos M., Lane T. J., Légeret B., Legrand P., Li-Beisson Y., Moulin S., Nurizzo D., Peltier 
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G., Schirò G., Shoeman R. L., Sliwa M., Solinas X., Zhuang B., Barends T. R. M., Colletier J.-

P., Joffre M., Royant A., Berthomieu C., Weik M., Domratcheva T., Brettel K., Vos M. H., 

Schlichting I., Arnoux P., Müller P., Beisson F. (2021) 

“Mechanism and dynamics of fatty acid photodecarboxylase”. Science 372(6538):eabd5687 

Doi: 10.1126/science.abd5687 

 

Described in Section 2.3 

Hadjidemetriou K., Coquelle N., Barends T.R. M., De Zitter E., Schlichting I., Colletier J.-P., 

Weik M. “Time-resolved serial femtosecond crystallography on fatty acid photodecarboxylase: 

lessons learned”. Accepted in Acta. Cryst. D. 

 

 

Reversibly photoswitchable fluorescent proteins project (Chapter 3): 

 

Described in Section 3.3 and shown in Appendix 6.2 

Adam V.*, Hadjidemetriou K.*, Jensen N.*, Shoeman R. L.*, Woodhouse J.*, Aquila A., 

Banneville A.-S., Barends T. R. M., Bezchastnov V., Boutet S., Byrdin M., Cammarata M., 

Carbajo S., Christou N. E., Coquelle N., De la Mora E., El Khatib M., Moreno Chicano T., 

Doak R. B., Fieschi F., Foucar L., Glushonkov O., Gorel A., Grünbein M.-L., Hilpert M., 

Hunter M., Kloos., Koglin J. E., Lane T. J., Liang M., Mantovanelli A., Nass K., Nass Kovacs 

G., Owada S., Roome C. M., Schirò G., Seaberg M., Stricker M., Thépaut M., Tono K., Ueda 

K., Uriarte L. M., You D., Zala N., Domrarcheva T., Jackobs S., Sliwa M., Schlichting I., 

Colletier J-P., Bourgeois D. & Weik M. (2021). Rational control of structural off-state 

heterogeneity in a photoswitchable fluorescent protein provides switching contrast 

enhancement.  

Preprint in bioRxiv. Doi: 10.1101/2021.11.05.462999 

Accepted in ChemPhysChem. Doi: 10.1002/cphc.202200192 

 

Shown in Appendix 6.2 

Uriarte L. M., Vitale R., Niziski S., Hadjidemetriou K., Zala N., Lukacs A., Greetham G., 

Sazanovich I., Weik M., Ruckebusch C., Meech S., Sliwa M. “Structural Information on the 

Trans-to-Cis Isomerisation Mechanism of the Photoswitchable Fluorescent Protein rsEGFP2 

Revealed by Multiscale Infrared Transient Absorption”. J. Phys. Chem. Lett. 2022, 13, 5, 1194–

1202 

Doi: 10.1021/acs.jpclett.1c02920 

 

The articles in preparation are: 

 

Described in Section 3.2 

Uriarte* L. M., Hadjidemetriou K.*, Banneville A.-S., Barends T. R. M., Coquelle N., Doak 

R. B., Fieschi F., Foucar L., Gorel A., Hilpert M., Kloos M., Roome C. M., Shoeman R. L., 

Owada S., Schirò G., Stricker M., Thépaut M., Ueda K., You D., Zala N., Lukacs A. Greetham 
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G., Sazanovich I., Tono K., Meech S. R., Schlichting I., Colletier J.-P., Weik M., Sliwa M. 

Trans to cis photo-isomerization in fluorescent proteins is independent of the free volume. In 

preparation. 

 

Described in Section 3.4 

Hadjidemetriou K.*, Coquelle N.*, Woodhouse J.*, de la Mora E., Shilova A., Rosenthal M., 

Barends T. R. M., Schlichting I., Burghammer M., Colletier J.-P., Weik M. Comparison of 

synchrotron and XFEL room-temperature serial crystallography data collected on protein 

crystals 3 m in diameter. In preparation. 

  



 7 

II Acknowledgements 

 

This work could not have come to an end without the valuable contribution and help from 

certain persons. 

 

First of all, I would like to thank my Ph.D. supervisor, Dr. Martin Weik who gave me the 

opportunity to start a Ph.D. under his supervision. I would like to thank him for his support and 

guide throughout these years, especially the difficult years of 2020, 2021 and 2022. By the end, 

of my Ph.D. work I understood literally the meaning of the German word “Doktorvater”. 

 

I would like to express my gratitude to the jury of my Ph.D. defense Dr. Jacques-Philippe 

Colletier, Prof. Marc Jamin, Prof. Hideaki Mizuno, Prof. Arwen Pearson, Dr. Bruno Robert, 

and Prof. Michael Thompson who kindly accepted to assess my Ph.D. work. 

 

I would like to thank my Comité Suivi de Thèse Prof. Eva Pebay-Peyroula, Dr. Bernhard 

Brutscher and Dr. Dominique Bourgeois for following my PhD work every year, giving me 

advises and encouraging me to continue my project. 

 

I would like to express my gratitude and appreciation to Dr. Jacque Philippe Colletier for his 

support, help and teaching the X-ray crystallography as well as our friendly chats. 

 

I am deeply grateful to Prof. Ilme Schlichting who shared her microcrystallisation protocol and 

for the fruitful discussions of my results. A special thanks to her team who participated in all 

the XFEL experiments of my Ph.D. work and who was responsible for sample injection and 

online monitoring. I am grateful to Dr. Thomas Barends for his help and input on the FAP data 

processing. 

 

I also would like to say special thanks to Dr. Nicolas Coquelle who assisted me during data 

processing on FAP and rsEGFP2 projects. 

 

I am thankful to Dr. Michel Sliwa and Lucas M. Uriarte for their support and continues 

discussions especially on the rsEGFP2 and FAP projects. 

 



 8 

I would like to extend my sincere thanks to Dr. Damien Sorigué and Dr. Frederic Beisson for 

their insightful comments and suggestions on the FAP project. 

 

I would like to offer my special thanks to Dr. Tatiana Domratcheva for our beneficial 

discussions on the FAP and rsEGFP2 projects. 

 

Nothing would not be possible for my Ph.D. work without the hard work of the scientists of the 

XFEL facilities of LCLS in the USA, SwissFEL in Switzerland, and SACLA in Japan.  

 

I am also grateful to Dr. Virgile Adam and Dr. Oleksandr Glushonkov for their help and 

discussions concerning the rsEGFP2 project. 

 

I am indebted to my team colleagues Elena Andreeva, Anne-Sophie Banneville, Martin Byrdin, 

Elke De Zitter, Sofia Kapetanaki, Julie Lopes, Tadeo Moreno Chicano, Rory Munro, Kevin 

Pounot, Ronald Rios Santacruz, Giorgio Schirò, Guillaume Tetreau, Joyce Woodhouse, Ninon 

Zala, for their help, discussions, and the friendly environment in the lab. 

 

Dear friends, Iwanna Demosthenous, Andreas Fouskotos, Yiorgos Kapesides, Johan Montagna, 

Dorina Papanastasiou, Michael Theodoulides, Nikolas Sapountzoglou, Christina Yiannapi, I 

would like to thank you for your support and because you were always available to hear me. 

 

Dear Kyriacos Constantinou, my alter-ego. You have been always by my side for the last 19 

years. Thank you! 

 

My dearest Sofia Jaho, your encouragement and understanding helped me through the dark 

times. Without you believing in me, I never would have made it. 

 

Last but not least, my family. You were the first, who believed in me and have always supported 

me all these years abroad. Nikola, Giorgo, mamma et papa your love is endless.  

 

 



 9 

III Glossary and abbreviations 

 

ADE: Acoustic Droplet Ejection 

AGIPD: Adaptive Gain Integrating Pixel 

Detector 

AM: Ammonium sulfate 

ASL: Advanced Light Source  

bET: back Electron Transfer 

CCD: Charge-Couple Device 

CoMESH: Concentric Microfluidic 

Electrokinetic Eample Eolder 

CPD: Cyclobutane Pyrimidine Dimer 

CSPAD: Cornell-SLAC Pixel Array 

Detector 

CvFAP: FAP from Chlorella variabilis 

CXI: Coherent X-ray Imaging 

DAPHNIS: Diverse Application Platform 

for Hard x-ray diffractioN In SACLA 

DESY: Deutsches Elektronen-SYnchrotron 

DLS: Dynamic Light Scattering 

DNA: DeoxyriboNucleic Acid 

EBS: Extremely Brilliant Source 

EGFP: Enhanced Green Fluorescent 

Protein 

ESRF: European Synchrotron Radiation 

Facility 

FAD: Flavin Adenine Dinucleotide 

FAP: Fatty Acid Photodecarboxylase 

FEM: Front-End Module 

fET: forward Electron Transfer 

FFT: Fast Fourier Transform 

FP: Fluorescent Protein 

FQY: Fluorescence Quantum Yield 

FTIR: Fourier Transform InfraRed 

spectroscopy 

FWHM: Full Width at Half Maximum 

GDVN: Gas Dynamic Virtual Nozzle 

GFP: Green Fluorescent Protein 

GMC: Glucose-Methanol-Choline 

HEPES: acide 4-(2-hydroxyéthyl)-1-

pipérazine éthane sulfonique 

HMBA: Hybrid Multi-Bend Achromat 

HVE: High-Viscosity Extrusion 



 10 

IR: InfraRed 

IUBMB: International Union of 

Biochemistry and Molecular Biology 

JUNGFRAU: adJUstiNg Gain detector FoR 

the Aramis User station 

LCLS: Linac Coherent Light Source 

LPOR: Light-dependent 

Protochlorophyllide OxidoReductase 

MC: Monte Carlo 

MESH: Microfluidic Electrokinetic Eample 

Eolder 

MPCCD: Multi-Port Charge-Coupled 

Device 

MX: Macromolecular crystallography 

NCS: Non-Crystallographic Symmetry 

NL-SIM: Non-Linear Structured 

Illumination Microscopy 

p-HBI: 4-(p-HdroxyBenzylidene)-5-

Imidazolinone 

PAD: Pixel Array Detector 

PAFP: PhotoActivable FP 

PAGE: PolyAcrylamide Gel 

Electrophoresis 

PAL-XFEL: Pohang Accelerator 

Laboratory X-ray Free Electron Laser 

PALM: Photo Activated Localization 

Microscopy 

PCET: Proton-Coupled Electron-Transfer 

PCFP: PhotoConvertible FP 

PCTFE: PolyChloroTriFluoroEthylene 

PDB: Protein Data Bank 

PEG: PolyEthylene Glycol 

PEG: PolyEthylene Glycol 

PLM: PaLMitate 

PTFP: PhotoTransformable FP 

QY: Quantum Yield 

r.m.s.: root mean square 

RESOLFT: Reversible Saturable Optical 

Fluorescence Transition 

rsEGFP: reversibly switchable EGFP 

RSFP: Reversibly photoSwitchable FP 

SACLA: SPring-8 Angstrom Compact free 

electron LAser 

SASE: Self-Amplified Spontaneous 

Emission 



 11 

SEC: Size Exclusion Chromatography 

SFX: Serial Femtosecond Crystallography 

SOFI: Super-resolution Optical Fluctuation 

Imaging 

SSX: Serail Synchrotron Crystallography 

TR: time-resolved 

Tris: 2-Amino-2-(hydroxymethyl)propane-

1,3-diol 

UV: Ultraviolet  

WLE: Wirelessly powered Light Emitters 

XFEL: X-ray Free-Electron Laser



 12 

IV Abstract 

 

X-ray free-electron lasers (XFELs) are large-scale facilities that produce highly brilliant and 

short X-ray pulses. XFELs, complementing synchrotrons, allow the determination of the 

structure of fragile proteins to be solved from small microcrystals and their dynamics to be 

examined with femtosecond time resolution using a suite of techniques known as serial 

femtosecond crystallography (SFX). The goal of this Ph.D. work was to examine short-lived 

intermediates ranging from pico- to microseconds in two light-sensitive proteins using time-

resolved SFX (TR-SFX) at XFELs. The two systems that have been studied were a 

photoenzyme, named fatty acid photodecarboxylase (FAP), and a reversible photoswitchable 

fluorescent protein (RSFP), named rsEGFP2. 

 

FAP is one of the three enzymes discovered so far, whose catalytic activity requires a 

continuous flux of light. FAP, which harbors a FAD cofactor, is involved in the metabolism of 

lipids in microalgae and catalyzes the decarboxylation of free fatty acids to alkanes or alkenes 

in response to blue light. We have been able to solve the radiation damage-free SFX structure 

of FAP’s resting state at 2 Å resolution that confirmed the observation made in a high-resolution 

cryo-MX structure that unusual bending of the isoalloxazine ring of the FAD is present in the 

oxidized starting state. Furthermore, our TR-SFX study made it possible to follow light-induced 

decarboxylation in real-time. A detailed description of data analysis of TR-SFX data on FAP 

as well as structure factor extrapolation of the intermediate states is presented. 

 

RSFPs and thus rsEGFP2 are essential tools in advanced fluorescence microscopy of live cells. 

They have the ability to be constantly cycled between two states, a fluorescent (on) and a non-

fluorescent (off) state after exposition of RSFPs at proper wavelengths (Bourgeois and Adam 

2012). Based on the reaction intermediates determined by TR-SFX on parental rsEGFP2 

determined on the pico- to nanosecond time scale, two rationally designed variants of rsEGFP2 

have been generated. In this thesis, off-state structures of the variants were solved by SFX. 

Furthermore, nanosecond TR-SFX experiments on these rsEGFP2 variants were carried out 

that provide insight into modified energy landscapes. Nanosecond TR-SFX intermediate 

structures on rsEGFP2 variants were described and a systematic comparison of rsEGFP2 SFX 

and SSX data to prepare for millisecond TR synchrotron serial crystallography (SSX) 

experiments on rsEGFP2 in the near future.  
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V Résumé 

 

Les lasers X à électrons libres (XFELs) sont des installations à grande échelle qui produisent 

des impulsions de rayons X très brillantes et courtes. Les XFELs, complémentaires des 

synchrotrons, permettent de déterminer la structure des protéines fragiles à partir de petits 

microcristaux et d'examiner leur dynamique avec une résolution temporelle femtoseconde à 

l'aide d'une suite de techniques connues sous le nom de cristallographie sérielle femtoseconde 

(SFX). Le but de ce doctorat consistait à examiner les intermédiaires de courte durée allant de 

la pico- à la microseconde dans deux protéines sensibles à la lumière en utilisant la SFX résolu 

en temps (TR-SFX) aux XFELs. Les deux systèmes qui ont été étudiés étaient une 

photoenzyme, appelée photodécarboxylase d'acide gras (FAP) et une protéine fluorescente 

photocommutable réversible (RSFPs), appelée rsEGFP2. 

 

La FAP est l'une des trois enzymes découvertes à ce jour, dont l'activité catalytique nécessite 

un flux continu de lumière. La FAP, qui abrite un cofacteur FAD, est impliquée dans le 

métabolisme des lipides dans les microalgues et catalyse la décarboxylation des acides gras 

libres en alcanes ou alcènes en réponse à la lumière bleue. Nous avons été en mesure de résoudre 

la structure SFX sans dommage par des rayons X de l'état "off" de la FAP à une résolution de 

2 Å qui a confirmé l'observation faite dans une structure cryo-MX à haute résolution selon 

laquelle une flexion inhabituelle de l'anneau isoalloxazine du FAD est présente dans l'état 

oxydé. Notre étude TR-SFX a ensuite permis de suivre en temps réel la décarboxylation induite 

par la lumière. Une description détaillée de l'analyse des données TR-SFX sur FAP ainsi que 

l'extrapolation du facteur de structure des états intermédiaires est présentée. 

 

Les RSFPs et donc rsEGFP2 sont des outils essentiels dans la nanoscopie de fluorescence 

avancée des cellules vivantes. Elles peuvent être basculées à plusieurs reprises entre un état 

fluorescent (on) et un état non fluorescent (off) par irradiation avec de la lumière à deux 

longueurs d'onde différentes. Basé sur les structures intermédiaires de réaction déterminées par 

TR-SFX sur rsEGFP2 parental déterminées à l'échelle de temps pico- à nanoseconde, deux 

variants rationnellement conçus du rsEGFP2 ont été générés. Dans cette thèse, les structures 

"off" des variants ont été résolues par SFX. De plus, des expériences TR-SFX nanosecondes 

sur ces variants de rsEGFP2 ont été menées. Des structures intermédiaires nanosecondes TR-
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SFX sur des variants de rsEGFP2 ont été décrites et une comparaison systématique de données 

SFX et SSX a été effectuée, en vue d’expériences résolues en temps au synchrotron (TR-SSX). 
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1.1 Electromagnetic radiation 

 

 

1.1.1 Introduction 

 

Light has been at the center of the life of mankind for centuries. It has been a tool for humans 

to explore and investigate the world around them. It all started with curiosity and the desire to 

understand it and then the exploitation of its properties to study different phenomena in their 

lives.  

 

Between the 4th century B.C. and 2nd century A.D., the observations of the Greek natural 

philosophers, such as Aristotle, Euclid, and Ptolemy, were centered on the study of vision and 

optics. The observations were then extended to studying the eye anatomy and physiology by 

Herophilus and Galen and the Arabs, such as Ibn al-Haytham and al-Kindi. By that time the 

nature of light was ignored but this didn’t prevent humanity to continue to observe and study 

Nature using the light properties. It is worthwhile to mention that the Greeks in those days 

studied two strange phenomena, according to their understanding. The first one was noted by 

Thales of Miletus who observed that after rubbing a piece of amber it could lift small pieces of 

papyrus. The second one was that a mineral from Magnesia (Μαγνησία, a city in Greece) was 

able to attract iron metals. These phenomena are able to be explained by (static) electricity and 

magnetism, respectively. Magnetism comes from the Greek word Magnesia and electricity from 

the Greek word ήλεκτρον (electron) which is the Greek word for amber. For centuries mankind 

has ignored the connection between these observations. It would take many centuries to find 

out what was the link with the properties of light. 

 

In the middle of the 19th century, two British scientists, Michael Faraday and James Clerk 

Maxwell concentrated their research on electricity and magnetism whose results have 

determined and changed the everyday life of mankind. In 1865, James Clerk Maxwell published 

his work on electromagnetic fields (Maxwell 1865) in which, in a very simplistic way, he 

combined the laws of electricity and magnetism with the laws of light. 

 

Nowadays, we refer to the electromagnetic spectrum in order to define a range of 

electromagnetic radiation. It is a set of energetic radiation of various frequencies. In other 
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words, the electromagnetic radiations are of the same nature, but their frequencies (and thus 

their energy) are different. The photons are the carriers of this energy. It has been defined in 

this spectrum, which it starts from low energy radiation to high energy radiation, and includes 

long-wave radio waves, microwaves, infrared radiation, visible light, ultraviolet light, X-rays, 

and γ-rays (Figure 1.1.1). The relationship between energy and frequency of these radiations is 

given by: 

 

𝐸 = ℎ𝑣 =
ℎ𝑐

𝜆
       (eq. 1.1.1) 

 

where E is the energy of a photon in joule (J), ℎ = ~6.626 × 10−34 𝐽. 𝑠 is Planck’s constant, 

v is the frequency in Hz, 𝑐 = ~2.9979 × 108 𝑚. 𝑠−1 # is the speed of light in a vacuum and λ 

is the wavelength of light in vacuum in meters. In the present work, as it refers to photon energy, 

it would be more appropriate to use a modified version of the equation 1.1.1: 

 

𝜆 =  
12.3984

𝐸
       (eq. 1.1.2) 

 

where the wavelength λ is given in Å and the photon energy E in keV.   

 

Two different ranges of the electromagnetic spectrum are important in this study, visible light 

and X-rays. 

 

 

1.1.2 Visible light 

 

All electromagnetic radiation is light, but the human eye can only view radiation in a narrow 

wavelength range. This narrow range is called visible light (Figure 1.1.1). Photoreceptor cells, 

such as rod-shaped, cone-shaped, and intrinsically photosensitive ganglion cells, are found in 

the retina of the eye and they are responsible for converting visible light into signals that can 

stimulate biological processes (i.e. vision). Important components of these cells are the 

 
 The General Conference on Weights and Measures (CGPM), at its 26th meeting, on the revision of the International 

System of Units (SI), suggested in Resolution 1 that the Planck constant h is 6.626 070 15 ×  10−34𝐽. 𝑠 and the speed of 

light in vacuum c is 299 792 458 𝑚. 𝑠−1. 
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membranous photoreceptor proteins, opsins, which contain a pigment molecule called retinal. 

The opsins found in rod-shaped, cone-shaped, and intrinsically photosensitive ganglion cells 

are called rhodopsins (Ernst et al. 2014), iodopsins or photopsins (Yoshizawa and Wald 1967), 

and melanopsins (Berson 2002), respectively. The overall spectral sensitivity range of these 

photoreceptors in the human eye is between ~400 and ~700 nm which defines the visible light 

spectrum (Blume, Garbazza, and Spitschan 2019; Christie 2001). 

 

 

1.1.3 X-ray light 

 

In 1895, Wilhelm C. Röntgen detected a new range of the electromagnetic spectrum, that he 

called “X-rays” (or “X-Strahlen” as it was first reported in his publication written in German) 

to underline that its nature was unknown (Röntgen 1898). The new type of radiation was able 

(among others) to penetrate biological tissues and exposed photographic films. Most X-rays 

have a wavelength ranging from 10 pm (hard X-rays) to 10 nm (soft X-rays). In a laboratory, 

X-rays may be created by focusing a high-energy electron beam against metal atoms such as 

copper or gallium.  

 

In 1909, Charles G. Barkla and Charles A. Sadler discovered the characteristic X-ray radiation 

of the elements (Barkla and Sadler 1909). When a material is bombarded with X-rays, intense 

secondary X-ray emission lines are observed which are unique for each element. This 

fingerprint represents discrete energy levels of electronic states in atoms that are related to the 

atomic number of the element. 

 

In 1914, Henry G. J. Moseley discovered the relationship between atomic number and the 

specific wavelength of X-rays of the elements (Moseley’s law) and therefore the basis of X-ray 

fluorescence spectroscopy (Moseley 1914). 

 

The concepts of X-ray diffraction are described in section 1.2. 

 

 

1.1.4 Lasers 
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The laser, which stands for "Light Amplification by Stimulated Emission of Radiation," is a 

device and/or light source that emits spatially and temporally coherent light. A laser may be 

concentrated on a tiny area while remaining focused across a large distance due to spatial 

coherence (collimation). A laser can emit light with a certain wavelength (monochromatic) or 

pulses of light with a large spectrum, but durations can be achieved down to femtosecond time-

scale due to temporal coherence. 

 

In this study, two types of lasers were used to study biological macromolecules, a visible-light 

laser, and an X-ray free-electron laser. The former is used as the radiation which triggers the 

reaction (pump) and the latter is the radiation that gives the diffraction patterns (probe) in a 

pump-probe scheme of time-resolved serial femtosecond crystallography (TR-SFX). The 

characteristics of these two lasers are:  

 

i) Laser gain medium: it is a medium that can amplify the power of electromagnetic 

radiation. For example, solid-state lasers use the properties of atomic or molecular states 

as the laser gain medium. X-ray free-electron lasers (and therefore XFELs as a probe 

laser) use a relativistic electron beam as the laser gain medium. In the case of the pump 

laser, a crystal of Ti:sapphire is used as a laser gain medium during a TR-SFX at the 

LCLS (USA), SACLA (Japan), and SwissFEL (Switzerland) X-ray free-electron lasers 

(XFELs). 

 

ii) Laser beam polarization: it defines its state of polarization. It is described as the 

direction in which the electric field is oscillating. Please be noted that during the TR-

SFX experiments, an optical pump laser with circular polarized light was used. This 

means that the electric field changes its orientation by 360° within one wavelength. A 

circularly polarized optical pump laser was preferred because the chromophores or 

light-capturing molecules which crystalline proteins bind have different orientations 

(i.e. different orientation of the electric dipole moment of the chromophore) with respect 

to the optical pump laser direction. In the case of the XFEL probe, linearly polarized 

beams are available at the XFEL facilities. Circularly polarized beams at XFELs have 

been commissioned recently and they will be available for external users soon, allowing 

studies on chiral dynamics as well as the anisotropic and magnetic properties of the 

sample (Geloni, Kocharyan, and Saldin 2011; Kubota et al. 2019; Lutman et al. 2016; 

Roussel et al. 2017).   
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1.1.5 Figures 

 

 

Figure 1.1.1: The electromagnetic spectrum. 

Electromagnetic radiation extends from small wavelengths via γ-rays and X-rays to radio 

waves. 
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1.2 X-ray diffraction and data collection 

 

 

1.2.1 Interaction of X-rays with matter  

 

The question raised now is how electromagnetic radiation interacts with matter, and more 

precisely, how X-ray radiation interacts with crystalline macromolecules. To the extents, we 

are familiar with everyday phenomena of interactions of visible light with matter like refraction, 

reflection, and absorption.  

 

Electromagnetic radiation predominantly interacts with matter via the electric field vector and 

the interaction with the magnetic field vector is weak. This is because the interaction of the 

electric field vector with the dielectric polarizability is several orders of magnitude higher than 

the diamagnetic susceptibility and as a consequence, we will focus on electronic interactions. 

The polarizability α is simply the interaction constant relating the induced dipole moment p to 

the electric field vector E. 

 

𝑝 =  𝛼 ×  𝐸       (eq. 1.2.1) 

 

Regarding the above equation, once past infrared frequency, only the electrons of an atom can 

be polarizable enough to interact with the electric field vector. Therefore, from the visible light 

range up to the hard X-ray energy ranges, only electron polarization remains the basis for 

interaction with electromagnetic radiation. 

 

Clausius-Mossitti (reviewed in Rysselberghe 1932) and Lorenz-Lorentz (reviewed in Kragh 

2018) show the direct correlation of the dielectric polarizability with the refractive index of a 

material. Optical dispersion is caused when the refractive index changes as a function of 

frequency. An example of optical dispersion is when the blue light gets refracted more than red 

light as it is observed in rainbows or glass prisms. Also, electronic polarizability becomes very 

weak at high frequencies of electromagnetic radiation and asymptomatically reaches practically 

identical values for all matter. 
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Considering the above remarks, the three following conclusions can be drawn for X-ray 

radiation. First, there are no refractive lenses for X-rays which would allow direct imaging of 

an object. This is because lenses depend on the change of refractive index when light transitions 

from one medium to the other. As the polarizability of materials and also the refractive index 

in the X-ray range are practically identical for all materials, there is no difference in refractive 

index between media. Second, the phenomenon of anomalous dispersion is exploited in 

anomalous diffraction phasing techniques and ab initio structure determination with X-ray 

crystallography. Precisely, dispersion is the phenomenon describing that the rate at which the 

wave is propagated depends on its frequency. The effects of dispersion and absorption are also 

observed for X-rays. Anomalous X-ray dispersion or anomalous scattering of X-rays is the 

energy-dependent change of the scattering factor of X-rays when absorption occurs at the 

absorption edge of an atom. Finally, X-rays as ionizing radiation interact with organic matter 

(proteins) causing radiation damage. 

 

When protein crystals are exposed to highly brilliant X-ray beams, atoms absorb X-rays, and 

an electron escapes from the high-energy inner shell of the atom. These free electrons then can 

directly react with other atoms, break bonds, or generate free radicals. 

 

The primary X-ray interaction processes with atoms (Garman 2010) (Figure 1.2.1) are: 

 

i) Elastic (Thompson) or coherent scattering (Figure 1.2.1A). The electron is 

sinusoidally accelerated by the incident X-ray radiation and emits radiation at the 

same wavelength. Therefore, there is no energy difference between the incident and 

the reemitted radiation. This process is at the origin of the diffraction pattern. 

 

ii) Inelastic (Compton) or incoherent scattering (Figure 1.2.1B). The X-ray radiation 

transfers part of its energy to the electron and thus the reemitted radiation has lower 

energy after the interaction. 

 

iii) Photoelectric effect (Figure 1.2.1C). The X-ray radiation transfers all its energy to 

an electron (in the inner shell of the atom) that is ejected from the atom 

(photoelectron). Subsequently, an electron from lower-energy shells takes the place 

of the ejected electron followed by characteristic X-ray emission, or the energy is 

transferred to an electron of the outer shell and it is then ejected (Auger electron). It 
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is estimated that a single absorbed 12 keV photon can cause roughly 500 additional 

ionization events (O’Neill, Stevens, and Garman 2002). The generated free radicals 

from these ionization events are directly correlated to secondary and specific 

radiation damage (O’Neill et al. 2002).  

 

At 12 keV, about 98% of the incident X-ray photons do not interact at all with matter. Only 2% 

do interact, of which 84% interacts via the photoelectric effect, 8% causes inelastic (Compton) 

scattering, and 8% leads to elastic (Thompson) scattering (Garman and Owen 2006).  

 

 

1.2.2 X-ray diffraction by crystals 

 

Seventeen years after Wilhelm C. Röntgen’s discovery, Max von Laue had the idea to diffract 

salt crystals with X-ray radiation believing that the interatomic distances were close to the 

wavelength of the X-ray radiation as it was estimated previously to be in the range of 10 – 0.01 

nm (Sommerfeld 1912; Wien 1907). This idea came after discussions with Paul P. Ewald, 

Arnold Sommerfeld and Wilhelm Wien (von Laue 1915). With the help of the experimentalists, 

Walter Friedrich and Paul Knipping, the first diffraction pattern using X-rays of a copper sulfate 

was acquired (Friedrich, Knipping, and Laue 1913). Although the experiment was quite 

successful, the three diffraction conditions represented by the Laue equations (Friedrich et al. 

1913) in each direction in the crystal lattice were not overly convenient and not easy to visualize 

in practical use. Sir William H. Bragg and Sir William L. Bragg, a father-and-son team, 

introduced a drastically simplified interpretation of X-ray diffraction by a crystal (Bragg and 

Bragg 1913). They interpreted the diffraction as a reflection off sets of equidistant discrete 

lattices planes (hkl), and the equation they introduced (Bragg’s law), established a quantitative 

relation between the lattice spacing and the diffraction angle of discrete reflections (Figure 

1.2.2A): 

 

𝑛 × 𝜆 = 2 × 𝑑ℎ𝑘𝑙 × sin 𝜃       (eq. 1.2.2) 

 

where n is the “order” of reflection, λ is the wavelength of the X-ray radiation, dhkl is the spacing 

of the lattice planes and θ is the angle of the incident X-ray radiation. 
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Generally, diffraction (Figure 4B) is the interaction of electromagnetic radiation (e.g. X-ray 

radiation) with periodically arranged matter (e.g. crystal) into directions other than the original 

direction of the light, without change of the wavelength. It is necessary to quantify the intensity 

of this discrete diffraction as a function of the actual atomic or molecular content of the 

diffracting crystals. This quantification of the intensity is called structure factor amplitude (eq. 

1.2.3). The structure factor (𝐹(ℎ𝑘𝑙)), as a mathematical function, describes the relationship 

between the amplitude and the phase of a diffracted wave from crystal lattice planes. These 

crystal lattice planes are characterized by Miller indices (h, k, l). 

 

𝐹(ℎ𝑘𝑙)  = ∑ 𝑓(𝑗)
𝑎𝑡𝑜𝑚𝑠
𝑗=1 𝑒2𝜋𝑖[ℎ𝑥+𝑘𝑦+𝑙𝑧]     (eq. 1.2.3) 

 

The unavailability of phase angles for experimentally measured structure factor amplitudes 

implies the phase problem in molecular structure reconstruction. 

 

 

1.2.3 Synchrotrons 

 

Synchrotrons facilities used for the collection of X-ray diffraction data. It is a type of particle 

accelerator in which negatively charged particles, in this case, the electrons are generated and 

accelerated in the linear accelerator, and they are injected into the storage ring, where they 

circulate at nearly the speed of light. When the electron beam changes direction, the electrons 

are accelerated towards the center of the storage ring losing energy by emitting X-ray radiation. 

The resulting X-ray radiation is then provided to the surrounding beamlines where the 

experiments take place. The electron energy that is lost through X-ray emission is recovered by 

radio-frequency cavities at each cycle. Originally, synchrotrons have been used as a tool to 

study particle physics by colliding charged particles, and X-ray emission was considered as 

being a byproduct. In the early 1970s, a group of chemists, while working at the Deutsches 

Elektronen-Synchrotron (DESY) synchrotron (Hamburg, Germany), discovered that the non-

desirable X-ray emission could be used for X-ray diffraction (Rosenbaum, Holmes, and Witz 

1971). 

 

Since then, more than fifty synchrotrons have been constructed worldwide and they have been 

used among others for structural biology research using X-ray diffraction. But only a few of 
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them can produce high-energy (“hard”) X-rays. An example of such a source is the European 

Synchrotron Radiation Facility (ESRF) (Grenoble, France) where part of the experiments 

described in this study was performed. The ESRF storage ring is a tube of 844 meters in 

circumference and is maintained at low pressure (~10-9 mbar). It consists of 32 straight and 32 

curved sections. In each straight section, focusing magnetic structures, such as undulators, 

ensure the generation of the focused and brilliant beam. In curved sections, the bending magnets 

bend the electron beam from their straight trajectory and hence X-ray emission occurs. A new 

era of synchrotron light sources has begun with the upgrade of the ESRF into a fourth-

generation synchrotron (ESRF-EBS; (Extremely Brilliant Source)) in 2020. The new magnetic 

configuration, Hybrid Multi-Bend Achromat (HMBA) lattice (Raimondi 2017), guides and 

focuses the electron beam to generate X-ray radiation 100 times more brilliant and coherent 

than a third-generation synchrotron.  

 

 

1.2.4 X-ray free-electron lasers 

 

The XFEL radiation provides about ten orders of magnitude increase in peak brilliance 

compared to synchrotron radiation (Emma et al. 2010). In contrast to synchrotron light sources 

which are cyclic particle accelerators, XFEL facilities are linear particle accelerators (Hwu and 

Margaritondo 2021). 

 

The electrons are generated by a UV pulse that strikes the surface of a copper cathode plate 

inside the gun injector. The electrons are then guided to the linear accelerator where the electron 

bunches are brought to high energies at nearly the speed of light. Then, the electron pulse enters 

the undulators magnets, a periodic arrangement of north and south magnetic poles spaced only 

a few millimeters apart, that forces the electrons onto a tight slalom course. These poles cause 

the electron bunch to move up and down in an undulating motion. The electrons emit X-ray 

radiation as they gradually organize themselves into a large number of thin discs. Therefore, X-

rays and electrons travel together and interact with each other. The X-rays then become tuned 

or coherent with short and intense flashes with properties of laser light. While passing only 

once through the XFEL undulator, self-amplified spontaneous emission (SASE) (Bonifacio, 

Pellegrini, and Narducci 1984; Geloni, Huang, and Pellegrini 2017; Margaritondo and Rebernik 

Ribic 2011) occurs originating from a stochastic process. This undulator length in the 
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synchrotron is short (a few meters), whereas XFEL undulators are long (> 100 m). Only long 

undulators allow SASE to occur. Afterward, electrons are not needed, and they are discarded 

into an electron dump while the X-ray laser pulses continue in a straight line to the experimental 

hall. The X-ray pulse duration is estimated between 10 to 500 fs (Emma et al. 2010). A more 

in-depth description of how XFEL works can be found in (Feldhaus, Arthur, and Hastings 

2005). 

 

John Madey introduced the FEL concept in the early 1970s (Madey 1971) based on the work 

of Hans Motz at Stanford University (Motz 1951; Motz, Thon, and Whitehurst 1953). In the 

1980s, Claudio Pellegrini and James Murphy were interested in the possibility to develop XFEL 

using the SASE amplifier (J. B. Murphy and Pellegrini 1985; J.B. Murphy and Pellegrini 1985). 

In 2009, the first hard XFEL experiment was performed at the LCLS facility (Stanford, USA) 

(Emma et al. 2010). As of 2021, there are five fully operational hard XFEL facilities around 

the globe, LCLS (Stanford, USA), SACLA (Hyogo, Japan), PAL-XFEL (Pohang, Korea), 

European XFEL (Schenefeld, Germany), and SwissFEL (Villigen, Switzerland). Data 

collections for the presented study were carried out at LCLS, SACLA, and SwissFEL. They 

operate at repetition rates of 120 Hz, 60 Hz, 100 Hz, and at 15, 8.5, and 6 GeV of maximum 

electron energy, respectively. 

 

 

1.2.5 From serial femtosecond crystallography at XFELs to serial crystallography at 

synchrotrons 

 

The concept of serial crystallography (SX) has originated from the multi-crystal data collection 

approaches at synchrotrons which was first introduced in the 1970s (Winkler, Schutt, and 

Harrison 1979). This concept relied on the X-ray dose distribution over many isomorphous 

crystals during data collection. The SX concept found application in XFEL facilities as serial 

femtosecond crystallography (SFX) (Boutet et al. 2012). The SFX data collection strategy 

allows recording of still images of randomly oriented crystals. This relies on the concept of 

“diffraction-before-destruction” that was introduced by Richard Neutze and co-workers by 

simulating XFEL diffraction with single molecules of T4 lysozyme (Neutze et al. 2000). The 

results showed that diffraction of a single molecule occurs before their destruction when using 

an XFEL pulse length less than 50 fs. Thus, the sample needs to be replenished constantly in 
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order to deliver fresh crystals to the interaction point with the X-ray beam which is the basis of 

the SX concept. 

 

Based on the “diffraction-before-destruction” concept, early proposals of serial crystallography 

started in the 2000s in the work of John Spence and Bruce Doak in which a jet provided droplets 

containing biomolecules onto a continuum electron beam in order to obtain electron diffraction 

patterns (Spence and Doak 2004). The first proof-of-concept experiment in microcrystals of a 

membrane protein, the photosystem I, took place at ALS (Berkley, USA) in which powder 

diffraction data was collected using a continuous microjet as sample delivery method (Shapiro 

et al. 2008). This experiment was a preparation of the first SX experiment at XFELs at LCLS 

(Stanford, USA) on the same biological system (Chapman et al. 2011).  

 

The first high-resolution SFX structure was obtained of lysozyme at 1.9 Å resolution at the 

LCLS (Boutet et al. 2012). A difference electron density map calculated from the SFX data and 

low-dose synchrotron oscillation data, Fobs(SFX) – Fobs(synchrotron), showed no significant 

changes. The authors did not observe any noticeable radiation damage, confirming the 

“diffraction-before-destruction” concept. Later, however, radiation damage in SFX has been 

reported especially when using high flux density and/or long pulse durations (Nass 2019; Nass 

et al. 2015).  

 

Global radiation damage was reported in (Lomb et al. 2011) in which the authors study the 

diffraction patterns of data collected from 70 to 400 fs of XFEL pulse length. In this study, it 

was reported that a uniform distribution of radiation damage was not feasible because the 

ionization processes within the unit cell were nonhomogeneous. Similar conclusions were 

reported experimentally in (Barty et al. 2012) by combining experimental and simulated data. 

By increasing the pulse duration, a decay of Bragg intensities at higher resolution was observed 

along with an increase of r.m.s. atomic displacement of biomolecules in a crystalline lattice. It 

was predicted that the decay of the diffraction intensity as a function of resolution caused by 

radiation damage could be scaled as the damage was distributed uniformly in the unit cell (Barty 

et al. 2012). Using a high beam intensity (1.8 × 109 W.cm-2), it was to characterize the effects 

of local damage on ferredoxin crystals (Nass et al. 2015). Ferredoxin proteins contain two [4Fe-

4S] clusters and it was found that the electron density of these two clusters was different in the 

SFX structure but not in the synchrotron structure (Nass et al. 2015). This suggests that local 

structure composition and geometry influence the ionization in an XFEL experiment and the 
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effects of radiation damage cannot be corrected with global correction factors (Nass et al. 2015). 

Changes in the protein backbone, aromatic residues, and disulfide bridges on thaumatin and 

lysozyme.Gd microcrystals were identified with femtosecond time-resolved X-ray pump / X-

ray probe experiment (Nass et al. 2020). The authors in Nass et al. 2020 suggested being more 

careful when performing an XFEL experiment while using single-pulses of X-ray radiation 

(which are usually between 10 and 50 fs) and assessing whether the diffraction data is truly free 

of radiation damage. In SFX experiments, doses had been calculated using RADDOSE-3D 

(Bury et al. 2018; Oliver B. Zeldin, Gerstel, and Garman 2013). The corresponding structures 

have been solved at doses in the GGy range (Barty et al. 2012, 2012; Lomb et al. 2011; Nass et 

al. 2020) which is about two orders of magnitude higher than the experimental dose limit of 30 

MGy suggested for synchrotron MX at 100 K (Owen, Rudino-Pinera, and Garman 2006). 

Moreover, diffraction-weighted dose (DWD) (O. B. Zeldin et al. 2013) is a metric that 

represents the dose at each volume element of the crystal and the contribution of the latter to 

the current diffraction image. All the above dose estimations did not take into account 

photoelectron escape from the diffraction volume, which reduces the absorbed dose (Marman, 

Darmanin, and Abbey 2018; Nave and Hill 2005). It has been estimated that a dose of 400 MGy 

was enough to ionize once each atom within a protein crystal after each typical XFEL pulse 

(Chapman, Caleman, and Timneanu 2014). Simulations on lysozyme microcrystals using an 

extension of RADDOSE-3D, called RADDOSE-XFEL (Dickerson, McCubbin, and Garman 

2020), revealed that the dose for a single ionization event per atom after each XFEL pulse for 

all atoms and non-hydrogen atoms was ~480 MGy and ~310 MGy, respectively.  

 

Since the early years of XFEL experiments, several static structures of biological 

macromolecules (whose structures were first determined by synchrotron experiments) have 

been solved also by SFX, e.g. those of large membrane proteins, such as G protein-coupled 

receptors (GPCR) (Liu et al. 2013; Weierstall et al. 2014), and highly radiosensitive metal-

containing proteins, such as the photosynthetic reaction center (Johansson et al. 2013) and the 

photosystem II (Kern et al. 2012; Suga et al. 2015). It is worthwhile to mention that it was also 

possible to determine structures from in vivo-grown crystals whose size is down to the 

nanometer scale (Colletier et al. 2016; Redecke et al. 2013; Sawaya et al. 2014; Tetreau et al. 

2020). 

 

As the phase information is lost in a diffraction experiment, several experimental phasing 

approaches have been applied in SFX data collection to retrieve phase information. In the early 
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years of XFEL in the 2010s, several attempts were made for de novo phasing that were 

unsuccessful regarding structure determination (Ayyer et al. 2016; Son, Chapman, and Santra 

2011; Spence et al. 2011). Since then, SFX experiments and data analysis approaches have 

evolved and new efforts allowed successful structure determination using de novo phasing. 

They include structure determination using isomorphous replacement (Barends et al. 2013; 

Nakane et al. 2016; Yamashita et al. 2015) as well as single-wavelength anomalous diffraction 

(Barends et al. 2014; Batyuk et al. 2016; Colletier et al. 2016; Fukuda et al. 2016; Hunter et al. 

2016; Nakane et al. 2015, 2016; Nass et al. 2016; Yamashita et al. 2017).  

 

As there are not many XFEL facilities around the world, the demand for performing serial 

crystallography cannot be met on XFELs. As an alternative, serial synchrotron crystallography 

(SSX) has been used. This data collection method is a complementary method to 

“conventional” X-ray crystallography and SFX. In order to perform SSX experiments, one 

needs high photon flux of the X-ray beam (1-2×1012 photons.s-1), crystals about the size of the 

X-ray beam, appropriate sample delivery methods for serial crystallography, high-speed 

readout detectors (exposure time less than 10 ms), and a computational infrastructure capable 

to process large amounts of data.  

 

First, proof-of-concept SSX experiments have been carried out using in vivo grown crystals 

mounted on a loop at cryo conditions (Gati et al. 2014), native (Stellato et al. 2014) and 

derivatized lysozyme microcrystals (Botha et al. 2015) delivered using a lipidic cubic phase 

(LCP) injection at room temperature, bacteriorhodopsin microcrystals injected in LCP (Nogly 

et al. 2015) and by using fixed-target devices such as a microfluidic chip with predefined 

microcrystal positions (Heymann et al. 2015) and chips without predefined microcrystal 

positions using silicon nitride windows (Coquelle et al. 2015) and mylar sheets (Doak et al. 

2018). Furthermore, it has been shown that SSX is also suitable for characterization of novel 

pharmacological targets within protein crystals (Kovácsová et al. 2017; Weinert et al. 2017) 

and it has been demonstrated to be used for de novo phasing approaches (Botha et al. 2018). 

Several SSX experiments have already been performed so far that are reviewed in (Diederichs 

and Wang 2017; Martin-Garcia 2021; Nam 2020a)). Finally, half-doses of global damage have 

been estimated for cryo and room temperature SSX data collection to be 17.8 MGy and 0.38 

MGy, respectively (de la Mora et al. 2020). 
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 1.2.6 Time-resolved X-ray crystallography 

 

Time-resolved (TR) X-ray crystallography (Hajdu et al. 1988, 2000; Moffat 2001; Schlichting 

and Goody 1997) performed at XFELs (TR-SFX) (Brändén and Neutze 2021; Colletier, Schirò, 

and Weik 2018) and synchrotrons (TR-SSX) (Schulz et al. 2022) is used to visualize reactions 

in biomolecules in both space and time. This enables the study of transient phenomena (e.g. 

structural and dynamical changes, catalysis, phase transitions, etc.) that occur in biomolecules 

during biological activity. In such approaches, temporal resolution is accomplished by 

activating the protein in the crystal prior to X-ray exposure and then collecting data at various 

time delays. The aim is to identify short-lived reaction intermediates, determine their structure 

and elucidate the complete reaction mechanism. TR crystallography offers the advantage in 

providing direct and global three-dimensional structural information at the atomic level as a 

function of time. 

 

TR crystallography could be divided into several categories depending on how the reaction in 

protein crystals is initiated. The reaction could be triggered by the following methods: visible 

light (Brändén and Neutze 2021; Colletier et al. 2018), electric fields (Hekstra et al. 2016), X-

rays (Nass et al. 2020), infrared (Keedy et al. 2015; Thompson et al. 2019) and small-molecule 

diffusion (Schmidt 2013; Stagno et al. 2017). As alternative techniques to TR crystallography, 

various physical or chemical trapping methods have been used. The intermediates with lifetimes 

longer than the flash-cooling process can be trapped and studied by static crystallography 

(trigger-freeze). Alternatively, the reaction can be initiated at cryo temperatures and allowed to 

proceed up to a reaction intermediate that cannot proceed further at cryo temperatures (freeze-

trigger). Trapping intermediate states can be done by freezing the sample (Kovalev et al. 2020) 

or, by solvent or pH modification, and chemical modifications of the biomacromolecule, 

substrate, or cofactor (Bourgeois and Weik 2009; Schmidt et al. 2005; Stoddard 2001) or 

inactive caged substrates that can be diffused into crystals and be activated by light (Bourgeois 

and Weik 2008; Monteiro et al. 2021; Stoddard et al. 1998). By using a polychromatic X-ray 

beam (Laue diffraction) generated at high photon flux density at a synchrotron, the rate of data 

collection may be increased so that the exposure times are equivalent to the chemical lifetimes 

of transient intermediates in the crystal. This allows the structure determination of short-lived 

chemical species (Stoddard 1996; Stoddard et al. 1998) and the exposure time of a 

polychromatic X-ray beam can be as short as 100 ps at a synchrotron (Moffat 2019). 
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Studies on light-sensitive proteins have dominated the field of TR crystallography (Poddar et 

al. 2021). Even though such systems are not very common in Nature, the relatively easy way to 

trigger the reaction by light in crystals, it prompts light-sensitive proteins to be the first and 

most used systems to be studied. Structural intermediates can be captured by a pump-probe 

scheme (Figure 1.2.3). The pump-probe technique allows monitoring of ultrafast events inside 

proteins in crystals such as atom movement. To initiate the reaction, an extremely brief and 

intense optical pulsed laser ("pump") is delivered to the sample. Then, an X-ray pulsed laser 

("probe") is used to collect diffraction data from which the structure of the intermediate state 

can be solved. By varying the interval between the pump and the probe pulses, the structural 

evolution of the reaction within the microcrystals can be followed from the femtosecond 

(XFELs) to second (synchrotrons) timescale. Time resolution in the pump-probe scheme is 

defined by both the pump and the probe pulse lengths. To increase the occupancy of the 

intermediate states facilitating structural interpretation, structural biologists have been using a 

much higher pump laser energies than employed for spectroscopic techniques. This pushes the 

experimental conditions into the multi-photon regime (Grünbein et al. 2020). It has been 

suggested to use a power density of the pump laser that corresponds to less than the average 

one-photon absorption per light-capturing molecule in the crystal (Grünbein et al. 2020). As 

suggested, a way of calculating the absorbed photons per light-capturing molecule by 

considering the crystal thickness and its refractive index, the concentration and the molar 

extinction coefficient of the light-capturing molecule in crystal, the photophysical parameters 

of the pump laser, as well as the sample delivery method (see Section 1.2.7) (Grünbein et al. 

2020). 

 

TR crystallography experiments are usually combined with TR spectroscopic techniques 

including UV/Vis absorption spectroscopy that provide information to directly correlate 

electronic transitions with structural transitions in the sample. Moreover, three-dimensional 

structural changes are not directly observed, however, the measured spectral changes are to be 

interpreted in terms of underlying structural changes. TR spectroscopic experiments are ideally 

performed on crystals to guide and complement crystallographic experiments. It is worthwhile 

to mention that, the kinetics of the reaction mechanisms might not be the same in crystals and 

in solution (Konold et al. 2020). Possible differences, apart from the experimental setup, are 

the solution conditions, like pH, ionic strength, viscosity, that might not be the same for protein 

in crystal or in solution, and that the crystal packing might restrict motions or alter the kinetics. 
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Recent examples of TR-SFX experiments on light-sensitive proteins include those on 

photosystem I (PS-I) (Aquila et al. 2012) and II (PS-II)(Kern et al. 2018:201; Suga et al. 

2019)(Kern et al. 2018:201; Suga et al. 2019), several rhodopsins (Mous et al. 2022; Nango et 

al. 2016; Nass Kovacs et al. 2019; Oda et al. 2021; Skopintsev et al. 2020; Yun et al. 2021), 

phytochromes (Claesson et al. 2020), photoactive yellow protein (PYP) (Pande et al. 2016), 

photosynthetic reaction center (Dods et al. 2021), reversibly photoswitchable enhanced green 

fluorescent protein 2 (rsEGFP2) (Coquelle et al. 2018a), myoglobin (Barends et al. 2015), 

P450nor (Nomura et al. 2021; Tosha et al. 2017), cytochrome c oxidase (Shimada et al. 

2017)and fatty acid photodecarboxylase (FAP) (Sorigué et al. 2021). PS-I is a complex that is 

present in all green plants and reduces NADP+ to NADPH and it was the first attempt to perform 

a TR-SFX experiment (Aquila et al. 2012). PS-II is a protein complex that is omnipresent in 

photosynthetic organisms (unicellular and multicellular) and it is implicated in the first steps of 

oxygenic photosynthesis. Four photons absorbed by the reaction center of PS-II (P680) can 

energize electrons that are then transferred through different coenzymes and cofactors to reduce 

plastoquinone to plastoquinol by splitting two molecules of H2O into molecular O2 and four 

protons. Characterization of the S-state intermediates and water network surrounding the 

oxygen-evolving complex has been carried out by TR-SFX for cyanobacterial PS-II (Ibrahim 

et al. 2020; Kern et al. 2013, 2014, 2018; Kupitz et al. 2014; Suga et al. 2017, 2019, 2020; 

Young et al. 2016) and for bacterial photosynthetic reaction center (Dods et al. 2021). Another 

major family of proteins that has been widely studied by TR-SFX is retinylidene protein 

(rhodopsin) which uses retinal as a chromophore for light reception. Upon light absorption, 

retinal undergoes cis-to-trans isomerization and, subsequent protein conformational changes 

are observed that are coupled with an ion channel function. Structural intermediates, water 

network, and chromophore isomerization as a function of time have been characterized for 

bacteriorhodopsins from haloarchaea that are proton pumps (Nango et al. 2016; Nass Kovacs 

et al. 2019; Nogly et al. 2018), for bacterial sodium cation (KR2) (Skopintsev et al. 2020) and 

chloride anion (Mous et al. 2022; Yun et al. 2021) pumping rhodopsins as well as for a non-

specific cation pump, the channelrhodopsin from unicellular algae (Oda et al. 2021). 

Phytochromes are photoreceptor proteins in plants, bacteria, and fungi that control 

photosynthesis as well as the growth and reproduction of these organisms. Z-to-E isomerization 

of the light-capturing chromophore, biliverdin, and global structural changes are observed at 

the intermediate states during the photoconversion (Carrillo et al. 2021; Claesson et al. 2020). 

PYP is a bacterial photoreceptor involved in negative phototaxis in response to blue light 

(Sprenger et al. 1993). Its p-coumaric chromophore enters a reversible photocycle after photon 
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absorption (Pande et al. 2016; Pandey et al. 2020; Tenboer et al. 2014). Rationally designed 

green fluorescent protein, rsEGFP2 (Grotjohann et al. 2012a), is reversibly photoswitchable 

between fluorescent and non-fluorescent state upon laser illumination. Structural 

characterization of intermediate states of the hydroxybenzylidene imidazolinone chromophore 

was carried out using TR-SFX (Coquelle et al. 2018a; Woodhouse et al. 2020a). Dynamics of 

ligand dissociation in myoglobin were also performed. It is worthwhile to mention that 

dissociation of the ligand can be reproduced using light as the heme cofactor absorbs the light 

and enables the ligand dissociation (Barends et al. 2015). Lastly, the photocycle mechanism of 

FAP was complemented with TR-SFX results (Sorigué et al. 2021) (see Chapter 2). 

 

Reactions within crystals can also be triggered by diffusing small molecules into the crystal, 

also known as “mix-and-inject”. This method consists of two solutions containing the 

microcrystals and the small molecule that are mixed before the interaction with an XFEL beam 

(Calvey et al. 2016; Schmidt 2013). Some experiments to study ligand-binding were performed 

for β-lactam, for β-lactamase (Kupitz et al. 2017; Olmos et al. 2018), for adenine to RNA 

riboswitch (Ramakrishnan et al. 2021; Stagno et al. 2017), and para-nitrophenyl isocyanide (p-

NPIC) for isocyanide hydratase (Dasgupta et al. 2019). Time resolution using the mix-and-

inject method that is defined by the mixing time between the two solutions, the crystal size, and 

the diffusion time of the small molecule into the crystal, has been calculated from a few tens of 

milliseconds to a few seconds (Ishigami et al. 2019; Schmidt 2020). Two main mixing devices 

have been described so far, the T-junction device (Kupitz et al. 2017) and the microfluidic 

mixing device (Calvey et al. 2016; Monteiro et al. 2020).  

 

Other ways to trigger a reaction in crystals include temperature jump shifts (Keedy et al. 2015; 

Thompson et al. 2019), electric field pulses (Hekstra et al. 2016), and photo-caged molecules 

(Tosha et al. 2017). 

 

Time resolution in time-resolved SSX (TR-SSX) (Pearson and Mehrabi 2020) is achieved by 

the synchrotron beamline parameters such as the photon flux of the X-ray beam and today it is 

limited to the millisecond time-scale for monochromatic beam (Pearson and Mehrabi 2020) and 

to 100 ps for polychromatic beam (pink beam) (Meents et al. 2017). The broadest range of time-

scales that has been studied was three orders of magnitude (from 30 ms to 30 s) and concerned 

fluoroacetate dehalogenase (Mehrabi, Schulz, Dsouza, et al. 2019; Schulz et al. 2018). These 

studies described an experiment with 18-time points that covered four turnover reactions of the 
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irreversible mechanism of the enzyme. The authors used a photo-caged substrate that was 

released within the enzyme by UV photolysis. The data collection was performed at room 

temperature using a fixed-target device (Mehrabi, Schulz, Dsouza, et al. 2019; Schulz et al. 

2018). This proof-of-concept experiment was performed to demonstrate that TR-SSX could be 

used for mix-and-diffuse studies (Beyerlein et al. 2017a). Using an inline T-shaped mixing 

device that delivered the mixed solution on a tape, Beyerlein and co-workers (Beyerlein et al. 

2017a) showed that the ligand binds the microcrystalline protein in 2 s, which corresponds thus 

to the time-resolution of a mix-and-diffuse study (Beyerlein et al. 2017a). A modified device 

that combines a fixed-target SSX approach with a piezo-driven droplet injector has been 

reported that allows to determine a structure at ~10 ms after ligand-droplet deposition (Mehrabi, 

Schulz, Agthe, et al. 2019). In order to reduce sample consumption during TR-SSX 

experiments, it was suggested to use serial oscillation crystallography (SOX) (Aumonier et al. 

2020). This method allowed structure determination from less than a hundred crystals to 

observe photoinduced structural dynamics at room temperature with a time resolution of 63 ms 

(Aumonier et al. 2020).  

 

Experiments on the membrane protein bacteriorhodopsin demonstrated the synergy between 

TR-SSX and TR-SFX methods that allowed elucidating structural changes in the protein’s 

photocycle. TR-SFX from fs to ms permitted to elucidate I-, J-, K-, L-, M-intermediates as well 

as conformational changes on the cytoplasmic side of the protein (Nango et al. 2016; Nogly et 

al. 2018), whereas TR-SSX experiment from 5 ms to 200 ms allowed to characterize proton 

release and uptake (N-intermediate) (Weinert et al. 2019). Hence, a complete structural view of 

the photocycle of bacteriorhodopsin has been given, i.e. how the protein transports a proton 

from the cytoplasmic to the extracellular side via the retinal Schiff base.  

 

TR crystallography in both SFX and SSX experiments are usually complemented by quantum 

chemical and molecular dynamics simulations that provide information about hydrogen-bond 

networks and energies, description of the excited-state, etc (Cheng 2020; Coquelle et al. 2018a; 

Dasgupta et al. 2019; Mehrabi, Schulz, Dsouza, et al. 2019; Sorigué et al. 2021). 

 

1.2.7 Sample delivery for serial crystallography 

 



 35 

Essential hardware for a successful SX data collection, next to the X-ray source and a high-

sensitivity detector, is the sample delivery system by which the sample is constantly replenished 

as required by the diffraction-before-destruction principle. An ideal sample delivery system 

limits sample consumption, reduces the diffraction background, and minimizes the data 

collection time. In general, the existing sample delivery devices could be divided into two 

categories, injection devices (liquid jets, viscous jets) (Grünbein and Nass Kovacs 2019), and 

solid supports (fixed target devices) (Martiel, Müller-Werkmeister, and Cohen 2019). The first 

category consists of crystal migration relative to the delivery system (moving target systems) 

whereas in the latter category the crystals are immobilized during diffraction and the fixed-

target support is scanned across the X-ray beam.). 

 

The sample delivery method used during the first SFX experiment on photosystem I (Chapman 

et al. 2011) was the gas dynamic virtual nozzle (GDVN) (DePonte et al. 2008). It is a liquid 

microjet that ejects the microcrystal solution into the XFEL beam with a sub-100-μm-diameter 

capillary and by a coaxial flow of helium, the jet is focused to less than 5-μm-diameter. It is 

widely used in time-resolved studies such as pump-probe and mix-and-inject schemes. To keep 

the jet flow focused onto the XFEL interaction point, a relatively high flow rate is required, 

typically at 30-50 μL.min-1. This results in high sample consumption. This sample delivery 

system was used to perform the time-resolved SFX experiments described in this thesis. 

Another liquid jet system that consumes 10-100 times less sample than GDVN is the 

microfluidic electrokinetic sample holder (MESH) and its upgraded version, the concentric 

MESH (CoMESH) (Sierra et al. 2012, 2016) that was used to study photosystem II and 30S 

subunit of the ribosome (Kern et al. 2012; Sierra et al. 2016). Electrospray sample injectors are 

liquid jet systems that generate atomized droplets and were first used for single-particle imaging 

at XFELs (Bielecki et al. 2019; Oberthür 2018). Lastly, acoustic droplet ejection (ADE) uses 

sound pulses to deliver nano- to picolitre droplets to the XFEL beam (Roessler et al. 2016). 

Hight-viscosity extrusion (HVE), also referred to as lipidic cubic phase (LCP) injection (Cheng 

2020; Grünbein and Nass Kovacs 2019; Kovácsová et al. 2017; Weierstall et al. 2014) is a 

similar system as GDVN, but with the difference that the medium is very viscous. The high 

viscosity reduces sample consumption as the flow rate is below 0.05 μL.min-1. This sample 

delivery method is widely used for membrane proteins, as LCP (or in meso crystallization) is 

frequently used to crystallize membrane proteins (Johansson et al. 2012; Landau and 

Rosenbusch 1996; Liu et al. 2013; Rosenbaum et al. 2007). LCP is also used as a medium for 

soluble-protein crystals such as lysozyme and phycobiliprotein (Fromme et al. 2015) as well as 
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Flpp3, thaumatin, proteinase K (Martin-Garcia et al. 2017) and carbonic anhydrase II 

(Lomelino et al. 2018). It has been shown that several matrices could be used as an injection 

medium, such as agarose (Conrad et al. 2015), beef tallow (Nam 2022), grease (Sugahara et al. 

2015), hyaluronic acid (Sugahara et al. 2016), hydrogels, lard (pork fat) (Nam 2020b), sodium 

carboxymethyl cellulose, Pluronic F-127 (Kovácsová et al. 2017; Sugahara et al. 2017), 

polyacrylamide (Park et al. 2019), poly(ethylene oxide) (Martin-Garcia et al. 2017), vaseline 

(Botha et al. 2015), etc. GDVN, MESH, and ADE have been used during SFX experiments 

while HVE has been used for both SFX and SSX experiments. 

 

In fixed-target systems, the crystals are fixed in a sample holder and it is the sample holder that 

is moving so that the immobilized crystals are presented sequentially to the X-ray beam. Using 

fixed-target systems, sample consumption can be greatly reduced compared to the moving 

target systems. A pre-scan of the sample holder is often recommended to locate the crystals. 

For instance, spectroscopic mapping of the sample holder is performed to locate crystals 

achieving a ~100% hit rate and provide the possibility of performing additional diagnostics 

such as spectroscopic characterization of the crystals before and after diffraction (Oghbaey et 

al. 2016). Such systems include goniometer-based instrumentation such as nylon loops, meshes, 

grids, chips as well as conveyor belts, etc., at both XFEL and synchrotron facilities. Sample 

delivery using nylon loops, meshes and grids is achieved by suspending single or multiple 

crystals in it. Data collection strategies include multiple single shoots, raster scanning, or helical 

(spiral) scan. This sometimes allows multiple exposures on the same crystal. It has been 

reported that both SFX and SSX data collection methods can be performed at both cryogenic 

(Gati et al. 2014; Halsted et al. 2018; Hirata et al. 2014) and room temperatures (Cohen et al. 

2014). Silicon-based chips have also been used to avoid multiple exposures of microcrystals 

and reduce sample consumption (Coquelle et al. 2015; Hunter et al. 2014; Mehrabi et al. 2020; 

Owen et al. 2017; Roedig et al. 2015). To overcome potential dehydration in such devices 

during data collection, it has been suggested to use humidified air or helium gas (Roedig et al. 

2016) or seal the chips with a Kapton film (Murray et al. 2015), graphene (Sui et al. 2016) or a 

polymer/graphene sandwich (Shelby et al. 2020). Another type of fixed-target device is the 

Sheet-On-Sheet “chip-less” sandwich which eliminates the challenges of sample loading (Doak 

et al. 2018). Transferring crystals to fixed-target devices increases the risk of damage and loss 

of crystals. Microfluidic chips for in situ data collection can avoid this problem by providing 

both a sample delivery and a crystal growth device. Such devices also make it possible to obtain 
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protein structures in the growth environment of crystals (Gicquel et al. 2018; Huang et al. 2018; 

Ren et al. 2018, 2020). 

 

Conveyor belt systems are usually sample delivery systems that are connected with other 

devices such as liquid jets or syringes. Such systems are responsible for depositing crystal 

suspension on a Kapton foil by ADE (Fuller et al. 2017) or an injector (Beyerlein et al. 2017b). 

 

Recent advances on XFEL devices with MHz repetition rates place high demands on sample 

delivery speeds and necessitate the growth of large quantities of crystals. The European XFEL, 

operating since September 2017, is the first superconducting MHz repetition rate hard XFEL 

(Altarelli 2011, 2015). Its bunch structure is designed to deliver 10 pulse trains per second of 

which each train carries (eventually) 2,700 pulses spaced by less than 1 μs. Thus, pulse 

frequency will eventually be 4.5 MHz. Additionally, the upgraded LCLS-II facility (Dunne 

2020) is operating at one million pulses per second. Given the short spacing between pulses, 

the X-ray beam causes a shockwave to travel upstream the liquid jet (Grünbein et al. 2018; 

Wiedorn, Oberthür, et al. 2018). This results in no crystal diffraction because the shockwave 

damages the microcrystals on their way to the interaction point. The first experiments 

(Grünbein et al. 2018; Wiedorn, Oberthür, et al. 2018) at the European XFEL facility show that 

the sample can be replenished in 886 ns between the X-ray pulses with an X-ray beam diameter 

of less than 2 μm (Grünbein et al. 2018) or 15 μm at full width at half maximum (FWHM) 

(Wiedorn, Oberthür, et al. 2018) by using a GDVN liquid injector (DePonte et al. 2008) with a 

flow rate of 15 μL.min-1 (jet linear speed of 50 m.s-1)(Gisriel et al. 2019; Grünbein et al. 2018; 

Wiedorn, Awel, et al. 2018; Wiedorn, Oberthür, et al. 2018). 

 

 

1.2.8 Detectors for XFEL experiments 

 

The short pulse length, the high peak brilliance, and the high repetition rate of the X-ray beam 

of an XFEL facility make photon-counting by the detector difficult. Hence, detectors for SFX 

experiments should have a high signal-to-noise ratio, dynamic range, and a repetition rate that 

matches this of the XFEL beam. Improvement and integration of the technology of the existing 

synchrotron detectors, such as charge-coupled device (CCD) and pixel array detector (PAD) 

were made. The first detector that had been designed was Cornell-SLAC Pixel Array Detector 
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(CSPAD) (Blaj et al. 2015) at the Coherent X-ray Imaging (CXI) instrument (Liang et al. 2015) 

at the LCLS in the USA. The CSPAD reads out at 120 Hz and it is composed of 32 separate 

sensors whose positions can change with respect to each other and thus refinement of detector 

geometry must be carried out (see section 1.3.3 Indexing and integration). This detector can 

operate in hybrid dual-mode (or dual gain mode) in order to prevent saturating Bragg peaks at 

low resolution and thus maximizing Bragg peak intensities at high resolution (see section 1.3.4 

Merging). An X-ray pixel detector multi-port charge-coupled device (MPCCD) was developed 

for the DAPHNIS platform of the SACLA facility (Tono et al. 2013). By contrast with the 

CSPAD, the MPCDD is composed of a single panel and its readout rate is 60 Hz. MPCDD 

detector is used at the PAL-XFEL (Kang et al. 2017) in Korea. The next generation of detectors 

for XFEL facilities has been developed. For example, the Adaptive Gain Integrating Pixel 

Detector (AGIPD) (Henrich et al. 2011) at the European XFEL, incorporating 16 sensors (front-

end module – FEM) and having a frame rate of 4.5 MHz and an automatic setting of the gain 

to the incoming X-ray beam. A new promising detector for XFEL and synchrotron experiments 

is the adJUstiNg Gain detector FoR the Aramis User station (JUNGFRAU) (Mozzanica et al. 

2018), developed by DECTRIS AG (Baden-Daettwil, Switzerland) and first tested at the 

SwissFEL (Milne et al. 2017). It can be operated with frame rates from a few Hz up to 1.4 kHz 

and it is composed of eight sensors whose positions are precisely defined. 
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1.2.9 Figures  

 

Figure 1.2.1 3: Primary X-ray interaction processes with the atoms within a crystal. 

(A) Coherent scattering. It gives the diffraction pattern. (B) Incoherent scattering. A part of the 

incident X-ray beam energy is transferred to the atom and results in lower X-ray energy. (C) 

Photoelectric effect. The majority of the energy of the incident X-ray beam is transferred to an 

electron that is ejected (photoelectron). The excited atom can emit an Auger electron from the 

outer shell or emit characteristic X-ray radiation in order to return to its ground state.  
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Figure 1.2.2: X-ray diffraction. 

(A) Graphical interpretation of Bragg’s law, which considers the X-ray diffraction as a 

reflection off a set of planes in the crystal. The total pathway between two waves is 2 d sin(θ), 

which is equal to nλ in the case of constructive interference. Reconstruction of ten unit cells of 

rsEGFP2 (in green) in P212121 space group using the supercell command in PyMOL 

(Schrödinger and DeLano 2020). (B) Simplified illustration of X-ray diffraction. The molecules 

organized in the crystal form a regular network. The intensity of each Bragg spot contains 

information on the entire structure of the macromolecule (eq. 1.2.3). rsEGFP2 crystal and the 

corresponding diffraction pattern are shown.   
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Figure 1.2.3: Principle of pump-probe scheme for TR crystallography. 

Microcrystals are delivered to the interaction point via a liquid jet as an example. Intermediate 

structures can be characterized by introducing an optical pump laser that is synchronized with 

the X-ray beam (probe). Time t=0 is defined by the moment of triggering the reaction in the 

proteins within the microcrystals by the optical pump laser. By varying the pump-probe time 

delay (Δt), photo-intermediates can be captured and their structures determined at different 

stages of a biological process. 
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1.3 Analysis of serial crystallography data 

 

 

1.3.1 General concepts 

 

In serial crystallography technique, a large number of X-ray diffraction patterns are acquired, 

each from single crystals that are presented to the X-ray beam in random orientations. These 

diffraction images represent “still” images, as the crystal does not rotate during data acquisition, 

and there is no geometrical relationship of a pattern with the preceding or the following. The 

major challenges of serial crystallography during the pre-processing step of the structure 

solution are: 

 

i) the sorting of the diffraction patterns that contain diffraction spots from the patterns 

that are empty,  

 

ii) the indexing and integration of diffraction patterns, and 

 

iii) the merging and scaling of the intensities. 

 

The data processing workflow described in the manuscript is summarized in Figure 1.3.1. A 

detailed description of data processing for serial crystallography is presented in this section. 

 

 

1.3.2 Hit-finding 

 

In SFX, X-ray pulses are generated at 60, 100, and 120 Hz at SACLA, SwissFEL, and LCLS, 

respectively. As the X-ray pulses are generated constantly, the X-ray beam does not always hit 

a crystal. Therefore, many of the detector recordings are empty or the diffraction from a crystal 

may be weak. A need to identify and sort “hits”, i.e. images containing useful diffraction 

information, from empty images is required. This process is called hit-finding. The 

development of software capable to detect and select the diffraction images have been 

advanced. Such software packages are NanoPeakCell (Coquelle et al. 2015), Cheetah (Barty et 
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al. 2014), Hummingbird (Daurer et al. 2016), CASS (Foucar 2016; Foucar et al. 2012), cctbx.xfel 

(Sauter et al. 2013) and OnDA (Mariani et al. 2016). 

 

In this work, CASS and NanoPeakCell were used as real-time and on-/off-line monitors, 

respectively. CASS which stands for CFEL-ASG Software Suite, is a tool of pre-processing 

data analysis and visualization using the live data stream from the XFEL facility data 

acquisition. Its graphical interface is used during the data acquisition and the experimenter has 

access to important parameters which allow adjusting and improving the experiment. Such 

parameters are hit-rate, estimation of diffraction resolution, and the fraction of multiple hits. 

NanoPeakCell is a Python-based software that performs data-sorting (when a time-resolved 

experiment is carried out), hit- and Bragg-peak-finding, and provides compatible output files 

for further data processing (see 1.3.3 Indexing and integration). 

 

 

1.3.3 Indexing and integration 

 

Two pieces of information can be found by exploiting the reflections of the sorted diffraction 

images, the crystal lattice, symmetry, and the content of the lattice. The former comes from the 

geometrical arrangement of the reflections and the latter comes from the intensity of the 

reflections. However, the last information is partial because there is no information about the 

phases (see 1.3.5 Phase problem and molecular replacement). 

 

During this indexing step, the Bragg spots have to be defined, i.e. to identify pixels that contain 

diffraction information. To identify the Bragg spots the following need to be determined: 

 

i) the background counts on images,  

 

ii) the intensity of the Bragg spots above background,  

 

iii) the distribution, the number, and the shape of the Bragg spots on the images, 
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iv) the number of pixels that compose each Bragg spot and 

 

v) the integration of the reflections and thus an intensity determination for each 

reflection. 

 

All the above five steps are performed individually for each diffraction image. 

 

Software packages, such as CrystFEL (White 2019) or cctbx.xfel (Hattne et al. 2014) are used 

for auto-indexing, integration, and merging of the data. Both programs are used for serial 

crystallography at XFELs as well as at synchrotrons (dails.stills_process adapted program from 

cctbx.xfel). The core tool for indexing and integration of CrystFEL is indexamajig, in which a 

variety of indexing and integration methods and algorithms can be used. A complete list of 

these can be found on the CrystFEL’s website (https://www.desy.de/~twhite/crystfel/manual-

indexamajig.html). The cctbx.xfel uses the one-dimensional FFT to identify initial sets of basis 

vectors that can potentially determine the crystal space group by providing a prior knowledge 

of the unit-cell length and angles. Another program package is nXDS (Kabsch 2014), which is 

a version of XDS (Kabsch 2010) adapted for serial crystallography data processing. However, 

in this thesis, CrystFEL was used. 

 

 

1.3.4 Merging 

 

Merging is the process during which various measurements of identical or symmetry-related 

reflections are combined into one dataset. The concept of merging serial or multiple-crystal 

crystallography data is as old as the first attempts of structure determination using X-ray 

crystallography. Two main approaches for merging serial crystallography data are available. 

The first is the “post-refinement” approach that models the diffraction geometry for each pattern 

(crystal orientation, unit cell parameters, X-ray bandwidth, etc.) and attempts to optimize the 

geometrical parameters using the model agreed as closely as possible between the patterns 

(Rossmann and van Beek 1999; Winkler et al. 1979). In the second, Monte Carlo, approach an 

average intensity for each unique reflection is calculated from different patterns (Kirian et al. 

2010). The former algorithm is implemented in the program partialator (White 2014) and the 

https://www.desy.de/~twhite/crystfel/manual-indexamajig.html
https://www.desy.de/~twhite/crystfel/manual-indexamajig.html
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latter in the program process_hkl (White et al. 2012) of the CrystFEL suite. Both approaches 

were used in the presented work. 

 

1.3.5 Phase problem and molecular replacement 

 

As the detectors measure the intensity I, the information about phases (φ) is lost. As a 

consequence, crystallographers are not able to complete the Fourier transform relating the 

experimental data (in reciprocal space) to real-space electron density into which the atomic 

model is built. The first goal for crystallographers is to obtain an electron density map that is 

related to diffracted waves as follows: 

 

𝜌(𝑥, 𝑦, 𝑧) =  
1

𝑉
 ∑ ∑ ∑ |𝐹ℎ𝑘𝑙|𝑒(2𝜋𝑖(ℎ𝑥+𝑘𝑦+𝑙𝑧)+𝑖𝜑(ℎ𝑘𝑙)

𝑙𝑘ℎ    (eq. 1.3.1) 

 

where V is the unit cell volume, F the structure factor amplitudes that are calculated from the 

intensities using the relation 𝐼 = 𝐹 ∙ 𝐹∗, hkl are the Miller indices, and x, y, and z are coordinates 

in the unit cell. 

 

The phase problem can be solved using the following approaches: 

 

i) The isomorphous replacement method requires the placement of heavy atoms in crystalline 

macromolecules (Baker et al. 1990). 

 

ii) The single and multiple wavelength anomalous diffraction method. It relies on the presence 

of sufficiently strong anomalous scattering atoms in the protein structure itself 

(Hendrickson 2014). 

 

iii) Direct methods, usually used for small molecules, are based on the principle that phase 

information is included in the intensities and that it depends on the assumption that the 

electron density is always positive (Usón and Sheldrick 1999). 

 

iv) Molecular replacement method, for which the similarity of the unknown structure to an 

already known structure is a prerequisite, a structure with a sequence identity of at least 

30% (Evans and McCoy 2008; Rossmann 1990). 
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In this study, the molecular replacement method was used to solve the phase problem. 

 

Molecular replacement is a method in which a known structure (A) is used to solve the unknown 

crystal structure (B). This concept relies on rigid-body displacements of structure A on the data 

of structure B. Displacements are rotations and translations with respect to a reference point 

defining a system of coordinates. A very straightforward case is when structure A has the same 

crystal symmetry, and the unit cell parameters are nearly the same as structure B. This 

practically means that structure A does not undergo any rigid-body displacements and the 

difference between the two structures can be revealed by calculating electron-density difference 

maps between the two structures. In the case in which crystal forms of structures A and B are 

different and thus the space-group along with the unit cell parameters are also different, a more 

complex approach is used: 

 

i) Determine the symmetry and the unit cell parameters of structure B. 

 

ii) Determine the composition of the asymmetric unit of B. The unit cell volume and the 

molecular weight of the structure B that composes it, allow the calculation of the Matthews 

coefficient or VM (Matthews 1968). In other words, it is expressed as the ratio between the 

crystal volume and the molecular weight of the structure B. A major fraction of the crystal 

volume is occupied by solvent, typically around 50%. Probabilities from the Matthews 

coefficient (PMatthew) give the probability of how many molecules the asymmetric unit 

contains for a particular Matthews coefficient (Kantardjieff and Rupp 2003). 

 

Among the most widely used programs that perform both translational and rotational searches 

are MOLREP (Vagin and Teplyakov 1997) and AMORE (Navaza 1994) of the CCP4 suite 

(Collaborative Computational Project, Number 4 1994) and PHASER (McCoy et al. 2007) of 

the PHENIX suite (Liebschner et al. 2019). 

 

1.3.6 Model building and refinement 

 

After the step of calculating the initial phases (and thus the initial model using molecular 

replacement), model building and structure refinement need to be carried out. These two steps 
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are closely related during which model building and fitting of the initial model into electron 

density in real space is iteratively alternated with reciprocal space refinement of both positional 

and B-factor parameters of the model. The target function to be minimized is the residual 

between the experimental structure factor amplitudes and the structure factor amplitudes 

calculated from the model. 

 

In this study, two different programs were used for structure refinement in the reciprocal space, 

phenix.refine of the PHENIX suite (Liebschner et al. 2019) and Refmac5 of the CCP4 suite 

(Murshudov et al. 2011). They are the most used structure refinement programs according to 

the RCSB Protein Data Bank (https://www.rcsb.org/stats/distribution-software). Coot (Emsley 

and Cowtan 2004) was used for model building and real-space refinement. 

 

 

1.3.7 Difference Fourier map calculation 

 

When a TR crystallography experiment is conducted, it is difficult to trigger the reaction in all 

proteins within microcrystals using optical pump-probe schemes for TR studies which often 

represent less than 10% of the total population (Coquelle et al. 2018a; Pande et al. 2016; 

Woodhouse et al. 2020a). This means that within a crystal there are proteins that undergo 

structural changes upon light illumination (intermediate-state structure) and proteins that 

remain in the initial state (dark-state structure). Difference Fourier maps are calculated to 

visualize structural differences between the light-triggered and the reference structure 

(Henderson and Moffat 1971; Rould and Carter 2003). 

 

In X-ray crystallography, a difference Fourier map is a difference density map that is calculated 

using Fourier coefficients. These coefficients represent the differences between the light-

triggered structure factor amplitudes and the initial structure factor amplitudes using the phase 

from the initial model for both terms, since there are no phases available for the light-triggered 

data. This type of map shows positive electron density at the regions of the model that are not 

present in the reference data but present in the light-triggered data and negative density map at 

the regions of the model that are present in reference data but not in the light-triggered data. To 

calculate such a map, the data should come from isomorphous crystals. Two crystals are called 

isomorphous when they have the same space group and unit cell parameters, and when the 

https://www.rcsb.org/stats/distribution-software
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repetitive unit is at the same position in the asymmetric unit of the crystal. The only structural 

difference that is tolerated is the small differences deliberately introduced in the light-triggering 

dataset. 

 

An improved difference Fourier map could be obtained by applying a q-weighting factor (Ursby 

and Bourgeois 1997). Q-weighting assigns a weight parameter to structure factor amplitude 

differences based on measurement errors (sigma), using Bayesian statistics. In addition, q-

weighting improves the signal-to-noise ratio of structure factor amplitude differences. Q-

weighted difference Fourier maps have been calculated from synchrotron (Colletier et al. 2007, 

2008; Duan et al. 2013; de la Mora et al. 2020) and XFEL data (Colletier et al. 2016; Coquelle 

et al. 2018a; Woodhouse et al. 2020b). Recently, a software, named Xtrapol8 that calculates 

difference Fourier maps for TR crystallography was developed (De Zitter et al. 2022). 

 

1.3.8 Structure factor extrapolation 

 

As it was mentioned previously in Section 1.3.7, differences between light-triggered structure 

and reference structure can be assessed by calculating the difference Fourier map. This reveals 

a piece of qualitative information about the differences between the two datasets. In some cases, 

the perturbation fails to trigger the reaction in all molecules in the crystal. In the end, the crystal 

contains a mixture of molecules that undergo perturbation and molecules that remain in their 

initial state.  

 

In such cases, a linear extrapolation of structure factor amplitudes is calculated (Genick 2007). 

Extrapolated structure factors are generated by adding the computed structure factors for the 

reference data and the difference structure factors for the light-triggered data, where the 

difference structure factors come from the difference Fourier map (Genick 2007). This 

approach treats structure factors as scalars rather than vectors. And this is because it is 

considered that the phases do not change between the triggered and non-triggered data sets. As 

a result, the amplitude of the difference in structure factors is amplified to match 100% of the 

light-triggered state (Genick et al. 1997). As a consequence, the computed extrapolated electron 

density map only contains information on the intermediate state, the structure of which can be 

modelled as done into a conventional electron density map.  
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1.3.9 Figures 

 

 

Figure 1.3.1: Flow diagram of serial crystallography data analysis. 

Major steps of serial crystallography data processing from detector readout to the structure 

solution and map calculation. Data-analysis steps for time-resolved crystallography are 

included in the orange box. Experimental phasing is also possible for SX, but this is not included 

in the diagram. 
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2.1 Introduction 

 

 

2.1.1 Enzymes and their reactions 

 

Two molecules can react if they are in the proper orientation and have the right amount of 

energy. This would need a large amount of energy and time for the reaction to occur. 

Fortunately, most biological reactions that take place in living organisms are catalyzed by 

enzymes. They are biological macromolecules within cells that act as catalysts. In other words, 

without enzymes, the reactions would not take place at a perceptible rate. A catalyst is a 

compound that accelerates the rate of a chemical reaction by reducing the activation energy 

without undergoing any irreversible chemical change. Moreover, they do not alter the 

equilibrium of a reaction they are involved in. In contrast to chemical catalysts, enzymes are 

highly selective and catalyze specific reactions only. This selectivity arises from the structure 

and dynamics of the enzyme, and specifically of its active site. The active site is the most critical 

feature of an enzyme. It is usually a cavity in which the substrate binds and undergoes changes 

that result in product formation. 

 

Several hypotheses on the enzyme-substrate binding have been proposed. Emil Fischer in 1894 

postulated the first and the simplest model to explain an enzyme function is that the substrate 

simply fits into the active site (Fischer 1894). This approach is called “Lock and Key" (Fischer 

1894). According to another concept, namely “Induced Fit”, the approaching substrate 

molecule causes conformational changes in the enzyme and precise orientation of the residues 

in the active site is needed to cause the reaction (Johnson 2008; Koshland and Neet 1968). 

Another model that was suggested was based on the preorganization of the reaction 

environment by the enzyme (Cannon, Singleton, and Benkovic 1996). The amino acids of the 

enzyme are flexible due to the freedom of single covalent bonds that are predominant in 

enzymes. Another model was suggested based on molecular mechanisms results, named “near-

attack conformation” (Bruice 2002; Bruice and Lightstone 1999). This model proposed that the 

conformers of the molecules that take part in the reaction have specific interatomic distances 

and bonding angles and that the transition state is attained via ground-state conformers that 

strongly resemble the transition state. 

 



 52 

Two main hypotheses on the driving force of the catalytic function have been suggested. One 

proposes that the catalytic function is impacted by dynamical processes (Hay and Scrutton 

2012; Karplus 2010) whereas the other proposes that it is derived from preorganized 

electrostatics (Warshel et al. 2006). Catalytic reactions in the enzymes are assisted by protein 

dynamics on a wide time scale (van den Bedem and Fraser 2015; Henzler-Wildman and Kern 

2007). Precisely, these time scales are described by bond vibrations on the 10-100 fs timescale, 

rotations of side chains at the protein surface on the 10-100 ps timescale, and protein breathing 

motions (rotations of side chains at the protein interior; Mariño Pérez et al. 2022) on the micro- 

to millisecond timescale (Agarwal 2006; Hammes-Schiffer and Benkovic 2006). Preorganized 

electrostatic model was introduced by Arieh Warshel (Warshel and Bora 2016) and it suggests 

that the transition state is stabilized by the polar environment of the enzyme via electrostatic 

interactions which results to lower the energetic barrier (Kamerlin and Warshel 2010; Prah et 

al. 2019). 

 

Many enzymes contain co-factors. They are chemically diverse and include: 

 

i. Organic groups or compounds. Examples in this category are the heme molecule that is 

bound covalently to cytochrome c peroxidase (Poulos et al. 1980) and the vitamins and 

their derivatives like nicotinamide adenine dinucleotide (NAD/H) that is bound in a 

non-covalently way to lactate dehydrogenase (Read et al. 2001). 

 

ii. Metal ions, or metallic clusters that temporally bind to the active site of the enzyme. For 

instance, nickel ion (Ni2+) is found in the active site of urease (Benini et al. 2014), and 

Cytochrome bc1 Complex binds an iron-sulfur (2Fe-2S) cluster (Gao et al. 2003).  

 

Enzymes can be regulated by molecules that either increase (activators) or decrease (inhibitors) 

activity. Various parameters such as temperature and pH may affect enzymatic activity, too. 

Substrate and enzyme concentrations determine enzyme kinetics, in particular the speed at 

which a chemical reaction is catalyzed by an enzyme.  

 

Enzymes are most often proteins, but can also be composed of RNA. In the latter case, they are 

called ribozymes (ex. ribosomes, ribonuclease P, etc.) (Weinberg, Weinberg, and Hammann 

2019). According to the International Union of Biochemistry and Molecular Biology (IUBMB) 
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Enzyme Nomenclature, enzymes can be classified into seven categories according to the 

biochemical reaction they carry out: 

 

i. Oxidoreductases (EC 1) that catalyze oxidoreduction reactions (ex. peroxidase). 

 

ii. Transferases (EC 2) that transport a functional group from one molecule to another 

(ex. methyltransferase). 

 

iii. Hydrolases (EC 3) that hydrolase chemical bonds (ex. DNA or RNA nucleases). 

 

iv. Lyases (EC 4) that break chemical bonds and create new ones (ex. adenyl cyclase). 

 

v. Isomerases (EC 5) that rearrange the functional groups within a molecule to form 

isomers (ex. topoisomerases). 

 

vi. Ligases (EC 6) (or synthases) that allow the junction of two molecules (ex. DNA 

ligase). 

 

vii. Translocases (EC 7) that catalyze the movement of ions or small molecules across 

cellular membranes (e.g. membrane transport protein). 

 

Extended reviews on enzymatic catalysis can be found here (Agarwal 2006, 2019; Hammes-

Schiffer and Benkovic 2006). 

 

 

2.1.2 Photoenzymes 

 

The great majority of enzymatic processes in biological cells are thermally triggered, whereas 

light-activated reactions are substantially rarer (Björn 2018). In Nature, there are only three 

enzymes whose catalytic reaction requires a continuous flux of light. So far, two photoenzymes 

have been well characterized i.e. DNA photolyases (Brettel and Byrdin 2010; Sancar 2016; 

Zhong 2015) and the light-dependent protochlorophyllide oxidoreductase (LPOR) (Gabruk and 

Mysliwa-Kurdziel, 2015). The third enzyme is the newly discovered fatty acid 
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photodecarboxylase (FAP), which is involved in lipid metabolism in microalga (Sorigué et al., 

2017) and which was studied during my Ph.D. work. 

 

DNA photolyases are omnipresent in Nature (archaea, bacteria, and eukaryotes) (Mei and 

Dvornyk 2015). However, humans and some other mammals have a copy of the gene of a DNA 

photolyase that codes a nonfunctional DNA photolyase (Mei and Dvornyk 2015). DNA 

photolyases are flavoenzymes which are involved in repairing DNA damaged by exposure to 

far UV light that led to a covalent linkage of two adjacent thymine bases of the same DNA 

strand. Two products are then formed, cyclobutane pyrimidine dimer (CPD, ~80%) and a less-

frequently pyrimidine-pyrimidone (6–4) photoproduct (6–4PP, ~20%) (Liu, Wang, and Zhong 

2015; Sancar 2003). Two types of photolyases, CPD photolyase and (6–4) photolyase, 

recognizing specifically the corresponding photoproduct, have similar primary, secondary and 

tertiary structures (Liu et al. 2015; Sancar 2003). Both DNA photolyases use blue or near UV 

light and a fully reduced co-factor FADH- to repair DNA damage. The mechanisms of both 

CPD (Kao et al. 2005) and (6-4) (Li et al. 2010) DNA photolyase have been studied by transient 

absorption spectroscopy that shed light on the cyclic electron-transfer reaction photocycle 

between the co-factor FADH- and either CPD or (6-4) photoproducts. Recently, SFX structure 

from (6-4) DNA photolyase microcrystals was solved (Cellini et al. 2021) paving the way for 

TR-SFX studies in which the structural intermediate states of the activated (6-4) DNA 

photolyase can be revealed.  

 

LPOR catalyzes one of the last reactions of chlorophyll biosynthesis and it is involved in the 

reduction of protochlorophyllide to chlorophyllide upon light absorption. These are tetrapyrrole 

derivatives. Upon light absorption, LPOR uses a co-factor, a nicotinamide adenine dinucleotide 

phosphate (NADPH), as an electron donor to reduce one of the double bonds of porphyrin, an 

unsaturated tetrapyrrole. The chlorophyll molecule's chlorin ring is generated during this 

process. Chlorins absorb red light more efficiently than porphyrins, which is critical for the 

conversion of solar energy into chemical energy during photosynthesis (Bröcker, Jahn, and 

Moser 2012; Gabruk and Mysliwa-Kurdziel 2015). LPORs can be found in many 

cyanobacteria, green algae, lower plants (like bryophytes), gymnosperms, and angiosperms 

(like monocotyledons and dicotyledons) (Yang and Cheng 2004). Even though the above-

mentioned organisms are oxygen-dependent, it was found that LPROR is also present in 

Dinoroseobacter shibae DFL12T, an α-proteobacterium that is an anoxygenic phototrophic 

organism.  
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2.1.3 Fatty acid photodecarboxylase 

 

The third enzyme is the newly discovered fatty acid photodecarboxylase (FAP), which is 

involved in lipid metabolism in microalga (Sorigué et al., 2017), and decarboxylates free fatty 

acids to produce hydrocarbons after light absorption from a co-factor, a flavin adenine 

dinucleotide (FAD) (Figure 2.2.1). FAP was first isolated from the microalgae Chlorella 

variabilis NC64A (Sorigué et al. 2016, 2017). C. variabilis NC64A is a unicellular 

photosynthetic green alga and it can be found in marine and brackish waters (Blanc et al. 2010). 

The FAP that is produced by C. variabilis is referred to as CvFAP.  

 

This algal enzyme is a member of a subfamily of the glucose-methanol-choline (GMC) 

oxidoreductase family (Cavener 1992). It is a flavoprotein family that includes a variety of 

oxidases and dehydrogenases whose functions are diverse and that share a similar fold (Cavener 

1992). Some other examples of GMC oxidoreductase are cholesterol oxidase (Li et al. 1993), 

hydroxynitrile lyase (Dreveny et al. 2009), pyridoxine oxidase (Mugo et al. 2013), glucose 

dehydrogenase (Yoshida et al. 2015), and choline oxidase (Salvi et al. 2014) whose substrates 

are a steroid, benzaldehyde, pyridoxamine, gluconolactone, and glycine betaine, respectively. 

It is believed that the common ancestor of GMC proteins could bind several of the substrates 

with more or less low catalytic activity for the above-mentioned substrates (Cavener 1992) and 

that the substrate specificity might arise upon mutation in the active site of the protein (Cavener 

1992). 

 

FAP has a wide range of applications in the green chemistry domain. Photochemical processes, 

in general, have productivities that are orders of magnitude too low for industrial applicability 

due to a reactor design based on external illumination with inadequate light penetration in 

photocatalyst suspensions. This significant limitation was overcome by implementing a novel 

reactor idea of interior lighting based on small (1 cm diameter) wirelessly powered light 

emitters (WLEs) (Burek et al. 2017). Indeed, utilizing WLEs as a source of heightened internal 

illumination, the rates of light-induced, FAP-catalyzed decarboxylation of fatty acids were 

considerably increased (Duong et al. 2021). This enzyme is of interest for its ability to convert 

fatty acids derived from triglycerides to a mixture of straight-chain hydrocarbons that, 
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depending on their chain lengths, could be used to produce next-generation biofuels such as 

biodiesel in two steps from waste triglyceride (Ma et al. 2020). Mutant screening of the amino 

acids in the active site demonstrated a fatty acid chain-length selectivity of the enzyme for 

short-chain carboxylic acids (Amer et al. 2020; Zhang et al. 2019) and medium to long (C12 to 

C18) fatty acids (Santner et al. 2021). Transformation of unsaturated fatty acid into 

enantiomerically secondary fatty alcohols via two steps of enzymatic cascade reaction was 

reported (Zhang et al. 2020). The first step consists of introducing an alcohol functional group 

using a fatty acid hydratase and the second step consists of decarboxylation of the product of 

the first step by CvFAP (Zhang et al. 2020).  

 

The first structure of CvFAP was solved at 3.15 Å resolution by cryo-MX (PDB ID: 5NCC) 

(Sorigué et al. 2017). Even though the crystals were twinned, the structure could be solved by 

molecular replacement by using two domains from known structures of the GMC 

oxidoreductase family, a choline oxidase (PDB ID: 2JB) and a glucose dehydrogenase (PDB 

ID: 4YNT). The 3D structure of the 69-kDa enzyme, revealed a two-domain protein (Figure 

2.1.1), one in the N-terminal whose amino acids stabilize the FAD and the other domain forms 

a hydrophobic tunnel that enables the substrate and product trafficking. In between the two 

domains, loops prevent the solvent from entering the active site. The hydrophobic tunnel is 

open to the solvent and ends at the active site in which the isoalloxazine moiety of the FAD 

resides. The conservation of the majority of the amino acids of the hydrophobic tunnel was 

evidenced by sequence alignment of the subgroup of the GMC oxidoreductase and FAP 

(Sorigué et al. 2017).  

 

This chapter is about TR-SFX studies on CvFAP and the contribution of its results to 

understanding the dynamics and mechanism of FAP reached by a large scientific consortium. 

Section 2.3 focuses on data analysis of the TR-SFX experiment on CvFAP and describes the 

difficulties that arose during this step as well as the calculation of extrapolated structure factor 

amplitudes. This section is currently under review in Acta Crystallographica D. Section 2.3 

describes my contribution to the publication (Sorigué et al. 2021) that presents a detailed 

description of CvFAP’s photomechanism. 
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2.1.4 Figures 

 

 

Figure 2.1.1: Mode of action and structural features of CvFAP 

(A) FAP is involved in the lipid metabolism in microalgae and catalyzes the decarboxylation of 

free fatty acids to alkanes or alkenes upon light absorption. (B) The enzyme's overall 

architecture in complex with FAD co-factor and palmitate (PLM); a fatty acid. The structure 

is colored from the N- to the C-terminal, with the FAD and palmitic acid represented in sticks 

(PDB ID: 5NCC). (C) Slice through the electrostatic surface representation of CvFAP. The 

hydrophobic tunnel (vestibule) is open to one end and leads to the active site with its substrate 

(PLM) and co-factor (FAD). Figure adapted from (Sorigué et al. 2017). 
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2.2 Time-resolved SFX studies on fatty acid photodecarboxylase 

 

 

2.2.1 Introduction 

 

This section describes my contribution to the published paper in Science, entitled “Mechanism 

and dynamics of fatty acid photodecarboxylase” (Sorigué et al. 2021). Specifically, I was 

involved in microcrystal production for time-resolved SFX (TR-SFX) experiments, 

microcrystal diffraction quality tests at the ESRF (Grenoble, France), time-resolved emission 

and absorption spectroscopy experiment on microcrystals, TR-SFX experiment at the LCLS 

(Stanford, USA), off-line TR-SFX data processing and analysis, SFX structure refinement and 

Fourier electron density map calculation. The purpose of using SFX was to solve X-ray 

radiation damage-free structure at room temperature and the one of using TR-SFX to identify 

the time scale on which decarboxylation of the fatty acid occurs, i.e. which of the two proposed 

scenarios is the right one. 

 

The first publication of CvFAP described a new photocatalytic enzyme from algae that uses 

blue light to produce hydrocarbons from free fatty acids in one step (Sorigué et al. 2017). The 

photoenzyme is a biocatalyst that is involved in hydrocarbon synthesis and employs a riboflavin 

co-factor (FAD) to promote fatty acid decarboxylation via radical-based catalysis (Sorigué et 

al. 2017). In the following presents two major issues which need to be addressed: 

 

i) The reported structure of CvFAP was solved at 3.15 Å resolution with twinned 

crystals (PDB ID: 5NCC) (Sorigué et al. 2017). The structure revealed fatty acid 

substrate facing the co-factor FAD in the catalytic side and a hydrophobic tunnel 

open to the solvent which leads to the fatty acid substrate (Figure 2.1.1). To gain 

more accurate structural insight, a high-resolution crystal structure needed to be 

solved. 

 

ii) The catalytic mechanism of CvFAP remained largely unknown. Based on time-

resolved optical spectroscopy results, two possible scenarios were envisaged to 

occur after FAD excitation upon photon absorption (Figure 2.2.1). In the first 

scenario, substrate decarboxylation is concomitant with forward electron transfer 
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(fET) from the fatty acid to the photoexcited FAD*. fET occurs within 300 ps and 

leads to an anionic radical co-factor (FAD•−). In the second scenario, 

decarboxylation occurs concomitantly with back electron transfer (bET) from 

FAD•− to the substrate radical within 100 ns.  

 

These two issues were further investigated by an international consortium in which I 

participated and the results were recently published (Sorigué et al. 2021). The supplementary 

information of this article can be found here:  

https://www.science.org/doi/10.1126/science.abd5687 

 

 

2.2.2 Results and Discussion 

 

High-resolution dark state structure of CvFAP solved by synchrotron cryo-crystallography 

 

It has been reported earlier that the crystals of CvFAP are twinned and the 3D structure was 

solved at 3.15 Å resolution (PDB ID: 5NCC) (Sorigué et al. 2017). Dr. Pascal Arnoux and the 

group of Dr. Frédéric Beisson (CEA Cadarache, France) were able to modify the protein 

expression and crystallization protocol by removing the N-terminal helix (residues 61 to 76) 

that was involved in crystal packing. Hence, they were able to solve a 3D structure of CvFAP 

in its dark state at 1.8 Å resolution using cryo-macromolecular crystallography (MX) at the 

ESRF synchrotron (PDB ID: 6YRU) (Sorigué et al. 2021) (Figure 2.2.2A). This high-resolution 

structure shows two C18 fatty acids that were co-purified with the CvFAP. One fatty acid is 

located in the active site and is stabilized by hydrogen bonds between its carboxylate group and 

two water molecules (Wat1 and Wat2), as well as by interacting with the side chains of Arg451 

and Gln575. Conversely, the other enzymes of the GMC family stabilize their substrate near 

the N5 atom of the isoalloxazine ring of the FAD (Figure S2 in Appendix 6.1). The second fatty 

acid is located on the surface of the protein in the hydrophobic tunnel. It is stabilized by 

hydrophobic interactions with the side chains of Leu427, Tyr419, Ile126, Ile416, Leu420, 

Arg132, and Arg122.  

 

The high-resolution cryo-MX structure of CvFAP in the dark state revealed an intriguing 

feature, i.e. a bent oxidized isoalloxazine ring of the FAD cofactor, whose dihedral angle C4-
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N5-N10-C9 deviates by 17.4° from planarity (PDB ID: 6YRU) (Sorigué et al. 2021) (Figure 

2.2.2B). Usually, the conformation of the isoalloxazine ring of FAD is planar in the oxidized 

and bent in the reduced state (Kar, Miller, and Mroginski 2021). Previously observed FAD 

bending in X-ray crystal structures was assigned to X-ray-induced reduction during 

crystallographic data collection (Røhr, Hersleth, and Andersson 2010; Senda et al. 2009). The 

absorbed X-ray dose for the cryo-MX dark state structure (PDB ID: 6YRU) was estimated to 

be 154 kGy (Sorigué et al. 2021). Dr. Antoine Royant (IBS, Grenoble) and his team showed by 

in crystallo UV-Vis absorption microspectrophotometry that X-ray induced FAD reduction 

occurred with a half-dose of 40 kGy (Sorigué et al. 2021). Moreover, a Raman 

microspectrophotometry experiment at different X-ray doses (from 0 to 1.9 MGy) carried out 

by the same team suggested that at 100 K the conformation of the isoalloxazine ring of the FAD 

co-factor did not change between its oxidized and the reduced states (Sorigué et al. 2021). Dr. 

Pascal Arnoux and Dr. Antoine Royant were able to solve a dark-state crystal structure of 

CvFAP at room-temperature at 1.9 Å resolution using synchrotron MX at an absorbed dose as 

low as 37 kGy (PDB ID: 6YRX), yet which is still close to the photoreduction half-dose of 

FAD (Sorigué et al. 2021). This structure also revealed a bent FAD (bending angle 13.7° 

(Figure S4 in Appendix 6.1)). Only SFX at an XFEL, providing X-ray damage-free protein 

structures because of the diffraction-before-destruction principle (Neutze et al. 2000), was then 

identified as being the ultimate way of revealing whether oxidized FAD in FAP is planar or 

bent. 

 

Room-temperature SFX structure in the dark state of CvFAP  

 

The DYNAMOP group at the IBS, the group of Prof. Ilme Schlchting at the Max-Planck 

Institute in Heidelberg, and I used room-temperature SFX at the LCLS (XFEL facility; see 

below for details) to get a definitive answer on the conformation of the oxidized FAD in FAP. 

This was the first goal of my project. XFEL radiation offers the possibility to collect radiation 

damage-free data (Burgie et al. 2020; Hirata et al. 2014; Rose et al. 2021), except if long pulses 

of the unattenuated beam are used (Nass 2019; Nass et al. 2015). Microcrystals of CvFAP were 

injected into the vacuum chamber of the CXI end-station of the LCLS XFEL facility in Stanford 

(USA) (Liang et al. 2015). The structure of this dark-state structure was solved at 2.0 Å 

resolution (Table 2.2.1). The space group is P21 with two molecules in the asymmetric unit. At 

that time, the space group was not unambiguous (see Section 2.3). First, we forced the 

isoalloxazine ring to be planar. The Fobs-Fcalc difference map then showed that the FAD is not 
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planar but indeed bent (Figure 2.2.3A). Moreover, a Fobs-Fcalc omit map of the FAD was 

calculated showing that the isoalloxazine ring should indeed be modeled in a bent conformation 

(Figure 2.2.3C). The fully refined SFX dark-state structure featured a bending angle of the FAD 

isoalloxazine ring of 14.3° which is similar to the bending angle of the synchrotron structures 

solved at 100 K (PDB ID: 6YRU) and RT at low-dose (PDB ID: 6YRX) (Figure 2.2.4). No 

other flavoprotein that we are aware of contains a butterfly-bent conformation of the oxidized 

flavin. Bending conformations were attributed to X-ray-induced reduction (Berkholz et al. 

2008; Kort et al. 2004; Mees et al. 2004; Røhr et al. 2010). Future radiation-free structures of 

oxidized flavoproteins should reveal if the bending is a unique feature of CvFAP.  

 

Investigation on the potential functional relevance of the bent isoalloxazine ring was carried 

out by Dr. Tatiana Domratcheva (Lomonosov Moscow State University, Russia) using quantum 

chemical calculations. It was shown that a bent FAD decreased the oxidized-flavin excitation 

energy easy forward electron transfer(fET) (Sorigué et al. 2021). Specifically, vertical 

excitation, vertical electron affinity, and adiabatic electron affinity decreased from 3.02; -1.15, 

and -1.57 eV (planar FAD) to 2.70, -4.00, -and 5.44 eV (bent FAD), respectively (Figure 

2.2.5A). Vertical excitation is the process of transitioning from the ground state to the excited 

state without causing structural changes. Vertical electron affinity is defined as the difference 

in energy between the energy in the neutral form of a molecule and the energy of the 

corresponding anionic molecule. If molecular geometries are optimized (i.e. most stable 

geometry) in both forms (neutral and anionic), then the electron affinity is called adiabatic 

electron affinity. In addition, the maximum absorption of the oxidized FAD (ground state) in 

CvFAP is 467 nm (Figure 2.2.5B). This value is red-shifted regarding the typical values of 445 

to 450 nm for other flavoproteins and free FAD. This red-shift is attributed to FAD bending in 

the enzyme which allows photoexcitation (Sorigué et al. 2021). This is well enough into the so-

called “green-gap”, i.e. outside the region where chlorophyll strongly absorbs, thus enhancing 

the light capture capacity of CvFAP. 

 

Time-resolved serial femtosecond crystallography of CvFAP  

 

The second goal of my CvFAP project was to investigate the structural changes occurring after 

photon absorption to assess whether scenario 1 or scenario 2 is correct (see Section 2.3.1). This 

was achieved after photoexcitation of CvFAP microcrystals at room temperature and data 

collection with TR-SFX experiment (Brändén and Neutze 2021; Colletier et al. 2018) using a 
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pump-probe scheme. Time-resolved fluorescence spectroscopy on CvFAP microcrystals 

established that the kinetics of fET are the same as in solution (supplementary text S5, fig. S15 

in Appendix 6.1). For TR-SFX at the LCLS, FAP microcrystals were photoexcited by pump 

pulses (400 nm wavelength; 11 μJ/pulse, 4 ps (FWHM) pulse length, circulary polarized) and 

probed by femtosecond XFEL pulses after pump-probe delays of 20 ps, 900 ps, 300 ns, and 2 

μs to cover time scales on which FAD reduction and FAD●– reoxidation occur. The SFX dark-

state structure mentioned above was determined from data collected without pump laser 

excitation. Structural changes after photoexcitation were visualized as positive and negative 

peaks in difference Fourier electron density maps calculated between the light and dark data 

sets (Fobs
light_Δt – Fobs

dark; Figure 2.2.6A) at 2.2 Å resolution. The most prominent difference 

electron density peaks at all four time points are in the active site, with the highest negative 

peaks (–5.5 to –10.1 σ, depending on the time point) at the position of the carboxyl group of 

the substrate, suggesting that light-induced decarboxylation occurred (Figure 2.2.6A).  

 

At 900 ps, decarboxylation has occurred to a considerable extent. This result is in line with the 

270 ps time constant determined by multi-scale time-resolved infrared (IR) spectroscopy 

(Figure 2.2.7) which was carried out by the team of Dr. Marten Vos (Ecole Polytechnique, 

Palaiseau, France) (Sorigué et al. 2021). This experiment revealed that the amplitude of CO2 

absorption band changed with a time constant of 270 ps, centered at 2337.5 cm–1 (Figure 2.2.7, 

and Figure 2 C - E and supplementary Figure S9 in Appendix 6.1). The initial CO2 band 

frequency is 5 cm–1 lower than that of 12CO2 in an aqueous solution, a shift being attributed to 

the protein environment. Following then, the CO2 signal decreases almost fourfold with a time 

constant of 100 ns without changing much in shape, followed by an upshift approaching 2342 

cm–1, a process with a time constant of 1.5 ms. The latter phase most likely reflects CO2 

migration towards the solvent. 

 

Back to TR-SFX, at 300 ns and 2 μs, a strong negative peak is observed at Wat1 (–5.8, and –

6.2 σ, respectively, Figure 2.2.6A), but not at Wat2. We note the absence of positive difference 

electron density peaks associated with the photodissociated CO2 in the vicinity of the substrate 

carboxyl group. A possible reason could be the small initial displacement of cleaved CO2 

relative to its position in the fatty acid, in line with the structure determined based on an 

illuminated cryo-cooled crystal ‘100 K light’ (Dr. Pascal Arnoux; see supplementary Figure 

S13C in Appendix 6.1 for comparison). It is conceivable that the positive difference densities 

close to Cys432 in the 300 ns and 2 µs data sets (Figure 2.2.6A) correspond to the feature(s) 
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observed in the data obtained from cryo-cooled crystals illuminated at 150 K (Dr. Pascal 

Arnoux; Figure 2.2.6B and Fig. 4D in Appendix 6.1) that were tentatively assigned to 

bicarbonate (see supplementary Figure S14 in Appendix 6.1). In the SFX data, attempts to fit 

unambiguously this positive difference density with a bicarbonate, a CO2 molecule, or a mixture 

thereof remained unsatisfactory (see Section 2.3). The absence of significant difference electron 

density peaks at the FAD at all four time points suggests that the isoalloxazine ring does not 

undergo significant light-induced conformational changes. 

 

Reaction cycle of CvFAP 

 

As it was mentioned previously, elucidation of CvFAP’s reaction cycle is the fruit of a large 

international consortium (Sorigué et al. 2021). By combing results from different techniques 

such as multiscale TR IR spectroscopy, Fourier transform IR spectroscopy, TR-SFX, transient 

absorption spectroscopy, quantum chemistry calculations, and synchrotron X-ray 

crystallography, a detailed reaction mechanism of CvFAP was suggested (Sorigué et al. 2021). 

The evolution of the substrate (fatty acid) to the products [hydrocarbon and CO2] is described 

in detail, as well as the role the protein moiety plays in the catalytic process that is suggested to 

involve a proton-coupled electron-transfer (PCET) mechanism (Figure 2.2.8). The steps of the 

reaction cycle are as follows: 

 

i) Excitation of the FAD co-factor upon light absorption. 

 

ii) Forward electron transfer (fET) from fatty acid to FAD* leads to decarboxylation of the 

substrate and the formation of an alkyl radical at a time constant of ~300 ps. 

 

iii) Back electron transfer (bET) from FAD●– to the alkyl radical at a time constant of ~100 

ns. Formation of red-shifted FAD. Arg451 is the final proton donor to the alkyl radical. 

Alkane (first product) and CO2 (second product) are formed. 

 

iv) On a longer time scale, 75% of the CO2 is transformed to HCO3
- (bicarbonate) while 

the other 25% of the CO2 is not transformed to HCO3
- and migrates away from the active 

site. 
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v) Red-shifted FAD disappears on the millisecond timescale. CO2 migrates away from the 

active site. 

 

vi) Hydrocarbon product is released. 

 

vii) A new substrate binds in the active site. 

 

 

2.2.3 Ongoing work and perspectives 

 

Characterization of X-ray radiation damage to crystalline CvFAP using serial synchrotron 

crystallography at cryo- and room-temperatures. 

 

Further investigations of X-ray radiation damage on CvFAP using serial synchrotron 

crystallography (SSX) are ongoing in the DYNAMOP group (IBS, Grenoble). The goal of this 

project is to study specific and global radiation damage inflicted on crystalline macromolecules. 

Such an experiment was carried out at the ID13 beamline at the ESRF in November 2017 

(proposal CS5103) in which I participated. The ID13 beamline provided one of the highest flux-

densities available at third-generation synchrotron sources worldwide (before the upgrade of 

the ESRF in 2020). Microcrystals (size of 20x20x20 μm) of CvFAP were sandwiched between 

two Si3N4 membranes and presented to an X-ray beam of 3.2 μm (hor. FWHM) × 2 μm (vert. 

FWHM). Images were collected with 20 frames per spot on the chip with 1.4 ms of exposure 

time for each spot. Each spot was spaced by 10 μm in both vertical and horizontal directions. 

A similar experimental setup was used previously by the same team for a radiation damage 

experiment on HEWL crystals (de la Mora et al. 2020). The hypothesis of this experiment was 

that the X-ray-induced reduction of the FAD co-factor can cause decarboxylation of the fatty 

acid (substrate). The data analysis is ongoing by Ronald Ríos Santacruz, a Ph.D. student in the 

DYNAMOP Group (IBS, Grenoble). 

 

Neutron crystallography on CvFAP macrocrystals 

 

The goal of the neutron project is to study the hydrogen bond network in the active side of 

CvFAP as well as the ionization and protonation states of the components of the active site in 
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different intermediates after photon absorption. These intermediates are aimed to be trapped at 

various cryo-temperatures. This project is a collaboration between the DYNAMOP Group, Dr. 

Nicolas Coquelle (ESRF, Grenoble), Dr. Damien Sorigué (CEA Cadarache), and Dr. Monica 

Spano (IBS, Grenoble). I had been involved in this project during the first discussions on the 

crystal growth of CvFAP suitable for neutron crystallography experiments. 

 

 

2.2.4 Materials and Methods 

 

Microcrystal growth and injection for TR-SFX 

 

Crystallization screening was performed under red-light conditions at 8°C using 96-wells 

plates in batch condition. Screening was done by mixing 20 μL of CvFAP in solution 1 (150 

mM NaCl, 10 mM Tris pH 8.0, 5% (w/v) glycerol) at different concentrations (3-12 mg mL-

1) with 20 μL of mother liquor containing 100 mM Na citrate pH 5.5, 10 mM spermidine and 

PEG 4000 (12 to 28% w/v). A 1:1 mixture of 19% (w/v) PEG 4000, 0.1 M sodium citrate pH 

5.5, 10 mM spermidine (solution 2) and solution 1 at a protein concentration of 6 mg mL-1 

yielded two types of crystals, hereafter referred to as needle and diamond crystals based on 

their respective shapes. Efforts to obtain only one crystal form were not successful. The 

diffraction quality of needle shaped crystals (30 × 3 × 3 μm3) was assessed at the microfocus 

beamline ID23-2 (Flot et al. 2010) of the ESRF (Grenoble) at room temperature (RT; using 

MicroRTTM mounts from MiTeGen) and at 100 K (in a cryo-loop) after buffer exchange by 

centrifugation and resuspension in 20% (v/v) glycerol, 23% (w/v) PEG 4000, 100 mM Na 

citrate pH 5.5 and 10 mM spermidine. The diffraction limit, as judged in the program Dozor 

implemented in MeshAndCollect data-collection workflow (Zander et al. 2015) was 2.3 Å at 

100 K and 2.6 Å at room temperature. For TR-SFX experiments, large quantities of 

microcrystals were generated using the batch method by gently mixing 4 mL of solution 1 at 

a protein concentration of 6 mg in mL-1 with 4 mL of solution 2 at 8°C. 1.5 grs of CvFAP 

was crystallized using this approach. Batches consisting mostly of needle shaped crystals 

(100 – 200 × 2 – 5 × 2 – 5 μm3) were selected and stored at 4°C. Prior to injection, they were 

reduced in size to about 10 × 2 – 5 × 2 – 5 μm3 (Figure 2.2.9) by flowing a slurry containing 

20% (v/v) microcrystals at 2.5 mL min-1 successively through a 20 μm and a 10 μm stainless 

steel filter in tandem. After filtering, the crystal suspension was concentrated to 60% (v/v) by 
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centrifugation and removal of the supernatant and placed in a stainless steel sample syringe 

for injection. The syringe was installed on an anti-settling device (Lomb et al. 2012) equipped 

with a Peltier element-cooled syringe holder at 4°C. The crystals were injected with a gas 

dynamic virtual nozzle (GDVN (Weierstall, Spence, and Doak 2012)), using sample 

capillaries with an inner diameter of 75 or 100 μm, into the microfocus vacuum chamber of 

the CXI end station (Liang et al. 2015) of the Linac Coherent Light Source (LCLS) at the 

SLAC National Accelerator Laboratory. The sample was injected at flow rates between 35 

and 55 μL min-1 in a liquid jet of about 5 μm in diameter. 

 

Picosecond pump-laser excitation of FAP microcrystals in TR-SFX experiments 

 

CvFAP microcrystals (~10 × 4 × 4 μm3, P21, two molecules (A,B) in the asymmetric unit) 

were photoexcited with pulses of a Ti:sapphire laser (400 nm wavelength; 11 μJ/ pulse, 

circularly polarized). The pulse length was 4 ps (FWHM), achieved by detuning the pulse 

compressor. The pump-laser beam of Gaussian shape was focused to a spot of 155 μm 

(FWHM), resulting in a peak power density of 10 GW/cm2. Under these excitation conditions, 

and assuming an extinction coefficient of 9250 M–1cm–1 (estimated from Fig. 3A in Sorigué 

et al. 2017 under the assumption that the extinction coefficient at 467 nm is 11300 M–1cm–1) 

2.8 photons were absorbed on average per FAD chromophore. The number of absorbed 

photons in the front and the rear of the crystals (Grünbein et al. 2020) do not deviate 

considerably from the average (Figure 2.2.10) because of the large penetration depth of 400 

nm light into the FAP crystals used (1/e penetration depth at 400 nm is 47 µm, see Figure 

2.2.10). Excitation-power dependent transient absorption spectroscopy carried out on CvFAP 

in solution at the pump-power density (10 GW/cm2) of the TR-SFX experiment (see 

supplementary Figure S28 in Appendix 6.1) showed that multi-photon processes had decayed 

by the first TR-SFX time point (20 ps).  

 

TR-SFX data collection and online monitoring 

 

SFX data were collected (LT59, 22, 24 and 25 Nov 2018) in the microfocus chamber of CXI 

with the LCLS producing X-ray pulses (nominal photon energy 9.5 keV, pulse length 23 fs) 

at a repetition rate of 120 Hz. The X-ray beam was focused to 1 μm × 1 μm (FWHM), the 

nominal pulse energy at the sample position was ~1.3 mJ, taking into account a beamline 

transmission of > 60%. Data were acquired with the CSPAD detector (Blaj et al. 2015) 
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operating in a dual-gain mode. During data collection, the hutch lights were switched off. On-

line monitoring of the diffraction data, such as estimation of the hit rate, the fraction of 

multiple hits and of the pixel saturation and diffraction resolution, was carried out using the 

CFEL–ASG Software Suite (CASS) (Foucar et al. 2012)). TR-SFX data were recorded 

according to a 400-nm pump (see above) – X-ray probe scheme, with pump-probe delays of 

20 ps, 900 ps, 300 ns and 2 μs. Two dark images without laser excitation and 15 light images 

with laser excitation were collected in a pseudo-randomly interleaved fashion. 

  

SFX data processing 

 

On-line and off-line hit finding and dark vs. light image-sorting (without and with pump-laser 

excitation, respectively) was performed using NanoPeakCell (Coquelle et al. 2015)). Hit-

finding parameters were adjusted after visual inspection of the first diffraction patterns using 

the NanoPeakCell graphical interface. A total of 8,141,555 images were collected for all five 

datasets (dark, light_20ps, light_900ps, light_300ns, light_2μs), 1,001,248 of which were 

identified as hits, corresponding to an overall hit-rate of 12.3%. 

CrystFEL v.0.8.0 (White 2019) was used for detector geometry optimization, indexing 

(Xgandalf (Gevorkov et al. 2019)), integration (rings-grad method) and merging with the 

Monte Carlo (MC) algorithm process_hkl. MC averaging included the scaling option. The 

sample-to-detector distance was refined iteratively until the unit cell parameters displayed a 

Gaussian distribution (Nass et al. 2016). The overall indexing rate (indexed images / hits) was 

about 25%. A resolution cutoff of 2.0 Å was chosen based on acentric moments of the E 

distribution except for the light_2μs dataset which was cut at 2.2 Å resolution. The space 

group is P21, with two molecules (A, B) in the asymmetric unit. SFX data processing statistics 

are shown in (Table 2.2.1). 

 

In view of the large number of images used in the data sets, the high values of Rsplit indicate 

an underlying problem. We explored different space groups but the problem remained, even 

when a lower symmetry was used, suggesting inherent disorder in the data as the fundamental 

issue. There are several possible types of disorder that could affect the SFX data. These 

include inherent variability in the microcrystals, which we cannot exclude at this time, as well 

as some particular complications arising from the cell parameters of our FAP microcrystals: 

a = 61.4 Å, b = 60.0 Å, c = 182.9 Å and α = 90°, β = 90.6°, γ = 90°. Thus, not only are the 

cell parameters close to orthorhombic, but also a ≈ b ≈ ⅓c. This results in an indexing 

https://www.zotero.org/google-docs/?uKplhc
https://www.zotero.org/google-docs/?F86iDQ
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ambiguity, as it is possible for an indexing algorithm to confuse the three axes. In addition, 

there is the possibility of actual pseudomerohedral twinning in the crystals. All of these 

possible complications would result in a high Rsplit and noisy maps. At present, none of our 

attempts at resolving this static disorder (whether real or apparent) by reindexing of individual 

images based on their correlation with the rest of the data set, twin refinement, or the 

screening of various indexing schemes at the data processing stage, have resulted in a 

satisfactory solution. 

 

SFX dark structure solution and refinement 

 

The microcrystals used for SFX are of another crystal form than those used for the 

conventional crystallography experiments; specifically, their space group is P21 with two 

molecules in the asymmetric unit as opposed to I222 with a single molecule in the asymmetric 

unit for most of the synchrotron structures (the R451K mutant crystallized in P212121 (one 

molecule in the asymmetric unit) with very similar unit cell parameters as the P21 SFX crystal 

form). The dark structure corresponding to the data set without laser excitation was phased 

by molecular replacement with Phaser (McCoy et al. 2007) using as a search model the 

synchrotron ‘100 K dark’ structure of FAP described in this study devoid of all cofactors and 

water molecules and with atomic B-factors reset to 30 Å2. This resulted in an unambiguous 

solution with two molecules in the asymmetric unit and an excellent electron density map 

showing clear density for the FAD cofactor as well as the fatty acid molecules. Structure 

refinement was performed using Refmac5 (Murshudov et al. 2011) and included positional 

and isotropic individual B-factor refinement in reciprocal space (25-2 Å resolution range) 

with local NCS restraints. Model building and real space refinement were performed using 

Coot (Emsley and Cowtan 2004). In the initial model, the isoalloxazine ring of the oxidized 

FAD cofactor was constrained to be planar. mFobs – DFcalc peaks clearly indicated a 

significant deviation from planarity (Figure 2.2.3). Therefore, once refinement of the protein 

moiety, waters and substrate molecules was completed, the restraints of the isoalloxazine ring 

were relaxed by increasing the estimated standard deviation of the isoalloxazine torsion 

angles in the .cif file. In the final model (PDB accession code 6ZH7), the isoalloxazine ring 

of the FAD cofactor is clearly bent (C4-N5-N10-C9 dihedral angle (butterfly bending angle), 

deviating from planarity by 14.3° in molecule A and by 11.7° in molecule B; Figure 2.2.4, 

Figure 2.2.3B and D). Figures were made with PyMOL (Schrödinger and DeLano 2020). SFX 

data-structure refinement statistics are shown in Table 2.2.1. 
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Calculation of difference Fourier maps between SFX data sets with and without laser excitation 

 

To assess structural changes induced by illumination, q-weighted (Ursby and Bourgeois 

1997) difference Fourier electron density maps (Fobs
light_20ps – Fobs

dark, Fobs
light_900ps – Fobs

dark, 

Fobs
light_300ns – Fobs

dark, Fobs
light_2μs – Fobs

dark) were calculated in CNS (Brünger et al. 1998) using 

scripts published in Wickstrand et al. (Wickstrand et al. 2015) and the SFX dark-state 

structure for phasing. The maps are shown in Figure 2.2.11 for each of the two FAP molecules 

present in the asymmetric unit (A and B). As described in the main text, the calculated q-

weighted difference electron density maps show a different extent of decarboxylation of the 

fatty acid at the various time delays, as well as various positive and negative peaks throughout 

the active site and beyond. The maps contain some differences between the two molecules in 

the asymmetric unit, suggesting either differences in the structural change upon illumination 

or simply the maps’ noise level. We therefore also averaged the maps using a procedure based 

on local averaging (Nass et al. 2020). This resulted in the maps shown in Figure 2.2.6. 

 

Time-resolved fluorescence spectroscopy of CvFAP crystals 

 

 Even though most crystalline proteins are biologically active, their reaction kinetics often 

differ from the solution state (Mozzarelli and Rossi 1996; Woodhouse et al. 2020a). In 

preparation for TR-SFX experiments, we assessed the kinetics of FAP in the crystalline and 

solution state by carrying out fluorescence-decay measurements. For solution experiments, 

the 6 mg mL-1 FAP solution was diluted to 0.375 mg mL-1 in buffer (50 mM Tris pH 8.5, 100 

mM NaCl). Experiments on crystalline FAP were carried out on a suspension of microcrystals 

(1% (v/v); each about 10 × 2 – 5 × 2 – 5 µm3 in size) in 19% (w/v) PEG 4000, 100 mM Na 

citrate pH 5.5, 10 mM spermidine. Single photon counting fluorescence experiments were 

performed using an excitation pulse (400 nm) delivered by doubling (harmonic generator, 

SHG, APE) a femtosecond Ti:sapphire laser (800 nm, Coherent Chameleon Ultra II, 80 MHz, 

180 fs) coupled to a pulse picker (APE, 4 MHz). Emission decays were measured using an 

FT200 Picoquant spectrometer and analyzed by the FluoFit software. By using a low 

excitation power (100 nW), a small excitation beam size (100 µm) and a large volume (2 mL) 

of sample that was constantly stirred, fluorescence spectra could be acquired for about 3 min 

without notable chromophore bleaching (as assessed by a UV-Vis absorption spectrum). The 

measured emission decay of 1FAD* at 560 nm (fig. S15) was fitted by a weighted-sum of 
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three exponentials. For FAP in solution, the retrieved time constants corresponding to three 

different FAD populations were 318 ps (± 5 ps), 980 ps (± 30 ps) and 3.9 ns (± 40 ps) with 

contributions of 76%, 16% and 8%, respectively. The first population corresponds to FAD 

undergoing efficient fET, the second to a population undergoing less efficient fET or being 

photobleached, and the last to a non-reactive population. For the crystal suspension, similar 

time constants were retrieved (320 ps, 1.45 ns, 4.8 ns) but with different contributions (62%, 

14%, 24%), leading to an overall fluorescence decay that is slower in crystals than in solution 

(see supplementary Figure S15 in Appendix 6.1). To assess whether the decrease in the 

population undergoing efficient fET in the crystal suspension (62%) compared to solution 

(72%) is due to the difference in pH (5.5 in crystals versus 8.5 in solution), the experiment 

was repeated on a FAP solution (0.375 mg mL-1 protein concentration) in the crystal buffer 

(19% (w/v) PEG 4000, 100 mM Na citrate pH 5.5, 10 mM spermidine). The contribution of 

the population with a fluorescence decay of 322 ps was 75%, indicating that it is the crystal 

packing and not the pH value that decreases the efficiency of fET in the microcrystal 

suspension from 72% to 62%. Most importantly, however, we conclude that fET proceeds on 

the same timescale in crystals (320 ps) as in solution (318 ps at pH 8.5, 322 ps at pH 5.5). 
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2.2.5 Figures and Tables 

 

 

Figure 2.2.1: Suggested model of the CvFAP photocycle (Sorigué et al. 2017) 

This figure shows the two possible scenarios that are possible based on (Sorigué et al. 2017). 

Scenario I: the decarboxylation of the fatty acid is concomitant with forward electron transfer 

(fET) from the fatty acid to the photoexcited FAD* within 300 ps. Scenario II: decarboxylation 

occurs concomitantly with back electron transfer (bET) from FAD•− to the substrate radical 

within 100 ns. Figure adapted from (Sorigué et al. 2017). 
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Figure 2.2.2: High-resolution crystal structure of CvFAP 

(A) Cryo-MX structure of CvFAP solved at 1.8 Å resolution, including the FAD co-factor (in 

yellow) and two C18 fatty acids (FA1 and FA2 in green and purple, respectively) (PDB ID: 

6YRU). The protein moiety is shown in grey. The active side is delimited by a red rectangle. (B) 

Zoom in the active site. FA1 faces the bent FAD co-factor. 2Fobs-Fcalc map of FAD and FA1 is 

shown in blue. Dihedral angle C4-N5-N10-C9 of the isoalloxazine ring of the FAD deviats by 

17.4° from planarity. Cryo-MX structure of CvFAP was solved by Dr. Pascal Arnoux. Figure 

adapted from (Sorigué et al. 2021). 
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Figure 2.2.3: Residual mFobs – DFcalc peaks indicate isoalloxazine rings of the FAD co-factor 

are not planar in the SFX dark-state structure 

When the isoalloxazine ring of the FAD cofactor (yellow stick model) are restrained to be 

planar in the SFX structure ((A) molecule A, (B) molecule B), peaks in the mFobs – DFcalc 

map (+3 σ and –3 σ in green and red, respectively) indicate bending. The fatty acid is shown 

in green, the protein moiety in grey. The mFobs – DFcalc omit map (3 σ, green) indicates 

bending of the isoalloxazine ring of the FAD cofactor (yellow stick model) in molecules A (C) 

and B (D). The bending angle is 14.3° and 11.7° in molecule A and B, respectively. The fatty 

acid is shown in green, the protein moiety in grey. Figure adapted from (Sorigué et al. 2021). 
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Figure 2.2.4: Bending angle of the isoalloxazine ring of the FAD in the X-ray 

crystallographic structures 

Superposition of the FAD isoalloxazine rings from the SFX dark structure (blue; molecule A; 

PDB ID: 6ZH7) and the synchrotron structures (pink: RT dark low-dose; PDB ID: 6YRX and 

yellow: 100 K dark; PDB ID: 6YRU). The SFX Fobs – Fcalc omit map at 3 σ (green) is overlaid, 

and the FAD bending angles are indicated. Figure adapted from (Sorigué et al. 2021). 
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Figure 2.2.5: Flavin butterfly bending energies (A) and UV/Vis absrorption spectrum of 

CvFAP (B) 

(A) Flavin bending decreases the vertical excitation, vertical electron affinity, and the adiabatic 

electron affinity favoring fET. Hence, flavin bending (along with intermolecular interactions) 

red-shifts the absorbance of the oxidized flavin (B) and facilitates fET. The maximum 

absorption of CvFAP is 467 nm (compared to the typical values 445 - 450 nm for other 

flavoproteins and free FAD). The energies compared in this panel are listed in Table S9 in 

Appendix 6.1 from the work of Dr. Tatjana Domratcheva (Sorigué et al. 2021). 
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Figure 2.2.6: Time-dependent changes in the CvFAP active site 

(A) Locally averaged q-weighted difference Fourier maps calculated between the SFX light and 

dark datasets (Fobs
light_Δt – Fobs

dark; with Δt = 20 ps, 900 ps, 300 ns, 2 μs). The 2.2-Å resolution 

maps are shown at +4 σ (green) and –4 σ (red). The SFX dark-state model of molecule B is 

overlaid, with FAD in yellow, fatty acid in green, and the protein in gray. The q-weighted 

difference maps for molecules A and B, i.e., without local averaging, are shown in 

supplementary figure S31 in Appendix 6.1. (B) Fobs – Fcalc electron density (contoured at 3.5 

σ) of Figure 3E in Appendix 6.1, shown in a different orientation, which features unmodeled 

positive electron density next to C432 that is reminiscent of a bicarbonate (see Figure 4D and 

supplementary Figure S14 in Appendix 6.1), in a location similar to where positive difference 

density is present in the time- resolved maps at 300 ns and 2 μs. Figure adapted from (Sorigué 

et al. 2021). 
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Figure 2.2.7: Time-resolved infrared spectroscopy of CvFAP 

Transient infrared spectra in the CO2 spectral region on the ps-μs time scale. The vertical lines 

are guides for the eye and correspond to the maximum of released CO2 in the protein and to 

the known maximum for CO2 in aqueous solution, 2342 cm–1 (Jones and McLaren 1958). The 

upper traces correspond to independent steady-state 298 K light-induced FTIR difference 

spectra with 12C-palmitate and 1-13C-palmitate substrates (blue trace and red trace, 

respectively). Time-resolved infrared spectroscopy of CvFAP was performed by Dr. Marten 

Vos and his colleagues. Figure adapted from (Sorigué et al. 2021). 
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Figure 2.2.8: Suggested CvFAP photocycle 

Excitation of the FAD co-factor upon light absorption (1). Forward electron transfer from fatty 

acid to FAD* leads to decarboxylation of the substrate and the formation of a alkyl radical at 

a time constant of ~300 ps (2). Back electron transfer from FAD●– to the alkyl radical at a time 

constant of ~100 ns. Formation of red-shifted FAD. Arg451 is the final proton donor to the 

alkyl radical. Alkane (first product) and CO2 are formed (3). At a later time scale, 75% of the 

CO2 is transformed to HCO3
- (4) while the other 25% of the CO2 is not transformed to HCO3

- 

and migrates away from the active site (4’). At millisecond timescale, red-shifted FAD 

disappears. CO2 migrates away from the active site (5). Hydrocarbon product is released (6). 

The new substrate binds the active site (7). Changes after individual steps are marked in red; 

time constants are for RT. Figure adapted from (Sorigué et al. 2021). 
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Figure 2.2.9: Filtering effect on FAP microcrystal size. 

Before filtering, the crystal size was about 100 – 200 × 2 – 5 × 2 – 5 μm3 (left). After flowing 

them through a 20 μm (middle) and then a 10 μm filter, the size was 10 × 2 – 5 × 2 – 5 μm3 

(right). The scale bar corresponds to 40 μm. Figure adapted from (Sorigué et al. 2021). 
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Figure 2.2.10: Depth-dependent photon absorption regimes inside FAP crystals 

Depth-dependent photon absorption (9250 M–1cm–1 at 400 nm) regime in a 4-μm FAP crystal 

(FAD concentration 10.3 mM) with pump-laser illumination (4 ps pulse length, 11 μJ pulse 

energy, 155 μm (FWHM) spot size). The 1/e penetration depth is 47 μm. Figure adapted from 

(Sorigué et al. 2021). 
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Figure 2.2.11: Time-dependent changes in the CvFAP active site by TR-SFX 

Q-weighted difference Fourier electron density maps calculated between the SFX light and 

dark datasets (Fobs
light_Δt –Fobs

dark; with light_Δt=20ps (A, E, I), 900ps (B, F, J), 300ns (C, G, 

K), 2μs (D, H, L)) at 2.2 Å resolution. Maps corresponding to molecules A (A-D) and B (E-H) 

are shown at +3.5 σ (green) and -3.5 σ (red) and locally NCS-averaged maps (I-L) at +4 σ 

(green) and -4 σ (red). The SFX dark-state model (FAD in yellow, fatty acid in green, protein 

moiety in light grey) of molecule A is overlaid in panels A-D and of molecule B in panels E-L. 

The maps were calculated from 68,421 dark images and 88,919, 50,214, 44,868 and 18,600 

light images for Δt = 20 ps, 900 ps and 300 ns and 2 μs, respectively. Panels I-L are identical 

to those in Figure 2.3.6. Figure adapted from (Sorigué et al. 2021). 
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Table 2.2.1: SFX data processing and refinement statistics 

Dataset dark light_20ps light_900ps light_300ns light_2µs 

PDB ID code 6ZH7 

 

    

Pump-laser 

excitation (400 nm) 

no yes yes yes yes 

Nominal pump-

probe delay 

n/a 20 ps 900 ps 300 ns 2 µs 

Space group P21 P21 P21 P21 P21 

Unit cell 

parameters 

a (Å) 

b (Å) 

c (Å) 

β (°) 

  

 

61.4± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

Collected frames 2,579,455 1,625,450 1,728,093 1,298,912 909,645 

Hits 264,812 290,962 227,517 151,599 66,358 

Indexed images 68,421 88,919 50,214 44,868 18,600 

Resolution (Å) 25– 2.00 

(2.05 – 2.00) 

 

25– 2.00 

(2.05 – 2.00) 

 

25– 2.00 

(2.05 –2.00) 

 

25– 2.00 

(2.05 – 2.00) 

 

25– 2.20 

(2.25 – 2.20) 

 

Observations 33,069,955 

(1,438,474) 

42,928,992 

(1,869,092) 

25,083,092 

(1,091,803) 

20,934,706 

(907,081) 

8,076,033 

(383,644) 

Unique reflections 93,061 (6,086) 93,060 

(6,086) 

93,064 

(6,086) 

93,055 

(6,086) 

70,385 (4,671) 

Rsplit
# (%) 15.1 (68.5) 13.4 (61.3) 18.0 (80.0) 19.4 (84.5) 24.9 (67.8) 

CC* 0.996 (0.841) 0.996 (0.869) 0.994 (0.797) 0.992 (0.790) 0.983 (0.816) 

I / σ(I) 5.6 (1.7) 6.40 (1.9) 4.8 (1.4)  4.4 (1.3) 3.7 (1.6) 

Completeness (%) 100 (100) 100 (100) 100 (100) 100 (100) 100 (100) 

Multiplicity 355 (236) 461 (307) 270 (179) 225 (149) 115 (82) 

Riso
$ (with respect 

to dark dataset) 

n.a 0.157 0.171 0.174 0.202 

Refinement statistics 

Refinement 

strategy 

Classical 

refinement 

n.a n.a n.a n.a 

Resolution (Å) 25– 2.00 

(2.05 – 2.00) 

        

Rfree 0.235         

Rwork 0.196         

Number of protein 

atoms 

8417         

Number of ligand 

atoms 

166         

Number of water 

atoms 

394         

B-factor protein 

(Å2) 

31         

r.m.s.d. bond 

lengths (Å) 

0.01         

r.m.s.d. angles (°) 1.8         

Ramachandran 

favored 

95.8 %         

Ramachandran 

allowed 

3.7 %         
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Ramachandran 

outliers 

0.2 %         

Rotamer outliers 1.6 %         

C-beta outliers 0         

Clashscore 5        

Values in brackets are for the highest resolution shell 

 

CC*: see (121) 

Riso
$ was calculated using Phenix up to 2.2 Å resolution 

  

https://www.zotero.org/google-docs/?WSBtpq
https://www.zotero.org/google-docs/?WSBtpq
https://www.zotero.org/google-docs/?WSBtpq
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2.3 Time-resolved serial femtosecond crystallography on fatty acid 

photodecarboxylase: lessons learned 

 

Time-resolved serial femtosecond crystallography on fatty acid photodecarboxylase: 

lessons learned 
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Schlichting3, Jacques-Philippe Colletier1, Martin Weik1 
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3Max-Planck-Institut für medizinische Forschung, Jahnstrasse 29, 69120 Heidelberg, Germany. 
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2.3.1 Synopsis  

We describe crystallographic difficulties encountered in the data processing of recently 

published time-resolved serial femtosecond crystallography data. We explain the origin of these 

issues, and how they were circumvented or dealt with. We extend the previously published 

crystallographic analyses by application of extrapolations methods to determine on the 

structures of intermediate states. 

 

 

2.3.2 Abstract 

 

Upon absorption of a blue-light photon, fatty acid photodecarboxylase catalyzes the 

decarboxylation of free fatty acids to form hydrocarbons (e.g. alkanes or alkenes). Major 

components of the catalytic mechanism have recently been elucidated by combining static and 

time-resolved serial femtosecond crystallography (TR-SFX), time-resolved vibrational and 

mailto:weik@ibs.fr
/Users/weik/Documents_weik/papers/2021_second_FAP/Ilme.Schlichting@mpimf-heidelberg.mpg.de
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electronic spectroscopies, quantum chemical calculations and site-directed mutagenesis 

(Sorigué et al., 2021). The TR-SFX experiments, carried out at four different ps – s pump-

probe delays, yielded input for the calculation of Fourier difference maps that demonstrated 

light-induced decarboxylation. Here, we highlight some of the difficulties encountered during 

the experiment as well as data processing, in particular regarding space group assignment, 

describe a pump-laser power titration and extend data analysis by structure factor extrapolation 

of the TR-SFX data. Structure refinement against extrapolated structure factors reveals a 

reorientation of the generated hydrocarbon and the formation of a photoproduct close to C432 

and R451. Identification of its chemical nature, CO2 or bicarbonate, was not possible because 

of limited data quality that we assign to specificities of the crystalline system. Further TR-SFX 

experiments on a different crystal form are required to identify photoproducts and their 

movements during the catalytic cycle.  

 

 

2.3.3 Introduction 

 

Time-resolved serial femtosecond crystallography (SFX) (Boutet et al., 2012) at X-ray free 

electron lasers (XFEL) presents a powerful means to study structural changes in crystalline 

biological macromolecules following reaction triggering (Colletier et al., 2018, Branden & 

Neutze, 2021). Because their activity can conveniently be triggered with light pulses, mostly 

photo-sensitive proteins have been studied by time-resolved SFX (TR-SFX) so far 

(Domratcheva & Schlichting, 2018, Poddar et al., 2021), including myoglobin (Barends et al., 

2015), photoactive yellow protein (Pande et al., 2016), photosystem II (Suga et al., 2019, Kern 

et al., 2018), various rhodopsins (Nango et al., 2016, Nass Kovacs et al., 2019, Skopintsev et 

al., 2020, Oda et al., 2021, Yun et al., 2021, Mous et al., 2022), phytochromes (Claesson et al., 

2020), a photosynthetic reaction center (Dods et al., 2021), photoswitchable fluorescent 

proteins (Coquelle et al., 2018), cytochrome c oxidase (Shimada et al., 2017), photolyase 

(Maestre-Reyna et al., 2022), as well as P450nor (Tosha et al., 2017, Nomura et al., 2021), 

using a caged substrate. Most recently, TR-SFX has complemented other experimental and 

computational approaches to study the catalytic mechanism of fatty acid photodecarboxylase 

(Sorigue et al., 2021). 
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Fatty acid photodecarboxylase (FAP), together with protochlorophyllide oxidoreductase 

(Gabruk & Mysliwa-Kurdziel, 2015) and DNA photolyases (Sancar, 2016), is part of the rare 

class of photoenzymes that require light to initiate each catalytic event. Absorption of a blue-

light photon by the flavin adenine dinucleotide (FAD) cofactor within FAP triggers 

decarboxylation of the fatty acid substrate which leads to the formation of a hydrocarbon 

molecule and CO2 (Sorigue et al., 2017). The recently published high-resolution (1.8 Å) 

structure of FAP, determined from cryo-crystallographic synchrotron data (see Figure 1 from 

(Sorigue et al., 2021)) combined with UV-VIS absorbance spectra, revealed a bent oxidized 

FAD in the dark state. A radiation damage-free dark-state SFX structure (Figure 2.3.1) 

confirmed the bent nature of the FAD as an unusual feature of the enzyme rather than being the 

result of X-ray irradiation (Sorigue et al., 2021). In this study, also mechanistic insight into 

photocatalysis of FAP was obtained, by combining experimental and computational 

approaches. Forward electron transfer from the fatty-acid substrate to the photoexcited FAD 

occurs in 300 ps and is accompanied by concomitant decarboxylation of the latter as shown by 

time-resolved visible and infrared (IR) absorption spectroscopies, respectively. Back electron 

transfer from the FAD•- radical to the alkyl radical occurs in 100 ns, concomitant with 

transformation of the generated CO2 into another molecule - possibly bicarbonate as suggested 

by FTIR. Fourier difference maps Fobs
light – Fobs

dark calculated from TR-SFX data at pump-probe 

delays of 20 ps, 900 ps, 300 ns and 2 s indicated that decarboxylation had occurred by the 900 

ps time point, in line with the rate determined by TR IR spectroscopy. Intermediate-state 

structures, however, were not presented in that study. 

 

Here, we summarize the data processing challenges encountered during the TR-SFX data 

analysis of Sorigué et al 2021 and their possible origins. We present additional TR-SFX data 

collected at a pump-probe delay of 900 ps at three different pump-laser power densities that 

explain why the particular pump-laser power density has been chosen for the TR-SFX 

experiment reported by Sorigué et al 2021. Furthermore, structure factor extrapolation was 

carried out for the four time points and controls that assess the quality of the resulting electron 

density maps. Intermediate-state structures were then refined against extrapolated structure 

factors for the four time points. At 300 ns, the structure displays repositioning of the 

hydrocarbon product with respect to the substrate. Different models were tested with the aim to 

identify the compound that might explain difference density seen at 300 ns in the active site.  
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2.3.4 Materials and Methods 

 

Brief summary of TR-SFX data collection and processing reported earlier (Sorigué et al. 2021) 

 

Needle-shaped microcrystals (10 × 4 × 4 μm3) of Chlorella variabilis FAP (CvFAP) in 19 % 

(w/v) PEG 4000, 0.1 M sodium citrate pH 5.5, 10 mM spermidine were injected with a Gas 

Dynamic Virtual Nozzle (GDVN)(DePonte et al., 2008) into the microfocus chamber of the 

CXI end station of the Linac Coherent Light Source (LCLS)(Liang et al., 2015) in November 

2018 (proposal LT59). Optical pump (400 nm wavelength; circularly polarized; 4 ps (FWHM) 

pulse length; 11 μJ/ pulse; 155 μm (FWHM) focal spot) – X-ray probe (9.5 keV photon energy; 

23 fs pulse length; 1 μm (FWHM)) TR-SFX data were collected at 20 ps, 900 ps, 300 ns and 2 

s time delays. CrystFEL v.0.8.0 was used for indexing (Xgandalf (Gevorkov et al., 2019)), 

integration (rings-grad option) and merging with the Monte Carlo (MC) algorithm process_hkl 

(with scaling option). The high-resolution cutoff was 2 Å for all data sets, except for the 2 s 

light data set that was set at 2.2 Å. The space group is P21, with two molecules (A, B) in the 

asymmetric unit and cell parameters of a = 61.4 Å, b = 60.0 Å, c = 182.9 Å and α = 90°, β = 

90.6°, γ = 90° (Supplementary Table S2.3.1).  

 

Pump-power titration at 900 ps 

 

At the start of the previously reported TR-SFX LT59 experiment (Sorigué et al., 2021), a 

limited pump power titration was carried out at a 900 ps pump-probe delay using 7.5 μJ/ pulse 

(nominally 1.9 absorbed photons / FAD when assuming similar absorption cross-sections for 

the first and subsequently absorbed photon), 3.7 μJ/ pulse (nominally 0.9 photons / FAD) and 

11 μJ/ pulse (nominally 2.8 photons / FAD). The light data collected with pump-laser excitation 

at 3.7 and 7.5 and 11 μJ/ pulse consisted of 18 704, 34 264 and 50 214 indexed images, 

respectively, when processed in space group P21 (Supplementary Table S2.3.2). The decision 

to carry out the subsequent TR-SFX series at 11 μJ/ pulse was taken during the LT59 

experiment based on q-weighted (Ursby & Bourgeois, 1997) Fourier difference electron density 

maps Fobs
light_900ps_E – Fobs

dark (Supplementary Figure S2.3.1) using the then only available 18 
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430 dark images and 15 574, 12 796 and 19 151 light images (at pump energy values E of 3.7, 

7.5 and 11 μJ per pulse, respectively) processed in the P212121 space group (Supplementary 

Table S2.3.3) we assumed during the early phase of LT59 (see section 3.1 for a detailed 

discussed of why the space group was initially assumed to be P212121 and eventually chosen to 

be P21). After completion of the LT59 experiment, the same number (18 704) of indexed images 

were randomly selected from the three light data sets processed in the correct P21 space group 

(Supplementary Table S2.3.2) and Fobs
light_900ps_E – Fobs

dark maps (Figure 2.3.2) calculated with 

the program Xtrapol8 (De Zitter et al., 2022) using the 68 421 dark images published earlier 

(Sorigue et al., 2021). Since certain parts of monomers A and B display significant 

conformational differences (Supplementary Figure S2.3.2) these maps were averaged using a 

local averaging procedure (Nass et al., 2020).  

 

Calculation of Fourier difference electron-density maps and structure factor extrapolation at 

four pump-probe delays 

 

q-weighted Fourier difference electron density maps Fobs
Δt_light – Fobs

dark were calculated with 

Xtrapol8, using the dark-state structure (including the two fatty acid substrates in the active site 

and at the protein surface) to phase the maps. As expected, these maps (Figure 2.3.3) are similar 

to the ones published earlier (Sorigué et al., 2021). We also used Xtrapol8 to determine the 

occupancy of the light states and to calculate extrapolated structures factor amplitudes (Fext) 

using the following formula (Duan et al., 2013, Coquelle et al., 2018): 

 

              𝐹𝑒𝑥𝑡
∆𝑡_𝑙𝑖𝑔ℎ𝑡 =  𝛼 ×

𝑞

<𝑞>
×  (𝐹𝑜𝑏𝑠

∆𝑡_𝑙𝑖𝑔ℎ𝑡 − 𝐹𝑜𝑏𝑠
𝑑𝑎𝑟𝑘) + 𝐹𝑜𝑏𝑠

𝑑𝑎𝑟𝑘                   (eq. 2.3.1) 

where 𝛼 denotes the inverse of the occupancy, q and <q> are reflection-specific and average q-

weights, and Fobs
dark and Fobs

∆t_light are the observed structure factor amplitudes for the dark 

state and the photo-triggered state at a given time delay ∆t, respectively. The extrapolation 

procedure can generate negative Fext that are not usable by refinement programs, resulting in 

reduced completeness (De Zitter et al., 2022). The number of these reflections depends on the 

value of 𝛼 and represents 1.58, 3.50, 6.02 and 2.41% of the extrapolated reflections in the data 

sets at Δt = 20 ps, 900 ps, 300ns and 2 μs, respectively, at the determined occupancies given 
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below. To estimate their positive values, we used the truncate option in Xtrapol8, whereby a 

French-Wilson based scaling is applied to all reflections (Evans & Murshudov, 2013). 

Occupancy determination was carried out using the difference-map method, which automates 

the procedure introduced in (Coquelle et al., 2018) whereby the sum of the integrated values of 

the highest selected peaks in the mFext
Δt_light – DFcalc

dark that are also present in the q-weighted 

Fobs
Δt_light – Fobs

dark map is plotted as a function of the occupancy (Supplementary Figure 

S2.3.3), and the occupancy value at the maximum peak height considered as correct. In the 

difference-map method, the highest peaks are automatically selected using a Z-scoring of 2 on 

the normal distribution of all difference peaks in the maps, avoiding possible bias that could 

skew occupancy determination. In the present case, residues used for occupancy determination 

included Y466 and C432 and were all located around the fatty acid substrate in the active site. 

The automatically-determined occupancies lie within a range of 25 to 35 %. The maxima were 

observed at 35, 30, 25 and 35% for the 20 ps, 900 ps, 300 ns and 2 μs time delays, respectively, 

with which the most probable sets of extrapolated structure factor amplitudes were calculated. 

 

Difference density maps using the extrapolated structure factors (mFext
Δt_light – DFcalc

dark, Figure 

2.3.4), were calculated with the dark-state structure (including the two fatty acid substrates) as 

a phase model. Both Fobs
Δt_light – Fobs

dark (Figure 2.3.3) and mFext
Δt_light – DFcalc

dark (Figure 2.3.4) 

maps indicate structural changes that occurred at the time-delay Δt with respect to the dark-

state. 

 

Difference refinement using extrapolated structure factors 

 

In order to model structural changes that had occurred at Δt, difference refinement of the 

Δt_light structures was performed against Fext
Δt_light using phenix.refine (Afonine et al., 2012), 

a PHENIX suite program (Liebschner et al., 2019). The refinement started from the dark model 

(PDB entry code 6ZH7) from which the two fatty acid substrates were omitted and the atom 

coordinates randomized with a mean error value of 0.5 Å using phenix.pdbtools. Positional and 

isotropic individual B-factor refinement was carried out in reciprocal space, using 

wxc_scale=0.02 and secondary structure restraints as required for maximum likelihood 

refinement to converge. Simulated annealing was performed during the first cycle of the 
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refinement using the default parameters of phenix.refine. Manual model building and real space 

refinement were performed using Coot (Emsley & Cowtan, 2004). 

 

Particular attention was paid to modeling the FAD cofactor. When its isoalloxazine rings were 

forced to be planar or omitted from the model at 300 ns, the mFext
 Δt_300ns – DFcalc

 map displayed 

peaks indicative of FAD bending (Figure 2.3.5). In the final refined light model at 300 ns, the 

isoalloxazine ring system deviates from planarity by ~10 ° (C4-N5-N10-C9 dihedral angle, 

Figure 2.3.5B, D). Similarly, deviation from planarity is 11, 9 and 10 ° in the refined light 

models at 20 ps, 900 ps and 2 μs, respectively. The corresponding angle in the SFX dark state 

structure has been determined to be 14° (Sorigué et al., 2021). 

 

Before modeling the electron density with potential reaction products, the quality of the 

extrapolated electron density maps was assessed by omitting a well-ordered water molecule 

(Wat2) and the rigid active-site side chains of R451 and W479 from the model at 300 ns and 

calculating 2mFext
 Δt_300ns – DFcalc

 and mFext
 Δt_300ns – DFcalc maps (Supplementary Figure S2.3.4). 

Since electron density for both side chains and for Wat2 was present, modeling of reaction 

products was attempted. 

 

At first, the focus was on modeling the alkane product. We outline the approach again using 

the 300 ns data as an example. 2mFext
Δt_300ns – DFcalc and mFext

Δt_300ns – DFcalc maps were 

calculated either with the dark-state model (PDB entry code 6ZH7, Figure 2.3.4C,G) or with a 

model from which the substrate had been omitted (Figure 2.3.6A, B, E, F) suggested a C17 

hydrocarbon molecule should be modeled (Figure 2.3.6C, D, G, H). Similarly, a C17 

hydrocarbon molecule was modeled at the other three time points (Figure 2.3.7; Supplementary 

Table S2.3.4). 

 

Before and after modeling the hydrocarbon molecule at 300 ns, there is a strong positive feature 

next to the side chain of C432 in the mFext
Δt_300ns – DFcalc

 map in both monomers A (Figure 

2.3.8A, B) and B (Figure 2.3.8E, F) at a similar position as a positive peak seen in the 

Fobs
300ns_light – Fobs

dark maps (Figure 2.3.3C, G, K). Two different models were assessed to fit 

this positive peak: a CO2 and a water molecule, both at 100% occupancy (Figure 2.3.8C, G) or 
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a HCO3
- molecule at 100% occupancy (Figure 2.3.8D, H). The correlation between models of 

monomer A and B (including either CO2 and a water or HCO3
-) and the corresponding map was 

calculated with phenix.get_cc_mtz_pdb using scale option and fixing a 3-Å radius around the 

atoms of the products. 

 

 

2.3.5 Results and Discussion 

 

Choice of space group, twinning, data quality 

 

Prior to the TR-SFX experiment described here (LCLS, LT59, Nov. 2018), needle-shaped FAP 

microcrystals were used in a short test run at the LCLS (LR38, Feb. 2018). The space group 

was found to be P212121, with unit cell dimensions of 60, 70 and 115 Å for a, b and c, 

respectively. During the scale-up phase in preparation for LT59, the imidazole/maleate buffer 

was replaced by sodium citrate, with all other crystallization parameters unchanged. This 

replacement allowed the needle-shaped crystals to grow thicker. Due to time restrictions, the 

crystals could not be tested at a synchrotron prior to the experiment LT59, at the beginning of 

which we thus assumed the space group to be P212121. We could indeed index the diffraction 

patterns according to an orthorhombic lattice type, however unit cell dimensions of 61, 60 and 

180 Å indicated a change in crystal form. The observation of two populations of   angles, 

being distributed sharply around 89.3° and 90.5° (Supplementary Figure S2.3.5A), led us to 

reindex all data according to a monoclinic lattice and merging intensities specifying P21, using 

as unit cell parameters 61.4 Å, 60 Å ,182.9 Å for a, b, and c, and 90°, 90.6°, 90° for α, β, and 

γ, respectively (Supplementary Figure S2.3.5B). 

 

Indexing nonetheless remained ambiguous, as can be judged from the relatively high Rsplit 

values reported in Sorigué et al. for the dark data set (15.1% and 68.5% for the overall Rsplit and 

the value in the highest resolution shell, Supplementary Table S2.3.1). Indeed, the lattice 

displayed higher point group symmetry, mmm, than expected for space group P21 which would 

be 2/m. Because a~b~c/3, an indexing ambiguity can arise from swapping, for example, the a 
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and b axes or cyclic permutation of the axes. However, if that had happened during indexing or 

by actual twinning, the former would lead to a peak in the 90° section of the self-rotation 

function and the latter to a peak in the 120° section, neither of which is observed (not shown). 

Nevertheless, a small fraction of misindexed patterns would not generate a peak in the self-

rotation function but still affect intensity statistics. The only remaining possibility for twinning 

(or misindexing) is a 180° rotation around a or c, possible because β is close to 90°. Due to the 

crystallographic two-fold axis, a rotation of 180° around a or c are nearly equivalent and would 

manifest as peaks in the 180° section of the self-rotation function. These are indeed observed 

and are of approximately the same height as the crystallographic peak (Supplementary Figure 

S2.3.6; calculated using MOLREP of the CCP4 suite (Winn et al., 2011)), which could indicate 

~50% twinning. Based on the L-test (Padilla & Yeates, 2003), however, twinning could be 

excluded. However, there is also non-crystallographic symmetry (NCS) relating the two 

monomers A and B in the asymmetric unit of the monoclinic space group, which is a two-fold 

rotation (almost) perpendicular to the crystallographic two-fold axis, which results in the 

creation of a third two-fold, perpendicular to the other two. So, the contents of the unit cell have 

indeed approximate mmm point group symmetry, and even without twinning the strong peaks 

in the 180° section of the self-rotation function are expected. Accordingly, the P21 packing is 

only a minor deviation from the P212121 packing (Supplementary Figure S2.3.9). 

 

To further investigate whether the symmetry is P21 or P212121, we split the dark images into 

two equal halves that were integrated separately using P21 space group symmetry and 

calculated Rsplit, i.e. the R-factor between the two sets of intensities derived from the two half 

data sets corrected for the drop in number of observations caused by dividing the data into 

halves (White et al., 2012). We then applied the reindexing operator h,-k,-l (one of the 

symmetry operations of P212121) to one of the two half data sets and again calculated Rsplit. This 

procedure, proposed by an anonymous referee, allows the two possible space group choices to 

be compared on the basis of Rsplit values calculated using the same number of reflections, which 

would not be the case when comparing Rsplit values obtained from processing all the data in 

either P21 or P212121. In this case, reindexing one of the two half data sets resulted in much 

higher values of Rsplit, particularly at high resolution (Figure 2.3.9). Thus, any h,-k,-l symmetry 

in the data is not perfect, and the true space group symmetry of the data is, therefore, most likely 

P21. 
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Alternatively to merging intensities by Monte Carlo (MC) averaging (Sorigué et al., 2021), 

merging with partialator (--custom-split option) was carried out in CrystFEL v.0.8.0 which 

resulted in a decreased Rsplit of the dark data set of 12.1% (15.1 % for MC), but yielded 

apparently twinned data, as assessed with phenix.xtriage (not shown). Also, up to ~22 % of 

measured reflections were discarded by partialator suggesting that the gain in precision of the 

data could lead to reduced accuracy in the estimation of structure factor amplitudes. Therefore, 

we decided to rely on the merged intensities obtained by MC averaging. Nevertheless, we 

cannot exclude that use of partialator yielded data so much better that real twinning could be 

detected. 

 

After completion of the LT59 beamtime, diffraction data of single FAP crystals were collected 

at the SLS beamline PXII – X10SA. The space group varied from crystal to crystal between 

P212121 and P21, sometimes even as a function of the data acquisition location on the long 

needle shaped crystals. 

 

In summary, the relatively large Rsplit values (see Table S2 in (Sorigue et al., 2021), reproduced 

as Supplementary Table S2.3.1) likely reflect inherent disorder of the data that most likely 

stems from indexing ambiguities. 

 

Effect of pump laser energy on Fourier difference maps at 900 ps 

 

The appropriate optical pump-laser energy to use in a TR-SFX experiment is currently a much-

debated issue. Motivated by the wish to increase light-induced changes in electron density 

maps, most studies have been carried out so far at pump-laser energies corresponding to 

significantly more than one nominally absorbed photon per chromophore, carrying the risk of 

unwanted multiphoton effects contaminating or even dominating the functionally relevant 

single-photon processes (Grünbein et al., 2020, Miller et al., 2020). Good practice is thus to 

carry out a spectroscopic pump-laser power titration on protein crystals or solutions to identify 

the linear excitation regime (see e.g. (Hutchison et al., 2016, Nass Kovacs et al., 2019, Sorigué 

et al., 2021)), ideally followed by a structural power titration to assess if structural changes can 

be seen in that regime (see e.g. (Claesson et al., 2020)). 
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Our recent TR-SFX study presented structural data at four pump probe delays (20 ps, 900 ps, 

300 ns, 2 μs) photoexcited with 11 μJ/pulse, an energy corresponding to an average of 2.8 

nominally absorbed photons per chromophore (Sorigue et al., 2021). Prior to collecting data at 

the four time points using this laser energy, a limited number of light images was collected at 

900 ps with 3.7 and 7.5 μJ/ pulse (0.9 and 1.9 nominally absorbed photons per chromophore 

per pulse on average, respectively). Fourier difference maps, Fobs
light_900ps_E - Fobs

dark, were 

calculated between the light and dark data merged in P212121, i.e., in the space group we 

assumed at the beginning of the LT59 beamtime (Supplementary Figure S2.3.1), based on 18 

430 dark images, and 15574, 12796 and 19151 light images at 3.7, 7.5 and 11 μJ/ pulse, 

respectively. Negative peaks on the fatty acid carboxyl group are present, whose height 

increases as a function of the laser energy. This increase motivated our choice of collecting the 

subsequent TR-SFX data at 11 μJ/pulse. A better-informed decision could have been made if 

we had integrated the negative difference electron around the fatty acid carboxyl group and 

plotted the values as a function of pump-laser energy to check whether the signal increases 

linearly with pump energy.  

 

After completion of the LT59 beamtime, Fobs
light_900ps_E - Fobs

dark maps were calculated again, 

based on data merged in P21, i.e. in the space group we eventually considered more likely than 

P212121 (Figure 2.3.2; Supplementary Table S2.3.2). The maps were calculated with 68 421 

dark images and with an equal number of 18 704 light images for the three 900 ps light data 

sets, which corresponds to a subset of the available 7.5 and 11 μJ/ pulse data, respectively. For 

the three pump energies negative difference density peaks are observed at different atoms of 

the fatty acid carboxylate for the A-monomer (Figure 2.3.2A-C); for the B-monomer no peaks 

are observed (Figure 2.3.2E-G). This is not due to lack of photo-cleavage since strong negative 

peaks are observed in both monomers, covering almost the entire carboxylate when almost three 

times more light images (i.e. 50 214) are used for map calculation at 11 μJ (Figure 2.3.2H). 

Together this clearly shows that the data derived from the 18 704 images collected for the power 

titration are not accurate enough to assess the extent of photolysis with any confidence. Many 

more images should have been collected (for a discussion of the signal-to-noise ratio as a 

function of indexed images see (Gorel et al., 2021)).  
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Fourier difference maps, structure factor extrapolation and intermediate-state models 

 

Fourier difference electron maps, calculated between light and dark data sets, mainly show 

peaks in the active site (see as an example the 300 ns map covering an entire asymmetric unit, 

Supplementary Figure S2.3.7) and provide clear evidence for substrate decarboxylation (Figure 

2.3.5 in (Sorigue et al., 2021)). Here, Fourier difference electron maps with a very similar 

content were reproduced with the program Xtrapol8 (Figure 2.3.3). Two observations are 

noteworthy. First, the apparent extent of decarboxylation seems to be different at 900 ps (Figure 

3B, F) and 300 ns (Figure 2.3.3C, G), a surprising observation given that the decarboxylation 

time constant of 270 ps determined by TR-IR spectroscopy (Sorigue et al., 2021) suggested 

otherwise. Three possible explanations can be offered: i) spatial overlap between pump and 

probe laser changed slightly, ii) the apparent difference reflects the noise level of the data, iii) 

at 900 ps a positive peak due to photodecarboxylated CO2 compensates part of the negative 

peak on the carboxyl group. Second, it is striking that peaks, both in terms of height and 

temporal evolution, behave differently in monomers A and B. Very likely this reflects noise in 

the data since the photochemical decarboxylation yield is expected to be the same in both 

monomers, nevertheless differences in protein dynamics may also be possible due to a different 

packing environment (Supplementary Figure S2.3.8), which would be in line with 

conformational differences identified at the protein surface (Supplementary Figure S2.3.2).  

 

In order to model structural changes that had occurred at the different time points, structure 

factor extrapolation has been carried out using Xtrapol8 (see Methods section and (De Zitter et 

al., 2022)) that estimates the structure factor amplitudes Fext that would have been measured for 

each pump-probe dataset if the photo-triggered intermediate had been present in crystals at 

100% occupancy (eq. 2.3.1). The occupancy of intermediate states was determined to be 

between 25 and 35% for the four time delays. Extrapolated electron density maps 2mFext
Δt_light 

– DFcalc
dark and mFext

Δt_light – DFcalc
dark maps (Figure 2.3.4) point to qualitatively similar 

structural changes as the Fourier difference electron maps (Figure 2.3.3) for the four time 

delays. In particular, a negative mFext
Δt_light – DFcalc

dark peak on the substrate reflects light-

induced decarboxylation and a nearby positive peak indicates reorientation of the formed 

hydrocarbon chain (Figure 2.3.4). At 300 ns and 2 μs, a positive mFext
Δt_light – DFcalc

dark peak is 

visible next to the side chain of C432, in line with the reported observations in Fourier 

difference electron maps (Sorigue et al., 2021). 
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Before modeling reaction products, the information content of the extrapolated electron density 

maps was evaluated by calculating omit maps. The 300 ns data serves as an example: the well-

ordered water molecule WAT2 and the side chains of the rigid active site residues R451 and 

W479 were removed from the dark-state structure and the resulting model used to phase 

electron density maps using extrapolated structure factors (Supplementary Figure S2.3.4). 

These maps (2mFext
300ns_light – DFcalc and mFext

300ns_light – DFcalc) show clear electron density for 

the omitted atoms in both monomers, indicating that the extrapolated structure factors contain 

sufficient information to correctly locate large, rigid side chains and well-ordered water 

molecules. Further, the conformation of the isoalloxazine ring of the FAD cofactor, bent in the 

dark-state structure (Sorigue et al., 2021), was assessed at 300 ns by restraining it to be planar. 

The resulting 2mFext
300ns_light – DFcalc and mFext

300ns_light – DFcalc maps (Figure 2.3.5A, C) 

indicated cofactor bending, determined to be 10° in the final refined 300 ns light-state structure 

(Figure 2.3.5B, D).  

 

To identify and locate reaction products, the initial focus was on the hydrocarbon product 

(C17), as illustrated again by the 300 ns data. First, 2mFext
300ns_light – DFcalc and mFext

300ns_light – 

DFcalc maps based on a model without fatty acid substrate or hydrocarbon product were 

calculated (Figure 2.3.6A, B, E, F). They indicate that the hydrocarbon moves towards the side 

chain of Y466 (Figure 2.3.6A, E) and recoils (Figure 2.3.6B, F) with respect to the fatty acid 

position, as evident in the final model (Figure 2.3.6C, D, G, H). Recoil of the hydrocarbon 

product is accompanied by a small rotation in the side chain of Y466 (Figure 2.3.6D, H) as 

observed earlier in a synchrotron cryo-crystallography structure (Sorigue et al., 2021). A 

hydrocarbon chain has then been included in the light models at the 20 ps, 900 ps and 2 μs time 

points and refined against extrapolated structure factors (Supplementary Table S2.3.2; Figure 

2.3.4). At 20 ps, but not at the other time points, the extrapolated electron density maps 

indicated that a fatty acid substrate rather than a hydrocarbon product needed to be modelled in 

the active site (Figure 2.3.4), in line with the decarboxylation time constant of 270 ps 

determined by TR-IR spectroscopy (Sorigue et al., 2021). 

 

No products other than an alkane molecule were modelled in the light structures at 20 ps and 

900 ps because no residual peaks in the mFext
Δt_light – DFcalc

dark maps (Figure 2.3.4A,B,E,F) were 

present that would have indicated the necessity of doing so. At 300 ns, however, further 

modeling was attempted to assess if structure factor extrapolation could help decide between a 
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bicarbonate and a CO2, an ambiguity debated in (Sorigue et al., 2021). Indeed, our earlier report 

suggested, but did not prove, transient formation of a bicarbonate molecule next to C432 after 

decarboxylation (Sorigue et al., 2021). In an attempt to test this suggestion, we either modeled 

a CO2 and a water molecule (Figure 2.3.8C, G) or a bicarbonate molecule (Figure 2.3.8D, H) 

at 300 ns and refined against extrapolated structure factors. We note that the bicarbonate 

position in monomer B (Figure 2.3.8H), but not in monomer A (Figure 2.3.8D), is similar to 

the one suggested based on cryo MX data (Figure 4D in (Sorigue et al., 2021)). Peaks in the 

residual mFext
300ns_light – DFcalc map do not allow one to clearly discriminate between these two 

models and the 2mFext
300ns_light – DFcalc maps tend to support both to a similar level (Figure 

2.3.7). The Rwork/Rfree values for the CO2/water (model 1) and HCO3
- (model 2) models, which 

are 34.9/40.8 and 34.4/40.9, respectively, indicate a minor decrease of the Rfree value by 0.1 for 

model 1. Real space correlation between map coefficients and CO2 or HCO3
- of the monomers 

A and B in the corresponding structures indicates a slightly better correlation for model 2 

(CC=0.724 and 0.57 for monomer A and B, respectively) than for model 1 (CC=0.717 and 0.51 

for monomer A and B, respectively). Therefore, electron density maps calculated from 

extrapolated structure factors do not allow one to resolve the product ambiguity at 300 ns. At 2 

μs, further product modeling was not attempted because of peaks next to Cys432 being lower 

(Figure 2.3.3D,H) than at 300 ns (Figure 2.3.3C,G), possibly due to limited data quality at 2 μs 

(Supplementary Table S2.3.1 and S2.3.4). 

 

 

2.3.6 Conclusion 

 

We discussed several lessons learnt in the course of the recently reported TR-SFX study on 

FAP (Sorigue et al., 2021). First, a minor change in the batch crystallization conditions (sodium 

citrate instead of imidazole/maleate) during the scale-up phase led to an unexpected change in 

space group and unit cell dimensions of the needled-shaped crystals. Assessing the diffraction 

of the final crystal batch at a synchrotron source prior to the TR-SFX experiment could have 

uncovered some of the problematic features of the needle-shaped FAP microcrystals. Indeed, 

the peculiar unit cell characteristics (a~b~c/3, β close to 90°) and the non-crystallographic 

symmetry axis being close to a crystallographic axis probably led to indexing ambiguity that 

could not be solved and that resulted in poor data statistics, such as high Rsplit values. 

Furthermore, we learnt that the mandatory pump-laser power titration needs to be based on a 
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large enough number of images to yield high signal/noise in electron density maps for the 

feature investigated (here decarboxylation) (Gorel et al., 2021) and on more than the three 

energies used here. If Fourier difference electron density maps with high signal/noise had been 

available, peaks could have been integrated and plotted as a function of pump-laser energy to 

be able to choose conditions that are still in the linear excitation regime.  

 

Here, we extended the study (Sorigue et al., 2021) by carrying out refinement of intermediate 

state structures against extrapolated structure factors at 20 ps, 900 ps, 300 ns and 2 μs. A 

particular focus was on the 300-ns light structure that evidences a reorientation of the 

hydrocarbon product after photodecarboxylation of the fatty acid substrate and displays a FAD 

co-factor similarly bent as in the dark-state structure. Refinement against extrapolated structure 

factors at 300 ns did not allow one to distinguish between two possible products located near 

C432. This will require further TR-SFX studies on FAP with a less problematic crystal form. 

 

 

2.3.7 Acknowledgements 

 

We thank the anonymous referee who suggested reindexing one of the half data sets to further 

investigate space group ambiguity. The study was supported by ANR grants to MW (BioXFEL, 

SNAPsHOTs) and JPC (XinVivo), an MENESR – Univ. Grenoble Alpes fellowship to KH, a 

travel grant from the CNRS GOtoXFEL program to MW and an ERC Consolidator Grant 

724362 (STePLADDER) to TRMB. This work was partially carried out at the platforms of the 

Grenoble Instruct-ERIC center (IBS and ISBG; UMS 3518 CNRS-CEA-UGA-EMBL) within 

the Grenoble Partnership for Structural Biology (PSB). Platform access was supported by 

FRISBI (ANR-10-INBS-05-02) and GRAL, a project of the University Grenoble Alpes 

graduate school (Ecoles Universitaires de Recherche) CBH-EUR-GS (ANR-17-EURE-0003). 

The IBS acknowledges integration into the Interdisciplinary Research Institute of Grenoble 

(IRIG, CEA). We acknowledge support from the Max Planck Society. 

 

  

 



 99 

2.3.8 Figures 

 

 

 

Figure 2.3.1: SFX dark-state crystal structure of CvFAP (PDB entry code 6ZH7) 

(A) Structure of CvFAP determined at 2 Å resolution from SFX data at room temperature 

(Sorigué et al., 2021). (B) FAD is in a bent conformation (C4-N5-N10-C9 dihedral angle is 

14°). The mFobs-DFcalc omit map at 3 r.m.s.d. (green) is overlaid. FAD and the C18 fatty acid 

substrate are shown in yellow and green, respectively. The protein of monomer A is shown in 

grey.   
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Figure 2.3.2: Fourier difference maps at 900 ps and three different pump-pulse energies 

using data processed in the P21 space group 

Q-weighted Fourier difference electron density maps calculated between SFX light (Δt = 900 

ps) data sets at different pump-laser energies and the dark data set (Fobs
light_900ps_E - Fobs

dark; 

with E = 3.7 μJ (A, E, I), 7.5 μJ (B, F, J), and 11 μJ (C, D, G, H, K, L) at 2.2 Å resolution. Maps 

are contoured at +3.5 σ (green) and -3.5 σ (red). The SFX dark-state model (PDB entry code 

6ZH7) of monomer A is overlaid in panels A-D and of monomer B in panels E-L, with FAD in 

yellow, the fatty acid substrate in green and the protein moiety in light grey. The maps were 

calculated with 68 421 dark images, and with 18 704 light images in panels A-C, E-F and I-K 

(subset) and 50 214 light images in panels D, H and L (complete). 
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Figure 2.3.3: Fourier difference maps at four different pump-probe time delays 

q-weighted Fourier difference electron density maps calculated between the light and dark data 

sets (Fobs
Δt_light – Fobs

dark); with Δt = 20 ps (A, E, I), 900 ps (B, F, J), 300 ns (C, G, K) at 2 Å 

resolution and Δt = 2 µs (D, H, L) at 2.2 Å resolution. Maps corresponding to monomers A (A-

D) and B (E-H) are shown at +3.5 r.m.s.d. (green) and -3.5 r.m.s.d. (red) and locally averaged 

maps (I-L) are shown at +4.0 r.m.s.d. (green) and -4.0 r.m.s.d. (red). 
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Figure 2.3.4: Extrapolated electron density maps at four different pump-probe time delays 

calculated using the dark state model 

Extrapolated electron density maps 2mFext
Δt_light – DFcalc

dark; (1 r.m.s.d., blue) and mFext
Δt_light – 

DFcalc
dark maps (+3 r.m.s.d., green; –3 r.m.s.d., red), calculated between the light and dark data 

sets, with Δt = 20 ps (A, E), 900 ps (B, F), 300 ns (C, G) at 2 Å resolution and 2 µs (D, H) at 

2.2 Å resolution. Maps are shown around the fatty acid (FA) and C432 of monomer A (A, B, C, 

D) and monomer B (E, F, G, H) and calculated with the dark structure (including the two fatty 

acid substrates and Wat1) as a phase model without refinement. The dark state model is 

represented as sticks, with the carbon atoms of the protein in grey and the fatty acid molecule 

in light green. 
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Figure 2.3.5: Conformation of the isoalloxazine ring of the FAD cofactor in the extrapolated 

structure at 300 ns 

Extrapolated electron density map, mFext
Δt_300ns – DFcalc

 maps (+3 r.m.s.d., green; –3 r.m.s.d., 

red), calculated between the dark and the light data set at 300 ns and phased with a model in 

which the isoalloxazine rings of the FAD cofactor (yellow) is either restrained to be planar (A, 

C) or absent (B, D). Superimposed in panels A and C is a model with a planar FAD and in B 

and D the final refined light model at 300 ns, in which the isoalloxazine bending angle is  

~11 °. 
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Figure 2.3.6: Hydrocarbon product in the extrapolated structure at 300 ns  

(A,B,E,F) q-weighted extrapolated electron density maps, 2mFext
Δt_300ns – DFcalc

 (1 r.m.s.d., blue 

mesh) and mFext
Δt_300ns – DFcalc (+3 r.m.s.d., green) were calculated with models of monomers 

A (A,B) and B (E,F) from which the substrate was omitted. (C,D,G,H) Extrapolated electron 

density maps, 2mFext
Δt_300ns – DFcalc

 (1 r.m.s.d., blue mesh) calculated with models of monomers 

A (C,D) and B (G,H) without substrate but including a hydrocarbon product (HC; dark green). 

Dark and 300-ns intermediate state models of monomer A (A,B,C,D) and monomer B (E,F,G,H) 

are overlaid in grey and cyan; respectively. The fatty acid substrate (FA1) in the dark model is 

shown in lime green in panels A-H. 
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Figure 2.3.7: Extrapolated electron density maps at four different pump-probe time delays 

calculated using refined models containing a C17 hydrocarbon molecule 

Extrapolated electron density maps, 2mFext
Δt_light – DFcalc

dark (1 r.m.s.d., blue) and mFext
Δt_light – 

DFcalc
dark (+3 r.m.s.d., green; –3 r.m.s.d., red), calculated between the light and dark data sets, 

with Δt = 20 ps (A, E), 900 ps (B, F), 300 ns (C, G) at 2 Å resolution and 2 µs (D, H) at 2.2 Å 

resolution. Maps are shown around the fatty acid (FA) and C432 of monomer A (A, B, C, D) 

and monomer B (E, F, G, H) and calculated with refined models containing a C17 hydrocarbon 

molecule. The respective refined models are represented as sticks, with the carbon atoms of the 

protein in cyan and the hydrocarbon in dark green. Note that Wat1 has been excluded from all 

models. 
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Figure 2.3.8: Attempts to model various molecules next to C432 at 300 ns 

Extrapolated electron density maps, 2mFext
Δt_300ns – DFcalc

 (1 r.m.s.d., blue mesh) and 

mFext
Δt_300ns – DFcalc maps (+3 r.m.s.d., green; –3 r.m.s.d., red), calculated between the dark 

and the light data set at 300 ns and phased with a model without (A, E) and with (B, F) the 

hydrocarbon molecule, but without any additional molecule next to C432, or with a CO2 and 

water molecule, both at 100% occupancy (C, G), or a HCO3
- molecule at 100% occupancy (D, 

H). The corresponding models of monomers A (A, B, C, D) and B (E, F, G, H) are shown. 

mFext
Δt_300ns – DFcalc map omit maps of the Wat1 are shown in B and F.  
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Figure 2.3.9: Comparison of the R-factor intensity distribution between native and 

reindexing datasets 

R
split

 as a function of resolution for the CvFAP dark data, before (black line) and after (red line) 

reindexing one of the two half-datasets using the operation h,-k,-l. Applying this operation, 

which is a member of the P2
1
2

1
2

1
 space group, results in a noticeable increase in R

split
, 

suggesting the true symmetry is P2
1
 rather. 
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2.3.9 Supporting information  

Supplementary Table S2.3.1: Statistics of data processing and of refinement against observed 

structure factors at 20 ps, 900 ps, 300 ns, 2 μs as reported in Sorigué et al ((Sorigue et al., 

2021)) 

Dataset dark light_20ps light_900ps light_300ns light_2µs 

PDB ID code 6ZH7 

 

    

Pump-laser 

excitation 

(400 nm) 

no yes yes yes yes 

Pump energy 

(μJ) 

n/a 11 11 11 11 

Nominal 

pump-probe 

delay 

n/a 20 ps 900 ps 300 ns 2 µs 

Space group P21 P21 P21 P21 P21 

Unit cell 

parameters 

a (Å) 

b (Å) 

c (Å) 

β (°) 

  

 

61.4± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

  

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

Collected 

frames 

2,579,455 1,625,450 1,728,093 1,298,912 909,645 

Hits 264,812 290,962 227,517 151,599 66,358 

Indexed 

images 

68,421 88,919 50,214 44,868 18,600 

Resolution 

(Å) 

25– 2.00 

(2.05 – 2.00) 

 

25– 2.00 

(2.05 – 2.00) 

 

25– 2.00 

(2.05 –2.00) 

 

25– 2.00 

(2.05 – 2.00) 

 

25– 2.20 

(2.25 – 2.20) 

 

Observations 33,069,955 

(1,438,474) 

42,928,992 

(1,869,092) 

25,083,092 

(1,091,803) 

20,934,706 

(907,081) 

8,076,033 

(383,644) 

Unique 

reflections 

93,061 

(6,086) 

93,060 

(6,086) 

93,064 

(6,086) 

93,055 

(6,086) 

70,385 

(4,671) 

Rsplit
# (%) 15.1 (68.5) 13.4 (61.3) 18.0 (80.0) 19.4 (84.5) 24.9 (67.8) 

CC* 0.996 (0.841) 0.996 (0.869) 0.994 (0.797) 0.992 (0.790) 0.983 (0.816) 

I / σ(I) 5.6 (1.7) 6.40 (1.9) 4.8 (1.4)  4.4 (1.3) 3.7 (1.6) 

Completenes

s (%) 

100 (100) 100 (100) 100 (100) 100 (100) 100 (100) 
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Multiplicity 355 (236) 461 (307) 270 (179) 225 (149) 115 (82) 

Riso
$ (with 

respect to 

dark dataset) 

n.a 0.157 0.171 0.174 0.202 

Refinement statistics 

Refinement 

strategy 

Classical 

refinement 

n.a n.a n.a n.a 

Resolution 

(Å) 

25– 2.00 

(2.05 – 2.00) 

        

Rfree 0.235         

Rwork 0.196         

Number of 

protein atoms 

8417         

Number of 

ligand atoms 

166         

Number of 

water atoms 

394         

B-factor 

protein (Å2) 

31         

r.m.s.d. bond 

lengths (Å) 

0.01         

r.m.s.d. 

angles (°) 

1.8         

Ramachandra

n favored 

95.8 %         

Ramachandra

n allowed 

3.7 %         

Ramachadran 

outliers 

0.2 %         

Rotamer 

outliers 

1.6 %         

C-beta 

outliers 

0         

Clashscore 5        

Values in brackets are for the highest resolution shell  
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Supplementary Table S2.3.2: Statistics of pump-power titration SFX data processed in space 

group P21 

 

Dataset Δt_900 ps  Δt_900 ps  Δt_900 ps 

Energy (μJ) 3.7 7.5 11 

Data collection 

and processing 

   

Space group P21 P21 P21 

$Unit cell 

parameters 

a (Å) 

b (Å) 

c (Å) 

β (°) 

 

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

 

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

 

 

61.4 ± 0.1 

60.0 ± 0.1 

182.9 ± 0.3 

90.6 

Hits 85,757 141,349 188,288 

Indexed image, 

total 

18,704 34,264 50,214 

Indexing rate 

(%) 

21.81 24.24 26.67 

Indexed 

images, subset 

18,704 18,704 18,704 (*) 

Resolution (Å) 25– 2.20 

(2.25 – 2.20) 

25– 2.20 

(2.25 – 2.20) 

25– 2.20 

(2.25 – 2.20) 

Observations 7,724,496 

(365,950) 

10,189,805 

(490,193) 

10,751,282 

(515,733) 

Unique 

reflections 

70,419 (4,672) 70,420 (4,672) 70,426 (4,672) 

#Rsplit (%) 25.7 (73.0) 18.8 (54.5) 18.4 (52.1) 

#CC* 0.983 (0.800) 0.991 (0.896) 0.991 (0.897) 

#I / σ(I) 3.6 (1.5) 3.9 (1.7) 3.9 (1.8) 

#Completeness 

(%) 

100 (100) 100 (100) 100 (100) 

#Multiplicity 109 (78) 145 (105) 153 (110) 

 (#) statistics refer to the subset of indexed images 

($) all data sets were processed using the same unit cell. 
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Supplementary Table S2.3.3: Statistics of pump-power titration SFX data processed during 

the LT59 beamtime in the assumed space group P212121  

 

Dataset Dark Δt_900 ps Δt_900 ps Δt_900 ps 

Energy (μJ) - 3.7 7.5 11 

Data collection and processing 

Space group P212121 P212121 P212121 P212121 

$Unit cell 

parameters 

a (Å) 

b (Å) 

c (Å) 

α (°) 

β,γ (°) 

 

 

60.2 ± 0.1 

61.6 ± 0.2 

183.6 ± 0.5 

90 

90 

 

 

60.2 ± 0.1 

61.6 ± 0.2 

183.6 ± 0.5 

90 

90 

 

 

60.2 ± 0.1 

61.6 ± 0.2 

183.6 ± 0.5 

90 

90 

 

 

60.2 ± 0.1 

61.6 ± 0.2 

183.6 ± 0.5 

90 

90 

Hits 172,376 135,930 142,757 226,977 

Indexed images 18,430 15,574 12,796 19,151 

Indexing rate 

(%) 
10.69 11.46 8.96 8,44 

Resolution (Å) 25– 1.80 

(1.84 – 1.80) 

25– 1.90 

(1.95 – 1.90) 

25– 1.90 

(1.95 – 1.90) 

25– 1.90 

(1.95 – 1.90) 

Observations 9,566,432 

(417,017) 

6,954,961 

(321,119) 

6,818,329 

(318,313) 

10,334,563 

(483,927) 

Unique 

reflections 

66,176 

(4, 349) 

56,302 

(3,688) 

56,301 

(3,688) 

56,302 

(3,688) 

Rsplit# (%) 23.6 (113.9) 23.6 (82.4) 27.9 (93.4) 22.4 (71.5) 

CC* 0.986 (0.774) 0.984 (0.857) 0.975 (0.850) 0.983 (0.900) 

I / σ(I) 4.0 (1.0) 4.1 (1.4) 3.8 (1.2) 4.7 (1.5) 

Completeness 

(%) 
100 (100) 100 (100) 100 (100) 100 (100) 

Multiplicity 168 (96) 120 (87) 139 (86) 210 (131) 

Refinement       

Resolution (Å) 18 – 1.8 

(1.83 – 1.80) 
  

  
  

Number of 

reflections 

63,917 

(2,642) 
  

  
  

Rfree 25.9 (33.0)       

Rwork 22.2 (31.1)       
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Number of 

protein atoms 

4,297 
  

  
  

Number of 

ligand atoms 

80 
  

  
  

Number of water 

atoms 

235 
  

  
  

B-factor protein 

(Å2) 

21.96 
  

  
  

r.m.s.d. bond 

lengths (Å) 

0.006 
  

  
  

r.m.s.d. angles 

(°) 

0.813 
  

  
  

Ramachandran 

favored 

96.23 
  

  
  

Ramachandran 

allowed 

3.59 
  

  
  

Ramachandran 

outliers 

0.18 
  

  
  

Rotamer outliers 2.24       

C-beta outliers 0       

Clashscore 2.87       

 ($) All data sets were processed using the same unit cell. 
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Supplementary Table S2.3.4: Statistics of refinement against extrapolated structure factors at 

20 ps, 900 ps, 300 ns, 2 μs including fatty acid (20 ps) and alkane (900 ps, 300 ns, 2 μs) and a 

water molecule (at 20 ps, 900 ps, 300 ns, 2 μs ) in the active site. 

Dataset Δt_20ps_model_alka

ne 

Δt_900ps_model_alka

ne 

Δt_300ns_model_alka

ne 

Δt_2μs_model_alka

ne 

PDB ID entry  7R33  7R34  7R35  7R36 

Pump energy 

(μJ) 

11 11 11 11 

Refinement 

strategy 

Difference 

refinement 

Difference refinement Difference refinement Difference 

refinement 

Resolution 

(Å) 

10– 2.00 

(2.02– 2.00) 

10– 2.00 

(2.02– 2.00) 

10– 2.00 

(2.02– 2.00) 

10– 2.20 

(2.23 – 2.20) 

Number of 

reflections 

89,568 (2,736) 89,564 (2,749) 89,565 (2,754) 67,248 (2,607) 

Rfree 32.01 (44.91) 37.27 (49.62) 40.94 (48.25) 37.90 (48.63) 

Rwork 26.46 (40.16) 30.63 (42.37) 35.19 (42.78)  29.72 (41.48) 

Number of 

protein atoms 

8,630 8,630 8,630 8,630 

Number of 

ligand atoms 

160 160 160 160 

Number of 

water atoms 

392 392 392 392 

B-factor 

protein (Å2) 

34.39 34.59 31.98 33.48 

r.m.s.d. bond 

lengths (Å) 

0.008 0.008 0.002 0.009 

r.m.s.d. 

angles (°) 

1.025 1.026 0.451 1.070 

Ramachandra

n favored 

94.70 93.18 94.08 92.91 

Ramachandra

n allowed 

4.49 6.01 5.21 5.75 

Ramachandra

n outliers 

0.81 0.81 0.72 1.35 

Rotamer 

outliers 

5.55 5.99 2.44 7.44 

C-beta 

outliers 

0 0 0 0 

Clashscore 6.57 9.26 5.54 11.83 
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Supplementary Figure S2.3.1: Fourier difference maps at 900 ps at three different pump-

pulse energies using data processed in the P212121 space group 

q-weighted Fourier difference electron density maps calculated between SFX light (Δt = 900 

ps) data sets at different pump-laser energies and the dark data set (Fobs
light_900ps_E - Fobs

dark); 

with E = 3.7 μJ (A), 7.5 μJ (B), and 11 μJ (C) at 1.9 Å resolution. Maps are contoured at +3.5 

r.m.s.d. (green) and -3 r.m.s.d. (red). The cryo MX dark-state model (PDB entry code 6YRU) 

is overlaid in panels A-C with FAD in yellow, the fatty acid substrate in green and the protein 

in light grey. The maps were calculated with 18 430 dark images, and with 15 574, 12 796 and 

19 151 light images in panels A-C, respectively. 
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Supplementary Figure S2.3.2: Conformational differences between monomers A and B in 

the asymmetric unit 

(A) Cartoon model of monomer A, colored according to the distance between equivalent Cα 

atoms in monomers A and B (𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =  √(𝑥2 −  𝑥1)2 + (𝑦2 −  𝑦1)2 +  (𝑧2 −  𝑧1)2 ). The 

color code ranges from white (smaller distances) to red (larger distances; maximum is 0.84 Å) 

and reflects the distance between equivalent Cα atoms in monomers A and B. Carbon atoms of 

the fatty acid and the FAD of monomer A are shown as green and yellow sticks, respectively. 

(B) Overlay of FAD/substrate of molecule A and B shown in yellow/green and orange/cyan, 

respectively.   

B 

A 
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Supplementary Figure S2.3.3: Occupancy determination at the four-time delays 

Determination of the occupancy, corresponding to the inverse of the weighting factor α of the 

∆t_light structures with Δt = 20 ps (A), 900 ps (B), 300 ns (C,) at 2 Å resolution and Δt = 2 µs 

(D). The ratio of integrated peaks in the mFext
 Δt_300ns – DFcalc

dark map and of integrated peaks 

in the Fobs
Δt_light – Fobs

dark maps, normalized to its maximum value, is plotted as a function of the 

occupancy. Only peaks around the fatty acid in the active site were used for α determination.  
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Supplementary Figure S2.3.4: Extrapolated electron density maps at 300 ns after omitting 

Wat2, and the side chains of W479 and R451 

Extrapolated electron density maps 2mFext
Δt_300ns – DFcalc

 (1 r.m.s.d., blue) and mqFext
Δt_300ns – 

DFcalc maps (+3 r.m.s.d., green; –3 r.m.s.d., red), calculated between the dark and the light 

data set at 300 ns and phased with a refined model from which the side chains of W479 (A, D) 

or R451 (B, E), or Wat2 (C, F) have been omitted. The dark state model (PDB entry code 6ZH7) 

is overlaid. Monomers A and B are shown in panels A, B, C and D, E, F respectively. 
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Supplementary Figure S2.3.5: Screenshot of cell_explorer from CrystFEL showing the 

unit cell parameter distributions for dark datasets resulting from processing with P212121 

(A) and P21 (B) 

All unit cell parameters could be well fitted according to a Gaussian distribution (red line) 

except for the 𝛼 angle of the P212121 data (A) that featured a double peak centered at 89.3° and 

90.5°. 
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Supplementary Figure S2.3.6: Stereographic projection of the self-rotation function of the 

dark dataset (PDB code 6ZH7) 

The self-rotation function of the FAP crystal was calculated using data in the 10 – 2.5 Å 

resolution range and the 2-fold ( = 180°) section plotted above a threshold of 25 σ with 

increments of 0.9 σ. The crystallographic axes are c/c* along z (center of the plot), a/a* along 

x ( =90, φ=0), b/b* along y (=90, φ=90). The crystallographic axis of P21 along b/b* is 

evident, as well as are peaks of similar height along a/a* that stem from NCS linking FAP 

molecules A and B within the asymmetric unit. 
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Supplementary Figure S2.3.7: Fourier difference map at 300 ns in the asymmetric unit 

 

q-weighted difference Fourier electron density map calculated between the light and dark data 

sets Fobs
Δt_300ns – Fobs

dark at 2 Å resolution. The map is shown at +3.5 r.m.s.d. (green) and -3.5 

r.m.s.d. (red). FAD and the C18 fatty acid substrate are shown in yellow and green, 

respectively. The protein of monomer A is shown in grey.  

 

  

Monomer B Monomer A 
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Supplementary Figure S2.3.8: Unit cell content of dark-state CvFAP in the P21 space group 

(PDB entry code 6ZH7) 

 

Monomers A and B in the asymmetric units i and ii are shown. The monomers are colored 

according to the distance between equivalent Cα atoms in monomers A and B as in 

Supplementary Figure S2. 
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Supplementary Figure S2.3.9: Crystal packing in P21 and P212121 space groups 

 

The crystal packings of dark-state CvFAP in the P21 (yellow) and the P212121 (blue) space 

groups are shown. The unit cells are shown in red for both space groups: a = 61.4 Å, b = 60.0 

Å, c = 182.9 Å and α = 90°, β = 90.6°, γ = 90° for P21 (Supplementary table S2.3.1) and a = 

60.2 Å, b = 61.6 Å, c = 183.6 Å and α, β, γ = 90° for P212121 (Supplementary table S2.3.3). The 

superposition indicates that the P21 packing is only a minor deviation from the P212121 packing.  
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3.1 Introduction 

 

 

3.1.1 Fluorescent proteins  

 

Fluorescent proteins (FPs) have revolutionized life sciences by being used in optical 

microscopy to mark biological samples. FPs share many features such as the tertiary structure 

of the majority of FPs consists of an 11-stranded β-barrel. As the name implies, the structure 

surrounding a three-amino-acid chromophore is barrel-shaped (Figure 3.1.1). The chromophore 

core structure is a 4-(p-hydroxybenzylidene)-5-imidazolinone (p-HBI) moiety formed 

autocatalytically by three amino acids. The first residue may vary while the other two are 

usually tyrosine and glycine. In the presence of oxygen, the three-residue chromophore matures 

to a p-HBI chromophore. Specifically, tyrosine is reduced to a hydroxybenzylidene moiety, 

while glycine is cyclized into an imidazolinone ring. These two aromatic rings, linked by an 

ethylene bridge, are part of a conjugated system that is common to green-light-emitting FPs. 

When the first residue of the tripeptide participates in the conjugated system of the 

chromophore, then the FPs are more likely to be red-shifted.  

 

The 2008 Nobel Prize in Chemistry was awarded to three scientists “for the discovery and 

development of the green fluorescent protein, GFP” (www.nobelprize.org). These three 

scientists and their contributions were: 

 

i) Osamu Shimomura first extracted, purified, crystallized, and determined the 

structure of the GFP from Aequorea victoria (a jellyfish) and reported that it shines 

bright green when exposed to visible light. He was able to denature GFP and applied 

digestion with papain. He then isolated the only fragment that absorbed UV/vis light 

above 300 nm and that had a similar absorption spectrum to GFP. Even though this 

fragment did not fluoresce, it was presumed that this was the chromophore (Head et 

al. 2000; Shimomura 1979). 

 

ii) Martin Chalfie demonstrated how GFPs can be a luminescent reporter gene. He 

managed to express GFP in the transparent worm Caenorhabditis elegans and the 

bacterium Escherichia coli (Chalfie et al. 1994). 
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iii) Roger Y. Tsien contributed to further the knowledge of GFP fluorescence. He 

reported that the autocatalytic formation of the chromophore was oxygen-dependent 

(Heim, Prasher, and Tsien 1994). He also generated genetically modified variants 

of the GFP which allowed to extend the fluorescence emission colors to a wide range 

of emission wavelengths throughout the visible spectrum (Shaner et al. 2004; Wang 

et al. 2004). 

 

The protonation state of the p-hydroxybenzylidene moiety is pivotal for the fluorescence 

properties of the chromophore that are also affected by its protein environment. The latter is 

important for the fluorescence properties of the p-HBI which are also affected by the 

chromophore’s environment. 

 

A subclass of FPs, known as phototransformable FPs (or PTFPs), has been developed that 

undergoes specific phototransformations (Adam et al. 2014). Such phototransformations may 

be reversible, irreversible, or both, resulting in spectrally and structurally distinct types with far 

greater adaptability than the standard FPs. The employment of such FPs is the foundation of 

many breakthroughs in advanced fluorescence microscopy. For instance, cellular trafficking 

and single-molecule observation and localization within a cell or a tissue are some relevant 

advanced applications. So far, PTFPs have been discovered in the Anthozoa class (e.g. stony 

corals). They have also been engineered using FPs from another class of Cnidaria phylum, the 

Hydrozoa (e.g. jellyfish). PTFPs fall into three categories: 

 

i) Photoactivable FPs (PAFPs). Upon light absorption, PAFPs undergo an irreversible 

activation from a non-fluorescent native state (dark state) to a fluorescent state 

(light-emitting state). An example is the green-emitting GFP-derived PA-GFP (for 

photo and activatable GFP) (Patterson and Lippincott-Schwartz 2002). After light 

excitation, decarboxylation of Glu222 close to the chromophore, together with the 

rotation of Thr203, stabilizes the anionic, fluorescent form of the chromophore. 

(Patterson and Lippincott-Schwartz 2002). 

 

ii) Photoconvertible FPs (PCFPs). In this category of PTFPs, the chromophore is 

altered chemically in an irreversible manner upon UV/violet light irradiation. 

Taking the example of the first-ever discovered PCFP, Kaede (Ando et al. 2002) 
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which is a green-to-red PCFP was isolated from a stony coral, Trachyphyllia 

geoffroyi. In its native state, the FP emits green light and is photoconverted to a red-

emitting state. The mechanism is described by a β-elimination that involves the 

carboxylic acid of the Glu212 side chain, Cα of His62 (first residue of the 

chromophore triplet), and a water molecule in the vicinity of His62 (Hayashi et al. 

2007; Mizuno et al. 2003). This leads to the backbone cleavage between His62 and 

Phe61, changing the structure of the chromophore and expanding the conjugated π-

system of the latter. 

 

iii) Reversibly photoswitchable FPs (RSFPs). The characteristic of the RSFPs is that 

their chromophore has two conformational states, the fluorescent (on-state) and the 

non-fluorescent (off-state), and two protonation states, the anionic and the 

protonated. The chromophore can be reversibly tackled between them by light 

activation. This photoisomerization is described by a strong variation of the 

chromophore’s twist and tilt dihedral angles (φ and τ dihedral angles). 

Photoswitching is an intrinsic feature of the triplet of amino acids composing the 

chromophore (Yang et al. 2008). 

 

The current study focuses on RSFPs that we will thus introduce more in-depth in the following 

section.  

 

 

3.1.2 Reversibly photoswitchable fluorescent proteins  

 

RSFPs’ chromophores can undergo trans-to-cis and trans-to-cis isomerization upon light 

absorption. They are classified into two categories depending on their resting state, i.e. 

“negative” and “positive” switchers. In negative RSFPs, the chromophore switches to the off-

state following light absorption of the on-state, whereas in positive RSFPs, the chromophore 

undergoes on-switching upon illumination of the off-state (Jensen et al. 2020). At neutral pH, 

the resting state of negative RSFPs is the fluorescent state (on-state) and the chromophore is in 

the cis conformation and with an anionic state. Photoswitching to its non-fluorescent state (off-

state) leads to a protonated trans conformation which is a less stable state. From the off-state, 

the on-state can be reached either by light illumination or by thermal conversion. Positive 
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RSFPs have the opposite properties. An exception in negative RSFPs is rsGamillus whose off-

switching event is accompanied by trans-to-cis isomerization coupled with protonation of the 

chromophore (Shinoda et al. 2019). Dronpa (Ando, Mizuno, and Miyawaki 2004) (PDB ID: 

2IE2) which is a negative RSFP was the first green RSFP engineered from Echinoplyllia a stony 

coral. Faster photoswitchable RSFPs evolved from Dronpa are Dronpa2 (M159T) and Dronpa3 

(V157I and M159T) as well as rsFastLime (V157G) (Ando et al. 2007; Andresen et al. 2008; 

Stiel et al. 2007). Dronpa and its mutants share the same chromophore triplet of amino acids, 

i.e. Cys-Tyr-Gly, but they differ in their chromophore pocket as the mutations occur in the 

vicinity of the chromophore. Another example of negative RSFP designed from Anthozoan FP 

is the blue-emitting mTFP0.7 (Henderson et al. 2007) and the red-emitting rsCherryRev (Stiel 

et al. 2008). Padron (Stiel et al. 2007), a Dronpa mutant, is a positive RSFP that exhibits the 

reverse action compared to its parental protein. Other positive RSFPs of the Anthozoan class 

are the red-emitting asFP595 (Lukyanov et al. 2000) and rsCherry (Stiel et al. 2008). RSFPs, 

especially “negative” ones, are also engineered from Hydrozoan FPs and specifically from A. 

victoria and thus from GFP. Examples of green-emitting RSFPs are Mut2Q (Abbruzzetti et al. 

2005), rsFolder, and rsFolder2 (El Khatib et al. 2016), rsEGFP (Grotjohann et al. 2011a), 

rsEGFP2 (Grotjohann et al. 2012a) whose chromophore triad is Ala-Tyr-Gly, except for 

rsEGFP that is Thr-Tyr-Gly. The first yellow-emitting RSFP is EYQ1 (Bizzarri et al. 2010) that 

was evolved from EYFP; referred to as clone 10C in (Ormö et al. 1996). An extensive literature 

on RSFPs is found in the following reviews (Adam 2014; Adam et al. 2014; Bourgeois and 

Adam 2012; Bourgeois, Regis-Faro, and Adam 2012; Duan et al. 2014; Jensen et al. 2020; Zhou 

and Lin 2013).  

 

In the present Ph.D. work, structural and functional aspects of rsEGFP2 were studied with the 

aim to to reach a structural understanding of the switching mechanism as a marker in super-

resolution microscopy and especially in REversible Saturable OpticaL Fluorescence 

Transitions (RESOLFT) fluorescent microscopy (A. Schwentker et al. 2007; Dedecker et al. 

2007; Hell, Jakobs, and Kastrup 2003; Hofmann et al. 2005). 

 

 

3.1.3 Super-resolution microscopy 
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Ernst Abbe, who was a physicist, contemplated a physical limit for the highest resolution of the 

conventional lens-based optical microscope in 1873 (Abbe 1873). A microscope's resolution is 

defined as the shortest distance between two spots on an image that can still be identified as 

two distinct objects on the sample, corresponding at best to half the wavelength of visible light 

(λ/2 > 200nm, known as Abbe’s diffraction limit).  

 

The development of electron microscopy lead to an increase in resolution. Another German 

physicist Ernst Ruska, who was awarded the Nobel Prize in Physics in 1986, designed and 

developed the prototype of the electron microscope (Ruska 1934). Since then, the resolution 

limit of such instruments has been pushed up to 0.5 Å (Smith 2008). As far as the biological 

samples are concerned, 1 Å resolution was only recently reached for apoferritin, a 474-kDa 

globular multidomain protein, by using single-particle cryo-electron microscopy (Nakane et al. 

2020; Yip et al. 2020).  

 

Circumvention of the above-mentioned diffraction limit in optical microscopy was suggested 

by Eric Betzig, Stefan W. Hell, William E. Moerner who were awarded the Nobel Prize in 

Chemistry in 2014. The work of these scientists led to the increase of the resolution of optical 

microscopy by using fluorescent molecules. Hence, applications have been broadened to label 

biomolecules within the cell and track biological processes such as cell division (Sahl, Hell, 

and Jakobs 2017). Studying biological samples at the nanoscale landmarked the so-called 

nanoscopy or super-resolution microscopy whose resolution can reach 1 nm (Balzarotti et al. 

2017).  

 

RSFPs are used as molecular markers in many super-resolution microscopy techniques such as 

RESOLFT (Reversible Saturable Optical Fluorescence Transition (A. Schwentker et al. 2007; 

Dedecker et al. 2007; Hell et al. 2003; Hofmann et al. 2005)), NL-SIM (Non-Linear Structured 

Illumination Microscopy (Gustafsson 2005)), SOFI (Super-resolution Optical Fluctuation 

Imaging (Dertinger et al. 2009)) and PALM (Photo Activated Localization Microscopy (Shroff 

et al. 2007)). Extended literature on the applications of super-resolution microscopy in cell 

biology can be found in the following reviews (Jacquemet et al. 2020; Jensen et al. 2020; Jing 

et al. 2021; Khater, Nabi, and Hamarneh 2020; Schubert 2017; Valli et al. 2021). 

 

The RESOLFT technique is based on the same concept as the stimulated emission depletion 

(STED) microscopy (Hell and Wichmann 1994; Vicidomini, Bianchini, and Diaspro 2018). 
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Yet, in contrast to STED, which needs a powerful depletion laser, RESOLFT was designed to 

operate at a low saturation intensity, allowing for substantially decreased phototoxic damage 

(Grotjohann et al. 2011). An important element of RESOLFT is that it takes advantage of the 

relatively stable states of RSFPs (on- and off-states) that are interchanged upon light 

illumination. Such states are characterized by the structural conformation (cis and trans) and 

by the protonation state of the chromophore. This light-driven process of photoswitching 

involves different metastable intermediate states of the chromophore that are characterized by 

their capability to be fluorescent or non-fluorescent. For an experiment with rsEGFP2, 

RESOLFT set-up requires a confocal scanner that includes a 405-nm focal beam and two 491-

nm focal beams for the on- and off-switching of the chromophore, respectively. The two 491-

nm beams are (i) a conventional Gaussian-shaped beam that reads out the fluorescence and (ii) 

a doughnut-shaped beam whose central intensity is minimum (or “zero”) and the focal 

periphery has maximum intensity. Using a pulse method, each image is taken pixel by pixel. 

The sample is first irradiated by the 405-nm beam for ~100 μs activating the rsEGFP2 

molecules within the focal area. Next, the 491-nm beam is employed for tens of ms to enable 

off-switching of rsEGFP2 molecules. As the latter beam is doughnut-shaped, the molecules in 

the center of the beam (zero intensity) remain active, whose fluorescence is then read out by 

the Gaussian-shaped 491-nm beam for a few ms. The procedure is repeated to scan the whole 

sample (Grotjohann et al. 2011a, 2012a; Testa et al. 2012). RESOLFT super-resolution 

microscopy is suitable for in vivo imaging due to its low light intensities. Alternatively to 

RSFPs, organic dyes like the Cy3-Alexa67 heterodimer can also be used in RESOLFT super-

resolution microscopy (Kwon et al. 2015). 

 

 

3.1.4 rsEGFP2  

 

A UV/Vis absorption spectrum from avGFP includes two peaks. A major peak at 395 nm and 

a minor peak at 475 nm. The former peak is attributed to the neutral (or protonated) form of the 

chromophore whereas the latter peak corresponds to the anionic form of the chromophore 

(Tsien 1998). Enhanced Green Fluorescent Protein (EGFP) was first reported in 1995, deviating 

by a single point mutation (S65T) from avGFP (Heim, Cubitt, and Tsien 1995). Specifically, 

the excitation spectrum showed a single peak at 490 nm and an emission peak at 510 nm with 

an amplitude nearly six-fold higher than that of the wild-type protein. In EGFP, the excitation 
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maximum is red-shifted by about 100 nm with respect to the avGFP spectrum. Moreover, the 

EGFPs folded more efficiently than the avGFP when expressed in Escherichia coli. The two 

above-mentioned properties induce the increase of the fluorescence intensity (Cormack, 

Valdivia, and Falkow 1996). The fluorescence quantum yield (FQY) of EGFP is 0.6 and the 

extinction coefficient (ε) is 55900 M-1 cm-1 at 488 nm (https://www.fpbase.org/protein/egfp/) 

while the respective values for the avGFP are 0.79 and 25000 M-1 cm-1 at 395 nm 

(https://www.fpbase.org/protein/avgfp/). Moreover, a double mutation of the GFP 

chromophore (F64L and S65T) shows an approximately 35-fold higher cellular brightness than 

the avGFP allowing the use of EGFP in imaging of mammalian cells (Zhang, Gurtu, and Kain 

1996). 

 

rsEGFP is a reversibly switchable EGFP that can be switched on at λ = 405 nm and off at λ = 

491 nm. In the on-state, rsEGFP has an absorption peak at λ = 491 nm due to an anionic phenol 

group of the chromophore, while the off-state corresponds to the neutral state of the 

chromophore and has an absorption peak at λ = 396 nm. The on-state is characterized by a FQY 

of 0.36, an ε of 47000 M-1 cm-1 at 491 nm, and a chromophore maturation time of 180 min 

(Grotjohann et al. 2011b). The ε of the off-state is 17900 M-1 cm-1 at 405 nm (Duwé et al. 2015). 

The half-time for spontaneous conversion from the off- to the on-state is approximately 23 min 

(Grotjohann et al. 2011b). sEGFP2 was generated to provide faster switching between the on- 

and off-state and to shorten the recording time with RESOLFT (Grotjohann et al. 2012b) (Figure 

3.1.2). The excitation and emission peaks of rsEGFP2 are located at λ = 478 nm and λ = 503 

nm, respectively. When the on-state of rsEGFP2 is irradiated with a 488 nm light, fluorescence 

is induced and the rsEGFP2 moves to the off-state, whereas irradiation at 405 nm switches the 

protein back to the on-state. Photoswitching involves isomerization (cis in on; trans in off) and 

a change in protonation state (anionic in on; neutral in off) of the chromophore and 

reorganization of residues in the chromophore pocket. The quantum yield (QY) of off-to-on 

switching (0.23) is higher than the one of on-to-off switching (0.0093) (Adam et al. 2021). 

 

Both structures, the on-state (cis), and off-state (trans) were solved by cryo-macromolecular 

synchrotron crystallography at 1.45 (PDB ID: 5DTX) and 1.5 Å (PDB ID: 5DTY) resolution, 

respectively. (El Khatib et al. 2016). Structure elucidation of rsEGFP2 established that the cis-

trans isomerization mechanism is similar in Hydrozoan and Anthozoan RSFPs (El Khatib et al. 

2016). As rsEGFP2 is a negative RSFP, its resting state is the on-state. To obtain the off-state 

structure of rsEGFP2, the crystals were illuminated by a laser at 488 nm provoking an on-to-

https://www.fpbase.org/protein/egfp/
https://www.fpbase.org/protein/avgfp/
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off switching. Nevertheless, there are some notable differences in the cis-trans isomerization of 

RSFPs from Hydrozoan and Anthozoan. For comparison, two negative RSFPs, Dronpa 

(Anthozoan) and rsEGFP2 (Hydrozoan) are briefly described in the following. In Dronpa 

(Figure 3.1.3), upon off-switching the trans conformation (PDB ID: 2POX (Andresen et al. 

2007)), the Glu144-Arg66-Glu211 triad replaces the H-bonded Glu144-His193-Glu211 triad in 

the cis conformation (PDB ID: 4EMQ (Nguyen Bich et al. 2012)). Moreover, the chromophore 

is stabilized by His193 or Arg66 and Arg91 via π-snacking or cation-π interactions with the p-

hydroxybenzylidene moiety in the cis or trans conformations, respectively (Bourgeois and 

Adam 2012; El Khatib et al. 2016). In rsEGFP2, on the other hand, major rearrangements are 

observed in the vicinity of the p-hydroxybenzylidene part of the chromophore. Particularly, in 

the cis conformation (on-state), the oxygen of the phenolate group interacts via H-bonds with 

the side chains of His149 and Thr204 and a water molecule. On the contrary, in the trans 

conformation (off-state), the phenol oxygen is only H-bonded to a water molecule that is not 

present in the on-state (Figure 3.3.7). Additionally, the side chain of Glu223 binds 

imidazolinone moiety via H-bond in the off-state but not in the on-state. Structural information 

of rsEGFP2 in both on- and off-states was confirmed by serial femtosecond crystallography 

(SFX) at room temperature (RT) (Coquelle et al. 2018b). However, off-state heterogeneity of 

rsEGFP2 has been detected by SFX at RT in a more recent study (Woodhouse et al. 2020a). In 

addition to the previously mentioned trans conformation (or trans1), a second trans 

conformation (trans2) was characterized (Woodhouse et al. 2020a), whose conformation 

resembles the trans conformation of the chromophore of rsFolder2 in its off-state (cf. Section 

3.3). 

 

This chapter is divided into three sections: 

 

i) Time-resolved (TR) SFX studies on rsEGFP2 mutants, V151A and V151L (Section 

3.2). The amino acid in position 151 was suggested to be a steric obstacle in the off-to-

on isomerization pathway (see Supplementary Movie 1 in (Coquelle et al. 2018b)). To 

test this hypothesis, a rsEGFP2 variant with a shorter (V151A; (Coquelle et al. 2018b)) 

and larger (V151L; (Adam et al. 2021)) amino acid side chain were generated. TR-SFX 

experiments at a nanosecond pump-probe delay were able to characterize ground-state 

intermediate structures in both mutants. 
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ii) Rational control of off-state heterogeneity in a photoswitchable fluorescent protein 

provides switching contrast enhancement (Section 3.3). In-depth investigation of the 

off-state heterogeneity in the RSFPs by static SFX, cryo-MX, in vitro and in vivo 

photophysical characterization, UV-visible absorption spectroscopy, RESOLFT 

experiments, and quantum chemical calculations. This part of my work was published 

in (Adam et al. 2021). 

 

iii) Comparison of synchrotron and XFEL room-temperature serial crystallography data 

using microcrystals of parental rsEGFP2 with size as low as 3 × 3 × 3 𝜇3 (Section 3.3).  
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3.1.5 Figures 

 

Figure 3.3.1: Structure of the GFP from Aequorea victoria (avGFP) and its chromophore 

(a) Crystal structure of the avGFP (PDB ID: 1EMA, 1.9 Å resolution) showcasing an 11-

stranded β-barrel that surrounds a chromophore. High transparency of the beta-sheets is set 

for better visualization of the chromophore. (b) The chromophore of avGFP is formed from 
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three amino acids, Ser65-Tyr66-Gly67. The two dihedral angles (τ and φ) are shown in orange. 

”R” and “Z” stand for Rectus and Zusammen. (c) Excitation (purple) and emission spectra 

(green) of avGFP. The maximum excitation and emission wavelengths are at 395 and 509 nm, 

respectively. The excitation coefficient is 25 000 M-1.cm-1 and the FQY is 0.79. Spectra and 

photophysical parameters are collected from the FP base website (https://www.fpbase.org/) 

(Lambert 2019).  

https://www.fpbase.org/
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Figure 3.1.2: Photoswitching cycle of rsEGFP2 

Chromophore in the fluorescent on-state (cis, anionic; upper panel) and the non-fluorescent 

off-state (trans, neutral; lower panel). The two dihedral angles (τ and φ) are shown in orange. 

Photoisomerization occurs after irradiating the on-state at 488 nm (cis-to-trans) and the off-

state at 400 nm (trans-to-cis). The size of the arrows indicates the proportionality of the 

switching QY (0.23 for off-to-on and 0.0093 for on-to-off (Adam et al. 2021)). 
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Figure 3.1.3: Chromophore pocket of the off- and on-state structures of Dronpa 

Off- (a; PDB ID: 2POX (Andresen et al. 2007)) and on- (b; PDB ID: 4EMQ (Nguyen Bich et 

al. 2012)) state structures of Dronpa. Hydrogen and π-stacking or cation-π interactions are 

shown in yellow and red dashed lines, respectively. The amino acid composition of the GYC 

chromophore is Gly-Tyr-Cis. 
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3.2 Time-resolved SFX studies on rsEGFP2 mutants 

 

 

3.2.1 Introduction  

 

This section describes my contribution to a paper in preparation entitled “Trans to cis photo-

isomerization in fluorescent proteins is independent of the free volume”. I was involved in all 

steps of protein expression, microcyrstallizationTR- SFX experiments and data analysis on 

rsEGFP2 mutants, V151A and V151L. The complete author list of this paper is: 

 

L. M. Uriarte#, K. Hadjidemetriou#, A.-S. Banneville, T. R. M. Barends, N. Coquelle, R. B. 

Doak, F. Fieschi, L. Foucar, A. Gorel, M. Hilpert, M. Kloos, C. M. Roome, R. L. Shoeman, 

S.Owada, G. Schirò, M.Stricker, M. Thépaut, K. Ueda, D. You, N. Zala, A. Lukacs; G. 
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Sliwa 

 

Recently, time-resolved serial femtosecond crystallography (TR-SFX) was used to study the 

off-to-on switching mechanism of rsEGFP2 (Coquelle et al. 2018b; Woodhouse et al. 2020a). 

As the quantum yield of the on-to-off switching is 10 times lower than that of off-to-on 

switching, only the study of the latter mechanism is in practice possible by crystallography. 

During those TR-SFX experiments, a pump-probe scheme (Figure 3.2.1) was used which 

consisted of an optical laser at 400 nm for triggering on-switching and an XFEL beam to record 

diffraction patterns from the microcrystals after a certain time delay. As the resting state of the 

rsEGFP2 is the on-state (cis conformation of the chromophore), the microcrystals had to be 

photoswitched from the on- to the off-state by an inline cw laser (488 nm) before the injection 

into the XFEL beam (Schirò et al. 2017). 

 

The excited-state intermediate structure revealed a twisted chromophore at 3% occupancy 

(model T) halfway between the trans and cis isomers at 1 ps after photon absorption (PDB ID: 

5O8B) (Coquelle et al. 2018b). In addition to the model T, a second planar conformation (model 

P) of the chromophore was observed at the 1ps-intermediate state at occupancy of 4% (PDB 

ID: 5O8B). The main structural changes in the vicinity of the chromophore between the 

structures in the off-state and after 1 ps of light triggering were (Coquelle et al. 2018b):  
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(i) a hydrogen bond of Arg97 with the imidazolinone ring of the chromophore in the 

on- and off-state while this interaction is absent in the excited intermediate state. 

 

(ii) displacement of about 1 Å of the side chain of His149 maintaining the hydrogen 

bond with the side chain of the Tyr146 as was the case in the off-state structure. 

 

(iii) different rotamers for the Val151 and Thr204 side chains that are coupled with the 

movement of the p-hydroxybenzylidene moiety of the chromophore. 

 

(iv) the twisting conformation of the chromophore is accompanied by a displacement 

along the barrel axis of the α-helix in the N-terminal of the chromophore. 

 

Inspection of the excited-state structure 1 ps after photoexcitation indicated that steric hindrance 

of the valine residue in position 151 might hinder off-to-on switching (Supplementary Movie 1 

in (Coquelle et al. 2018b)). To test this hypothesis, two variants of rsEGFP2, V151A, and 

V151L were generated. Photophysical characterization of the two variants was carried out by 

Dr. Virgile Adam (DYNAMOP/IBS, Grenoble), static macromolecular X-ray structures were 

solved by Dr. Joyce Woodhouse (DYNAMOP/IBS, Grenoble) (Adam et al. 2021). rsEGFP2-

V151A had a similar off-to-on switching QY = 2.5×10-3 than parental rsEGFP2 whose value 

was 2.3×10-3 (Adam et al. 2021). Surprisingly, rsEGFP2-V151A had a better switching contrast 

(119) than parental rsEGFP2 (43). Regarding the rsEGFP2-V151L variant, it was shown that 

its brightness was higher than the one of rsEGFP2, but that the off-to-on switching QY and 

contrast were lower (see Section 3.3 for more information). TR-SFX, together with 

femtosecond transient absorption spectroscopy in solution, thus suggested that the trans-to-cis 

isomerization takes place in the excited state on the picosecond time scale and that a ground-

state proton transfer occurs at later stages of photoswitching (Coquelle et al. 2018b). This is in 

accordance with what was observed in Dronpa (Warren et al. 2013; Yadav et al. 2015), an 

anthozoan RSFP. Moreover, transient absorption spectroscopy in D2O confirmed that proton 

transfer does not occur in the excited state (Coquelle et al. 2018b). 

 

A follow-up TR-SFX experiment on trans-to-cis isomerization in parental rsEGFP2 triggered 

by 400-nm laser illumination was performed with a pump-probe delay of 10 ns (Woodhouse et 

al. 2020a). The crystal structure (PDB ID: 6T3A) revealed a cis chromophore in a protein 
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pocket different from the on-state structure. Specifically, the water molecule that is H-bounded 

to the cis isomer is also present in both 10-ns intermediate and on-state structures. His149 in 

the 10-ns intermediate structure is displaced by ~1 Å compared to the position of the same 

amino acid in the off-state structure. Concerning the side chain of Glu223, one of its oxygen 

atoms of the carboxylic group forms a hydrogen bond with the imidazolinone moiety of the 

chromophore. In the off-state structure, Glu223 also forms a hydrogen bond with imidazolinone 

moiety of the chromophore but not in the on-state structure. Time-resolved UV/Vis absorption 

spectroscopy showed that ground-state deprotonation of the chromophore occurred on the μs 

timescale, suggesting that the chromophore in the 10-ns intermediate structure is in its 

protonated state (Woodhouse et al. 2020a). Furthermore, spectroscopy suggested that 

deprotonation of the phenolate group is concomitant with the movement of the His149 side 

chain in its final position as it is modeled in the on-state structure of the rsEGFP2. 

 

The above described TR-SFX experiment on rsEGFP2 took place in 2015 at SACLA 

(Woodhouse et al. 2020a). The goal of a follow-up experiment was to determine ground-state 

structures formed after excited-state decay of the rsEGFP2-V151A and V151L variants starting 

from their off-state. The experiment took place at BL3-EH4c at SACLA in Japan from July 27th 

to July 29th 2018 (proposal SACLA2018A8026) during which I participated.  

 

 

3.2.2 Results and Discussion 

 

Off-state structures of rsEGFP2 V151A and V151L variants  

 

Prior to the injection, microcrystals of the variants V151A and V151L, whose size was about 

3 × 3 × 3 μm3, were pre-illuminated with a 488-nm laser to generate the off-state by 

photoisomerization of the chromophore from cis to trans. The off-state structures of rsEGFP2-

V151A and -V151L variants are described in Section 3.4 of the current manuscript (Adam et 

al. 2021). Briefly, when the side chain at position 151 is reduced (V151A) or increased (V151l), 

it results to only one off-state conformations with higher and lower photoswitching contrast, 

respectively, when compared to parental rsEGFP2.  
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Intermediate state structures of rsEGFP2-V151A and -V151L variants 10 ns after 

photoexcitation 

 

TR-SFX data were collected according to a pump-probe scheme (Figure 3.2.1) at a 10 ns time 

delay for both variants. The pump-laser energy that was used was 2 and 5 μJ for the variants 

V151A and V151L, respectively. A pump-probe delay of 10 ns was chosen for comparison 

purposes with the corresponding 10-ns intermediate structure of rsEGFP2 (Woodhouse et al. 

2020a).  

 

The structural traits that emerge within 10 ns after photoexcitation may be distinguished from 

the off-state structure in a q-weighted (Ursby and Bourgeois 1997) Fourier difference map 

Fobs
10ns-state- Fobs

off_state for both datasets (Figure 3.2.2) at 1.95 and 2.1 Å resolution for V151A 

and V151L, respectively. Xtrapol8 was used to generate these maps (De Zitter et al. 2022). The 

highest positive and negative peaks were observed at the positions of cis and trans 

chromophores, respectively, for both V151A and V151L variants (Figure 3.2.2). Peaks on the 

cis and trans conformations are respectively at +8.9 and -7.5 σ (+5.5 and -5.6 σ) for V151A 

(V151L). The chromophore movement suggested to occur from the negative to the positive 

peak is more noticeable in V151A than in V151L because of the proximity of the trans and cis 

chromophore conformations so that part of the positive and negative signals cancel out. Fobs
10ns-

state- Fobs
off_state maps also display important peaks on side chains in the vicinity of the 

chromophore. In V151A, Fobs
10ns-state- Fobs

off_state peaks are detected on alternative conformations 

of the Tyr146 side chain that correspond to the off- (-4.7 σ) and on- state (+5.0 σ) conformations 

and on the side chain of Ala151 (+5.0 σ). In V151L, there is a positive peak (+4.0 σ) on the on-

state conformation of the Leu151 side chain. 

 

Structure refinement against extrapolated structure factor amplitudes (Fext
Δt_10_ns) was 

performed for both V151A and V151L datasets. Occupancies of 0.20 and 0.25, respectively, 

were estimated by Xtrapol8 (Figure 3.2.3). Briefly, the similarity between the Fext
10ns-state– Fcal

off-

state maps calculated at different occupancies and the Fobs
10ns-state- Fobs

off_state map was estimated, 

and the occupancies were set at the value in which the similarity between the two types of maps 

was at its highest. A continuous density englobes the totality if the chromophore is observed in 

the 2Fext
10ns-state– Fcal

off-state maps of both V151A and V151L 10-ns intermediate structures 

(Figure 3.2.4). The main and side chains of amino acids are also well defined in the extrapolated 

electron density maps, except for the side chain of His149 that is not well defined in the 2Fext
10ns-
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state– Fcal
off-state maps for both V151A and V151L. The main difference between the off-state 

structure and the 10-ns intermediate structure in both variants is the chromophore isomerization 

state (Figure 3.2.5). Additionally, His149NE2 is displaced from the respective off-state 

conformation by 1.5 and 1.0 Å respectively for the intermediate structure of V151A and V151L 

(Figure 3.2.5). Tyr146 in the intermediate structure is displaced by 2.1 and 1.3 Å from the 

corresponding off-state structure of V151A and V151L (Figure 3.2.5). Comparison of V151A 

and V151L on-state structures with the respective intermediate structures shows that they are 

globally superimposable at the position of the chromophore as well as at the position of the 

amino acids in the chromophore pocket, except for His149 (Figure 3.2.6). Ten ns after 

photoexcitation, His149 has thus not reached its final on-state position.  

 

A similar hydrogen bond network is observed between the 10-ns intermediate structures of the 

two variants (Figure 3.2.7). An exception is the hydrogen bond between the chromophore and 

the His149. In V151A variant (V151L variant), the chromophore makes an H-bond with 

His149NE2 (His149ND1) at 2.5 Å (3.3 Å) (Figure 3.2.7). The same structural observations 

were made with the parental rsEGFP2 concerning the chromophore and the chromophore 

pocket in the 10-ns intermediate structure (Woodhouse et al. 2020a). An assumption was made 

for the parental rsEGFP2 that the protonation state of His149 would not change between the 

10-ns intermediate state and the on-state and that the p-hydroxybenzylidene group of the 

chromophore was a donor and the His149 was an acceptor of the hydrogen bond. This suggested 

that the chromophore of the parental rsEGFP2 was in a protonated state (Woodhouse et al. 

2020a). 

 

Furthermore, unpublished time-resolved UV/Vis and infrared spectroscopy results by Dr. Lucas 

M. Uriarte and Dr. Michel Sliwa from Université de Lille in France, showed by using time-

resolved absorption UV/Vis spectroscopy that the protonation transfer occurs at μs-ms time 

scale (Figure 3.2.8). The experiments were carried out in solution at 50 mM HEPES pH 8, 50 

mM NaCl. The time-resolved difference spectrum of the V151A variant shows at 100 ns a 

positive band centered at 430 nm (Figure 3.2.8a, c). This positive peak evolves as a function of 

time and at a millisecond time scale, two bands are observed, one negative at 400 nm and one 

positive at 480 nm. Time-resolved difference spectrum of V151L mutant shows at 100 ns one 

positive band centered at 380 nm and one negative band centered at 440 nm (Figure 3.2.8b, d). 

At the millisecond time scale, the two peaks evolve, and new peaks appear, one positive 

centered at 480 nm and one negative centered at 410 nm. Experiments carried out in D2O 
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solution (50 mM HEPES pD 8, 50 mM NaCl) for V151A (V151L), yielded time constants of 

1.76 µs, 20.91 µs, 251µs, and 3.95 ms (4.59 µs, 33.05 µs, and 1.4 ms). The isotope effects are 

assigned to the last time constant, kH/kD = 3.46 (for the two last time constants, kH/kD= 1.77 

and 2.22, respectively) (Figure 3.2.8e-h). This indicates that the last and the two evolutions in 

V151A and V151L variants, respectively, can be assigned to proton transfer steps. In summary, 

the protonation state from the off-state to the 10 ns after photoexcitation does not change. In 

other words, the chromophore at cis conformation after 10 ns of pump-probe delay is 

protonated. Moreover, time-resolved absorption UV/Vis spectroscopy suggested the absence 

of excited-state proton transfer. Briefly, no isotopic effect for the lifetime of excited states 

species was detected in time-resolved absorption UV/Vis spectroscopy measurements 

performed in D2O compared with H2O buffers (results not shown). Dr. Lucas M. Uriarte and 

Dr. Michel Sliwa also concluded that after 10 ns the chromophore is in its ground state as the 

excited state has decayed to the ground state (time delay > 10 ps) (results not shown). 

 

 

3.2.3 Conclusions and Perspectives 

 

In summary, both V151A and V151L intermediate structures solved by TR-SFX feature the 

same changes after 10 ns of photoexcitation which are isomerized from trans to cis of the 

chromophore, amino acid side chains in the chromophore pocket are in the same position as in 

the on-state structure and the only exception is His149 whose position is closer to the off-state 

structure than to the on-state structure. Time-resolved absorption UV/Vis spectroscopy 

suggested that chromophore in the 10-ns intermediate structures in both mutants is protonated 

and that the deprotonation of the chromophore takes place in later steps of photoisomerization 

(µs-ms range) via ground state proton transfer process.  

 

Further investigation of the off-to-on photoswitching of the V151A and V151L mutants is 

currently undergoing to capture excited-state structures by TR-SFX. Unpublished time-

resolved UV/Vis and infrared spectroscopy results by Dr. Lucas M. Uriarte and Dr. Michel 

Sliwa suggested an excited-state isomerization (like the parental rsEGFP2 (Woodhouse et al. 

2020a)) and their isomerization time-constants are approximately identical, 0.72 and 0.70 ps 

for V151A and V151L, respectively (results not shown). Therefore, a pump-probe delay of 1 

ps at TR-SFX would reveal an excited-state structure for both mutants. Concerning the V151A 
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variant, a TR-SFX experiment was performed at SwissFEL in Switzerland (proposal: p17808) 

between May 28th and 31st, 2019 in which I participated. Data analysis is currently ongoing. A 

TR-SFX experiment on the V151L variant took place between February 17th and 20th, 2022 at 

the LCLS in the USA (proposal: LW61) during which the excited state structure 500 fs after 

photon absorption could be determined (not shown). Together with Ninon Zala, I expressed, 

purified and crystallized several grams of the V151L variant for that experiment, in which I 

participated remotely. Resolving the excited-state structures of both variants will clear up the 

off-to-on photoswitching of the RSFPs and allow understanding of the involvement of the 

chromophore pocket composition in the process (Figure 3.2.9). Shortening and lengthening the 

side chain of the amino acid in position 151 may or may not influence the off-to-on 

photoswitching mechanism and how this position stabilizes a twisted conformation in the 

excited-state structure of the parental rsEGFP2. 

 

 

3.2.4 Materials and Methods 

 

The different steps described in the “Materials and Methods” section are summarized in Table 

3.2.1. The indicated steps for this project were performed in collaboration with other members 

of the DYNAMOP group. Steps 1 to 4 are the same as they were described previously (Ando 

et al. 2007; Andresen et al. 2008; Stiel et al. 2007). Here, a brief description is presented along 

with the input provided by colleagues: 

 

• Plasmid construction (Step 1) was performed by Dr. Virgile Adam. 

• Bacterial transformation (Step 2) was performed by Dr. Anne-Sophie Banneville and 

Ninon Zala. 

• Bacterial culture and protein purification (Steps 3 and 4) were performed by Ninon Zala, 

Dr. Anne-Sophie Banneville, and myself. 

• Microcrystallization (Step 5) was performed mainly by myself with the help of Dr. 

Joyce Woodhouse. 

• Time-resolved serial femtosecond crystallography (Step 6): I participated in XFEL 

experiments on rsEGFP2 (LCLS, LR38, February 22nd – 26th, 2018; SACLA, 

SACLA2018A026, July 28th – 30th, 2018; SwissFEL, p17808, May 28th – 31st, 2019) 

and on FAP (LCLS, LT59, November 22nd – 25th, 2018). The full list and the 
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contribution of the people who participated in the TR-SFX experiments are available in 

Appendix 6.2 . 

• All the following steps (Steps 7 to 10) were performed by myself under the guidance of 

Dr. Nicolas Coquelle, Dr. Jacques-Philippe Colletier, and Dr. Martin Weik. 

 

The information that is described in the following steps regarding V151A and V151L variants 

is the same as they are described in (Adam et al. 2021). For more information, see Section 3.3 

of the current manuscript. 

 

Step 1: Plasmid production, site-directed mutagenesis 

 

Site-directed mutagenesis was performed to produce V151A and V151L variants of rsEGFP2 

using the primers 5′-CAACAGCCACAACGCCTATATCATGGCC-3′ and 5′-

CTACAACAGCCACAACCTCTATATCATGGCCG-3′, respectively. The plasmid coding for 

rsEGFP2 was provided by Prof. Stefan Jakobs (MPI for Biophysical Chemistry, Göttingen, 

Germany) and was used for mutagenesis. The pQE1 plasmid is suitable for expression in E. 

coli having a gene expressing the resistance for ampicillin. It expresses either V151A or V151L 

variants of rsEGFP2 fused to an N-terminal His-tag. The plasmid map that was used for this 

project is shown in Figure 3.2.10.  

 

Steps 2 and 3: Bacterial transformation, induction, and bacterial culture 

 

pQE31_rsEGFP2(-V151A or -V151L) plasmids were transformed in BL21 (DE) strain of E. 

coli using heat shock (42°C for 45 s). In a Petri dish, transformed bacteria were then spread on 

the surface of a semi-solid, agar-based lysogeny broth (LB) medium (Bertani 1951, 2004) in 

the presence of ampicillin. The Petri dish was incubated at 37°C overnight. The result is shown 

in Figure 3.2.10 in which the bacteria transformed with the plasmid of interest appear green 

under blue light. This observation is the same for the transformed bacteria coding for both 

V151A and V151L variants of rsEGFP2. Bacteria were grown in LB medium (Auto Induction 

Medium) (Sezonov, Joseleau-Petit, and D’Ari 2007) for 24 hours at 37°C. 

 

Step 4: Purification of rsEGFP2-V151A and rsEGFP2-V151L variants 
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Protein purification was carried out as described previously (El Khatib et al. 2016). rsEGFP2 

mutants fused to an N-terminal polyhistidine tag are expressed in the cytoplasmic compartment 

of E. coli BL21 cells. Cell lysis was performed using mechanical or sonication methods. During 

this step, the cells were broken open to access the intracellular content. After centrifugation, 

the supernatant containing the soluble cell components was collected. The pellet containing the 

broken membrane parts of the cells or any unbroken cells was disposed of. The supernatant 

then underwent two consecutive chromatography steps. The first consisted in immobilized 

metal-affinity chromatography (IMAC) using Ni(II)-nitrilotriacetic acid (NTA) agarose 

(QIAGEN) as stationary phase (Hochuli, Döbeli, and Schacher 1987). Immobilized NTA resin 

has four coordination interactions with Ni2+. The remaining two coordination positions of the 

octahedral Ni2+ are accessible by two imidazole rings that are part of the histidine side chains 

of the His-tag part of the recombinant protein. Thus, the recombinant protein of interest is 

specifically bound to the stationary phase of the column whereas the other proteins that are 

present in the soluble lysate are not bound to the column. The recombinant protein is then eluted 

in the presence of free imidazole molecules whose affinity is higher than the one of the 

polyhistidine tag. The following step consisted in size exclusion chromatography (SEC) (Barth, 

Jackson, and Boyes 1994) that separates biological macromolecules according to their 

molecular weight. The separation of the macromolecules is based on their relative size or their 

hydrodynamic volume with respect to the average pore size of the packing of the column. Small 

macromolecules easily pass through the pores, whereas large macromolecules don’t. Thus, 

large and small macromolecules are eluted in small and large volumes, respectively. The 

columns that were used for the purification of V151A and V151L variants were HiLoad® 

16/600 Superdex® 75 (GE Healthcare) and HiLoad® 26/600 Superdex® 75 (GE Healthcare), 

respectively. After the protein purification steps, ~250 mg and ~350 mg of V151A and V151L 

variants, were obtained per liter of bacterial culture. In total, about eight and two grams of 

V151A and V151L variants were produced, respectively. The V151A mutant was purified 

using the SEC method at the MP3 platform (IBS, Grenoble). A significant fraction of the 

purified protein of the V151A variant was used for other TR-SFX experiments (LR38, LCLS, 

and p17808, SwissFEL) which are not described in this section. The protein was concentrated 

at 50 mg.mL-1 and the sample was stored in 50 mM HEPES pH 7.5 and 50 mM NaCl at 4°C.  

 

Step 5: Protein microcrystallization by seeded batch 
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The microcrystallization protocol was set up by Prof. Ilme Schlichting (MPI Heidelberg, 

Germany) and used already for producing rsEGFP2 microcrystals for earlier TR-SFX 

experiments (Coquelle et al. 2018b; Woodhouse et al. 2020a). The seeded batch 

microcrystallization method was optimized by Dr. Joyce Woodhouse (Woodhouse 2018) and 

used for microcrystallizing the V151A and V151L variants. 

 

The seeded batch microcrystallization method consists of two parts: i) preparation of seeds, and 

ii) batch crystallization. To produce seeds, we first need to produce macrocrystals of V151A 

and V151L variants with vapor diffusion method using the same protocol as it was described 

previously for parental rsEGFP2 (El Khatib et al. 2016). Then, these macrocrystals were 

crushed. Three consecutive cycles of crystal crushing were performed using 1.5-, 1.0-, 0.5-mm 

zirconium beads contained in BeadBug™ 2.0-mL prefilled tubes (Sigma-Aldrich) using a 

BeadBug™ microtube homogenizer (Sigma-Aldrich). Each cycle consisted of crystal crushing 

for 45 s at 4,000 rpm, followed by cooling for 45 s in a stirred ice bath. The cooling step is 

important to keep the overall temperature of the sample as stable as possible because heating 

during crystal crushing may cause protein denaturation and/or crystal dissolution. 

Subsequently, the crushed crystals were successively filtered manually through PCTFE 

stainless steel frits with pore sizes of 10.0, 2.0, and 0.5 μm (IDEX Health & Science LLC) 

contained in the filter assembly (IDEX Health & Science LLC). Filtering ensured that the 

crushed crystals, to be used as seeds, had a homogeneous size of less than 0.5 μm. The seeds 

were stored in 2 M ammonium sulfate and 100 mM HEPES pH 8 at room temperature, protected 

from light. Microcrystals were obtained as described below: 

 

i) 1.2 mL of 3.33 M ammonium sulfate and 170 mM HEPES pH 8 (crystallization 

solution) were added in a 15-mL Falcon® tube. 

 

ii) 20 μL of seeds at 100 % (v/v) were then added to the crystallization solution 

accompanied by rapid mixing with a P200 pipette. 

 

iii) In the end, 0.8 mL of protein at 50 mg.mL-1 in 50 mM HEPES pH 7.5 and 50 mM NaCl 

was rapidly mixed with P1000 pipette with the crystallization solution including the 

seeds. 
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The final batch of ~2 mL contained 20 mg.mL-1 of protein, 2 M ammonium sulfate, 120 mM 

HEPES pH 8, and 20 mM NaCl. Once microcrystals had grown and settled within 2 - 3 days, 

the supernatant of the batch solution was removed and a new solution was added at 2 M 

ammonium sulfate and 100 mM HEPES pH 8 (final crystallization buffer). The added volume 

was calculated to get a concentration of settled microcrystals of 10 % (v/v). The final size of 

microcrystals was 3 × 3 × 3 μm3 for both variants. This procedure was repeated multiple times 

to crystallize the total quantity of the V151A and V151L mutants in solution. The microcrystals 

were then stored at room temperature and protected from light. 

 

Step 6: Data collection and online monitoring 

 

The TR-SFX experiment was carried out at the BL2 – EH3 experimental station of SACLA 

(Yabashi, Tanaka, and Ishikawa 2015) (SACLA 2018A8026, 27 – 29 July 2018). Before the 

injection, microcrystals were resuspended to the final crystallization buffer (2 M ammonium 

sulfate and 100 mM HEPES pH 8) at a concentration of 6.6 % (v/v). Then, microcrystals were 

filtered manually through PCTFE stainless steel frits of a 20 μm pore size (IDEX Health & 

Science LLC). Filtering was carried out to eliminate large blocks of microcrystals so as to avoid 

any potential clogging of the injection system. The samples (typically 4 mL volume) were 

loaded into a stainless-steel sample syringe, which was then installed on an anti-settling device 

(Lomb et al. 2012) onto a Peltier element-cooled (20°C) syringe holder (during the experiment 

the hutch temperature was about 27 – 29 ºC). Crystals were injected at a flow rate of 40 μL.min-

1 with a gas dynamic virtual nozzle (GDVN) (DePonte et al. 2008), using sample capillaries 

with an inner diameter of 75 μm into the helium-filled Diverse Application Platform for hard 

X-ray Diffraction (DAPHNIS) chamber (Tono et al. 2015)) at SACLA. 

 

The objective of our TR-SFX experiment was to study photointermediates during the off-to-on 

isomerization. Since the resting state of both V151A and V151L variants is the on-state, the 

chromophore within the microcrystalline proteins needed to be switched to the off-state prior to 

the TR-SFX experiment. The required pre-illumination was carried out using a 488 nm laser 

(200 mW nominal power, 25 ms transit time, 300 W.cm-2). However, the on-to-off quantum 

yields (φon-to-off) of both V151A and V151L mutants are 11.4 × 10−3and 6.5 × 10−3, 

respectively (cf. Table 1 in Appendix 6.2). The pre-illumination was performed using a custom-

made device inserted 2 m upstream of the GDVN nozzle into the injection tubing (Schirò et al. 

2017) and the residual amount of the remaining on-state (or pre-illumination efficiency) state 
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was assessed by absorption spectroscopy on microcrystals using a Nanodrop 2000c 

spectrometer. Spectra analysis is described in Section 3.4.5 of the current manuscript. In the 

case of rsEGFP2-V151A (Figure 3.3.5b) and V151L (Figure 3.3.5c), 85% and 77% (accuracy 

is estimated to be approximately 10%) were switched to the off-state, respectively, so that 15% 

and 23% remained in the on-state, respectively. 

 

TR-SFX data collection on rsEGFP2-V151A and -V151L variants was performed using X-ray 

pulses (nominal photon energy 7.6 keV, pulse length ≤ 10 fs) at a repetition rate of 30 Hz. The 

X-ray beam was focused to 1.3 μm (H) × 1.4 μm (V) (FWHM), the pulse energy was ~400 μJ. 

The reaction was initiated using optical laser pulses (wavelength of 400 nm, pulse length at 6 

ns) at a repetition rate of 15 Hz. The pump laser had a circularly polarized beam whose spot 

size was about 180 μm (FWHM) and an energy per pulse of 2 (0.8 absorbed photons per 

chromophore; 0.91 MW.cm-2 of laser power density) and 5 μJ (2.4 absorbed photons per 

chromophore; 2.3 MW.cm-2 of laser power density) for the experiments on V151A and V151L 

variants, respectively. The pump-probe delay was set to 10 ns. Data were acquired with the 

octal-MPCCD detector (Kameshima et al. 2014) with eight sensor modules positioned 50 mm 

away from the sample. The CFEL–ASG Software Suite (CASS (Foucar et al. 2012)) was used 

for online monitoring of diffraction data, such as diffraction resolution, hit rate, the fraction of 

multiple hits, and pixel saturation. 

 

Step 7: Data processing 

 

NanoPeakCell (Coquelle et al. 2015) was used for the off-line hit finding. Hit-finding 

parameters were adjusted after visual inspection of the first diffraction patterns using the 

NanoPeakCell graphical interface.  

 

For rsEGFP2-V151A in the 10-ns intermediate and the off-state, and rsEGFP2-V151L in the 

10-ns intermediate and the off-state, 8350, 10794, 3346, and 4930 images were indexed, 

respectively (Table 3.2.2). The CrystFEL v.0.7.0 suite (White 2019) was used for further data 

processing. The data were indexed with Mosflm and integrated using the rings-nocen option for 

all datasets. Merging was performed using CrystFEL v.0.8.0 with partialator using the xsphere 

partiality model with one cycle of scaling and post-refinement for all datasets. A resolution cut-

off of 1.95 and 2.1 Å for both light and dark datasets were chosen based on SNR, Rsplit, and 

CC* statistics (Table 3.2.2) for V151A and V151L variant datasets, respectively. 
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Step 8: SFX structure solution and refinement 

 

The off-state SFX structures were phased by molecular replacement with Phaser (McCoy et al. 

2007). As a search model was used the SFX off-state structure of parental rsEGFP2 (PDB entry 

6T39 (Woodhouse et al. 2020a)) for both structures of rsEGFP2-V151A (PDB entry 7O7X) 

and -V151L (PDB entry 7O7W) in the off-state (Adam et al. 2021).  

 

Refinement included positional and isotropic individual B-factor refinement in reciprocal space 

in Refmac5 (Murshudov et al. 2011) for all structures. Model building and real-space refinement 

were performed with Coot (Emsley and Cowtan 2004). Initially, the chromophore had been 

omitted from the model and subsequently included and modeled as described below. Once the 

chromophore had been included, its position and isotropic individual B-factors were refined in 

reciprocal space, while the protein moiety remained fixed. 

 

For rsEGFP2-V151A in the off-state, the chromophore was first modeled at 100% occupancy 

in the trans1 conformation of the parent rsEGFP2 (PDB entry 7O7U (Adam et al. 2021)) 

resulting in negative Fobs – Fcalc peaks on the chromophore and the side chains of Tyr146 and 

H149 (not shown). Then, the chromophore (cis) and Tyr146 and H149 conformations of the 

rsEGFP2-V151A SFX off-state model (PDB entry 7O7X (Adam et al. 2021)) were added and 

their occupancies set manually. Several cycles of positional and isotropic individual B-factor 

refinements in reciprocal space were carried out. No major features remained in the resulting 

Fobs –Fcalc map when the cis and trans1 chromophores were occupied at 20 and 80%, 

respectively (Figure 3.3.5b), in accordance with spectroscopy (Figure Figure 3.3.6c) that 

indicated 85% of the molecules were switched to the off-state. 

 

For rsEGFP2-V151L in the off-state, the trans2 chromophore of parental rsEGFP2 (PDB entry 

7O7U (Adam et al. 2021)) and the cis chromophore of the rsEGFP2-V151L cryo-MX on-state 

model (PDB entry 7O7E (Adam et al. 2021)) were inserted and their respective occupancies 

varied manually. The resulting Fobs – Fcalc map was featureless when the cis and trans2 

chromophores were occupied at 25 and 75%, respectably (Figure 3.3.5c), in accordance with 

spectroscopy (Figure 3.3.6d) that indicated 77% of the molecules were switched to the off-state. 

 

Step 9: Difference electron density maps 
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Assessment of structural changes that occurred 10 ns after pump laser excitation in both variants 

was performed by calculating q-weighted (qW) (Ursby and Bourgeois 1997) difference electron 

density maps (Fobs
10-ns_state – Fobs

off-state). The effect of the ambiguous structure factor value was 

reduced via q-weighting which employs Bayesian statistics. Such maps were obtained using 

the Xtrapol8 program (De Zitter et al. 2022). Difference structure factors were phased using the 

corresponding off-state model from both variants. The range from low- and high-resolution 

cutoffs were set from 24 to 1.95 and 2.1 Å for V151A and V151L variants, respectively. The 

isotropic B-factor scaling method was used to scale 10 ns-state to the off-state datasets. 

 

Step 10: Structure factor extrapolation 

 

For further investigation and characterization of the 10ns-intermediate states in the V151A and 

V151L variants, extrapolated structure factors (Fext
10ns-state) (Genick 2007) were calculated. This 

technique relies on the structure factor amplitude differences (Coquelle et al. 2018b) as stated 

by the following equation: 

 

𝐹𝑒𝑥𝑡
10𝑛𝑠−𝑠𝑡𝑎𝑡𝑒 =  𝛼 ×  (𝐹𝑜𝑏𝑠

10𝑛𝑠−𝑠𝑡𝑎𝑡𝑒 −  𝐹𝑜𝑏𝑠
𝑜𝑓𝑓−𝑠𝑡𝑎𝑡𝑒

)  + 𝐹𝑜𝑏𝑠
𝑜𝑓𝑓−𝑠𝑡𝑎𝑡𝑒

  (eq. 3.2.1) 

 

where 𝛼 is the inverse of the occupancy of this intermediate, 𝐹𝑜𝑏𝑠
10𝑛𝑠−𝑠𝑡𝑎𝑡𝑒 and 𝐹𝑜𝑏𝑠

𝑜𝑓𝑓−𝑠𝑡𝑎𝑡𝑒
 are the 

observed structure factor amplitudes of the 10ns intermediate state and the off-state, 

respectively. 

 

Extrapolated structure factors (Fext
10ns-state) for V151A and V151L variants were phased with 

the corresponding off-state model. The occupancy, in this case, reflects the fraction of the 

proteins within the crystals that structurally changed upon laser irradiation at 10 ns. The same 

approach, as stated before, was utilized to determine 𝛼 (𝑖. 𝑒. 1/occupancy) (Coquelle et al. 

2018b; Woodhouse et al. 2020a). Briefly, several Fext
10ns-state were calculated by varying 𝛼 in 

eq. 3.2.1. mFext
10ns-state – DFcalc

off-state, for each 𝛼 value (1/occupancy), and Fobs
10ns-state – Fobs

off-

state peaks at and around the chromophore were integrated. The ratio of these integrated peaks 

was plotted as a function of occupancy (Figure 3.2.3). Only peaks on the chromophore were 

considered. The value of occupancy (1/α) was determined at the maximum of the ratio between 
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mFext
10ns-state – DFcalc

off-sate and Fobs
10ns-state – Fobs

off-state. Occupancies of 0.20 and 0.25 were 

estimated for V151A and V151L variants, respectively. 

 

The V151A and V151L 10-ns intermediate state structures were refined using reciprocal and 

real-space refinement. Alternated cycles between Refmac5 (Murshudov et al. 2011) and model 

building with Coot (Emsley and Cowtan 2004) were performed starting from the respective off-

state models against the extrapolated structure factor amplitudes. 
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3.2.5 Figures and Tables 

 

 

Figure 3.2.1: TR-SFX pump-probe scheme to study rsEGFP2 -V151A and -V151L 

intermediate states 

The resting state of the microcrystalline protein is in the on-state. A pre-illumination laser at 

488 nm switches the proteins to the off-state prior to sample injection. Optical pump pulses 

trigger photoswitching and XFEL probe pulses generate diffraction patterns that allow the 

determination of intermediate-state structures. The pump-probe delay was set to 10 ns. 
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Figure 3.2.2: Fourier difference maps of rsEGFP2–V151A –V151L 10 ns after 

photoexcitation  

Evolution of the chromophore after pumping at 400 nm at 10 ns time delays of rsEGFP2–

V151A (a) and of rsEGFP2–V151L (b). q-weighted Fourier difference maps Fobs
Δt_10ns – Fobs

 off-

state (+3.5 σ (green) and -3.5 σ (red)) of the two variants are shown. In off-state structures 
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rsEGFP2-V151A (PDB ID: 7O7V) and V151L (PDB ID: 7O7X), cis and trans conformations 

are 85% and 15 %, and 77% and 23 %, respectively. The maps were generated at 1.95 and 2.1 

Å resolution for V151A and V151L, respectively. 
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Figure 3.2.3: Occupancy determination of the extrapolated structure of the 10-ns 

intermediates for V151A and V151L variants 

Determination of the occupancy, corresponding to the inverse of the weighting factor α of the 

10ns structures for V151A (a) and V151L (b) at 1.95 and 2.1 Å resolution, respectively. The 
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ratio of integrated peaks in the Fext
10ns_state – Fcalc

off-state map and of integrated peaks in the 

Fobs
Δt_10ns – Fobs

off-state map, normalized to its maximum value, is plotted as a function of the 

occupancy. Occupancies of 0.20 and 0.25 were estimated for V151A and V151L, respectively. 

Only peaks around the chromophore were used for α determination. 
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Figure 3.2.4: Extrapolated structures of 10-ns intermediates of rsEGFP2-V151A and V151L 

variants 10 ns after photoexcitation of the off-state 

Refined extrapolated structures for V151A (a) and V151L (b) 10 ns after photoexcitation. 

Extrapolated structure factor amplitudes were calculated at 1.95 and 2.1 Å resolution and with 
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occupancies of 0.20 and 0.25 for V151A and V151L, respectively. 2Fext
Δt_10ns – Fcal

off-state are 

contoured at 1 σ (blue) and Fext
Δt_10ns – Fcal

off-state at +3 σ (green) and -3 σ (red). 
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Figure 3.2.5: Overlay of 10-ns intermediate-state models of rsEGFP2-V151A and -V151L 

and their corresponding off-state models 

Chromophore pocket of V151A (a) and V151L (b). Off-state models are shown in cyan and 

magenta for V151A (PDB ID: 7O7V) and V151L (PDB ID: 7O7X), respectively. 10-ns 
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intermediate-state models are shown in yellow and light green for V151A and V151L, 

respectively. The alternate conformations that correspond to the remaining on-state were 

excluded from the off-state models. 
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Figure 3.2.6: Overlay of 10-ns intermediate-state models of rsEGFP2-V151A and -V151L 

and their corresponding on-state models 

Chromophore pocket of the V151A (a) and V151L (b). On-state models are shown in cyan and 

magenta for V151A (PDB ID: 7O7V) and V151L (PDB ID: 7O7X), respectively. 10-ns 
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intermediate-state models are shown in yellow and light green for V151A and V151L, 

respectively. 
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Figure 3.2.7: Hydrogen bonding distances in the vicinity of the p-hydroxybenzylidene group 

of the chromophore in the 10-ns intermediate-state models of rsEGFP2-V151A and -V151L  

The environment of the chromophore pocket in its 10-ns intermediate-state structure of V151A 

(a) and V151L (b). Water molecules are shown as spheres. Distances are in Angstrom. 
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Figure 3.2.8: Time-resolved absorption UV/Vis spectroscopy of V151A and V151L mutants 

in solution 

Time-resolved difference absorption spectra between 100 ns to 10 ms, recorded after a 410 nm 

nanosecond excitation of the off-state for the V151A (a) and V151L (b) (50 mM HEPES pH 8, 

50 mM NaCl). The panels c (V151A) and d (V151L) correspond to the decay associated spectra 

reconstructed using the pre-exponential factors obtained from the global fit analysis of the raw 

data with a weighted sum of exponential decay functions. Time-resolved difference absorption 

spectra from 200 ns to the ms range in D2O solution (50 mM HEPES pD 8, 50 mM NaCl) were 

recorded after a 410 nm nanosecond excitation of the off-state for the V151A (e) and V151L (f) 
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variants. The panels g (V151A) and h (V151L) correspond to the decay-associated spectra 

obtained from global fitting the raw data with a weighted sum of exponential decay function. 

The spectra without laser excitation were subtracted to calculate the difference spectra. 
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Figure 3.2.9: off-to-on isomerization mechanism in parental rsEGFP2 and its mutants 

V151A and V151L 

TR and static SFX structures of parental rsEGFP2 and its mutants V151A and V151L allow 

understanding photoswitching mechanism in RSFPs. Complete off-to-on isomerization 

mechanism of parental rsEGFP2 was suggested previously resolving excited-state structure at 

1 ps (Coquelle et al. 2018b) and ground-state structure at 10 ns (Woodhouse et al. 2020a) as 

well as on- and off-state structures (Woodhouse 2018; Woodhouse et al. 2020a). Static 

structures of on- and off-state of the V151A and V151L were resolved recently (Adam et al. 

2021). Ground-state structures of both mutants at 10 ns are described in this section. The off-

to-on isomerization mechanism in both mutants will be completed by resolving the excited-state 

structures at 1 ps. For V151A, the TR-SFX experiment took place in SwissFEL (proposal: 

p17808) in 2019, and data analysis is ongoing. For V151L, the TR-SFX experiment took place 

in February 2022 at the LCLS (proposal: LW61). Static structures in the off-state for parental 

rsEGFP2 and its mutants are discussed in Section 3.4. 
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Figure 3.2.10: Plasmid design for rsEGFP2-V151A and -V151L, and transformed bacteria. 

(A) T5 promoter: bacteriophage T5 promoter for E. coli RNA polymerase with embedded lac 

operator; RSB: strong bacterial ribosome binding site; 6 His: His-Tag; rsEGFP2(-V151A or 

-V151L): gene coding for rsEGFP2-V151A or -V151L; Lambda t0 terminator: Transcription 

terminator from phage lambda; CmR: Chloramphenicol-resistance gene; rrnB T1 terminator: 

Termination region T1 of the rrnB gene coding for ribosomal RNA in E. coli; AmpR promoter: 

promoter for ampicillin resistance; AmpR: transcriptional regulator for the Citrobacter 

freundii ampC β‐lactamase gene; ColE1 ori: ColE1 origin of replication; bom: basis of 

mobility. The figure was prepared by SnapGene Viewer software (from Insightful Science; 

available at snapgene.com). (B) Bacterial cultures on Petri dish expressing the rsEGFP2- 

V151L that appear green under blue light. Same observation as rsEGFP2-V151A. 

  

https://www.snapgene.com/
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Table 3.2.1: Summary of the steps described in the Materials and Methods section 
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Dataset rsEGFP2-V151A  rsEGFP2-V151L 

Pump-probe delay 10 ns 10 ns 

Data collection and processing   

Space group P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.8 ± 0.2 

62.7 ± 0.2 

71.6 ± 0.3 

 

51.8 ± 0.2 

62.9 ± 0.2 

71.9 ± 0.3 

Indexed images 8,350 3,346 

Resolution (Å) 24– 1.95 (2.00 – 1.95) 24– 2.10 (2.15 –2.10) 

Observations 1,621,917 (59,384) 601,559 (21,612) 

Unique reflections 18,182 (1,176) 14,733 (958) 

Rsplit
# (%) 8.0 (81.5) 14.1 (80.0) 

CC* 0.999 (0. 826) 0.996 (0.799) 

I / σ(I) 6.3 (1.3) 4.5 (1.4) 

Completeness (%) 100 (100) 100 (100) 

Multiplicity 115 (50) 52 (23) 

Refinement strategy Difference refinement Difference refinement 

Resolution (Å) 10– 1.95 (2.00 – 1.95) 24 – 2.1 (2.15 – 2.10) 

Number of reflections 16,582 (1,237) 13,421 (977) 

Rfree 39.7 (51.6) 39.8 (51.2) 

Rwork 26.9 (49.8) 31.3 (40.8) 

Number of protein atoms 2,096 2,107 

Number of ligand atoms 20 20 

Number of water atoms 111 60 

B-factor protein (Å2) 42.85 39.39 

r.m.s.d. bond lengths (Å) 0.01 0.01 

r.m.s.d. angles (°) 1.717 1.796 

Ramachandran favored 95.20 94.32 

Ramachandran allowed 4.80 4.74 

Ramachandran outliers 0.87 0.44 

Rotamer outliers 13.14 10.92 

C-beta outliers 0 0 

Clashscore 13.33 18.72 

Riso,free 10.37 13,04 

Riso,work 9.89 13,82 

CCiso,free 0.9924 0,9820 

CCiso,work 0.9933 0,9817 

 

Table 3.2.2: TR-SFX data collection and refinement against 

extrapolated structure factor amplitudes statistics of the structures of 

V151A and V151L. 
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3.3 Rational control of off-state heterogeneity in a photoswitchable 

fluorescent protein 

 

3.3.1 Introduction 

 

This section describes my contribution to the preprint paper entitled “Rational control of 

structural off-state heterogeneity in a photoswitchable fluorescent protein provides switching 

contrast enhancement” (Appendix 6.2) and how my results complement those of my colleagues. 

Specifically, I was involved in all steps of SFX experiments on parental rsEGFP2 as well as its 

mutants V151A and V151L. Finally, I carried out the final structure refinement and validation 

steps of the rsEGFP2-V151A and -V151L variants determined from cryo-MX data collected at 

the ESRF synchrotron. 

 

Several factors determine a given RSFP's usability for live-cell RESOLFT nanoscopy. On the 

one hand, any relevant RSFP must be a suitable fusion tag with a low dimerization proclivity 

and a rapid maturation rate. It must also display a suitable set of photophysical characteristics. 

There are five parameters that are crucial for RESOLFT imaging. These are the brightness in 

the on-state, photoswitching speed, residual fluorescence in the off-state, photoswitching 

fatigue and photoswitching contrast (Figure 3.3.1). These parameters are discussed below 

(Adam et al. 2021; Jensen et al. 2020): 

 

i) Brightness. It is calculated by multiplying the extinction coefficient by the fluorescence 

quantum yield. 

 

ii) Photoswitching speed. This parameter specifies the time necessary to convert the 

proteins from maximum to minimum fluorescence intensity (from on- to off-state) or 

vice versa. 

 

iii) Residual fluorescence in the off-state. 

 

iv) Photoswitching fatigue. It refers to the percentage of proteins that are degraded after a 

specific number of photocycles. A highly photostable RSFP, for example, may be 

switched thousands of times before losing half of its initial brightness. 
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v) Photoswitching contrast. It is defined as the ratio of the on-state fluorescence to the 

residual off-state fluorescence. 

 

 

This section represents new insights on reversibly photoswitchable fluorescent protein (RSFP) 

structure and function. It is described as a relationship between the photoswitching contrast and 

the chromophore conformation in the non-fluorescent off-state. Photoswitching contrast is a 

critical parameter that substantially determines the resolution limit in super-resolution 

microscopy. Structural heterogeneity in the off-state was reported previously (Woodhouse et al. 

2020a), consisting of two chromophore conformations, named trans1 and trans2 (Figure 1 in 

(Woodhouse et al. 2020a)) revealed by room temperature SFX. Both conformers differ in their 

twist and tilt dihedral angles (φ and τ dihedral angles (Figure 3.1.2)) as well as in protein 

environment and H-bonding network. When crystals with a contracted unit cell were studied, 

cryo-crystallographic synchrotron data revealed a comparable trans2 isomer following off-

switching of an rsEGFP2 variation carrying a monochlorinated chromophore, whereas crystals 

with a larger unit cell had a conformation similar to trans1 (Chang, Romei, and Boxer 2019). 

As revealed by static SFX, trans1 and trans2 conformers are found on each side of the Val151 

side chain (Woodhouse et al. 2020a). Moreover, the same amino acid was suggested to be a 

steric obstacle in the off-to-on isomerization pathway (see Supplementary Movie 1 in (Coquelle 

et al. 2018b)). To test this hypothesis, a rsEGFP2 variant with a shorter amino acid side chain 

in position 151 was generated, i.e. the valine was replaced with alanine (V151A variant; 

Coquelle et al. 2018).  

 

The study englobes contributions of a large consortium from different disciplines such as X-

ray crystallography at synchrotrons and XFELs, in vitro and in vivo photophysical 

characterization, UV-visible absorption spectroscopy, RESOLFT experiments, and quantum 

chemical calculations.  

 

 

3.3.2 Results 

 

Structural heterogeneity in the off-state of parental rsEGFP2 
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To corroborate the observation of a second trans isomer in parental rsEGFP2 (Woodhouse et 

al. 2020a), a follow-up SFX experiment was carried out at the Linac Coherent Light Source 

(LCLS) using microcrystals of parental rsEGFP2 of the same crystal batch used earlier 

(Coquelle et al. 2018b; Woodhouse et al. 2020a). The on-state crystals were photoswitched by 

488 nm light (Schirò et al. 2017) and the room-temperature (RT) structure of the resulting off-

state was solved at 1.7 Å resolution (PDB entry 7O7U). Both trans1 and trans2 chromophore 

conformations are again present (Figure 3.3.2, Table 3.3.1). They agree well with those 

observed earlier (Woodhouse et al. 2020a), as well as with those observed in cryo-

crystallographic structures of a rsEGFP2 variant containing a monochlorinated chromophore 

(Chang et al. 2019) (Figure 3.3.3). The trans2 conformation is similar to the one adopted by 

rsFolder in its off-state (El Khatib et al. 2016) (Figure 3.3.4).  

 

Structural heterogeneity bisected in the off-states of parental rsEGFP2 V151A and V151L 

variants 

 

Given that the trans1 and trans2 chromophore conformations lie on either side of the V151 side 

chain in parental rsEGFP2 (Figures 3.3.2-4), we reasoned that this residue could also control 

the off-state heterogeneity. In addition to the rsEGFP2 variant with a shortened side chain 

(V151A (Coquelle et al. 2018b)), one with an enlarged (V151L) side chain was therefore 

generated and non-fluorescent off-state structures of both variants were solved from RT SFX 

data collected at the SPring-8 Angstrom Compact free electron Laser (SACLA) from 

microcrystals after 488 nm light illumination (Figure 3.3.5, Table 3.3.1).  

 

The off-state structures (V151A: PDB entry 7O7X, V151L: PDB entry 7O7W) display only 

one chromophore conformation: trans1 for V151A (Figure 3.3.6a) and trans2 for V151L 

(Figure 3.3.6b). Absorption spectroscopy indicates that about 85% and 77% of microcrystalline 

rsEGFP2-V151A and -V151L chromophores have switched from the on- to the off-state, 

respectively (Figure 3.3.6c and 6d). trans1 and trans2 chromophore conformations were 

modelled at 80% (75%) occupancy in rsEGFP2-V151A (-V151L) and the residual cis 

conformer at 20% (25%). Spectroscopic and crystallographic on- and off-state occupancies are 

thus consistent. In addition to differences in chromophore conformations, the off-states of the 

two variants also differ in their His149 and Tyr146 conformations.  
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In the off-state of the V151A variant, His149 forms a hydrogen bond with Tyr146 and the trans1 

chromophore forms a hydrogen bond with a water molecule (distance: 2.7 Å, Figure 3.3.6a, 

Figure 3.3.7c), whereas in the off-state of the V151L variant His149 is hydrogen-bonded to the 

trans2 chromophore (distance of 2.5 Å between the chromophore phenol group and 

His149ND1; Figure 3.3.6b, Figure 3.3.7b). Synchrotron cryo-crystallography structures of 

rsEGFP2-V151A (off-state: PDB entry 7O7C, on-state: PDB entry 7O7D) and - V151L (off-

state: PDB entry 7O7H, on-state: PDB entry 7O7E) also feature a trans1 and trans2 

chromophore in their off-state, respectively (Figure 3.3.8b, d; Table 3.3.2) and a cis 

chromophore in the on-state (Figure 3.3.8a, c; Table 3.3.2). 

 

Overall, the RT SFX structures strongly suggest that the conformational off-state heterogeneity 

(trans1, trans2) seen in parental rsEGFP2 is eliminated in the rsEGFP2-V151A and -V151L 

variants, with trans1 being occupied in the former and trans2 in the latter. Thus, the residue at 

position 151 controls the off-state chromophore conformations. 

 

 

3.3.3 Discussion 

 

Comparison of trans1 and trans2 off-state chromophore conformations in parental rsEGFP2 

determined from data collected during three different SFX experiments 

 

In addition to the well-documented trans1 conformation of the off-state chromophore (Coquelle 

et al. 2018b; El Khatib et al. 2016), a second conformation, trans2, has been reported for 

crystalline parental rsEGFP2 (Chang et al. 2019; Woodhouse et al. 2020a). Here, we confirm 

the observation of trans2 in parental rsEGFP2 (Figures 3.3.3-4) and provide evidence for its 

existence in rsFolder2 (Supplementary figure S6 of Appendix 6.2). rsFolder2 is a super folding 

variant of rsEGFP2 and it has eight amino acid mutations compared to parental rsEGFP2.  

 

Occupancies of chromophore conformations differ in off-state structures determined from data 

collected during three different SFX experiments, i.e. 10%, 90%, and 0% (Coquelle et al. 

2018b), 10%, 65%, and 25% (Woodhouse et al. 2020a), 30%, 40% and 30% (present work) for 

cis, trans1 and trans2, respectively (Figure 3.3.9). The pre-illumination efficiency differed in 

the above-mentioned SFX experiments as assessed by absorption spectroscopy with 10 % 
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(Supplementary figure 15 in (Coquelle et al. 2018b)), 10% (Woodhouse et al. 2020), and 30% 

(present work ; (Supplementary figure S13 in Appendix 6.2)) of the molecules remaining in the 

on-state after pre-illumination at 488 nm, in Coquelle et al. 2018, Woodhouse et al. 2020 and 

the present work, respectively, which could be linked to the observed variation in off-state 

heterogeneity. Alternatively, aging of the crystalline proteins might be at the origin of trans2 

being increasingly populated in off-state structures of parental rsEGFP2 determined by SFX 

under identical buffer conditions on microcrystals of the same batch (0% in May 2015 

(Coquelle et al. 2018b), 25% in July 2015 (Woodhouse et al. 2020a) and 30% in June 2016 

(present work)). 

 

Given the above, we suggest that the variation in the population of trans2 conformer in parental 

rsEGFP2 and rsFolder2 is caused by experimental and/or environmental parameters. Upon on-

to-off isomerization, a low, environment-dependent barrier in the protein conformational 

landscape allows access to either trans1 or trans2, or the exchange between the two 

conformations. We refer to this observation as “switching fragility” (a concept coined by 

Dominique Bourgeois). This fragility may have an impact on super-resolution microscopy 

applications in which labeling occurs in different cellular compartments with varied 

physicochemical environments (e.g. viscosity, ionic strength, or nature of the recombinant 

protein). 

 

Modulation of conformational off-state heterogeneity 

 

We show that the occupancy of trans1 and trans2 conformations can be controlled by 

modifying the steric constraints imposed by the side-chain of residue 151, a residue retracting 

transiently during off-to-on photoswitching (Coquelle et al. 2018b). Upon on-to-off switching, 

only trans1 forms in the rsEGFP2-V151A variant, whereas only trans2 seems to be occupied 

in the V151L variant (Figure 3.3.6). 

 

Interestingly, only the trans2 conformation is observed in rsFolder, although it has a valine at 

position 151 (El Khatib et al. 2016). rsFolder displays a phenylalanine at position 146 instead 

of a tyrosine in parental rsEGFP2 and rsFolder2 that cannot form an H-bond to the critical 

His149 in the off-state (El Khatib et al. 2016; Woodhouse et al. 2020a). Consequently, it seems 

plausible that His149 is free to form an H-bond with the protonated off-state chromophore that 

during on-to-off switching then adopts the trans2 conformer, instead of the trans1 conformer 
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that is not H-bonded to His149 in parental rsEGFP2 and rsFolder2. Thus, access to trans1 and 

trans2 is controlled by residues located either on the cis or the trans side of the chromophore 

pocket, although it appears that the presence of an alanine at position 151 has a dominant effect 

on the presence of the trans1 isomer. 

 

Correlation between off-state conformations, switching contrast, and absorbance spectra 

 

In the associated publication (see Appendix 3.6), we have been able to establish a causal 

relationship between the off-state conformational heterogeneity of parental rsEGFP2 and 

rsFolder2 and photoswitching contrast determined during an extensive photophysical 

characterization. Briefly, trans1 (V151A variant) and trans2 (V151L variant) conformers 

exhibit higher and lower photoswitching contrast, respectively, compared to parental rsEGFP2 

and rsFolder2, both in vivo and in vitro (Table 1 and Figure 6 in Appendix 6.2). 

 

By comparing fluorescence switching kinetics (Figure 3.3.4 and Supplementary figure S8) and 

the off-state UV/Vis absorption spectra (Figure 4 in Appendix 6.2) of the V151A and V151L 

variants, Virgile Adam and Dominique Bourgeois (IBS) suggested that changes in the 

photoswitching contrasts of the variants are caused by the red- and blue-shifted absorption 

spectra of trans2 and trans1, respectively. 

 

Quantum chemical calculations by Tatjana Domratcheva (Moscow State University) showed 

that trans1 and trans2 differ in the length of the phenolic OH bond as well as of the conjugated 

π system. The trans1 conformer has a stronger bonding of the phenolic proton, coupled with a 

reduced π-conjugation compared to trans2. Thus, the S0-S1 energy is higher in the case of trans1 

than of trans2 (Figure 3.3.6 and Supplementary Table S4 in Appendix 6.2). 

 

All the above correlates with the differences in the chromophore dihedral angles, i.e. τ and φ, 

and thus the planarity of the trans1 and trans2 chromophores (Table 3). The red-shifted 

absorption spectra are consistent with a more extended electron delocalization in the quasi-

planar trans2 conformation of the chromophore. On the other hand, the blue-shifted absorption 

spectra of trans1 is compatible with the stabilization of the protonated form by charge transfer 

from Y146, activated by H-bonding to H149, which is absent for trans2 (Figure 3.3.8).  

 

RESOLFT experiments on rsFolder2-V151A 
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Based on in vivo switching properties carried out by Nickels Jensen and Stefan Jakobs (MPI 

Göttingen), both parental rsEGFP2- and rsFolder2-V151A variants appeared to be suitable for 

RESOLFT super-resolution microscopy (Table 1 and Figure 6 in Appendix 6.2). A fusion 

protein of the cytoskeletal protein Keratin with rsFolder2-V151A was expressed in cultured 

human HeLa cells and imaged on the RESOLFT microscope by Nickels Jensen and Stefan 

Jakobs (Figure 7 in Appendix 6.2). The choice of rsFolder2-V151A was based on the higher 

photoswitching contrast in vitro (Table 1 in Appendix 6.2) and in vivo (Figure 6 in Appendix 

6.2) in comparison with rsEGFP2-V151A and that rsFolder2-V151A has super folding 

properties that may be interesting in nanoscopy applications. Despite the increased switching 

contrast of the V151A variant, the recorded RESOLFT images do not show a significant 

increase in resolution compared to the parent protein. This is most probably due to the lower 

molecular and cellular brightness of this variant compared to the parents (Table 1 in Appendix 

6.2). 

 

 

3.3.4 Ongoing work and perspectives 

 

Further investigation is required, in particular, to identify the parameters influencing trans2 

formation in the off-state. In our ongoing work, we try to vary the pre-illumination time at 488 

nm (cis-to-trans isomerization) of parental rsEGFP2 microcrystals and then collect data using 

room-temperature serial synchrotron crystallography. The goal is to see whether the pre-

illumination conditions changes the occupancy of the trans2 conformer in the off-state. 

 

The reported rsEGPF2-V151A and rsFolder2-V151A variants are promising leads for the next-

generation RSFPs, for which the fluorescence brightness has to be increased while maintaining 

the enhanced switching contrast as described here. 

 

 

3.3.5 Materials and Methods 

 

Expression, purification, and microcrystallization of parental rsEGFP2 and its V151A and 

V151L variants 
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Transformation, expression, purification, and microcrystallization of parental rsEGFP2 were 

performed as described previously (Coquelle et al. 2018b; Woodhouse et al. 2020a). 

Microcrystals of 3   3  3 μm3 were obtained by the seeded batch method established by Ilme 

Schlichting (MPI Heidelberg). The final protein, precipitant, salt, and buffer concentrations 

were 20 mg/mL, 2 M ammonium sulfate, 20 mM, 120 mM HEPES pH 8, respectively. 

Purification and microcrystallization took place in April 2015 and were carried out by Joyce 

Woodhouse and Virgile Adam (IBS). The parental rsEGFP2 microcrystal batch was the same 

as the one used for earlier SFX experiments (Coquelle et al. 2018b; Woodhouse et al. 2020a). 

The corresponding information for rsEGFP2-V151A and -V151L is described in Section 3.2 of 

the current manuscript.  

 

Injection for SFX data collection and pre-illumination to induce on-to-off switching 

 

Before injection, sedimented parental rsEGFP2 microcrystals were resuspended in 2.5 M 

ammonium sulfate, 100 mM HEPES pH 8 and 5 – 10 % (v/v) of finely crushed parental 

rsEGFP2 microcrystals were added to reduce aggregation of microcrystals, and the resulting 

clogging of the injector tubing. All microcrystal suspensions were filtered through a 20-μm 

stainless steel filter using a sample loop and a manually-driven syringe. They were loaded into 

a stainless-steel sample syringe, which was then installed on an anti-settling device (Lomb et 

al. 2012) onto a Peltier element-cooled (20°C) syringe holder. Crystals were injected at flow 

rates between 30 – 40 μL min-1 with a gas dynamic virtual nozzle (GDVN (Weierstall et al. 

2012)), using sample capillaries with an inner diameter of 75 μm. For off-state data collections, 

parental rsEGFP2 microcrystals were injected at a concentration of 20-30% (v/v) into the 

microfocus vacuum chamber of the CXI instrument (Liang et al. 2015) at the LCLS (proposal 

LM47, 23 – 27 June 2016). For on-state data collection of the rsEGFP2-V151A variant, the 

sample was injected at 5 % (v/v) into the microfocus vacuum back-chamber of the CXI 

instrument at the LCLS (proposal LR38, 22 – 26 February 2018). The corresponding 

information for rsEGFP2-V151A and -V151L was described in Section 3.2 of the current 

manuscript.  

 

For off-state data collections, microcrystals were pre-illuminated during transit from the sample 

syringe to the injector with 488 nm laser light (200 mW nominal power, 25 ms transit time, 300 

W cm-2) within a custom-made device (Schirò et al. 2017) to switch them from the resting on-

state to the off-state. The pre-illumination efficiency, i.e. the ratio of generated off-state and the 
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residual amount of remaining on-state was assessed by absorption spectroscopy using a 

Nanodrop 2000c spectrometer. The spectra after 488 nm illumination contain contributions 

from off- and on-state chromophores and are distorted by scattering effects. They were modeled 

by Lucas Uriarte and Michel Sliwa (University Lille) by a sum of two Gaussians (Gaussian 1 

at 400 nm and Gaussian 2 at 482 nm) and an exponential function. Baseline distortions due to 

scattering were subtracted and the spectrum smoothened with a Savitzky-Golay filter and 

normalized at 280 nm. The absorbance of Gaussian 2 at 482 nm relative to the absorbance at 

482 nm of the spectrum before 488 nm illumination (assumed to correspond to 100% on-state) 

represents the pre-illumination efficiency. For parental rsEGFP2 (LCLS experiment LM47), 

only 66% were switched to the off-state and 34% remained in the on-state (Supplementary 

figure S13a in Appendix 6.2), i.e. less than during earlier SFX experiments (Coquelle et al. 

2018b; Woodhouse et al. 2020a), where 90% (Coquelle et al. 2018b) and 84% (SACLA 

experiment in 2015 (2015A8031(Woodhouse et al. 2020a)) (Supplementary figure S13b in 

Appendix 6.2) of parental rsEGFP2 was switched to the off-state. Robert Shoeman (MPI 

Heidelberg) noticed after the LM47 experiment on parental rsEGFP2 that the SMA fiber within 

the high-performance liquid chromatography (HPLC) tee union of the pre-illumination device 

(see Figure 2 in (Schirò et al. 2017)) was dirty or damaged, leading to a 50% drop in laser power 

at the sample position. The corresponding information for rsEGFP2-V151A and -V151L was 

described in Section 3.2 of the current manuscript. 

 

Room-temperature data collection and online monitoring 

 

SFX data on parental rsEGFP2 in the off-state were acquired with the CSPAD detector (Blaj et 

al. 2015) operating in a dual-gain mode in the microfocus vacuum chamber of the CXI 

instrument at the LCLS operating at 120 Hz, with X-ray pulses of 35 fs in length and photon 

energy of nominally 9.1 keV (LM47). The X-ray beam was focused to 1 – 2 μm (FWHM). 

rsEGFP2- V151A on-state data (LR38) were collected in the vacuum back chamber of CXI 

(focus 5 – 10 μm (FWHM); photon energy 9.8 keV). The CFEL–ASG Software Suite (CASS) 

(Foucar 2016) was used for online monitoring of diffraction data, such as diffraction resolution, 

hit rate, the fraction of multiple hits, and pixel saturation. The corresponding information for 

rsEGFP2-V151A and -V151L is described in Section 3.2 of the current manuscript. 

 

SFX data processing  
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NanoPeakCell (Coquelle et al. 2015) was used for the on- and off-line hit finding. Hit-finding 

parameters were adjusted after visual inspection of the first diffraction patterns using the 

NanoPeakCell graphical interface. 

 

For parental rsEGFP2 and rsEGFP2-V151A in the on-state, 80 605 and 17 538 images were 

indexed, respectively (Table 3.3.2). The CrystFEL suite (White 2019) was used for further data 

processing. The data were indexed with Mosflm and integrated with ring-nocen using v.0.6.2 

for parent rsEGFP2 and v.0.6.3 for rsEGFP2-V151A in the on-state. Merging was performed 

using CrystFEL v.0.8.0 with the Monte Carlo algorithm, process_hkl, for the parental rsEGFP2 

off-state dataset and with partialator using the xsphere partiality model with one cycle of 

scaling and post-refinement for rsEGFP2-V151A variant. A resolution cut-off of 1.7 and 1.9 Å 

was chosen based on SNR, Rsplit, and CC* statistics (Table 3.3.2) for parental rsEGFP2 and 

rsEGFP2-V151A in the on-state, respectively. The corresponding information for rsEGFP2-

V151A and -V151L is described in Section 3.2 of the current manuscript. 

 

SFX structure solution and refinement 

 

The SFX structures were phased by molecular replacement with Phaser (McCoy et al. 2007). 

As a search model was used the SFX off-state structure of parental rsEGFP2 (PDB entry 6T39 

(Woodhouse et al. 2020a)) for the structure of parental rsEGFP2 in the off-state (PDB entry 

7O7U). The SFX parental rsEGFP2 on-state structure (PDB entry 5O89 (Coquelle et al. 2018b)) 

was used as a search model for the structure of rsEGFP2-V151A in the on-state (PDB entry 

7O7V). 

 

Refinement with Refmac5 (Murshudov et al. 2011) included positional and isotropic individual 

B-factor refinement in reciprocal space for both structures. Model building and real-space 

refinement were performed in Coot (Emsley and Cowtan 2004). Initially, the chromophore had 

been omitted from the model and subsequently included and modeled as described below. Once 

the chromophore had been included, its position and isotropic individual B-factors were refined 

in reciprocal space, while the protein moiety remained fixed. Both structures were superposed 

to the parental rsEGFP2 off-state structure (PDB entry 6T39 (Woodhouse et al. 2020a)) using 

the CCP4 program superpose which is a structural alignment tool based on secondary structure 

matching. 
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For parental rsEGFP2 in the off-state, the chromophores were modeled in a trans1 conformation 

at 70% occupancy and the on-state cis conformation at 30% according to spectroscopy 

(Supplementary figure S13a in Appendix 6.2). The resulting Fobs – Fcalc map showed a positive 

peak indicating the presence of trans2 (Figure 3.3.9a). When the occupancy of cis, trans2, and 

trans1 was set to 30%, 30%, and 40% occupancy the resulting Fobs –Fcalc map was featureless 

in the chromophore region (Figure 3.3.9b). That a considerable fraction (30%) of the 

chromophore was in the trans2 conformation was also confirmed by a Fobs – Fcalc map in which 

the hydroxybenzylidene moiety was omitted (Figure 3.3.9c). We note that the chromophore 

occupancies were different from the ones in parental rsEGFP2 in the off-state reported earlier 

(PDB ID 6T39 (Woodhouse et al. 2020a), 10% cis, 25% trans,2, and 65% trans1), in agreement 

with spectroscopy (Supplementary figure S13 in the Appendix 6.2). 

 

For rsEGFP2-V151A in the on-state, the cis chromophore of rsEGFP2 was included at 100% 

occupancy. 

 

The corresponding information for rsEGFP2-V151A and -V151L off-state SFX structures is 

described in Section 3.2 of the current manuscript. 

 

Crystallization, synchrotron cryo-crystallographic data collection, and structure solution, and 

refinement of rsEGFP2-V151A and -V151L variants in their on- and off-states 

 

These steps were carried out before I arrived in the team and they were performed by Joyce 

Woodhouse and Virgile Adam (IBS, Grenoble). I was involved during the last steps of structure 

refinement, validation, and deposition of rsEGFP2-V151A on- (PDB ID 7O7C) and off-states 

(PDB ID 7O7D) and -V151L variants in its on- (PDB ID 7O7E) and off-states (PDB ID 7O7H).  
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3.3.6 Figure and Tables 

 

Figure 3.3.1: Photophysical parameters revealed from fluorescence switching curves 

Theoretical fluorescence curve of an ensemble of rsEGFP2 in solution. Plotted is the emitted 

fluorescence after on-switching (488 nm) and off-switching (400 nm) as a function of time. Five 

important photophysical parameters can be determined from such curves like brightness (i), 

photoswitching speed (ii), residual fluorescence in the off-state (iii), photoswitching fatigue 

(iv), and photoswitching contrast (8) (ratio between the maximum fluorescence signal (i) (1.00) 

and the residual signal (iii) (0.125). The figure was adapted from (Jensen et al. 2020). 
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Figure 3.3.2:Off-state conformations in parental rsEGFP2 

Structures of parental rsEGFP2 in its off-state solved from RT SFX data. Off-state models of 

parental rsEGFP2 solved from RT SFX data published earlier (PDB entry 6T39 (Woodhouse 

et al. 2020a)) and data described here (PDB entry 7O7U). Trans1 and trans2 conformers are 

occupied at 40% (light grey) and 30% (dark grey) in parental rsEGFP2 (this work) and at 65% 

(light blue) and 25% (dark blue) in 6T39, respectively. The figure was adapted from (Adam et 

al. 2021). 
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Figure 3.3.3: Comparison of off-state conformations in parental rsEGFP2 with those in 

rsEGFP2 with a monochlorinated chromophore 

Off-state models of parental rsEGFP2 solved from RT SFX data in this work (light and dark 

grey; same information as in Figure 3.3.2), overlaid with trans conformations in synchrotron 

structures of parental rsEGFP2 containing a monochlorinated chromophore (Chang et al. 

2019) solved from crystals with looser (yellow) and tighter (orange) crystal packings. The 

figure was adapted from (Adam et al. 2021). 

 

  



 190 

 

Figure 3.3.4: Comparison of off-state conformations in parental rsEGFP2 and in rsFolder 

Off-state models of parental rsEGFP2 solved from RT SFX data in this work (light and dark 

grey), overlaid with trans conformations in synchrotron structures of the off-state model of 

rsFolder (PDB entry 5DU0 (El Khatib et al. 2016)) in purple. The figure was adapted from 

(Adam et al. 2021). 
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Figure 3.3.5: Structures of the rsEGFP2-V151A variant in its on- and off-states and of -

V151L in its off-state solved from RT SFX data 

Zoom on the chromophore (p-hydroxybenzylidene imidazolinone, p-HBI) region in crystal 

structures of (a) the rsEGFP2-V151A variant in its on- (PDB entry 7O7V) and (b) off-state 

(PDB entry 7O7X) and (c) the V151L variant in its off-state (PDB entry 7O7W) solved from 

SFX data collected at room temperature. 2Fobs – Fcalc (1σ) and Fobs – Fcalc (+/- 3σ) electron 

density maps are shown in blue and green/red, respectively. The figure was adapted from 

(Adam et al. 2021). 
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Figure 3.3.6: Comparison between parental rsEGFP2 and its V151A and V151L variants in 

their off-states solved from RT SFX data.  

Off-state models of (a) rsEGFP2-V151A (cyan; PDB entry 7O7X) and (b) -V151L (purple; PDB 

entry 7O7W) variants are superimposed on the model of parental rsEGFP2 in the off-state 

solved from RT SFX data (PDB entry 7O7U), featuring trans1 in light grey and trans2 in dark 

grey. Trans1 and trans2 are occupied at 80% and 75% in rsEGFP2 V151A and V151L, 

respectively. The cis conformers were removed for clarity. Absorption spectra of rsEGFP2-

V151A (c) and -V151L (d) microcrystals before (green) and after having been pre-illuminated 

(blue) at a laser power of nominally 200 mW within a custom-made device (Schirò et al. 2017) 

during an SFX experiment after background subtraction, smoothening with a Savitzky-Golay 

filter and normalization at 280 nm. The spectrum after 488 nm illumination was modeled by a 

sum of two Gaussians (Gaussian 1 at 400 nm in orange and Gaussian 2 at 482 nm in light 

green). The absorbance of Gaussian 2 at 482 nm relative to the absorbance at 482 nm of the 

spectrum before 488 nm illumination (assumed to correspond to 100% on-state) indicates that 

85% (77%) were switched to the off-state for rsEGFP2-V151A (V151L) and 15% (23%) 

remained in the on-state. The figure was adapted from (Adam et al. 2021). 
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Figure 3.3.7: Hydrogen bonds in the chromophore pocket 

The environment of the chromophore in its cis (a; green), trans2 (b; dark grey), and trans1 (c; 

light grey) conformation in the parental rsEGFP2 off-state structure (PDB entry 7O7U). Water 

molecules belonging to all three chromophore conformations are shown in red. Hydrogen-bond 

lengths are in Ångstrom. The figure was adapted from (Adam et al. 2021). 
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Figure 3.3.8: Structures of rsEGFP2 -V151A and -V151L variants in their on- and off-states 

solved using data from synchrotron cryo-crystallography  

Zoom on the chromophore (p-hydroxybenzylidene imidazolinone, p-HBI) region in crystal 

structures of rsEGFP2 variants V151A (cyan) and V151L (purple) in their on- and off-states 

solved from synchrotron data collected at cryo-temperatures. (a, b) Electron density maps 

(mesh) and models of the rsEGFP2-V151A variant in the (a) on- (PDB entry 7O7D) and (b) 

off-state (PDB entry 7O7C). (c, d) Electron density maps (mesh) and models of the rsEGFP2-

V151L variant in the (c) on- (PDB entry 7O7E) and (d) off-state (PDB entry 7O7H). In (b) and 

(d) an alternate conformation of the chromophore corresponding to the cis isomer of the on-
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state remains in the off-state. 2Fobs-Fcalc (1 σ) and Fobs-Fcalc (+/- 3 σ) electron density maps are 

shown in blue and green/red, respectively. The figure was adapted from (Adam et al. 2021). 
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Figure 3.3.9: Structure refinement strategy of parental rsEGFP2 in its off-state solved from 

RT SFX data.  

(a) Residual Fobs – Fcalc map (green, 3σ; red, -3σ) of the rsEGFP2 in the off-state calculated 

with a model containing a cis (light green) and a trans1 chromophore (light grey) at an 

occupancy of 30 and 70%, respectively. (b) Final model of parental rsEGFP2 in the off-state 

(PDB entry 7O7U) with occupancies of cis (green), trans1 (light grey), and trans2 (dark grey) 

chromophore conformations of 30%, 40%, and 30%, respectively. Superimposed are the 2Fobs 

– Fcalc (blue, 1 σ) and Fobs – _Fcalc maps (green, 3 σ; red, -3 σ). (c) Fobs – Fcalc map (green, 3 σ; 

red, -3 σ), calculated with a model from which the hydroxybenzylidene moiety was omitted, 
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overlaid with the model of parental rsEGFP2 in the off-state (PDB entry 7O7U). The figure 

was adapted from (Adam et al. 2021). 
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Dataset Parental rsEGFP2 off rsEGFP2-V151A on rsEGFP2-V151A off rsEGFP2-V151L off 

PDB entry 7O7U 7O7V 7O7X 7O7W 

Data collection and processing 

Space group P212121 P212121 P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.7± 0.1 

63.1 ± 0.2 

73.5 ± 0.2 

 

51.9± 0.2 

62.7 ± 0.3 

72.0 ± 0.4 

 

51.8 ± 0.2 

62.7 ± 0.2 

71.6 ± 0.3 

 

51.8 ± 0.2 

62.9 ± 0.2 

71.9 ± 0.3 

Collected frames Hits 

Indexed images 80,605 17,538 10,794 4,930 

Resolution (Å) 17– 1.70 (1.74 – 1.70) 24 – 1.9 (1.95 – 1.90) 24– 1.95 (2.00 – 1.95) 24– 2.10 (2.15 –2.10) 

Observations 22,894,347 (991,284) 2,916,477 (100,602) 2,044,776 (75,714) 778,314 (28,668) 

Unique reflections 27,394 (1,810) 19,739 (1,293) 18,181 (1,176) 14,734 (958) 

Rsplit
# (%) 6.8 (56.3) 6.3 (73.6) 7.7 (58.4) 14.0 (53.4) 

CC* 0.999 (0.924) 0.999 (0.891) 0.999 (0.904) 0.996 (0.891) 

I / σ(I) 10.0 (1.9) 7.8 (1.4) 7.0 (1.8) 4.9 (1.9) 

Completeness (%) 100 (100) 100 (100) 100 (100) 100 (100) 

Multiplicity 835 (548) 148 (78) 112 (64) 53 (30) 

Refinement statistics 

Refinement strategy Classical refinement Classical refinement Classical refinement Classical refinement 

Resolution (Å) 17– 1.70 (1.74 – 1.70) 24 – 1.9 (1.95 – 1.90) 31 – 1.95 (2.00 – 1.95) 31– 2.10 (2.15 –2.10) 

Number of reflections 26368 (2,661) 19,091 (2,543) 17,600 (2,739) 14,284 (2,661) 

Rfree 21.5 (38.0) 19.2 (27.14) 20.1 (31.0) 21.3 (22.0) 

Rwork 18.0 (37.0) 14.9 (21.16) 15.7 (26.0) 17.3 (29.0) 

Number of protein 

atoms 
2,443 2,005 2,182 2,193 

Number of ligand 

atoms 
60 20 40 40 

Number of water 

atoms 
177 111 125 58 

B-factor protein (Å2) 22.81 48.5 43.41 38.97 

r.m.s.d. bond lengths 

(Å) 
0.01 0.01 0.008 0.008 

r.m.s.d. angles (°) 1.728 1.609 1.547 1.566 

Ramachandran 

favored 
97.00 97.90 97.83 97.41 

Ramachandran 

allowed 
3.00 2.10 2.17 2.59 

Ramachandran 

 outliers 
0.00 0.00 0.00 0.00 

Rotamer outliers 4.01 1.80 1.22 0.81 

C-beta outliers 0 0 0 0 

Clashscore 6.23 2.51 5 6.78 
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Table 3.3.1: RT SFX data collection and refinement statistics of the structures of parental 

rsEGFP2 and its V151A and V151L variants. Values in brackets correspond to the highest 

resolution shell. The table was adapted from (Adam et al. 2021). 
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Data collection and processing 

Dataset rsEGFP2 V151A on rsEGFP2 V151A off rsEGFP2 V151L on rsEGFP2 V151L off 

PDB entry  7O7D 7O7C 7O7E 7O7H 

Illumination (488 nm) No Yes No Yes 

Space group P212121 P212121 P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

60.0 

62.1 

69.4 

 

51.2 

60.3 

66.6 

 

51.1 

62.5 

70.4 

 

51.3 

61.2 

70.3 

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) 46.28 - 1.4 (1.44-1.4) 40.57 - 1.55 (1.59-1.55) 41.38 - 1.8 (1.91-1.8) 46.16 - 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/ 17.26 (3.23) 14.82 (2.26) 14.17 (2.72) 15.5 (2.9) 

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) 46.28 - 1.4 (1.43-1.40) 40.57 - 1.55 (1.60-1.55) 41.38 - 1.8 (1.88-1.80) 46.16 - 1.7 (1.77-1.70) 

Number of reflections 42,980 (2,669) 29,619 (2,528) 21,205 (2,482) 24,184 (2,539) 

Rfree (%) 17.90 (25.39) 19.61 (28.60) 20.76 (29.05) 19.70 (26.05) 

Rwork (%) 15.21 (21.80) 16.40 (24.46) 15.92 (24.97) 15.70 (22.17) 

Number of protein atoms 2,066 2,096 1,977 2,129 

Number of solvent atoms 353 275 317 298 

B-factor protein (Å2) 16.11 19.12 29.12 29.66 

r.m.s.d bond lengths (Å) 0.006 0.008 0.006 0.01 

r.m.s.d angles (°) 0.902 0.997 0.847 1.031 

Ramachandran favored (%) 99.12 98.68 98.70 97.84 

Ramachandran allowed (%) 0.88 1.32 1.30 2.16 

Ramachandran outliers (%) 0.00 0.00 0.00 0.00 

Rotamer outliers (%) 1.29 1.28 1.79 2.08 

C-beta outliers 0 0 0 0 

Clashscore 4.32 5.66 3.29 5.81 

Table 3.3.2: Cryo-crystallographic synchrotron data collection and refinement statistics of 

rsEGFP2-V151A, and rsEGFP2-V151L structures in their on- and off-states. Values in 

brackets correspond to the highest resolution shell. The table was adapted from (Adam et al. 

2021). 
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Method Protein State PDB ID Conformer * φ (°) # τ (°) 

Synchrotron 

cryo-

crystallography 

rsEGFP2-

V151A 

off-state 
7O7C cis 174 -166 
7O7C trans1 -54 16 

on-state 7O7D cis 174 -166 

rsEGFP2-

V151L 

off-state 
7O7H cis 171 -169 
7O7H trans2 7 -3 

on-state 7O7E cis 171 -169 

rsFolder2 

on-state 7AMB cis 175 -178 

off-state 

7AMF cis 170 -176 
7AMF trans1 -44 17 
7AMF trans2 7 -4 

Cl-rsEGFP2 

(24) 

on-state 
6PFR expanded cis 167 -166 
6PFS contracted cis 142 -169 

off-state 
6PFT expanded trans -32$ 2 
6PFU contracted trans 43 -30 

RT SFX 

parental 

rsEGFP2 
off-state 

7O7U cis 168 -167 
7O7U trans1 -48 7 
7O7U trans2 7 -4 

rsEGFP2-

V151A 

off-state 
7O7X cis 173 -172 
7O7X trans1 -50 9 

on-state 7O7V cis 178 -170 

rsEGFP2-

V151L 
off-state 

7O7W cis 173 -151 
7O7W trans2 10 -18 

Comput. 

B3LYP-D3 

geometry 

optimization 

rsEGFP2 
off-state  (6T39) & trans1 -31 -5 

off-state (6T39) & trans2 -7 -10 

rsEGFP2-

V151A 
off-state (6T39) & trans1 -27 -6 

rsEGFP2-

V151L 
off-state (6T39) & trans2 -8 -10 

*CA2-CB2-CG2-CD2 (for numbering see Supplementary figure 16c in (Coquelle et al. 2018b)) 
#C2-CA2-CB2-CG2 
$
CA2-CB2-CG2-CD1 (due to the flip of the chromophore around CB2-CG2 in PDB ID 6PFT) 

&starting coordinates of the computational models were taken from PDB 6T39 
 

Table 3.3.3: Chromophore dihedral angles from crystallographic models and after 

computational geometry optimization. The table was adapted from (Adam et al. 2021). 
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Abstract 

The development of serial crystallography has boosted the revival of room temperature data 

collection by outrunning and minimizing chemical and structural radiation damage through 

femtosecond pulses at XFELs and by distributing the X-ray dose over a myriad of crystals at 

synchrotrons, respectively. The mitigation of damage by a serial approach means micrometer-

sized protein crystals can now be studied at both XFELs and more routinely at synchrotrons. 

Whereas exploring the ultrafast dynamics by time-resolved studies will continue to require 

XFELs, motions on the s-ms time-scale will increasingly be studied at third and fourth 

generation synchrotrons. If light-sensitive proteins are to be studied by time-resolved serial 

crystallography, the crystal size should not exceed the 1/e penetration depth of trigger light into 

the crystals to avoid unwanted multiphoton effects. In the case of the reversibly 

photoswitchable fluorescent protein rsEGFP2, crystals as small as 3 m are required to comply 

with this condition. Here we address the question as to whether such small protein microcrystals 

diffract better at an XFEL and if yes, by how much. We collected room-temperature serial 

femtosecond crystallography (SFX) and serial synchrotron crystallography (SSX) data on the 

same batch of rsEGFP2 crystals using GDVN and solid support sample presentation methods, 

respectively. The data sets, consisting of the same number of indexed images, were processed 

mailto:weik@ibs.fr
/Users/khadjidemetriou/Downloads/colletier@ibs.fr
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identically and the solved structures were compared. The SFX and SSX datasets extended to 

1.8 and 2.0 Å resolution, respectively. Electron density maps are of comparable quality and 

difference Fourier maps do not show any signs of radiation damage. We conclude that for 

rsEGFP2 microcrystals that are 3 m in diameter, there is only a marginal improvement in 

diffraction quality and resolution when comparing the SFX to the SSX data set. Even on protein 

microcrystals that small, time-resolved serial crystallography experiments can thus be 

envisaged at synchrotrons, except for ultrafast studies requiring femtosecond pulses from an 

XFEL. With the multiplication of fourth-generation synchrotrons, the possibilities for using 

SSX will further grow and the complementarity with SFX increased. 

 

 

3.4.1 Introduction 

 

Serial crystallography emerged with the advent of X-ray free-electron lasers (XFELs) whose 

extremely bright femtosecond pulses enable diffraction-before-destruction experiments 

(Neutze et al. 2000), the so-called serial femtosecond crystallography (SFX (Boutet et al. 2012; 

Chapman et al. 2011)). During the femtosecond exposure, the protein crystal of uncontrolled 

orientation effectively stands still and a diffraction pattern is recorded before chemical and 

structural damage has had the time to develop. Eventually, the crystal is destroyed so that the 

sample needs to be replenished constantly employing a liquid or a viscous jet (Grünbein and 

Nass Kovacs 2019) or by raster-scanning of a solid support (Martiel et al. 2019). An SFX data 

set is then assembled from typically tens of thousands of indexed diffraction images. Owing to 

the high peak brilliance and shortness of XFEL pulses, SFX data can be collected from sub-

micron-sized crystals (Chapman et al. 2011), including naturally occurring nanocrystals (see 

e.g. Colletier et al. 2016), allowing damage-free structures of radiation-sensitive proteins to be 

determined (see e.g. (Ebrahim et al. 2019)) and time-resolved studies on the ultrafast timescale 

can be carried out (Brändén and Neutze 2021; Colletier et al. 2018).  

 

The rise of SFX benefitted from developments in macromolecular crystallography (MX) at 

synchrotrons over the past decades and now, in turn, benefits wider spread implementation of 

serial and multi-crystal data collections at synchrotrons (Hough and Owen 2021; Mehrabi et al. 

2021; Schulz et al. 2022). Various sample presentation methods and data-collection schemes 

emerged in the past years. In the first study, helical line scans were carried out on a large number 
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of microcrystals held in a cryo-loop at 100 K (Gati et al. 2014). Subsequently, RT serial 

diffraction data were collected on crystals flowing across the beam in a quartz capillary (Stellato 

et al. 2014), injected in a lipidic cubic phase (LCP) (Nogly et al. 2015) or slowly extruded after 

embedding in various viscous media (Botha et al. 2015). In an alternative approach based on 

solid supports, microcrystals were sandwiched between silicon nitride windows (Coquelle et 

al. 2015) or mylar sheets (Doak et al. 2018) or deposited on silicon chips (Meents et al. 2017; 

Owen et al. 2017) and serial diffraction data were collected at RT in a raster-scanning mode. 

Microcrystals were also presented to the synchrotron beam through a tape drive (Beyerlein et 

al. 2017a; Roessler et al. 2016) and microfluidic devices (Monteiro et al. 2020). In serial 

synchrotron crystallography (SSX) approaches, crystals stand still or are translated during 

exposure, so that all Bragg reflections are only partially measured, hence a large number of 

images are required for sufficient sampling of reciprocal space. In multi-crystal collection 

schemes, at variance, oscillation data are collected over a few degrees on many crystals and 

those partial data sets are merged. Such an approach was used to collect data at 100 K in situ 

on membrane proteins grown in LCP (Huang et al. 2016) and on crystals deposited in micron-

sized well-mounts (Guo et al. 2018) or at RT on crystals deposited on silicon chips (Roedig et 

al. 2016), sandwiched between two Kapton foils (Schubert et al. 2016) or grown in a 

microfluidic device (Heymann et al. 2014). The main difference between the two approaches 

is that multi-crystal data collection relies on the averaging and scaling of partial data sets with 

mostly fully measured reflections, whereas partial reflections from a large number of diffraction 

images are scaled and merged in serial crystallography. Multi-crystal data collection thus 

requires fewer crystals to be measured but is less amenable to time-resolved studies. Specific 

sample presentation (Mehrabi et al. 2020) and reaction initiation methods (Mehrabi, Schulz, 

Agthe, et al. 2019; Schulz et al. 2018) have recently been developed that now allow for time-

resolved SSX experiments to be carried out (reviewed in (Pearson and Mehrabi 2020)), 

examples being the study of bacteriorhodopsin’s photocycle (Weinert et al. 2019) and catalytic 

steps in the enzyme fluoroacetate dehalogenase (Mehrabi, Schulz, Dsouza, et al. 2019). 

 

X-ray radiation damage is particularly pronounced at RT, with a decrease in crystal lifetime of 

about two orders of magnitude compared to 100 K (Nave and Hill 2005), and when 

microcrystals are used, for which a larger number of incident photons is required to reach the 

same diffraction intensity than those of larger crystals (Yamamoto et al. 2017). By distributing 

the absorbed dose over a multitude of crystals, serial or multi-crystal data collection schemes 

mitigate the problem of X-ray radiation damage at synchrotron sources and thus ease room-
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temperature microcrystallography (Ebrahim et al. 2019; de la Mora et al. 2020). Room 

temperature crystallography offers at least three advantages over cryo-crystallography, namely 

the preservation of functionally relevant conformational heterogeneity of proteins (Fraser et al. 

2011), the possibility to carry out time-resolved experiments, and the unnecessariness of using 

cryo-protectants. 

 

When protein microcrystals do not grow large enough for structure solution by cryo-MX at a 

synchrotron (see e.g. (Zhang et al. 2015)) or when microcrystals ought to be used in time-

resolved experiments for efficient reaction initiation while minimizing multi-photon effects, the 

question arises whether serial crystallography at an XFEL or a synchrotron source should be 

envisaged. Answering this question depends on the relative diffraction power of microcrystals 

at both sources. Several reports have been published that compare the quality of SFX versus 

SSX data sets and in particular their respective resolution limit. Data sets obtained on 

microcrystals of cathepsin B by SFX at RT and by serial helical line scans at 100 K were at 2.1 

Å and 3 Å, respectively (Gati et al. 2014). Lysozyme crystals diffracted to 1.9 Å resolution in 

both an SFX (GDVN injection, crystal size 1   1  3 µm3) (Boutet et al. 2012) and an SSX 

experiment (high-viscosity extrusion injection of crystals (10 - 15  10 - 15  30 - 60 µm3) 

embedded in LCP) (Botha et al. 2015). SFX and SSX data sets collected both at RT on 

bacteriorhodopsin crystals in LCP were at 2.3 and 2.4 Å resolution, respectively (Nango et al. 

2016). The crystals were larger in the SSX than the SFX experiment (5 - 40   5 – 40  1 - 5 

µm3 versus 3 - 15  3 - 15  1 - 3 µm3). Crystals of the human G protein-coupled adenosine 

receptor of the same size (30  30  5 µm3) in LCP were used to obtain SFX and SSX data sets 

at 1.7 and 2.1 Å resolution, respectively (Weinert et al. 2017). The SFX and SSX data sets 

consisted of 3,565 and 128,086 indexed images, respectively. In another study, SFX and cryo-

MX data sets and structures have been compared, yet differing in two parameters, namely data 

collection temperature (RT in the former, cryo in the latter) and crystal size (microcrystals in 

the former, macrocrystals in the latter (Naitow et al. 2017)). A first systematic comparison of 

SFX and SSX data sets consisting of the same number of indexed images and obtained by using 

microcrystals of the same size has recently been carried out and showed that both techniques 

can yield data of equivalent quality (Mehrabi et al. 2021). The crystals were 20 × 20 × 10 m3 

in size. A similar study of much smaller protein microcrystals remains elusive. Such a small 

size might be required for time-resolved SFX and SSX studies on optically dense microcrystals 
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of light-responding proteins that demand the size of the crystals (Mehrabi et al. 2021) to match 

the 1/e light penetration depth (Grünbein et al. 2020). 

 

Here we compare SFX and SSX data sets of almost 14,000 indexed images each, collected at 

RT on rsEGFP2 microcrystals of the same size (3  3  3 µm3) (Figure 3.4.1a). rsEGFP2 is a 

reversibly photoswitchable fluorescent protein that serves as a molecular marker in super-

resolution microscopy (Grotjohann et al. 2012a). The SFX data is a subset of diffraction data 

collected using a GDVN liquid jet at CXI/LCLS and reported earlier (Coquelle et al. 2018b) 

and the SSX data sets were collected on solid supports in raster-scanning mode at the ESRF 

ID13 beamline. The SFX and SSX data sets were at 1.8 and 2.0 Å resolution, respectively, from 

which protein structures of similar quality were refined. 

 

 

3.4.2 Results and Discussion 

 

This study provides a systematic comparison of serial X-ray crystallography data collected at a 

synchrotron source (SSX) and an XFEL facility (SFX). SFX and SSX datasets were collected 

on microcrystals of rsEGFP2 in the on-state. The microcrystals for SFX and SSX were 3  3  

3 µm3 in size (Figure 3.4.1a) and originated from the same crystallization batch (Coquelle et al. 

2018b; Woodhouse et al. 2020a). Liquid jet injection and solid-support raster scanning were 

used in SFX and SSX, respectively (Figure 3.4.1b and c). Diffraction data were processed 

identically and the two data sets were composed of the same number of indexed images for a 

most meaningful comparison.  

 

Comparison of SSX and SFX datasets 

 

The most striking difference between the two data sets obtained is the estimated resolution 

reached (Table 1). A CC* (Karplus and Diederichs 2012) of about 0.88 was used as the criterion 

for high-resolution cut-off, being 1.8 Å for the SFX and 2.0 Å for the SSX data set. Closer 

inspection of data processing statistics shows that globally the SSX data set is of slightly higher 

quality than the SFX one (Figure 3.4.2 and Table 3.4.1). The overall Rsplit is lower for the SSX 

(12.5%) than for the SFX data set (18.1%). Moreover, the Wilson B factor is 36.5 Å2 for SSX 

data whereas the corresponding value for SFX data is 33.7 Å2 (Table 3.4.1). In low-resolution 
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bins, up to ~3 Å, the quality is higher for the SSX than the SFX data set, whereas in higher 

resolution bins (from 3 Å to the high-resolution cut-off) the situation is reversed (Figure 3.4.2c). 

At 2 Å resolution, for example, Rsplit is 65 and 18 % for the SSX and SFX datasets, respectively. 

Since both data sets are complete and have been collected on crystals from the same batch, the 

difference in data quality is either due to differences in the X-ray source (synchrotron vs. XFEL) 

and/or the sample delivery method (solid support vs. GDVN) and/or the detector used (Eiger X 

4M vs. CSPAD).  

 

Comparison of the rsEGFP2 on-state structures determined by SSX and SFX  

 

The model of rsEGFP2 in the on-state (PDB ID: 5O89) was refined against the SFX and SSX 

data sets at 1.8 and 2.0 Å resolution, respectively (Figure 3.4.4a and 3.4.4b). The refined models 

are superimposable (Figure 3.4.4c). No significant differences are observed in the chromophore 

pocket (Figure 3.4.4). All-atom root-mean-square deviations (r.m.s.d.) between the two models 

is 0.43 Å.  

 

B-factor distribution is similar in both structures but with somewhat larger values in the SSX 

than in the SFX structure (Figure 3.4.5a), possibly echoing the difference in Wilson B factors 

(Figure 3.4.3). Figure 3.4.5b shows the difference distance matrix (DDM) which is the 

difference (in Å) between each Cα of the SSX model and paired to every possible Cα of the 

SFX model. The DDM reveals a relative expansion downstream of β-sheet 7 of the SSX versus 

the SFX structure (Figure 3.4.5b). In Figure 3.4.5c, it can be seen that the difference in distance 

values is more noticeable closer to the C-terminal of the structures. 

 

A q-weighted Fourier difference map was calculated at 2.0 Å resolution using observed 

structure factor amplitudes of the SSX and SFX data sets (Figure 3.4.6). Most peaks are in the 

region that is indicated with asterisks in Figures 3.4.6a and b. The highest peak (-6.73 σ) is 

located on the side chain of the His149 (Figure 3.4.6c), indicating a loss of definition of that 

residue in the SSX compared to the SFX structure. A decrease below the nominal pH value 

(8.0) of crystals prior to collecting the SSX data set might have increased the residual fraction 

of protonated chromophores (pKa 6) leading to an increased disorder of the His149 side chain. 

No features are observable on the chromophore (Figure 3.4.6c) known to be highly radiation-

sensitive (Adam et al. 2009), suggesting that the SSX structure is devoid of specific radiation 

damage, given that the SFX structure is radiation damage-free. 
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Further analysis was performed by calculating molecular van der Waals and Void volumes in 

proteins (Table 3.4.2). SSX model has a larger protein total volume than the SFX model. Both 

Void and van der Waals (VDW) volumes are greater in the SSX model than in the SFX model. 

Even if the difference in VDM volume between both structures is only 62.979 Å3, the difference 

in Void volume is much higher of about 474.727 Å3 indicating that the difference in protein 

volume is due to the increase of the Void volume in the SSX model.  

 

 

3.4.3 Conclusion and Perspectives 

 

Here, we report a comparison of SSX and SFX datasets collected from the same batch of 

microcrystals whose size is about 3 μm in diameter. The SSX experiment during which the 

sample was sealed in a Si3N4 sandwich and there was no replenishment of crystallization buffer 

during data collection. On the other hand, during the SFX experiment (GDVN), the sample was 

constantly surrounded by the crystallization buffer until the delivery of the sample to the 

interaction point. Merging statistics suggests a higher resolution cut-off for the SFX (1.8 Å) 

than for the SSX data set (2 Å). Structures after refinement showed a slight variation in the 

volume of the protein in the SSX model compared to the SFX model. The differences in data 

statistics and structures might be attributed to the differences in radiation sources (synchrotron 

versus XFEL), detectors used (EIGER X 4M versus CSPAD), or sample presentation method 

(solid support versus GDVN).  

 

Remarkably, high-quality SSX data can be collected from protein crystals as small as 3 μm. 

Crystals of such a small size might be required in time-resolved SSX experiments to match a 

small penetration depth of the pump laser in optically dense crystals of light-sensitive proteins 

(Grünbein et al. 2020). The 1/e penetration depth of 488-nm light into crystals of rsEGFP2 in 

the on-state is 2.5 μm (assuming a molar extinction coefficient of 60807 M-1.cm-1 and a protein 

concentration in the crystal of 29 mM), hence requiring such a small crystal size for efficient 

reaction initiation, while minimizing the risk of multiphoton artifacts. 

 

Synergetic studies involving XFEL and synchrotron radiation sources for elucidating ultrafast 

or ms intermediate structures would be more straightforward when minimization of the 
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variation in experimental parameters is considered, i.e. to use the same microcrystal batch, the 

same sample delivery method, and the same detector. In a recent study (Mehrabi et al. 2021) in 

which a comparison of SSX and SFX data sets was made, the authors used the same parameters 

but they used different detectors for SFX (MP-CCP in SACLA) and SSX datasets (EIGER 6M 

in DESY).  

 

 

3.4.4 Materials and Methods 

 

Expression, purification, and microcrystallization of rsEGFP2 

 

rsEGFP2 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 a self-inducible 

medium at 37 °C. After cell lysis, the protein fused to an N-terminal polyhistidine tag was 

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

chromatography step. Microcrystals from the same batch as the one used by Coquelle and co-

workers (Coquelle et al. 2018) were used for SSX experiments (Figure 3.4.1a). They were 

generated by microseeded batch crystallization (Ilme Schlichting, unpublished) and the final 

condition was 2 M ammonium sulfate, 115.4 mM HEPES pH 8, 12.3 mM NaCl, 20 mg ml-1 

protein, and a final seed dilution in the batch of 1/50 (v/v). Microcrystals with a size of 3 μm in 

diameter appeared within 12 – 24 h at 20°C. 

 

Sample preparation, data collection, and processing for SSX  

 

The supernatant above the settled rsEGFP2 microcrystals was removed and the crystals were 

washed and stored in 2.5 M ammonium sulfate, 100 mM HEPES pH 8. After settling, solid 

support for the sample delivery was prepared as described previously (Coquelle et al. 2015; de 

la Mora et al. 2020). Microcrystals were centrifuged for ~1 min at 4000 rpm. About 500 nL 

from the pellet were pipetted onto a 500 nm thick and 2.5  2.5 mm2 large Si3N4 membrane 

(Silson Northampton, England: http://www.silson.com) before adding another membrane in a 

back-to-back fashion to form sandwich-like solid support. The membranes were sealed using 

Araldite® glue to avoid sample dehydration, a procedure that took typically 15 – 20 s. The solid 

support was fixed using SuperGlue (LOCOTITE®) onto a small piece of glass, itself attached 
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to a magnetic crystal mount. Data on microcrystalline rsEGFP2 in their on-state (i.e. without 

prior pre-illumination at 488 nm) were collected at RT on the ID13-EH2 microfocus beamline 

at the European Synchrotron Radiation Facility (ESRF) in March 2016. The membrane was 

scanned in lines with an X-ray beam (photon energy 13 keV) focused to 1.7  2 m2 (FWHM). 

Neighboring exposure positions were spaced by 10 m, both horizontally and vertically. An 

EIGER X 4M (DECTRIS®) detector was used for data acquisition with a 2 ms exposure time 

at each position. Frames were recorded at 46,200 positions. NanoPeakCell (Coquelle et al. 

2015) was used for hit finding. Finally, 13719 frames were indexed with CrystFEL 0.6.2 (White 

et al. 2016), using MOSFLM (Powell 1999), DirAx (Duisenberg 1992), and XDS (Kabsch 1988, 

2010b, 2010a) as indexing methods. Integration was performed using the ring-nocen module. 

Merging was performed using the partialator algorithm using the unity partiality model with 

one cycle of scaling and post-refinement (White 2014; White et al. 2016). 

 

Sample preparation, data collection, and processing for SFX 

 

SFX data were recorded on CXI at the LCLS (proposal LI56) and have been published 

(Coquelle et al. 2018b). Briefly, a suspension containing 2 – 10 % (v/v) of rsEGFP2 

microcrystals in 2 M ammonium sulfate, 100 mM HEPES pH 8 was filtered through a 20-m 

stainless steel frit using an HPLC pump system before being transferred into a syringe mounted 

on an anti-settling device (Lomb et al. 2012) and injected in the CXI vacuum chamber using a 

gas dynamic virtual nozzle (GDVN) injector (DePonte et al. 2008). SFX data were acquired 

with Cornell-SLAC Pixel Array detector (CSPAD) (Blaj et al. 2015) at RT on rsEGFP2 crystals 

in the on-state, i.e. without pre-illumination and pump-laser triggering. Indexing was performed 

with CrystFEL 0.6.2 using MOSFLM, DirAx, and XDS, and integration was performed using 

the ring-nocen method. Merging was performed using the partialator algorithm using the unity 

partiality model with one cycle of scaling and post-refinement. For the sake of comparing SFX 

and SSX data sets, the same number of indexed frames as the one composing the SSX data set 

(i.e. 13,719) were randomly extracted from the 34,715 indexed frames of the on-state reference 

data set (Coquelle et al. 2018b) and underwent the same data processing protocol. 

 

SFX and SSX structure solution and refinement 
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Both structures underwent the same molecular replacement and refinement protocols. 

Molecular replacement was performed with Phaser (McCoy et al. 2007) starting from the on-

state structure of rsEGFP2 determined by RT SFX (PDB ID: 5O89 (Coquelle et al. 2018b)). 

Before structure refinement, B-factors were set to the corresponding values calculated from 

Wilson plots (Table 3.4.1). Reciprocal space refinement was performed using Refmac5 

(Murshudov et al. 2011) and included positional and isotropic individual B-factor refinement. 

Manual model building and real-space refinement were carried out using Coot (Emsley and 

Cowtan 2004). Figures were produced with PyMOL (Schrödinger and DeLano 2020).  

 

Structure comparison 

 

RMSD between the SSX and SFX models was calculated using the least-squares algorithm 

implemented in Coot (Emsley and Cowtan 2004). Phenix.model_model_distances program was 

used to calculate the pair-to-pair distance difference for Cα, all and backbone atoms. DDM was 

calculated by a Python script provided by Dr. Nicolas Coquelle from the ESRF (Grenoble, 

France). 

 

Calculation of Fourier difference maps between SSX and SFX data sets  

 

Q-weighted (Ursby and Bourgeois 1997) Fourier difference electron density maps of the SSX 

data against the SFX data (Fobs
SSX – Fobs

SFX) were calculated using the software Xtrapol8 (De Zitter 

et al. 2022). 

 

Calculation of absorbed X-ray dose  

 

the absorbed X-ray dose was calculated with RADDOSE-3D version 4 (Bury et al. 2018) and 

RADDOSE-XFEL (Dickerson et al. 2020) for SSX and SFX data sets, respectively. Input 

parameters were 3 μm crystal dimensions, 3.3 voxels/μm, unit cell parameters as they are specified 

in Table 3.4.1, four monomers in the unit cell (P212121 space group), 239 amino acids, seven sulfur 

atoms in the protein, 2100 mM and 2600 mM (ammonium sulfate and HEPES; see Sample 

preparation in Materials and Methods) for sulfur elements present in the solvent, fraction of the unit 

cell occupied of the solvent of 0.403. Photoelectron escape from the crystal and influx from the 

surrounding material into the crystal, and fluorescent-photon escape were considered. Beam 

specifications for the SSX data set were Gaussian profile, a flux of 1 1012, 1.7 (H) and 2.0 μm 
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FWHM, photon energy at 13 keV. The start and end rotational angles were set to 0, as still images 

were collected. The exposure time was 2 ms. Beam specifications for the SFX data set were 

Gaussian profile, 1.3 (H) and 1.3 μm FWHM, photon, and pulse energy at 9.5 keV and 0.3 mJ. The 

start and end rotational angles were set to 0, as still images were collected and as it was suggested 

for other SFX datasets (Dickerson et al. 2020). The exposure time was 35 fs. For the radiation dose 

estimation, 18 runs with 250,000 photons were used as for other SFX datasets (Dickerson et al. 

2020). 
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3.4.5 Figures and Tables 
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Figure 3.4.1: Crystals and experimental setups for serial crystallography 

Microcrystals (a) used for the experimental setups that were used for SSX (b) and SFX (c) data 

collection. (a) rsEGFP2 crystals were about 3 μm in size. The image was taken using an optical 

microscope (Zeiss SteREO Discovery.V12) using an Achromat S 1.5 × objective. (b) Raster 

scan setup. Microcrystals are loaded on a silicon nitride sandwich that is presented to the X-

ray beam. (c) GDVN setup. Microcrystals are pumped through a capillary and the jet is focused 

by helium gas through the nozzle aperture.  
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Figure 3.4.2: Data processing statistics as a function of resolution 

Redundancy (a), signal-to-noise ratio (SNR) (b), Rsplit (c) and CC* (d) as a function of 

1/resolution for SFX (orange) and SSX (blue) datasets. High-resolution cut-offs are set to 1.8 

and 2.0 Å for SFX and SSX datasets, respectively. 
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Figure 3.4.3: Wilson plots of SSX and SFX datasets 

Plots showing intensities as a function of resolution for SSX (a) and SFX (b) datasets. Wilson 

B was estimated at 36.5 and 33.7 Å2 considering intensities from 4.5 Å up to the highest 

resolution for each dataset (Table 3.4.1). Wilson B plots and factors were calculated using 

truncate from the CCP4 suite. 
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Figure 3.4.4: SSX and SFX structures of rsEGFP2 

Models and maps of rsEGFP2 in the on-state based on SSX (a) and SFX (b) data. Overlay of 

the two models (c). SSX and SFX models are shown in yellow and grey respectively. 2Fobs-Fcalc 

maps at 1  are displayed in blue and Fobs-Fcalc maps at +/- 3   are displayed in green/red.  
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Figure 3.4.5: B-factors and difference distance matrix between SSX and SFX structures  

 (a) Averaged overall B-factors (main and side-chain) distribution of the amino acids in the 

SSX (orange) and SFX (blue) structures. (b) Difference distance matrix (DDM) between the 

pairs of Cα atoms of both structures, where red indicates greater distances in the SFX than the 

SSX structure and blue greater distances in the SSX than the SFX structures. rsEGFP2 

secondary structure elements are represented as green spirals and arrows for α-helices and β-

sheets, respectively. 
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Figure 3.4.6: Fourier difference map computed using SSX and SFX datasets  

Q-weighted Fourier difference map calculated at 2.0 Å resolution using observed structure 

factor amplitudes of the SSX and SFX datasets (Fobs
SSX - Fobs

SFX), contoured at +4 (green) and 

-4 (red) and overlaid onto the model determined from the SFX dataset. (a, b) entire SFX model 

and (c) zoom (asterisk) into the chromophore pocket, where the highest peak (-6.73 σ) is located 

on the H149 site chain.  
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Dataset 
SSX SFX 

Space group P212121 P212121 

Unit cell parameters 

a (Å) 

b (Å) 

c (Å) 

 

51.67 

62.26 

71.88 

Indexed frames 13,719 13,719 

Observations 1,953,974 3,445,787 

Resolution (Å) 

17.00 – 2.00 

(2.05 – 2.00) 

17.00– 1.80 

(1.84 – 1.80) 

Rsplit (%) 10.65 (62.94) 14.17 (34.54) 

CC* 0.996 (0.889) 0.992 (0.880) 

I / (I) 6.34 (1.83) 6.31 (3.70) 

Completeness (%) 100 (100) 100 (100) 

Redundancy 116.8 (70.1) 150.7 (103.7) 

Wilson B factor (Å2) 36.5 33.7 

Riso, free (%, with respect to SFX 

dataset) $ 
25.10 n.a 

Riso, work (%, with respect to SFX 

dataset) $ 
25.66 n.a 

CCiso, free (%, with respect to SFX 

dataset) $ 
93.21 n.a 

CCiso, work (%, with respect to SFX 

dataset) $ 
92.97 n.a 

Absorbed dose (MGy) 0.07$ 31.65& 

Refinement statistics   

Resolution (Å) 

17.00 – 2.00 

(2.05 – 2.00) 

17.00– 1.80 

(1.84 – 1.80) 

Number of reflections 15,359 (1,088) 20,941 (1,504) 

Rfree (%) 19.1 (31.3) 18.2 (22.8) 

Rwork (%) 14.7 (24.1) 14.7 (21.6) 

Number of protein atoms 1961 1951 



 222 

Number of water atoms 128 234 

B-factor protein (Å2) 39.85 34.13 

r.m.s.d. bond lengths (Å) 0.0098 0.013 

r.m.s.d. angles (°) 1.66 1.80 

Ramachandran favored (%) 98.7 98.3 

Ramachandran allowed (%) 1.3 1.7 

Ramachandran outliers (%) 0.0 0.0 

Rotamer outliers (%) 1.8 1.8 

C-beta outliers (%) 0.0 0.0 

Clashscore 3.60 3.87 

 

$Average Diffraction Weighted Dose (ADWD) calculated with RADDOSE-3D (Bury et al. 

2018) 

& Average Dose Exposed Region (ADER) calculated with RADDOSE-XFEL (Dickerson et al. 

2020) 

 

 

Table 3.4.1: Data collection, processing, and refinement statistics 
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Protein 
Total Volume 

(Å3) 

Void Volume 

(Å3) 

VDW Volume 

(Å3) 
Packing Density 

SSX 

model 
33451.220 9521.701 23929.519 0.715 85060 

SFX 

model 
32912.424 9045.974 23866.450 0.725 86397 

 

Table 3.4.2: Protein volume calculation for SSX and SFX models 
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4 Summary 

 

My Ph.D. thesis describes the study of two light-sensitive proteins, the photoenzyme fatty acid 

photodecarboxylase (FAP), and the reversibly photoswitchable fluorescent protein rsEGFP2 by 

using X-ray free-electron lasers (XFELs). XFELs offer the possibility to capture short-lived 

intermediates from microcrystals using time-resolved (TR) serial femtosecond crystallography 

(SFX). 

 

FAP is a photoenzyme from microalga that converts free fatty acids to the corresponding 

hydrocarbons and releases a CO2 molecule whose catalytic reaction requires light. My Ph.D. 

work confirmed the unusual bending conformation of the oxidized light-capturing co-factor, 

FAD by a radiation-damage free SFX structure of the dark-state solved at 2 Å resolution. 

Moreover, characterization of light-captured intermediates at 20 ps, 900 ps, 300 ns at 2 Å 

resolution, and 2 μs at 2.2 Å resolution was carried out with the aim to follow the faith of the 

two products, the hydrocarbon, and the CO2 molecule. To do so, difference Fourier maps and 

extrapolated structure factors were calculated and intermediate-state structures refined. Only 

the hydrocarbon molecule, but not the CO2 molecule, could be identified in the extrapolated 

electron density maps. Challenges encountered before and during the TR-SFX experiment are 

described in detail. My Ph.D. work on FAP, i.e. characterization of the radiation damage-free 

dark-state structure, as well as difference Fourier maps of the intermediate structures, 

complemented results from various experimental and computational results obtained by an 

international consortium that allowed proposing a detailed mechanism for the FAP photocycle.  

 

rsEGFP2 is a photoswitchable fluorescent protein that is used for nanoscopy applications. 

rsEGFP2 undergoes cis-to-trans isomerization upon light absorption. When the on-state (cis 

chromophore conformation) of rsEGFP2 is irradiated with 488 nm light, fluorescence is 

induced and rsEGFP2 transits to the off-state (trans), whereas irradiation at 405 nm switches 

the protein back to the on-state. My Ph.D. work on rsEGP2 was focused on elucidation and 

characterization of the parental rsEGFP2 and its V151A and V151L variants by static SFX and 

and of rsEGFP2-V151A and -V511L by TR-SFX on the nanosecond time scale. Static SFX 

structures on the parental rsEGFP2 and its variants showed that the structural heterogeneity of 

the chromophore in the off-state that was reported previously for the parental protein was 

suppressed in its variants. Intermediate structures of the V151A and V151Lvariants have been 



 225 

solved by nanosecond TR-SFX. Ten ns after photoexcitation, both structures feature a 

chromophore that isomerized from trans to cis and indicate that amino acid side chains in the 

chromophore pocket are in the same position as in the on-state structure, the only exception 

being His149 whose position is closer to the one in the off-state structure rather than the on-

state structure. To prepare for TR-SSX experiments to be carried out in the future, a systematic 

comparison has been carried out of SSX and SFX data collected on rsEGFP2 microcrystals. 

Such a TR-SSX experiment, carried out on the micro- to millisecond time scale, will allow 

characterizing the movement of His149 beyond the 10 ns time point. 

 

The perpetual development of TR-SFX and TR-SSX allow the elucidation of intermediate 

structures in biological macromolecules and the ability to make what is called “molecular 

movies”. The understanding of the structure of the biomolecules gives the opportunity to 

improve, tailor and specify the protein function and also to expand their applications. 
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INTRODUCTION: Photoenzymes are rare bio-
catalysts drivenby absorption of a photon at each
catalytic cycle; they inspire development of arti-
ficial photoenzymes with valuable activities.
Fatty acid photodecarboxylase (FAP) is a natural
photoenzyme that has potential applications
in the bio-based production of hydrocarbons,
yet itsmechanism is far from fully understood.

RATIONALE: To elucidate the mechanism of
FAP, we studied the wild-type (WT) enzyme
from Chlorella variabilis (CvFAP) and variants
with altered active-site residues using awealth
of techniques, including static and time-resolved
crystallography and spectroscopy, as well as
biochemical and computational approaches.

RESULTS: A 1.8-Å-resolution CvFAP x-ray crys-
tal structure revealed a dense hydrogen-bonding
network positioning the fatty acid carboxyl
group in the vicinity of the flavin adenine di-
nucleotide (FAD) cofactor. Structures solved
from free electron laser and low-dose synchro-
tron x-ray crystal data further highlighted an

unusual bent shape of the oxidized flavin
chromophore, and showed that the bending
angle (14°) did not change upon photon ab-
sorption (step 1) or throughout the photocycle.
Calculations showed that bending substan-
tially affected the energy levels of the flavin.
Structural and spectroscopic analysis of WT
and mutant proteins targeting two conserved
active-site residues, R451 and C432, demon-
strated that both residues were crucial for
proper positioning of the substrate and water
molecules and for oxidation of the fatty acid
carboxylate by 1FAD* (~300 ps in WT FAP) to
form FAD●– (step 2). Time-resolved infrared
spectroscopy demonstrated that decarboxylation
occuredquasi-instantaneouslyupon this forward
electron transfer, consistent with barrierless
bond cleavage predicted by quantum chemis-
try calculations and with snapshots obtained
by time-resolved crystallography. Transient ab-
sorption spectroscopy in H2O and D2O buffers
indicated that back electron transfer from
FAD●– was coupled to and limited by transfer
of an exchangeable proton or hydrogen atom

(step 3). Unexpectedly, concomitant with FAD●–

reoxidation (to a red-shifted form FADRS) in
100 ns, most of the CO2 product was con-
verted, most likely into bicarbonate (as in-
ferred from FTIR spectra of the cryotrapped
FADRS intermediate). Calculations indicated
that this catalytic transformation involved
an active-sitewatermolecule. Cryo-Fourier trans-
form infrared spectroscopy studies suggested
that bicarbonate formation (step 4) was pre-
ceded by deprotonation of an arginine residue
(step 3). At room temperature, the remaining
CO2 left the protein in 1.5 µs (step 4′). The ob-
servation of residual electron density close
to C432 in electron density maps derived
from time-resolved and cryocrystallography
data suggests that this residuemay play a role
in stabilizing CO2 and/or bicarbonate. Three
routes for alkane formation were identified
by quantum chemistry calculations; the one
shown in the figure is favored by the ensemble
of experimental data.

CONCLUSION: We provide a detailed and com-
prehensive characterization of light-driven hy-
drocarbon formation by FAP, which uses a
remarkably complex mechanism including
unique catalytic steps. We anticipate that
our results will help to expand the green
chemistry toolkit.▪
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Fatty acid photodecarboxylase (FAP) is a photoenzyme with potential green chemistry applications.
By combining static, time-resolved, and cryotrapping spectroscopy and crystallography as well as
computation, we characterized Chlorella variabilis FAP reaction intermediates on time scales from
subpicoseconds to milliseconds. High-resolution crystal structures from synchrotron and free electron
laser x-ray sources highlighted an unusual bent shape of the oxidized flavin chromophore. We
demonstrate that decarboxylation occurs directly upon reduction of the excited flavin by the fatty
acid substrate. Along with flavin reoxidation by the alkyl radical intermediate, a major fraction of the
cleaved carbon dioxide unexpectedly transformed in 100 nanoseconds, most likely into bicarbonate.
This reaction is orders of magnitude faster than in solution. Two strictly conserved residues, R451 and
C432, are essential for substrate stabilization and functional charge transfer.

B
y far most enzymatic reactions in living
cells are thermally activated, whereas
reactions driven by light are much less
common (1). Apart from photosynthetic
reaction centers, three natural photo-

enzymes have been identified to date: DNA
photolyases, which are involved in the repair
ofUV-damagedDNA (2); light-dependent proto-
chlorophyllide oxidoreductase (LPOR), which
is required for the maturation of chlorophyll
(3); and the recently discovered fatty acid photo-
decarboxylase (FAP, EC 4.1.1.106), which con-
verts fatty acids to hydrocarbons and CO2 (4).
Photoenzymes require a photon for each

turnover of a substrate molecule and offer the
possibility to trigger and monitor catalytic
steps and associated structural changes on
very short time scales that are generally not
accessible for thermally activated enzymes
(5). Thus, over the past 20 years, the photo-
chemical mechanism has been studied in de-
tail for DNA photolyases (6–8) and has started
to be identified for LPOR (9–13). Because of its
readily available substrate, FAP may become a
model of choice to understand catalytic steps
that occur in enzymology.

Light-driven enzymes are also interesting
for practical applications. Increasing our under-
standing and the repertoire of photoenzymatic
mechanismsmay help in the design of catalysts
performing new reactions (14, 15) or in the
development of new light-controlled proteins
for optogenetics (16). FAP has potential bio-
technological applications in green chemistry
because hydrocarbons are important as cos-
metics emollients, chemical synthons, solvents,
and fuels (17–19). FAP complements routes pre-
viously identified for bio-based synthesis of
hydrocarbons (20) by providing a one-step
light-driven pathway from fatty acids. Rational
design approaches have recently allowed im-
provement of the efficiency of FAP on high-
value functionalized carboxylic acids (21) and
on short-chain fatty acids to produce liquefied
petroleum gas (20). Understanding the reac-
tion mechanism of FAP in detail is thus of
utmost importance, both from a fundamen-
tal research and an application point of view.
FAP is an algae-specific enzyme from the

glucose-methanol-choline (GMC) oxidoreductase
family harboring a flavin adenine dinucleotide
(FAD) cofactor. It allows the decarboxylation

of C16-C18 free (nonesterified) fatty acids to
the corresponding n-alka(e)nes (4). These hy-
drocarbon products are mostly located in
chloroplast thylakoids, but their exact role
is still unknown (22, 23). The initial spectro-
scopic characterization of FAP, which was
based on monitoring the electronic state of
the flavin after excitation by a laser flash, led
to the first model of the FAP photocycle (4).
The cycle starts with the quenching of the
singlet excited state by forward electron trans-
fer (fET) frombound fatty acidR-CO2

− in ~300ps
(with a quantum yield >80%), forming a flavin
anion radical FAD●– and a fatty acid radical
R-CO2

●. The latter decarboxylates, yielding an
alkyl radical R● and CO2. FAD

●– is reoxidized
in ~100 ns by back electron transfer (bET),
which ultimately provides the electron for
the reduction of R● to the alkane RH. FAD●–

reoxidation results in a transiently red-shifted
flavin state FADRS that reverts to the initial
state in 4 ms.
Despite this insight, several open questions

remained, including: Which structural features
of the FAP active site promote substrate stab-
ilization and favor the fET? Is decarboxylation
instantaneous upon this fET step or is it slowed
by an activation barrier? Does conversion of R●

to the alkane RH occur by bET from FAD●–

coupled to a proton transfer (PT/PCET) or by
hydrogen atom transfer (HAT) from a nearby
amino acid (4, 24)? What is the origin of the
proton or the hydrogen atom? Here, we report
a high-resolution structure of FAP and char-
acterize key steps along the FAP photocycle
using a wealth of static and time-resolved
crystallographic and spectroscopic techniques,
as well as computational approaches. Our de-
tailed characterization of FAP reveals un-
foreseen mechanistic complexity.

High-resolution structure of CvFAP

Crystals of FAP from C. variabilis NC64A
(CvFAP), diffracting x-rays to high resolution
and without the twinning fault reported ear-
lier (4), were obtained upon removal of the
N-terminal helix involved in crystal packing
(residues 61 to 76) in native CvFAP. The re-
sulting structure, solved at 1.8-Å resolution
(table S1), now provides a detailed view of the
active-site architecture (Fig. 1, A to D, and fig.
S1). Although no substrate was added during
protein purification and crystallization, two C18
fatty acids copurified with FAP were clearly
identified, one in the active site and the other
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on the surface of the protein. The latter is
stabilized by hydrophobic interactions with
nonpolar side chains (L427, Y419, I126, I416,
and L420), as well as the aliphatic parts of
R132 and R122. In the active site, the carboxyl
group of the fatty acid is stabilized by hydro-
gen bonds with water molecules (Wat1 and
Wat2) and the side chains of R451 and N575
(Fig. 1D). The fatty acid substrate is also stab-
ilized on the dimethylbenzene side of FAD, in
contrast to other GMC oxidoreductase en-
zymes, which have their substrate stabilized
near the N5 atom of FAD (fig. S2).

Conformation of oxidized FAD in CvFAP

In the high-resolution dark-state structure of
FAP obtained from synchrotron data “100 K
dark,” the isoalloxazine ring of the FAD co-
factor was found to be bent, with the dihedral
angle C4-N5-N10-C9 (butterfly bending angle)
deviating by 17.4° from planarity (Fig. 1E and
fig. S2A). Such bending is usually interpreted
as being caused by x-ray photoreduction con-

verting supposedly planar oxidized flavin to
the bent reduced form (8, 25, 26). For FAP, how-
ever, in crystallo ultraviolet-visible (UV-Vis)
absorption microspectrophotometry (fig. S3),
low-dose crystallography, (fig. S4A and table
S1), Raman microspectrophotometry (fig. S4,
B and C), andmolecular dynamics simulations
(fig. S5, A and B) using a recent flavin force
field (27) indicated that the FAD cofactor is
bent in its oxidized form (supplementary
text S1). To obtain a definite answer concern-
ing the conformation of the oxidized FAD in
FAP, we performed room temperature (RT)
serial femtosecond crystallography (SFX) at
an x-ray free-electron laser (XFEL; see below
for details), which allows collecting essentially
radiation damage-free diffraction data (28, 29).
This SFX dark-state structure of FAP (“SFX
dark”), solved at 2.0-Å resolution (table S2),
features a FAD with a similar bending angle
(14.3°) as observed in the synchrotron 100 K
dark and the “RT dark low-dose” structures
(Fig. 1E and figs. S4, S6, and S7), supporting

the notion that in FAP, the FAD cofactor is in a
bent conformation in the oxidized state. To our
knowledge, a butterfly bent conformation of the
oxidized flavin has not been firmly established
for anyother flavoprotein. In fact, bent conforma-
tions were either not discussed in the literature
orwere attributed to x-ray–induced flavin reduc-
tion. Future radiation-damage-free structures
of oxidized flavoproteins should reveal whether
the bending is a feature specific to FAP.

New insights into the CvFAP photocycle by
time-resolved spectroscopy

Our previous single-shot fluorescence and tran-
sient absorption experiments in the presence
of substrate, with 100 ps and 10 ns temporal
resolution, respectively, showed a decay of the
singlet excited flavin (1FAD*) in ~300 ps and
formation of FAD●– within 10 ns (4). Here, we
extended the fluorescence and visible absorp-
tion experiments to the ultrafast time scalewith
100-fs-resolution pump-probe spectroscopy
(Fig. 2, A and B, and fig. S8A), showing that
no faster 1FAD* decay phases occurred [only
an~2-ps thermal relaxation phasewas observed
in the fluorescence as in other flavoproteins
(30)] and that, as predicted (4), FAD●– is formed
concomitantly with 1FAD* decay (fig. S8B).
We investigated whether the carboxylate

of the fatty acid is cleaved off concomitantly
with electron transfer from the fatty acid to
1FAD* (~300 ps), after this oxidation, or ac-
companying the bET from flavin (~100 ns).
Light-induced Fourier transform infrared
(FTIR) difference spectroscopy performed
at 298 K showed a CO2 band at 2342 cm–1 (Fig.
2C), corresponding to CO2 in solution (31). The
kinetics of CO2 formation in FAP were mo-
nitored by picosecond to microsecond time-
resolved infrared spectroscopy (TR-IR) in a
frequency range centered around 2350 cm–1

and arbitrary detuning asynchronous optical
sampling (ADASOPS) (32, 33). This experi-
ment showed the appearance of a CO2 ab-
sorption band centered at 2337.5 cm–1 with a
time constant of ~270 ps (Fig. 2, C to E, and
fig. S9). We conclude that decarboxylation is
rate-limited by electron transfer from substrate
to 1FAD*, occurring in ~300 ps. The initial
CO2 band frequency is ~5 cm–1 down-shifted
with respect to that of 12CO2 in aqueous so-
lution, a finding that we assign to the protein
environment. Subsequently, the CO2 signal
diminishes about fourfold with a time con-
stant of 100 ns without changing much in
shape, followed by an upshift toward 2342 cm–1,
a process fitted with a time constant of ~1.5 ms.
The latter process likely reflects migration of
CO2 toward the solvent. The data indicate that
the 100-ns process implies transformation of
~75% of the initially formed CO2 within the
protein into another molecule, possibly bi-
carbonate, concomitant with flavin reoxida-
tion to the red-shifted form FADRS (see next
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Fig. 1. High-resolution crystal structures of CvFAP. (A) Structure of CvFAP determined from synchrotron
data at 100 K (100 K dark), including the FAD cofactor and two C18 fatty acid substrates (FA1 and FA2).
(B) Binding of the two substrate molecules. The “omit” electron density map (5.0 s contour level) is shown
as a green mesh, and amino acid side chains in a radius of 4 Å around the binding site are shown as
sticks (green: active site, blue: secondary binding site, purple: between sites). (C) Position of the peripheral
substrate (FA2) partly obstructing the channel leading to the active site tunnel. (D) Close-up view of the
catalytic site showing the water molecules Wat1 and Wat2 and the interactions with FAD (yellow sticks) and
the substrate in the active site FA1 (green sticks). Distances are indicated in angstroms. The shortest
distance between the substrate and the FAD cofactor (carboxylate O1-isoalloxazine C6) is 3.1 Å. The tail of
the peripheral substrate points toward the entrance of a tunnel leading to the active site that is lined by A128,
T131, I404, and F469. (E) Superposition of the FAD isoalloxazine rings from the SFX dark structure (blue;
molecule A) and the synchrotron structures (pink: RT dark low-dose; yellow: 100 K dark). The SFX Fobs – Fcalc
omit map at 3 s (green) is overlaid, and the FAD bending angles are indicated.
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section on the red-shifted intermediate). This
process was not foreseen in our previously
proposed reaction scheme (4). Whereas our
present data covering six orders of magnitude
in time can be reasonably well described with

these three exponential processes and a con-
stant phase (Fig. 2E), it is possible that an ad-
ditional phase of CO2 release into the solvent
occurs on a time scale exceeding 50 ms, the
temporal window of our present experiments.

To determine whether any of the reaction
steps are coupled to or directly reflect PT or
HAT, we compared the kinetics of all steps
observable by continuous-probe time-resolved
fluorescence or transient absorption spectros-
copy in H2O and D2O buffers. The biphasic
fluorescence signal showing the decay of 1FAD*
[caused by quenching by ET from the sub-
strate (300 ps phase; >80%) and by the
intersystem-crossing to a nonreactive triplet
state (~6.5 ns phase; <20%)] was not visibly
affected by the isotope exchange (Fig. 3A), as
expected for reactions that are not substan-
tially coupled to movements of exchange-
able hydrogen species [e.g., back-ET from QA

–

to P680+ in photosystem II (34)]. By contrast,
the kinetics of FAD●– reoxidation to FADRS

observed by transient absorption spectroscopy
at three characteristic wavelengths slowed
down by a factor of ~2, from ~100 ns in H2O
to ~200 ns in D2O (Fig. 3B), suggesting that
this bET step is coupled to and limited by
transfer of an exchangeable proton or hydro-
gen atom. Change of buffer pH in the interval
between 7.5 and 9.1 had no effect on the
kinetics of this step (fig. S10A), indicating that
the proton or hydrogen atom donor involved
in the reaction has a pKa value >9.1 (where Ka

is the acid dissociation constant). The signifi-
cantly lower kinetic isotope effect (KIE) of 1.2
reported by Heyes et al. (24) might be due to
insufficient time-resolution of their experi-
ment (see supplementary text S4).
The last step observable by transient absorp-

tion spectroscopy was the disappearance of
the transient red shift of reoxidized FAD oc-
curring in a few milliseconds. This process
was previously (4) assigned to reprotonation
of X−, the conjugate base of XH, an uniden-
tified proton donor to the alkyl radical. Ki-
netics of this process also slowed down from
~3 to ~10 ms when H2O in the buffer was re-
placed by D2O (Fig. 3C). Consistent with this
observation and the recent report of a pH in-
crease (in an unbuffered solution) associated
with this step (24), this process apparently re-
flects a proton transfer from bulk solvent.
Again, change of buffer pH in the interval be-
tween 7.5 and 9.1 had no effect on the kinetics
of this step (fig. S10B), nor did the consump-
tion of the native substrate (fig. S10C). Time-
resolved spectroscopic findings are summarized
in fig. S11.

Photodecarboxylation and characterization
of the red-shifted intermediate at
cryogenic temperatures

Our time-resolved spectroscopic results pre-
dicted that a fraction of the CO2 product is
present in the active site in the red-shifted
photoproduct intermediate. For a detailed char-
acterization by static methods, we tried to
stabilize this intermediate using cryotrapping.
UV-Vis absorption spectra of CvFAP crystals
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Fig. 2. Time-resolved infrared and UV-Vis spectroscopies of CvFAP. (A) Fluorescence kinetics reflecting
1FAD* decay. The solid line is a fit with time constants of 300 ps (85%) and 5 ns [the latter time constant
was imposed according to (4)]. The inset shows an additional ~2 ps wavelength-dependent phase reflecting
red shifting of the fluorescence spectrum caused by excited-state relaxation. (B) Transient visible absorption
spectra at different delay times in the same time domain. The negative absorption features reflect bleaching of the
FADOX resting state (<525 nm, the black dashed line is the ground state absorption spectrum) and stimulated
emission (550 to 650 nm). Full transient fluorescence spectra and global analysis of the transient absorption
spectra are shown in fig. S8. (C) Transient infrared spectra in the CO2 spectral region on the picosecond-
microsecond time scale. The vertical lines are guides for the eye and correspond to the maximum of released
CO2 in the protein and to the known maximum for CO2 in aqueous solution, 2342 cm–1 (31). The upper traces
correspond to independent steady-state 298 K light-induced FTIR difference spectra with 12C-palmitate and
1-13C-palmitate substrates (blue trace and red trace, respectively). (D) Kinetics at frequencies close to the initial
and final maxima of released CO2. The lines are the result of a global fit. The time scale is linear up to 1 ns and
logarithmic thereafter. (E) Decay-associated spectra (DAS) corresponding to a global fit of the data with three
exponential phases (time constants of the fit are indicated) and a constant phase.
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and solutions exposed to increasing amounts
of blue light at 100 K indeed revealed the
gradual conversion into a red-shifted form
similar to that previously observed at RT [(4)
and fig. S12]. These conditions were used to
further characterize the red-shifted interme-
diate using light-induced FTIR difference spec-
troscopy. To identify IR modes of the substrate
and products of the reaction, we replaced the
native substrate with 1-12C or 1-13C palmitate.
The identification of characteristic 13C-sensitive
IR bands of carboxylate in the FTIR difference
spectra at 1541 and 1391 cm–1 shows that the
substrate initially was in the deprotonated
form (Fig. 4A, i and ii; details supporting all
IR bands assignments mentioned below are
given in supplementary text S2). A peak at
2340 cm–1 (Fig. 4A, v) was assigned to for-
mation of CO2 from 1-12C-palmitate and at
2274 cm–1 from 1-13C-palmitate. When com-
paring FTIR spectra recorded with FAP sam-
ples containing 1-12C- and 1-13C-palmitate,
small bands were also observed at 1356 to
1335 cm–1 and 1312 cm–1 (Fig. 4A, iii), which is
indicative of the formation of trace amounts
of 12C and 13C bicarbonate, respectively. We
repeated the FTIR experiments at 150 K. At
this temperature, the CO2 band was small
(Fig. 4A, v), whereas large positive bands at
1646 (1614) and 1352 (1318) cm–1 were detected
that could be unambiguously assigned to IR
modes of 12C- (13C-) bicarbonate (Fig. 4A, iv).
The FTIR data thus demonstrate the buildup
of bicarbonate at 150 K and indicate that its
formation at 100 K is limited by an energy
barrier.
The structure derived from a CvFAP crystal

exposed to 470 nm light at 100 K (“100 K
light”) featured FAP trapped in a FADRS state,
as shown by in crystallo microspectrophoto-
metry (fig. S12). The difference electron den-
sity map between 100 K light and 100 K dark
displays strong and significant peaks only

around the substrate and FAD cofactor. These
peaks can be fitted with a CO2 molecule in
addition to the alkyl chain stabilized in the
active site (Fig. 4, B and C, and fig. S13, A to C).
The positive difference electron density along
the aliphatic tail of the substrate (from C13
to C15) and the 8° rotation of the side chain
of Y466 indicates a correlated motion consist-
ent with the strong electronic coupling ob-
served by quantum chemistry between the
substrate and Y466. To reflect the optimum
pH of FAP in solution [pH 8.5 (4)] and to
overcome thermal activation barriers, a FAP
crystal was soaked at pH 8.5 and illuminated
at 150 K (“150 K light”). After modeling alkane
and a CO2 molecule, the residual Fo ‒ Fc elec-
tron density map showed a positive density
with a triangular shape close to C432, which
we tentatively attributed to bicarbonate with
30% occupancy (Fig. 4D and fig. S14).

Time-resolved serial femtosecond
crystallography of CvFAP

We investigated the structural changes occur-
ring in FAP after photoexcitation at RT by a
time-resolved SFX (TR-SFX) experiment (35)
using a pump-probe scheme. Time-resolved
fluorescence spectroscopy on FAP microcrys-
tals established that the kinetics of fET are the
same as in solution (supplementary text S5
and fig. S15). For TR-SFX at the Linac Co-
herent Light Source (LCLS), FAPmicrocrystals
were photoexcited by picosecond 400-nmpump
pulses and probed by femtosecond XFEL pulses
after pump-probedelays of 20 ps, 900ps, 300ns,
and 2 ms to cover time scales on which FAD
reduction and FAD●– reoxidation occur. The
SFXdark state structurementioned abovewas
determined from the data in the absence of
a pump laser pulse. Structural changes after
photoexcitation were visualized as positive
and negative peaks in difference Fourier elec-
tron density maps calculated between the

light and dark datasets (Fobs
light_Dt – Fobs

dark;
Fig. 5A) at 2.2-Å resolution. The most promi-
nent difference electron density peaks at all
four time points were at the active site, with
the highest negative peak (–5.5 to –10.1 s,
depending on the time point) at the position
of the carboxyl group of the substrate, showing
that light-induced decarboxylation occurred
(Fig. 5A). At 900 ps, decarboxylation had oc-
curred to a considerable extent, consistent
with the 270-ps time constant determined by
multiscale time-resolved IR spectroscopy (Fig.
2, C to E). At 300 ns and 2 ms, a strong negative
peak was observed at Wat1 (–5.8, and –6.2 s,
respectively; Fig. 5A), but not on Wat2. We
note the absence of positive difference elec-
tron density peaks associated with the photo-
dissociated CO2 in the vicinity of the substrate
carboxyl group. A possible reason could be the
small initial displacement of cleaved CO2 rela-
tive to its position in the fatty acid, consistent
with the structure determined based on an
illuminated cryocooled crystal 100 K light (see
fig. S13C for comparison). It is conceivable that
the positive difference densities close to C432
in the 300-ns and 2-ms datasets (Fig. 5A) cor-
respond to the feature(s) observed in the data
obtained from cryocooled crystals illuminated
at 150 K (Figs. 5B and 4D), tentatively assigned
to a bicarbonate (fig. S14). In the SFX data,
attempts to fit unambiguously this positive
difference density with a bicarbonate, a CO2

molecule, or a mixture thereof remained un-
satisfactory. The absence of significant difference
electron density peaks at the FADat all four time
points suggests that the isoalloxazine ring does
not undergo significant light-induced conforma-
tional changes.

Quantum chemistry study of CvFAP

We performed quantum chemistry calcula-
tions for the decarboxylation reaction in the
active site of FAP, considering electronic
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Fig. 3. Effects of H2O-D2O exchange on time-resolved fluorescence and UV-Vis spectroscopy of CvFAP. (A) Normalized signals of time-resolved fluorescence of 1FAD*
at 560 nm in H2O and D2O buffers. (B) Effect of H2O-to-D2O exchange on the kinetics of FAD●– reoxidation to FADRS, followed by transient absorption spectroscopy at
selected wavelengths on a submicrosecond time scale. (C) Effect of H2O to D2O buffer exchange on the decay of FADRS measured at 515 nm on the millisecond time scale.
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Fig. 4. Characterization of the CvFAP red-shifted intermediate at cryogenic
temperatures. (A) Light-induced FTIR difference spectra recorded from FAP
solutions (i) and (ii) and corresponding 12C- minus - 13C difference spectra (iii) and
(iv). The 2360 to 2260 cm–1 and 2590 to 2490 cm–1 regions of the spectra in
(i) and (ii) are shown in (v) and (vi). For the spectrum in black, the FTIR spectrometer
was continuously purged with N2 to avoid contamination by gaseous CO2 that
might originate from a dry air purge. This was not the case for spectra recorded
from FAP samples with 1-13C-palmitate; these were cut off above 2300 cm–1 to avoid
bands from gaseous CO2. (vii) Overlay of the spectra recorded at 100 K from
FAP with 12C-palmitate in H2O (black) and in D2O (green). (viii) H2O – D2O difference
spectra calculated for 14N- and 15N-labeled FAP samples. (B) Experimental difference

density map (Flight – Fdark, 100 K data) contoured at ±4s around the active-site
substrate superimposed on the refined structures of the dark state (gray) and the
red-shifted form (cyan, with FAD in yellow and alkane and CO2 in green). The
cleavage of the C1–C2 bond is clearly visible. (C) Details of the active site of FAPRS
formed upon illumination (UV-Vis spectra in fig. S12). All distances shorter than
3.2 Å are labeled, except the fatty acid O1–FAD C6 distance, which increases from
3.1 Å in the dark to 3.6 Å upon illumination (in CO2). (D) Fo – Fc electron density
omit map (3.5 s) derived from crystals kept at 150 K and pH 8.5, showing
positive difference electron density next to C432, consistent with a bicarbonate. Its
potential interactions with the environment are shown in fig. S14. Uncleaved fatty
acid (~30% occupancy) is omitted for clarity.

Fig. 5. Time-dependent changes in the CvFAP active site followed by TR-
SFX. (A) Locally averaged q-weighted difference Fourier maps calculated
between the SFX light and dark datasets (Fobs

light_Dt – Fobs
dark; with Dt = 20 ps,

900 ps, 300 ns, 2 ms). The 2.2-Å resolution maps are shown at +4 s (green) and
–4 s (red). The SFX dark-state model of molecule B is overlaid, with FAD in
yellow, fatty acid in green, and the protein in gray. The q-weighted difference

maps for molecules A and B, i.e., without local averaging, are shown in fig. S31.
(B) Fobs – Fcalc electron density (contoured at 3.5 s) of Fig. 3E, shown in a
different orientation, which features unmodeled positive electron density next to
C432 that is reminiscent of a bicarbonate (Fig. 4D and fig. S14, see text), in a
location similar to where positive difference density is present in the time-
resolved maps at 300 ns and 2 ms.
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states relevant for flavin photoexcitation, elec-
tron transfer, decarboxylation, and alkane for-
mation, aswell as the effects of flavin bending
(see supplementary text S6). To perform the
reaction pathway calculations, a large active-
site model (consisting of 272 atoms; fig. S16)
was prepared using the coordinates of the
high-resolution crystal structure of the dark
state (Fig. 1D). Unexpectedly, computations in-
dicated multiple routes to form an alkane in
the FAP active site, as summarized in Fig. 6.
Common to all routes, photoexcitation trig-

gered charge transfer (CT) from the substrate
to the flavin. Interactions with two water mol-
ecules stabilized the anionic carboxylate sub-
strate (1) (Fig. 6A). Removing these water
molecules from the active site or rearranging
Wat1 to form a hydrogen bond with flavin sub-
stantially decreased the energy of the CT state,
i.e., of the flavin radical anion and the fatty
acid radical (table S6). After Wat1 rearrange-
ment, the CT energy was 15 kcal/mol lower
than the excited-flavin energy (table S6). Con-
comitantly, electronic coupling between the
flavin and substrate increased almost threefold,
reaching 47 meV (table S7), thus favoring the
transfer of an electron from the carboxylate.
The formed carboxylic radical underwent a
barrierless decarboxylation (fig. S17), affording
the alkyl radical (3). The energy of the alkyl
radical intermediate was 52 kcal/mol above
the dark state (1), which corresponds to >80%
of the photon energy (Fig. 6B). CO2 dissocia-
tion increased the distance separation in the
radical pair, and, accordingly, the electronic
coupling between the alkyl and flavin radicals
was only 7 meV (table S7).
From the alkyl radical (3), the alkane prod-

uct (6/6a) can be formed through several re-
action pathways (Fig. 6, pathways I to III). The
chemical changes characterizing pathways I
to III are summarized in Fig. 6C. HAT from a
nearby residue has been discussed previously
(4, 24). Our results indicate strong interactions
with the Y466 phenolic side chain (electronic
coupling 142 meV; table S7) that may facilitate
migration of the alkyl radical toward Y466 and
C432. TheHAT reaction fromC432 (Fig. 6, path-
way I) proceeded through an energy barrier
(9 kcal/mol; fig. S18) and led to a Cys-radical
state (4) with a 15 kcal/mol lower energy than
that of the alkyl radical intermediate (3). Re-
oxidation of the flavin by C432 (5) further re-
duced the energy by 3 kcal/mol (Fig. 6B). The

resulting thiolate anion was stabilized by a
hydrogen bond with positively charged R451;
however, proton transfer fromR451 to C432 in
(5) along the hydrogen bond yielding (5a) did
not further reduce the energy (table S5). There-
fore, it is likely that C432 reprotonation pro-
ceeds by a different mechanism (see below).
Alternatively to the HAT reaction involving

C432, a proton can be transferred from Wat2,
which stabilizes the alkyl radical (3). The shift
of the negative charge from the flavin to the
alkane by bET coupled to proton transfer from
Wat2 led to a transient formation of a hydrox-
yl anion which either interacted with CO2,
forming bicarbonate (6a) directly (Fig. 6, path-
way III), or deprotonated R451 (5b) (Fig. 6,
pathway II). The presence of CO2 and water
molecules in the active site, in particularWat1,
allows R451 reprotonation concomitant with
bicarbonate formation (6), even after the alkane
was formed, with a small activation energy
(4 kcal/mol; fig. S19). The bicarbonate product
derived fromWat1 (6) was 10 kcal/mol lower
than the bicarbonate originating from Wat2
(6a), rendering pathway II more energetically
favorable than pathway III (Fig. 6B). Energy
lowering by bicarbonate formation may also
further stabilize product (5) of the HAT reac-
tion (pathway I); in the first step, the thiolate
C432 obtains a proton from R451 and/or Wat1
and in the second step, bicarbonate is formed
from CO2 and OH‒ derived from Wat1 (6).
In view of the experimentally observed

red-shifted reoxidized flavin intermediate,
we compared the flavin excitation energy of
the species resulting from the bET reaction
and that of the initial dark state (Fig. 6B and
table S8). Our computations suggest that the
red shift can be explained by formation of
various species in which the initial negative
charge of the deprotonated carboxylate (1)
is either neutralized by formation of CO2

and deprotonated R451 (5) or shifted away
from the flavin by formation of the anionic
bicarbonate (6) and (6a) (fig. S20). Addi-
tionally, a red-shifted spectrum is caused by
hydrogen-bonding interactions of Wat1 with
flavin in (5a).
Consistent with the x-ray structures, all

active-site models contained the butterfly-
bending conformation of the flavin isoallox-
azine ring. Flavin bending persisted during
geometry optimization of the FAP active-site
models (Fig. 6A), in contrast to the essentially

planar optimized geometry of the oxidized
and semireduced forms obtained in compu-
tations of flavins (36). The significant bend-
ing angle in the optimized FAP active-site
structures is consistent with the notion that
interactions with the protein modulate flavin
bending (37). As previously discussed, this
bending biases the energy levels of the flavin,
favoring flavin reduction (36) and decreasing
the excitation energy (table S9), with possible
functional implications. In particular, bending
diminishes the vertical electron affinity even
more than the excited-flavin energy (fig. S21)
and thus preferentially reduces the CT-state
energy, which should facilitate fET. Thus,
flavin bending explains the strongly red-shifted
(20-nm) ground-state FAD absorption spec-
trum of FAP in the dark state compared with
free FADormost flavoproteins, allowing photo-
excitation and facile fET up to as far as 530 nm.
This is well into the so-called “green gap” (be-
tween 500 and 600 nm) in the absorption
spectra of chlorophylls that dominate the ab-
sorption of algae, thus enhancing the net light-
harvesting capacities of FAP.

Role of conserved amino acids in the
FAP active site

The active site of CvFAP contains three res-
idues (Y466, C432, and R451) that are strictly
conserved and specific to FAPs comparedwith
other GMC oxidoreductases (fig. S23). Y466
and C432 were previously considered as hy-
drogen atom donor to the alkyl radical R●

(followed by bET from FAD●– to the tyrosyl
or cysteinyl radical) or, alternatively, proton
donor in a proton-coupled back-ET fromFAD●–

to R● (4, 24). Our quantum chemical calcu-
lations additionally suggest R451 as a potential
proton donor. To identify the proton donor
experimentally, we performed FTIR; in partic-
ular, we analyzed possible contributions from
deprotonated forms of these three residues
in the cryotrapped red-shifted intermediate.
Light-induced FTIR difference spectra of
CvFAP recorded at 100 K showed only a shift
of a v(S-H) IR mode of cysteine, and no
changes in D2O compared with H2O that
could be assigned to tyrosine vibrations, which
does not support deprotonation of either of
the two residues under conditions in which
the flavin red shift was observed (Fig. 4A, vi,
and supplementary text S2). However, a strong
negative band was observed at 1606 cm–1 in
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Fig. 6. Plausible CvFAP photoreaction pathways according to quantum
chemistry calculations. (A) Structural changes accompanying decarboxylation
and alkane formation in the FAP active site. Flavin butterfly-bending angle
is 15° and 19° in the oxidized and semiquinone states, respectively. For clarity,
only a small part of the active-site model is shown. The complete model is
presented in fig. S16. (B) Energies of the reactants, intermediates, and products
indicated in (A). Common to all pathways is fET mediated by Wat1 rearrangement
(1) → (2) followed by CO2 cleavage (2) → (3). Alkane formation occurs either

through HAT (pathway I) or PCET (pathways II and III). Pathway I consist of alkane
formation through HAT from C432 (3) → (4), flavin reoxidation by the C432
radical (4) → (5), and C432 reprotonation and bicarbonate formation (5) → (6).
Pathway II involves alkane formation through bET coupled to PT from Wat2
and subsequent R451 deprotonation (3) → (5b). Bicarbonate formation from
CO2 and Wat1 recovers protonated R451 (5b)→ (6). In pathway III, bET is coupled
to Wat2 deprotonation and formation of bicarbonate (3) → (6a). (C) Chemical
scheme detailing intermediate states of fET and pathways I to III.
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FTIR difference spectra recorded in D2O (Fig.
4A, vii). In 15N-labeled FAP samples, this band
downshifted to 1597 cm–1 (Fig. 4A, viii). Both
observations support assignment of the band
to the guanidium IR mode of an arginine side
chain. Absence of a positive counterpart of this
band after illumination is indicative of argi-
nine deprotonation in the FADRS state at 100 K
(see supplementary text S2).
To gain further insight into the role of Y466,

C432, and R451, we prepared Y466F, C432S,
R451A, and R451K mutants and performed
activity measurements and extensive structural
and spectroscopic characterization (UV-Vis ab-
sorption spectra are shown in fig. S24). Mu-
tation of Y466 to phenylalanine affected the
catalytic activity only slightly (Fig. 7A), con-
sistent with a previous report (24). The ki-
netics of both fET to FAD and bET from
FAD●–did not differmuch fromwild-type (WT)
CvFAP (fig. S25C). Furthermore, almost iden-
tical FTIR difference spectra were obtained
with WT CvFAP and the Y466F mutant (fig.

S26A). Altogether, these results suggest that
Y466 does not directly participate in any PT/
HAT or ET step in the FAP photocycle, and
its role is only briefly discussed in the sup-
plementary text S4.
Mutation of C432 to serine (a much poorer

proton and hydrogen atom donor) strongly
affected the catalytic activity (Fig. 7A), as re-
ported earlier by Heyes et al., who considered
it indicative of HAT from C432 to the alkyl
radical R● in theWT protein (24). In contrast
to these authors, we detected a low but sig-
nificant catalytic activity (~10% of WT) for the
C432S mutant. Because impairment of the
catalytic activity by a point mutation may
result from structural changes rather than
suppression of a direct function of the re-
placed residue, we examined the C432Smutant
protein in more detail. The dark-state crystal
structure of C432S was highly similar to WT
except for a new water molecule, Wat3, inter-
acting with S432 (2.7 Å) and the O1 oxygen
atom of the fatty acid carboxylate (2.5 Å),

which was rotated by ~42° (Fig. 7D). The dis-
tance of the carboxylate O2 the flavin N5
increased from 4.0 Å in WT to 5.0 Å.
The time-resolved fluorescence signal of

C432S resembled that of WT after the con-
sumption of native substrate(s); however, the
fluorescence decay was slightly (~10%) accel-
erated (Fig. 7B), indicating that the signal re-
flects mostly intrinsic 1FAD* decay [mostly
because of intersystem crossing (ISC) (4)],
with only a small contribution of competing
fET to 1FAD*. The intrinsic fET rate was ~10×
slower than 1FAD* decay in this mutant (see
supplementary text S3). Transient absorption
signals on the submillisecond time scale were
thus dominated by the triplet (fig. S25F), and
the formation of FADRS could not be resolved.
There was, however, a small (~15% of WT)
long-lived absorption change at 515 nm (where
the transient flavin red shift is most promi-
nent in the WT). About two-thirds of it de-
cayed in a few milliseconds, i.e., with similar
kinetics as FADRS inWT [see upper inset of fig.
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Fig. 7. Impact of mutations of conserved residues on CvFAP activity, 1FAD*
fluorescence decay, spectrum of cryotrapped FADRS, and active-site structure.
(A) Activities of purified recombinant mutant CvFAPs relative to WT (measured
by gas chromatography coupled with mass spectrometry for the Y466F, R451K, and
R451A mutants) in the presence of cis-vaccenic acid as substrate. Relative activity
of the C432S mutant was measured by membrane inlet mass spectrometry to avoid
activity underestimation due to low photostability of this particular mutant under
continuous illumination conditions. All activities were normalized to FAD content.
Mean ± SD is shown (n = 5 repeats). ND, not detected. (B) Normalized time-resolved

fluorescence at 560 nm of WT, C432S, and R451K CvFAP in the presence of native
substrates (and after their consumption in WT); for Y466F and R451A mutants,
see fig. S25B. (C) Light minus dark spectrum of WT and mutant C432S at 200K
obtained by cryo-UV-Vis spectroscopy and normalized on FAD content. (D) Structure
of the active site of the WT (left), C432S (middle), and R451K (right) mutants.
Distances (in angstroms) between substrate (green), FAD (yellow), water molecules
(red), and amino acid residues (white or gray) are shown. Compared with WT,
in the C432S and R451 mutants, the FA carboxylate is rotated ~50° around an axis
defined by the fatty acid atoms O2 and C2.
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S25F or figure 3D in (24)]. With these indirect
indications of FADRS formation in C432S, we
attempted to accumulate this species at a cryo-
genic temperature. Illumination of the sample
at 200 K yielded a spectrumwith similar shape
(but lower amplitude) as the FADRS spectrum
obtained with WT FAP (Fig. 7C).
When R451 was mutated to alanine, the

enzymatic activity was completely abolished
(Fig. 7A) and no fET was observed (fig. S25B);
in fact, the structure showed that the fatty
acid was oriented very differently from that
in the WT (see fig. S26D and supplementary
text S3 and S4 for details).
When R451 was replaced by lysine (which is

also positively charged), the catalytic activity
amounted to ~45% of WT (Fig. 7A). The fluo-
rescence decay (Fig. 7B) was distinctly faster
(~4.5 ns) than inWTwithout substrate (~6.5 ns),
consistent with fET occurring for ~30% of the
excited flavins. Reoxidation of FAD●– and for-
mation of FADRS was clearly resolved and
found to bemarkedly faster (~30 ns; fig. S25D)
than in WT (~100 ns; Fig. 3B, fig. S10A, and
supplementary text S3 and S4). The acceler-
ation of the (proton-coupled) bET would be
consistent with lysine being a better proton
donor than arginine (solution pKa of Lys is
10.7 versus 12.1 for Arg).
To better understand how R451 affects the

active-site architecture, we determined the
crystal structure of the R451K mutant in its

dark state at 100 K (Fig. 7D and fig. S26C).
The R451K mutant structure differed signif-
icantly from WT: Whereas a new water mol-
ecule mimicked the NH2 group of R451 and
thereby retained the interaction with the O2
oxygen atomof the fatty acid carboxylate (2.5Å),
the interaction between K451 and the fatty acid
O1 oxygen atom induced an ~54° rotation of
the carboxylate and an increase by 0.6 Å of the
distance of the fatty acid O2 to the flavin N5
compared with WT. This created space for a
new water molecule, Wat3, akin to the situa-
tion in C432S, located between the fatty acid
O1 atom (2.4 Å) and K451 (2.8 Å). The close
distance of Wat3 and C432 induced a flip of
the amino acid stretch T430 to G435, pushing
C432 out of the active site and bringing in an
additional water molecule. These large struc-
tural changes may explain the very different
FTIR spectra obtained with the R451Kmutant
compared with WT (fig. S26B).

Reaction cycle of FAP

Consistent with the strict conservation of C432
and R451 in FAP sequences, even conservative
substitutions of these residues resulted in dras-
tic reductions in catalytic activity, in both cases
by strongly reducing fET. Unexpectedly, the
R451K and C432S mutants shared significant
structuralmodificationswith respect to theWT:
the presence of a new water molecule, Wat3,
close to the fatty acid carboxylate, a rotation of

the carboxylate by~50°, a significant elongation
of the distance of the fatty acid carboxylate to
the flavin N5, as well as small changes inWat1
location. Quantum chemistry calculations
showed that in the C432S mutant, the CT
energy increased by 0.2 eV and the electronic
coupling reduced fivefold, which is consistent
with a much slower observed fET (see supple-
mentary text 6.7 and fig. S22).
These mutants provide important insights

into the molecular constraints affording FAP
activity: The active site of the WT enzyme is
arranged such as to optimize the configuration
of the fatty acid carboxylate for fET. Each car-
boxylate oxygen atom interacts with catalytic-
ally important groups (O1: Wat1, O2: R451
and Wat2) while avoiding an inactivating
bidentate interaction with R451.
Three possible routes toward alkane for-

mation in FAP were suggested by quantum
chemistry (Fig. 6C). Our experimental findings
allow assessing the suggested pathways. Path-
way I, involving a HAT mechanism to reduce
the alkyl radical, as also suggested previously
(4, 24), is chemically plausible. However, a num-
ber of experimental findings argue against it.
First, the C432S mutant retains significant
enzymatic activity, suggesting that C432 is not
essential for catalysis. Second, in the FADRS

state, only a shift of a thiol S-H vibration is
observed by FTIR but no cysteine deproto-
nation. Third, despite the fact that C432 is
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Fig. 8. Suggested CvFAP photocycle. Upon light
excitation (1), fET in ~300 ps from the fatty acid
anion to 1FAD* (observed by ultrafast fluorescence
and transient absorption spectroscopies) leads to
its quasi-instantaneous decarboxylation (2), as
observed by TR-IR and TR-SFX and supported by
the computed absence of an energy barrier. bET in
~100 ns from FAD●– (presumably to the alkyl
radical) results in formation of red-shifted (re-)
oxidized flavin FADRS; the H/D KIE suggests that bET
is coupled to and/or limited by PT. Cryotrapping
FTIR experiments suggest arginine as the final
proton donor to the alkyl (3). Concomitantly, most
CO2 (~75%) is transformed (4) to bicarbonate
as indicated by TR-IR and cryotrapping FTIR.
FADRS disappears in ~3 ms (5) with a H/D KIE > 3,
indicating coupling to PT. Upon alkane release (6),
new substrate binds (7). About 25% of the formed
CO2 is not transformed to bicarbonate, likely
because it migrates away from the active site within
100 ns, leaving the protein in ~1.5 ms (4′). In this
minor fraction, arginine (R451) should reprotonate
at latest in the ~3 ms step (5). Changes after individual
steps are marked in red; time constants are for RT.
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rotated out of the active site in the R451K
mutant, this variant is quite active. Although
it is possible that C432 rotates back into the
active site upon changes in the water structure
after CO2 cleavage, this would not explain the
threefold faster bET in R451K. Reaction path-
way I (Fig. 6C) seems unlikely, although we
cannot rule out that the C432Smutant uses a
different mechanism than the WT enzyme.
The observation of residual electron density
consistent with bicarbonate close to C432 sug-
gests that C432 may stabilize reaction products
such as CO2 and/or bicarbonate away from the
original position of the substrate carboxylate.
The other two pathways proceed through

PCET (Fig. 6C). Pathway III implies a catalytic
role of Wat2 in bicarbonate formation. This
mechanism is unlikely, as no changes were
observed for Wat2 in the electron density
maps derived by TR-SFX. By contrast, 300 ns
after photoexcitation, a significant loss of elec-
tron density of Wat1 was observed, supporting
pathway II. With the cleaved CO2 present in
the active site, as evidenced by cryocrystallog-
raphy and IR spectroscopy, Wat2 can serve as
a proton donor. The transiently deprotonated
R451 activates Wat1, resulting in bicarbonate
formation in <100 ns. This transformation of
CO2 to bicarbonate is orders of magnitude
faster than in solution [tens of seconds (38)],
indicating a strong catalytic effect.
R451’s role as transient proton donor was a

priori unexpected because proton transfers
from and to arginine residues are rare (39, 40)
due to their relatively high pKa values. In FAP,
the strong basicity of OH– formed from Wat2
by proton-coupled ET to the alkyl radical may
allow proton transfer from R451. In addition
to this catalytic function, R451 is crucial for the
FAP active-site architecture by precisely posi-
tioning and orienting the fatty acid head group
with respect to FAD and stabilizing the car-
boxylate in the catalytically active deproton-
ated form.
Fig. 8 and its legend summarize our com-

prehensive understanding of the very complex
cycle. By combining results obtained by amul-
titude of experimental techniques and compu-
tations, we provide a detailed mechanistic
description of the evolution of the reactant
(fatty acid) to the products [alka(e)ne and
CO2] and the role of the protein moiety in-
volving a proton-coupled electron-transfer
mechanism.Wedemonstrate partly unexpected
structural and dynamic properties of FAP, in-
cluding features that have not been observed in
other flavoproteins and other enzymatic reac-
tions in general. Understanding these catalytic
features is an important step in incorporating
FAP into the green chemistry toolkit.

Materials and methods summary

The FAP used in all experiments corresponds
to residues 76 to 654 of the full-length CvFAP

(or single mutants thereof obtained by site-
directed mutagenesis). WT CvFAP and CvFAP
mutants expressed in Escherichia coli and
purified were studied by x-ray crystallography
(static and TR-SFX), spectroscopy in solution
(FTIR, TR-IR on picosecond to microsecond
time scales, time-resolved fluorescence spec-
troscopy on picosecond to nanosecond time
scales, transient absorption spectroscopy on
nanosecond to millisecond time scales, and
ultrafast visible absorption and fluorescence
spectroscopy) and spectroscopy on single crys-
tals (UV-Vis and Raman). Activity assays were
based on quantification of hydrocarbons formed
(by gas chromatography coupled tomass spec-
trometry) or CO2 released (by membrane inlet
mass spectrometry). Computational studies in-
volved molecular dynamics simulations and
quantum chemistry calculations on CvFAP
and multiple alignments of GMC oxidore-
ductase protein sequences. Detailed materials
and methods are available in the supplemen-
tary materials.
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Reversibly photoswitchable fluorescent proteins are essential
markers for advanced biological imaging, and optimization of
their photophysical properties underlies improved performance
and novel applications. Here we establish a link between
photoswitching contrast, one of the key parameters that dictate
the achievable resolution in nanoscopy applications, and
chromophore conformation in the non-fluorescent state of
rsEGFP2, a widely employed label in REversible Saturable
OpticaL Fluorescence Transitions (RESOLFT) microscopy. Upon
illumination, the cis chromophore of rsEGFP2 isomerizes to two

distinct off-state conformations, trans1 and trans2, located on
either side of the V151 side chain. Reducing or enlarging the
side chain at this position (V151A and V151L variants) leads to
single off-state conformations that exhibit higher and lower
switching contrast, respectively, compared to the rsEGFP2
parent. The combination of structural information obtained by
serial femtosecond crystallography with high-level quantum
chemical calculations and with spectroscopic and photophysical
data determined in vitro suggests that the changes in switching
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associated to trans1 and trans2, respectively. Thus, due to
elimination of trans2, the V151A variants of rsEGFP2 and its
superfolding variant rsFolder2 display a more than two-fold
higher switching contrast than their respective parent proteins,
both in vitro and in E. coli cells. The application of the rsFolder2-

V151A variant is demonstrated in RESOLFT nanoscopy. Our
study rationalizes the connection between structural and
photophysical chromophore properties and suggests a means
to rationally improve fluorescent proteins for nanoscopy
applications.

Introduction

Reversibly switchable fluorescent proteins (RSFPs[1,2]) are photo-
chromic markers that are key to multiple super-resolution
microscopy (nanoscopy) schemes including RESOLFT (Reversible
Saturable Optical Fluorescence Transition[3–5]), NL-SIM (Non
Linear Structured Illumination Microscopy[6]), SOFI (Super reso-
lution Optical Fluctuation Imaging[7]) and multicolor PALM
(Photo Activated Localization Microscopy[8]). They are also
central tools in contrast enhancing approaches such as OLID
(Optical Lock-In Detection microscopy[9]) and in single channel
multicolor approaches such as OPIOM (Out-of-Phase Imaging
after Optical Modulation[10]). With the exception of Dreiklang[5]

and its variant SPOON,[11] RSFPs typically switch between a
fluorescent on- and a non-fluorescent off-state through light-
induced cis-trans isomerization of their p-hydroxybenzylidene

imidazolinone chromophore.[1,12, 13] Depending on whether the
same wavelength that induces fluorescence switches the RSFP
from the on- to the off-state or vice versa, they are said to be
negative or positive, respectively.[14] At neutral pH, the chromo-
phore of negative RSFPs (such as rsEGFP2 and its rsFolder
variants studied here) is generally cis-anionic in the on-state
and trans-protonated in the off-state, although exceptions have
been reported in rsGamillus.[15] Off-switching is promoted by
illumination with wavelengths near the fluorescence excitation
maximum (typically 488 nm) while on-switching requires illumi-
nation in the near UV region (typically 405 nm, Figure 1a).

In all nanoscopy applications relying on RSFPs as labels,
image quality and the achievable spatial resolution are mainly
determined by the following photophysical characteristics:[14] i)
the fluorescence brightness, being defined as the product of
the extinction coefficient of the on-state and the fluorescence
quantum yield, ii) the ensemble switching speed, i. e. the time
required to switch the ensemble from the on- to the off-state,
or vice versa, iii) the switching fatigue, being defined as the
fraction of an RSFP ensemble being photobleached per full
switching cycle, and iv) the switching contrast, that is, the ratio
between the fluorescence signal after on-switching and the
residual signal after off-switching. Such residual fluorescence
after off-switching mainly originates from back switching of the
off-state chromophore by the off-switching light.[16] Among
these characteristics, a high switching contrast is most critical
for achieving high spatial resolution, and engineering efforts
have thus been recently conducted to maximize it.[15,17] If we
neglect the possibility that the chromophore is not fully in the
fluorescent cis-anionic state after on-switching,[18] the switching
contrast is a function of the on-to-off and off-to-on switching
quantum yields and the extinction coefficients of both the on-
and off-states at the off-switching wavelength (see eq. 1 in the
Results section). In recent experimental[19,20] and
computational[21] studies, it was proposed that the switching
contrast is controlled by the relative stability of RSFPs in their
on- and off-states via the number of hydrogen bonds between
the chromophore and the protein pocket and its water
molecules in each state. Here, focusing on rsEGFP2 and its
rsFolder variants, we expand this view by showing how differ-
ent conformations of the off-state chromophore modulate
switching contrast, opening the door to rational optimization of
RSFPs for enhanced nanoscopy applications.

rsEGFP2 (Figure 1a) has been generated based on EGFP and
is widely applied in RESOLFT microscopy thanks to its fast
maturation and favorable balance between fluorescence bright-
ness, switching quantum yields, photofatigue resistance and
switching contrast.[22] Recently, evidence for conformational
heterogeneity in the off-state of rsEGFP2 at room temperature
was provided by serial femtosecond crystallography (SFX),

Figure 1. Photoswitching and off-state conformations in parental rsEGFP2.
(a) rsEGFP2 can be photoswitched from the fluorescent on-state (anionic cis
chromophore) to the non-fluorescent off-state (neutral trans chromophore)
by illumination with 488 nm light, and back by illumination with 405 nm
light. Photoswitching involves chromophore isomerization (blue and purple
arrows on chromophore methylene bridge) and a change in protonation
state of the phenol group. (b) Structures of parental rsEGFP2 in its off-state
solved from RT SFX data. Off-state models of parental rsEGFP2 solved from
RT SFX data earlier (PDB entry 6T39[23]) and in this work (PDB entry 7O7U).
Trans1 and trans2 are occupied at 40 % (light grey) and 30 % (dark grey) in
parental rsEGFP2 (this work) and at 65 % (light blue) and 25 % (dark blue) in
6T39, respectively. (c, d) Off-state models of parental rsEGFP2 solved from RT
SFX data in this work (light and dark grey), overlaid with trans conformations
in synchrotron structures of rsEGFP2 containing a monochlorinated
chromophore[24] solved from crystals with looser (yellow) and tighter
(orange) crystal packings[24] (c) and with the off-state model of rsFolder (PDB
entry 5DU0[26]) in purple (d).
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where in addition to the major trans state (trans1 conformer), a
hitherto unobserved trans isomer (trans2 conformer) was
observed,[23] which displays different twist and tilt dihedral
angles (ϕ and τ dihedral angles; see also Supplementary table
S3), protein environment and H-bonding network (Supplemen-
tary Figure S1). Interestingly, cryo-crystallographic synchrotron
data revealed a similar trans2 isomer upon off-switching of an
rsEGFP2 variant containing a monochlorinated chromophore
when crystals with a contracted unit cell were examined,
whereas a conformation similar to trans1 was populated in
crystals with a larger unit cell.[24] Trans1 and trans2 conformers
are located on either side of the V151 side chain (Supplemen-
tary Figure S1), a residue that needs to transiently retract for
the chromophore to switch between its cis and trans conforma-
tions (see supplementary movie in[25]) as suggested by time-
resolved SFX.[25] To start addressing the role of this residue in
photoswitching, a variant with more space was generated by
mutating V151 to an alanine.[25] During the preliminary photo-
physical characterization[25] neither the switching contrast or the
structure of the rsEGFP2-V151A variant was analyzed nor was
the sEGFP2-V151L control with a more bulkier side chain
generated.

The trans2 conformation in rsEGFP2 is also very similar to
the trans conformation observed in the off-state of rsFolder, a
superfolding variant of rsEGFP2 that harbors a phenylalanine
instead of a tyrosine at position 146 and that was designed to
facilitate RESOLFT microscopy in “hostile” environments such as
the bacterial periplasm.[26] Strikingly, rsFolder has a much lower
switching contrast than rsEGFP2 and rsFolder2, a single mutant
of rsFolder with a tyrosine at position 146 and thus the same
chromophore pocket as rsEGFP2.[26] This observation suggests a
possible link between the presence of trans2 and a reduced
switching contrast, raising the intriguing hypothesis that
removal of the trans2 fraction in rsEGFP2 could further enhance
its switching contrast.

Here, we investigate the structural off-state heterogeneity in
rsEGFP2 and eliminated it in V151A and V151L variants by
shortening or lengthening the amino-acid side chain at position
151, respectively. The V151A variant exhibits only the trans1
conformation and a substantially higher switching contrast
compared to the rsEGFP2 parent, whereas the V151L variant
shows only the trans2 conformation and a lower contrast. The
effects of the V151A and V151L mutations on the switching
contrast are reproduced in rsFolder2. We show that changes in
switching contrast between the investigated variants mainly
result from differences in extinction coefficients of the corre-
sponding off-states at the off-switching illumination wave-
length. Furthermore, we postulate rapid exchange dynamics
between trans1 and trans2 in parental rsEGFP2 and in rsFolder2
and suggest that the achieved equilibrium depends on environ-
mental factors, a notion we refer to as “photoswichting
fragility”. Finally, we show that the V151A variants maintain
their gain in switching contrast in vivo and investigate the
potential of rsFolder2-V151A for RESOLFT nanoscopy.

Results

Structural Heterogeneity in the Off-State of Parental rsEGFP2

In order to corroborate the observation of a second trans
isomer in parental rsEGFP2,[23] a follow-up SFX experiment was
carried out at the Linac Coherent Light Source (LCLS) using
microcrystals of parental rsEGFP2 of the same crystal batch
used earlier.[23,25] The on-state crystals were photoswitched by
488 nm light[27] and the room-temperature (RT) structure of the
resulting off-state solved at 1.7 Å resolution (PDB entry 7O7U;
see SI for details). Both trans1 and trans2 chromophore
conformations are again present (Figure 1b, Supplementary
Figure S2). They agree well with those observed earlier,[23] as
well as with those observed in cryo-crystallographic structures
of an rsEGFP2 variant containing a monochlorinated
chromophore[24] (Figure 1c, Supplementary table S3). The trans2
conformation is similar to the one adopted by rsFolder in its off-
state[26] (Figure 1d).

Structural Heterogeneity Bisected in the Off-States of
rsEGFP2 V151A and V151L Variants

Given that the trans1 and trans2 chromophore conformations
lie on either side of the V151 side chain (Figure 1b–d), we
reasoned that this residue could also control the off-state
heterogeneity. In addition to the rsEGFP2 variant with a
shortened side chain (V151A[25]), one with an enlarged (V151L)
side chain was therefore generated and non-fluorescent off-
state structures of both solved from RT SFX data collected at
the SPring-8 Angstrom Compact free electron Laser (SACLA)
from microcrystals after 488 nm light illumination[27] (Figure 2,
Supplementary Figure S3, Supplementary table S2). The off-
state structures (V151A: PDB entry 7O7X, V151L: PDB en-
try 7O7W) display only one chromophore conformation: trans1
for V151A (Figure 2a) and trans2 for V151L (Figure 2b).
Absorption spectroscopy indicates that about 85 % and 77 % of
microcrystalline rsEGFP2-V151A and -V151L chromophores have

Figure 2. Structures of rsEGFP2 and its V151A and V151L variants in their off-
states solved from RT SFX data. Off-state models of (a) rsEGFP2-V151A (cyan;
PDB entry 7O7X) and (b) -V151L (purple; PDB entry 7O7W) variants are
superimposed on the model of parental rsEGFP2 in the off-state solved from
RT SFX data (PDB entry 7O7U), featuring trans1 in light grey and trans2 in
dark grey. Trans1 and trans2 are occupied at 80 % and 75 % in
rsEGFP2 V151A and V151L, respectively. The cis conformers were removed
for clarity.
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switched from the on- to the off-state, respectively (for details
see Supplementary Figure S4 and its legend). Trans1 and trans2
chromophore conformations were modelled at 80 % (75 %)
occupancy in rsEGFP2-V151A (V151L) and the residual cis
conformer at 20 % (25 %). Spectroscopic and crystallographic
on- and off-state occupancies are thus consistent. In addition to
differences in chromophore conformations, the off-states of the
two variants also differ in their His149 and Tyr146 conforma-
tions. In the V151A variant His149 forms a hydrogen bond with
Tyr146 and the trans1 chromophore forms a hydrogen bond
with a water molecule (distance: 2.7 Å, Supplementary Fig-
ure S1c, Figure 2a), whereas in the V151L variant His149 is
hydrogen bonded to the trans2 chromophore (distance of 2.5 Å
between the chromophore phenol group and His149ND1;
Supplementary Figure S1b, Figure 2b). Synchrotron cryo-crystal-
lography structures of rsEGFP2-V151A (off-state: PDB en-
try 7O7C, on-state: PDB entry 7O7D) and -V151L (off-state: PDB
entry 7O7H, on-state: PDB entry 7O7E) also feature a trans1 and
trans2 chromophore in their off-state, respectively (Supplemen-
tary Figure S5b, d) and a cis chromophore in the on-state
(Supplementary Figure S5a, c).

Overall, the RT SFX structures strongly suggest that the
conformational off-state heterogeneity (trans1, trans2) seen in
parental rsEGFP2 is eliminated in the rsEGFP2-V151A and
-V151L variants, with trans1 being occupied in the former and
trans2 in the latter. Thus, the residue at position 151 controls
the off-state chromophore conformations (for a discussion of
the modulation of conformational off-state heterogeneity see
Supplementary Text S4).

Occupancies of Trans1 and Trans2 Conformations in Parental
rsEGFP2 and rsFolder2 are Sensitive to Experimental
Conditions

A puzzling observation is that the relative occupancies of the
trans1 and trans2 conformations differ in off-state crystal
structures of rsEGFP2 determined from three different SFX data
sets, although the same batch of microcrystals was used
(Supplementary text S1). In addition, attempts to observe the
trans2 conformation in macrocrystals of parental rsEGFP2 upon
RT illumination at various intensities by synchrotron cryo-
crystallography remained unsuccessful (see Supplementary text
S2). In contrast, the rsFolder2 off-state structure determined by
synchrotron cryo-crystallography (PDB entry 7AMF) showed
residual occupancy of the trans2 chromophore in addition to a
mainly occupied trans1 (Supplementary Figure S6), similarly to
the parental rsEGFP2 structures determined by RT SFX. These
results suggest that relative occupancies of the two off-state
conformations may change depending on even subtle differ-
ences in experimental conditions (see also[24]) or possibly the
age of the crystalline proteins. In contrast, the rsEGFP2-V151A
and -V151L structures in their off-states determined by SFX
(Figure 2) are similar to those derived from cryo-crystallographic
data we collected from macrocrystals at the European Synchro-
tron Radiation Facility (ESRF) (Supplementary table S1; Supple-
mentary Figure S5).

Determination of Switching Contrast, Switching Quantum
Yields and Extinction Coefficients of rsEGFP2, rsFolder2 and
Their Variants Embedded in Polyacrylamide Gels

To explore a possible correlation between the off-state
chromophore conformations and the switching contrast, we
measured the switching kinetics of rsEGFP2-V151A, rsEGFP2-
V151L and parental rsEGFP2 that contain either trans1, trans2,
or both conformations, respectively. We also investigated
rsFolder and rsFolder2, as well as the two variants rsFolder2-
V151A and rsFolder2-V151L.

We embedded the seven investigated variants in polyacryla-
mide gels and recorded their fluorescence switching curves
under laser illumination at 488 nm, using a wide field
fluorescence microscope (Figure 3). The switching contrast was
calculated as the ratio of the initial fluorescence in the on-state
after illumination at 405 nm divided by the residual steady-state
fluorescence after off-switching with 488 nm light (Table 1). We
found that for both rsEGFP2 and rsFolder2 the switching
contrast is reduced (× ~ 0.33) in the V151L variants and
increased (× ~ 2.6) in the V151A variants compared to the
parent proteins. The switching contrasts measured in the V151L
variants (~ 15) are similar to that of rsFolder (~ 20), whereas that
measured for both V151A variants exceeds 100.

To explore the underlying reason for the modified switching
contrasts, we examined the photoswitching kinetics of all
variants in more detail. Neglecting the slow thermal relaxation
in RSFPs (~ hour range) in view of the timescale of our
experiments (~ second range), the switching contrast SC at
wavelength λ can be approximated by:

SC lð Þ ’
kon!off

koff!on
¼

el; on � Qon� to� off

e
l; off
� Qoff� to� on

(1)

where kon!off and koff!on are the on-to-off and off-to-on switch-
ing rates, Qon-to-off and Qoff-to-on are the on-to-off and off-to-on
switching quantum yields, respectively, and ɛλ, on and ɛλ, off are
the extinction coefficients of both the on and off states at the
off-switching wavelength, respectively. Eq. 1 thus results from
the photochemically-driven equilibrium between on and off
states, assuming that the off states do not fluoresce. Changes in
the switching contrast can thus be due to changes in switching
quantum yields[19,20] and/or extinction coefficients of the on-
and/or off-states. For the proteins in the present study, the off-
switching wavelength is 488 nm. Whereas ɛ488,on was measured
using the Ward method[28] φon-to-off, φoff-to-on, ɛ488,off values were
calculated by fitting the experimental fluorescence switching
curves (Figure 3) with a kinetic model (see Supplementary
methods section and Supplementary text S3). Overall, the
dominating effect underlying variations between the observed
switching contrasts in the studied variants follows from
significant differences in off-to-on (rather than on-to-off) switch-
ing brightness at 488 nm (Table 1): the V151A variants switch
on significantly less efficiently at 488 nm than the parent
proteins, while the V151L variants switch on much more
efficiently. The observed differences in the off-to-on switching
brightness are mainly due to differences in ɛ488,off (reduced ~ 2.4
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fold in rsEGFP2-V151A, and increased ~ 1.9 fold in rsEGFP2-
V151L compared to parental rsEGFP2) and only to a minor
extend to differences in off-to-on switching quantum yields
(Table 1). Note that absolute values of off-to-on switching
quantum yields are notoriously difficult to determine, as
evidenced by the spread in values determined in different
laboratories (e. g. for rsEGFP2 in solution, values of 0.12[29] and
0.34[26] have been published). Yet, values determined under
identical conditions in the same laboratory should be compara-
ble. It is thus striking that similar off-to-on-switching quantum
yields were measured here on rsEGFP2 (0.23) and rsEGFP2-
V151A (0.25) embedded in polyacrylamide gels, but a two-fold
increase of the quantum yields for the proteins in solution has
been reported by us earlier (0.40 and 0.77 for rsEGFP2 and
rsEGFP2-V151A, respectively[25]). Unlike data in Table 1, the value
for rsEGFP2-V151A in[25] was determined from a single measure-
ment and we suspect that an unidentified experimental flaw
attributed to a laser power density calibration error lead to the
erroneously high value (0.77) that should thus be discarded.
Compared to rsEGFP2 and rsFolder2, the behavior of rsFolder is
similar to that of the V151L variants. We note that the V151A
variants are characterized by a lower fluorescence brightness
than their parents (Table 1).

Overall, our results suggest that the higher and lower
switching contrasts of the V151A and V151L variants relative to
the parent proteins, respectively, are mainly due to lower
absorptions of 488 nm light (ɛ488,off) by the trans1 chromophore
in V151A and to higher absorption of the trans2 chromophore
in V151L.

UV-Visible Absorption Spectroscopy on rsEGFP2, rsFolder2
and Their Variants in Solution

The differences in ɛ488,off determined from fitting the experimen-
tal fluorescence switching curves (Table 1) can be rationalized
by comparing UV-visible absorption spectra of rsEGFP2,
rsFolder2 and their V151A and V151L variants in their on- and
off-states, respectively (Figure 4). Indeed, we consistently ob-
served that the maximum of the off-state spectra of the V151A
variants are blue shifted, and the spectra of the V151L variants
red shifted relative to those of the parent proteins (Table 1). In
the V151A variants, the blue shifted off-state absorbance band
leads to a lower residual extinction coefficient at 488 nm
(ɛ488,off), resulting in less on-state contamination after off-switch-
ing (Figure 4) and thus to an increased switching contrast. In
contrast, the red shifted off-state absorbance band in the V151L
variants leads to a higher extinction coefficient at 488 nm, more
on-state contamination and a lower contrast. Interestingly, a
shoulder at 440 nm is visible in the off-state absorbance spectra
of rsEGFP2-V151L, rsFolder2-V151L and rsFolder (Figure 4) that
cannot be attributed to residual absorbance of the on-state.
This shoulder is also visible in off-state absorption spectra of
microcrystalline rsEGFP2-V151L (Supplementary Figure S4b).

We also recorded absorption spectra along on-to-off switch-
ing under alternating 488 nm illumination for all variants in the
solution state. An isosbestic point (Supplementary Figure S7)
was always observed, suggesting a homogenous off-state, not
only for the V151A and V151L variants, but also for the parent
proteins. Likewise, all our fluorescent switching curves (Supple-

Figure 3. Fluorescence switching curves. (a, b) Fluorescence switching curves for rsEGFP2 and rsFolder2 proteins together with their V151A and V151L
variants. (c) Switching curve for rsFolder compared to V151L variants of rsEGFP2 and rsFolder2. Data obtained from in-vitro measurements of purified proteins,
embedded in polyacrylamide gel (pH 8.0), on an epifluorescence microscope using 488 nm (0.27 W/cm2) illumination throughout data acquisition, and
additional 405 nm (0.03 W/cm2) during off-to-on switching. Pale colors stand for the mean values calculated from six measurements with standard deviations
shown in grey, whereas dark solid lines represent the fits from the used kinetic model.
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mentary Figure S8) displayed a similar trend, with no sign of
more complex kinetics in the parent proteins compared to the
V151A and V151L variants.

Quantum Chemical Calculation Analysis of Chromophore
Conformations in Parental rsEGFP2

So far, we implicitly assumed that the trans1 and trans2
conformations observed in the crystal structures occur in the
proteins in solution, and hence, the blue- and red-shifted
absorption could be attributed to trans1 and trans2 chromo-
phores, respectively. To test this assumption, the absorption
spectra of the trans1 and trans2 conformers were characterized
by quantum chemistry calculations. Starting from the SFX
structure of parental rsEGFP2 (PDB entry 6T39[23]), the geo-
metries of models featuring trans1 and trans2 chromophore
conformations in their respective protein environment (i. e.
trans1 being H-bonded to a water molecule and trans2 to
His149; Figure 5a) were optimized. The planarity of the
chromophore remained similar to the experimentally derived
one (Supplementary table S3) with trans1 being rather distorted
from the planar configuration in contrast to trans2 (Figure 5a).
The two configurations also differ in the length of the phenolic
OH bond and bonds of the conjugated system indicating a

stronger binding of the phenolic proton concomitant with a
reduced π-conjugation in trans1 as compared to trans2. The
energy cross sections computed for the phenolic OH bond
stretching (Figure 5b) demonstrate a shape typical for the
protonated p-hydroxybenzylidene imidazolinone chromophore
interacting with a proton acceptor[30] and confirm a stronger
proton binding in trans1. Consistent with reduced π-conjuga-
tion, the S0–S1 energy is higher for trans1 than for trans2
(Figure 5b, Supplementary table S4), suggesting a blue-shifted
absorption maximum for the former. The enhanced proton
binding in trans1 could be linked to a substantial electronic
coupling of 15 meV between trans1 chromophore and electron
donor Tyr146. The coupling is facilitated by a H-bond between
His149 and Tyr146. The trans2 chromophore is H-bonded with
His149 itself, and its electronic coupling with Tyr146 is reduced
to 0.5 meV. The absorption band shapes obtained with a
quantum-mechanical model considering the one-dimensional
OH-stretching potential (Supplementary Figure S9 and Supple-
mentary table S5) also suggest a blue shifted absorption band
of trans1 compared to trans2.

Geometry optimization and excitation energy calculations
were performed for the trans1 and trans2 models with alanine
and leucine, respectively, at position 151. Similar distorted and
planar geometries of trans1 and trans2, respectively, were found
in these models (Supplementary Figure S10 and Supplementary

Figure 4. Absorption spectra of fluorescent proteins presented in this study in their fluorescent on-state (dark colors) and non-fluorescent off-state (dim colors)
in solution. (a) rsEGFP2 and its variants rsEGFP2-V151A and rsEGFP2-V151L, (b) rsFolder2 and its variants rsFolder2-V151A and rsFolder2-V151L and rsFolder.
Spectra are normalized relatively to the respective on state spectra and are measured in HEPES buffer at pH 7.5.

Figure 5. Quantum chemical calculations of trans1 and trans2 within parental rsEGFP2. (a) Fragments of the chromopore models and selected distances (Å)
and angles in the optimized geometries. (b) The OH stretching energies. Vertical arrows indicate the S0–S1 excitation energies (eV) and transition dipole
moments (in brackets; Hartree*Bohr). The decrease of the S0–S1 energy along the OH stretching coordinate is demonstrated. The effect of the OH-stretching
potentials, showing strong anharmonicity, on the S0–S1 vibronic band structure potentially explaining the observed spectral shift is demonstrated in
Supplementary Figure S9.
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table S3). Further, the calculations confirmed that the S0–S1

excitation energy is higher for trans1 compared to trans2
independent of the residue at position 151 (Supplementary
table S4). Hence, our calculations suggest an increase of the
excitation energy for trans1 in comparison to trans2, consistent
with the blue-shifted absorption band assigned to trans1, which
we correlate with the increased out of plane distortion and
increased proton binding of trans1. The calculations thus
corroborate our assumption that the trans1 and trans2 con-
formers are adopted both in crystallo and in solution.

Determination of in Vivo Switching Contrasts of rsEGFP2,
rsFolder2 and Their Variants and RESOLFT Experiments on
rsFolder2-V151A

To investigate the in vivo switching properties of rsEGFP2,
rsFolder2 and their variants at light intensities similar to those
typically utilized in RESOLFT nanoscopy, we recorded switching
curves on E. coli colonies expressing the respective proteins
using high light intensities (Figure 6a, b). The determined
contrasts of rsEGFP2-V151A (109) and rsFolder2-V151A (119)
increased and that of rsEGFP2-V151L (6) decreased with respect

to parental rsEGFP2 (28) and rsFolder2 (22), in line with the
results obtained with low light intensities in vitro (Table 1). We
also compared the switching fatigue of parental rsEGFP2 and
rsFolder2 and their variants. To this end, the fluorescence of E.
coli colonies was switched on and off 4000 times and the
maximal fluorescence of the on-state was recorded for every
switching cycle (Figure 6c). While rsEGFP2 and rsFolder2 could
be switched more than 2000 times before their fluorescence
was reduced to 50 % of the initial brightness, the V151A variants
could be switched ~ 1500 times. Based on in vivo switching
properties, both V151A variants appeared to be suitable for
RESOLFT nanoscopy.

For investigating the usefulness for RESOLFT imaging, we
decided to concentrate on rsFolder2-V151A, as this variant
showed the highest photoswitching contrast in vitro (Table 1)
and in vivo, and could be particularly useful because of its
superfolding properties. A fusion protein of the cytoskeletal
protein Keratin with rsFolder2-V151A was expressed in cultured
human HeLa cells and imaged on the RESOLFT microscope.
While the resulting image shows the expected clear improve-
ment in resolution compared to the confocal counterpart
(Figure 7), its resolution of ~ 60 nm is comparable to the one of
previous RESOLFT recordings on the same microscope using

Figure 6. Switching kinetics and switching fatigue of rsEGFP2, rsEGFP2 V151A, rsEGFP2 V151L, rsFolder2 and rsFolder2 V151A. Comparison of the off switching
curve of rsEGFP2, rsEGFP2-V151A and rsEGFP2-V151L (a), as well as rsFolder2 and rsFolder2-V151A (b). Switching fatigue measurements of the five proteins
(c). All graphs were recorded on living E. coli colonies using high light intensities.

Figure 7. RESOLFT imaging using rsFolder2-V151A. Comparison of a confocal (a) and RESOLFT (b) recording of a HeLa cell expressing Keratin-rsFolder2-V151A.
Line profiles were taken at the indicated positions and the FWHM was determined on the fitted functions (c). Scale bar: 1 μm. The color maps indicate the
actual photon counts.
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parental rsEGFP2,[31] as judged by the full width at half
maximum (FWHM) of line profiles across small Keratin-rsFold-
er2-V151A filaments. Hence, despite the increased switching
contrast of the V151A variant, evidenced in vitro (Table 1) and
in vivo (Figure 6), the recorded images do not show a significant
increase in resolution compared to the parent protein. We
mainly attribute this result to the lower molecular and cellular
brightnesses of these variants compared to the parents
(Table 1).

Discussion

Correlation between Off-State Conformations, Switching
Contrast and Absorbance Spectra

We establish a link between the switching contrast and off-state
occupancy of the trans1 or trans2 chromophore conformations
in rsEGFP2 and rsFolder2 variants by combining our structural
and photophysical results. For the trans1 conformer (V151A
variants), the switching contrast is high, whereas the trans2
conformer (V151L variants) leads to a lower contrast. Parental
rsEGFP2 and rsFolder2, exhibiting trans1/trans2 off-state hetero-
geneity (see Supplementary text S4), display an intermediate
contrast (Table 1). The quantitative evaluation of fluorescence
switching kinetics and the off-state absorbance spectra of the
investigated variants strongly suggest that the main contribu-
tion to modulation of the switching contrast arises from red-
and blue-shifted absorption maxima of the off-state in the
V151L and V151A variants, respectively. This observation
correlates with the differences in twist and tilt dihedral angles
of the chromophore in trans1 and trans2, as well as in its local
environment, that tune the energy gap between the S0 and S1

electronic states as shown by our high-level quantum chemistry
calculations. The red-shift of the experimental absorption
maximum of the rsEGFP2-V151L off-state was reproduced
computationally (Figure 5b) and is consistent with the more
extended electron delocalization in the near-planar chromo-
phore of its trans2 conformation compared to trans1 (Figure 5a).
The less planar trans1 chromophore conformation might result
from stabilization of the protonated form by charge transfer
(CT) from Tyr146, activated by H-bonding to His149, that is
absent for trans2. Of note, based on the calculation of
ratiometric absorption spectra between the on and off states for
the three rsEGFP2 variants, we do not expect an increase in
switching contrast by employing illumination at red-shifted
wavelengths (Supplementary Figure S11).

When linking structural and spectroscopic results, we rely
on the assumption that the off-state heterogeneity observed in
crystals of parental rsEGFP2 and rsFolder2 is maintained in
solution. Our high-level quantum chemistry calculations justify
this assumption. Yet, the presence of isosbestic points in the
absorbance spectra along off-switching (Supplementary Fig-
ure S7) and detection of a single long-lived off-state in our
fluorescence-based switching curves (Supplementary Fig-
ure S12) indicate a homogeneous off-state in solution. These
findings are consistent if we postulate a fast exchange between

trans1 and trans2 in parental rsEGFP2 and rsFolder2 in solution,
occurring on timescales faster than detectable (~ 0.1 s) in our
absorbance and switching kinetics measurements. Our meas-
urements in solution thus capture the average photophysical
behavior between those of trans1 and trans2, giving rise to an
apparently homogeneous off-state. The postulated fast ex-
change contrasts the assumption by Chang et al that trans
conformations are locked on the second time scale (see
Supplementary information S3 in[24]).

Photoswitching Fragility in Parental rsEGFP2 and rsFolder2

The differential trans2 occupancies found in off-state structures
of rsEGFP2 determined by RT SFX under identical buffer
conditions on microcrystals of the same batch but of different
age and with varying illumination conditions (Supplementary
text S1), as well as the absence of trans2 in flash-cooled parental
rsEGFP2 macrocrystals (Supplementary Figure S13) and its
presence in rsFolder2 (Supplementary text S2, Supplementary
Figure S6), suggest that experimental and environmental
parameters determine to which extent trans2 gets populated in
parental rsEGFP2 and rsFolder2. We suggest that this is the
result of a low, environmentally dependent, barrier in the
protein conformational energy landscape[32] separating access
to, or exchange between, trans1 and trans2, a notion that we
refer to as “switching fragility”. Yet, the experimental conditions
that would reproducibly control heterogeneity in the off-states
of rsEGFP2 and rsFolder2 have not been identified. Alterna-
tively, or additionally, conformational heterogeneity of the cis
chromophore in the on-state could be at the origin of the
observed off-state heterogeneity.

Photoswitching fragility in parental rsEGFP2 or rsFolder2
may have consequences for imaging applications, when labels
are addressed to various cellular locations with potentially
different physicochemical environments. These different envi-
ronments (e. g. viscosity, ionic strength, or nature of a fusion
protein) could lead to different levels of heterogeneity and
variability in switching contrast (beyond that expected from pH
induced effects[15]). Such variability is expected to be alleviated
in rsFolder, the V151L variants, and the high switching contrast
V151A variants so that they may be considered as more
“robust” than their parents.

In conclusion, this work establishes a causal relationship
between the occupancy of two off conformations in rsEGFP2
and rsFolder2 and the achievable switching contrast, essentially
through absorbance shifts of the off-switched chromophore. A
point mutation is sufficient to enforce single trans conforma-
tions in the off-state. These had also been observed in more or
less densely packed crystals of off-state variants containing a
monochlorinated chromophore.[24] Trans1 seems to be favoured
in a more spacious chromophore pocket (V151A variant (this
work) and in crystals with a less contracted unit cell[24]) and
trans2 in a more constricted pocket (V151L variant (this work)
and in crystals with a contracted unit cell[24]). The rsEGFP2- and
rsFolder2-V151A variants, containing only the trans1 conformer,
exhibit greatly enhanced switching contrasts as compared to
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their parents, both in vitro and in vivo. Due to a loss in
fluorescence brightness of these variants, however, the optical
resolution obtained by RESOLFT nanoscopy on Keratin-rsFold-
er2-V151A filaments did not significantly increase compared to
previous studies using either parental rsFolder2 or rsEGFP2. In
the future, it would be interesting to investigate whether an
optimum illumination wavelength exist, possibly deviating from
the employed 488 nm light, that would further enhance the
switching contrast to a point overcompensating the observed
loss in brightness of the on form. Our rsEGPF2-V151A and
rsFolder2-V151A variants constitute promising leads for the
next-generation RSFPs, for which the fluorescence brightness
has to be increased while maintaining the enhanced switching
contrast described here.
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ABSTRACT: RsEGFP2 is a reversibly photoswitchable fluorescent protein used in super-resolved
optical microscopies, which can be toggled between a fluorescent On state and a nonfluorescent Off
state. Previous time-resolved ultraviolet−visible spectroscopic studies have shown that the Off-to-On
photoactivation extends over the femto- to millisecond time scale and involves two picosecond
lifetime excited states and four ground state intermediates, reflecting a trans-to-cis excited state
isomerization, a millisecond deprotonation, and protein structural reorganizations. Femto- to
millisecond time-resolved multiple-probe infrared spectroscopy (TRMPS-IR) can reveal structural
aspects of intermediate species. Here we apply TRMPS-IR to rsEGFP2 and implement a Savitzky−
Golay derivative analysis to correct for baseline drift. The results reveal that a subpicosecond twisted
excited state precursor controls the trans-to-cis isomerization and the chromophore reaches its final
position in the protein pocket within 100 ps. A new step with a time constant of 42 ns is reported
and assigned to structural relaxation of the protein that occurs prior to the deprotonation of the
chromophore on the millisecond time scale.

The structure determination of intermediates involved in
the early stages (femto- to picosecond time scales) of

protein photoactivation mechanisms has recently become
possible with the advent of X-ray free-electron lasers
(XFELs), coupled to a femtosecond ultraviolet−visible
(UV−vis) pump source [time-resolved serial femtosecond
crystallography (TR-SFX)].1−4 Vibrational time-resolved (TR)
spectroscopies such as Raman or infrared (IR) can disclose
relevant structural information that complements the TR-SFX
results. Importantly, they can uncover chromophore−protein
interactions (which cannot be accessed by TRUV−vis, which is
mainly sensitive to chromophore electronic transitions) and
have been used to study complex photoactive biological
systems such as fluorescent proteins5−8 and other photoactive
biosystems.9−12 Moreover, when used in a multiscale approach
[time-resolved multiple-probe spectroscopy (TRMPS)], the
dynamics from a few hundreds of femtoseconds to the
millisecond time range can be measured.13

The photoswitching mechanism of reversible photoswitch-
able fluorescent proteins (RSFPs) involves in general a trans-
to-cis isomerization, a proton transfer, and protein structural
reorganizations.1,6,7,14 Recently, the Off-to-On photodynamics
of isotopically labeled Dronpa2 were studied using TRMPS-
IR.6 The formation of the first ground state photoproduct after
a few picoseconds is followed by a protein reorganization in
596 ps and the formation of the final cis protonated
chromophore (On like) state in 91 ns. A second protein

reorganization in 4.8 μs takes place before the final
microsecond deprotonation.6 On the contrary, recent studies
from the femto- to picosecond1 and pico- to millisecond14 time
scales by TR-SFX and TRUV−vis spectroscopy on a similar
RSFP,1 rsEGFP2,15 proposed a different mechanism (Scheme
1a and Scheme S1). This protein has the same chromophore as
Dronpa [p-hydroxybenzylidene-2,3-dimethylimidazolinone
(HBDI)] but a different protein cage (Figure S6). The
femto- to picosecond study by TRUV−vis revealed two excited
state decays on the picosecond time scale involved in the trans-
neutral (Off state) to cis-anionic (On state) photoswitching
(Scheme 1a, Scheme S1, and Table S2), and the TR-SFX
captured a twisted and a planar chromophore conformation at
1 ps and the formation of the cis On-like chromophore at 3 ps.
The TRUV−vis pico- to millisecond study14 revealed the
existence of four ground state intermediates in solution with
lifetimes of 87 ps, 5.57 μs, 36.1 μs, and 825 μs, where the last
two were assigned to deprotonation steps (D2O isotopic
effect). The X-ray structure determined at 10 ns featured a cis-
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On-like chromophore geometry, where the main difference
with the On state is found in the His149 side chain position.14

Therefore, the movement of the His149 side chain to the final
On state was tentatively assigned to the 5.57 μs time constant;
however, no structural data were available.14

Although the general Off-to-On photoswitching mechanism
of rsEGFP2 is established, quantum chemical calculations
predicted an almost zero transition dipole moment for the
twisted model found in TR-SFX, which cannot correspond to
either of the excited state species identified by TRUV−vis
spectroscopy.1 Thus, the precise geometries of the chromo-
phore excited state species in solution and several of those in
the ground state are still elusive (question marks in Scheme
1a). Here we use TRMPS-IR to gain structural information
about the excited state dynamics and the different ground state
intermediates in the solution phase switching of rsEGFP2.
The intrinsically low molar absorption coefficients in the IR

spectral region and modest quantum yield of product
formation make TRMPS-IR signals of RSFPs typically very
weak compared to TRUV−vis signals. Consequently, despite
advances in experimental methods,16−19 TRMPS-IR transient
spectra of RSFPs are affected by intensity fluctuations.13,20

These fluctuations translate into baseline drifts and offsets,

making preprocessing and signal correction key steps before
the analysis of TRMPS-IR data, which typically involve a
multiexponential global fit of the time traces.21−24 The
standard procedure for correcting the baseline drift (Scheme
1b) is to fit a polynomial baseline function to each individual
spectrum and subtract it from the raw data.17 However,
polynomial baseline correction methods commonly rely on
parameters that are specified by the user (order of the
polynomial and location of points for fitting). A major
drawback of modeling the baseline shifts as a polynomial is,
in some cases, the inability to select appropriate points that are
both sufficiently well spread throughout spectral range and
genuinely offset-free for the whole set of spectra. A common
approach is to choose isosbestic points in the data, which are
generally assumed to be crossing points (overlap between
ground state depopulation and induced absorption) of modes
that have shifted.17 Altogether, these aspects can hinder the
determination of the number of species and time constants
involved in the photodynamics. Here we applied Savitzky−
Golay derivative filter,25 a method used in different fields,26−29

to preprocess the TRMPS-IR data. The advantage of the
Savitzky−Golay derivative approach rests on its non-arbitrary

Scheme 1. (a) Current rsEGFP2 Off-to-On Photoswitching Mechanisms Based on TRUV−Vis and TR-SFX Results1,14,a and
(b) General TRMPS-IR Data Analysis Scheme

aThe first chromophore structures (1 ps) represented in the panel correspond to the Off state in light gray [reproduced from Protein Data Bank
(PDB) entry 5DTY], the twisted and planar chromophore structures determined at 1 ps in cyan (reproduced from PDB entry 5O8B), and the On
state in green (reproduced from PDB entry 5O89). The cyan protein chromophore with part of the protein cage (10 ns) corresponds to the
structure determined at 10 ns (reproduced from PDB entry 6T3A).

Figure 1. rsEGFP2 On-to-Off photoswitching reaction (480 nm irradiation) at pD 8 (50 mM NaCl and 50 mM HEPES) followed by (a) difference
FTIR spectra in the range of 1475−1720 cm−1 (obtained by subtracting the non-irradiated On state spectrum) and (b) UV−vis steady state
absorption spectra between 340 and 540 nm.
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choice of support points and on the local nature of the
derivative filter exploited to correct local drifts.
To characterize the On and Off forms, first the On-to-Off

kinetics of rsEGFP2 were measured by FTIR (Figure 1a) and
UV−vis spectroscopy (Figure 1b) under steady state 480 nm
irradiation in deuterated water at pD 8. UV−vis absorbance
spectra (Figure 1b) show an isosbestic point between the
absorption bands of the chromophore in the Off state (trans-
neutral conformation; 408 nm) and On state (cis-anionic
conformation; 482 nm). Assuming that at pD 8 the
thermodynamically stable state is the On state with the cis-
anionic chromophore fully occupied, the photostationary Off
state is calculated to be a mixture of 90% trans-protonated
form and 10% cis-anionic form. The switching quantum yield
was determined to be 1% and 18% for On-to-Off and Off-to-
On transitions, respectively (Figure S2), and the thermal back
recovery time was fitted with a single exponential decay of 1.81
h (Figure S3). These values are in agreement with those
reported by Duwe ́ et al.30 Similar to UV−vis experiments, the
FTIR difference absorbance spectra in Figure 1a (the resting
On state spectrum is subtracted) are characterized by two
species, the negative bands corresponding to the depopulation
of the cis-anionic On state and the positive bands
corresponding to the formation of the trans-neutral Off state.
The assignment of the different vibrational bands can be made
by comparison with Dronpa, which has the same chromo-
phore6−8,31 and HBDI literature.32 The main On state bands
are those at 1491, 1538, 1569, 1614, 1651, and 1668 cm−1.
The 1491 and 1569 cm−1 bands are characteristic of phenolate
vibrations. The 1668 cm−1 band is assigned to the

imidazolinone CO stretching mode,32 and the 1538 cm−1

band to the CN/C−C stretching mode.33 The negative
bands that cannot be assigned to the HBDI correspond to
infrared active modes of protein residues that couple differently
to the cis-anionic and trans-neutral chromophore; these are the
1614 and 1651 cm−1 bands, respectively. The main trans-
neutral chromophore vibrations are observed at 1681, 1633,
1602, and 1515 cm−1. The 1681 cm−1 band was assigned to the
CO stretching of the chromophore imidazolinone
group,6−8,31 while the band at 1633 cm−1 can be assigned to
the delocalized CC−NC bond (which may have an
underlying protein contribution and phenyl ring stretch
vibration).8 The 1602 cm−1 and 1515 cm−1 bands are assigned
to phenyl modes vibrations6,7

The TRMPS-IR spectra recorded after a 400 nm laser
excitation of the rsEGFP2 Off state (1 ps to 900 μs) are
displayed in Figure 2. The corresponding TRUV−vis data were
published up to 40 ps1 and are here extended until 2 ns in
Figure S1. At 1 ps, the rsEGFP2 TRMPS-IR spectrum is
characterized by several negative bands [ground state
bleaching (GSB)], assigned to the depopulation of the trans-
neutral Off form. Note that several of the negative bands in
Figure 2 correspond to positive bands in the FTIR spectra in
Figure 1a, while there are some new bands in Figure 2 that
reflect prompt perturbations of the protein vibrational
spectrum.
The ultrafast Off-to-On dynamics studied by TRUV−vis

femtosecond spectroscopy (Figure S1) shows the formation of
the transient signal in ∼300 fs. At this time, several bands can
be seen, two positive bands with maxima at 335 and 455 nm,

Figure 2. Transient IR absorption spectra of rsEGFP2 after 400 nm femtosecond laser excitation of the trans-neutral chromophore (Off state) at
pD 8 (50 mM NaCl and 50 mM HEPES), recorded by TRMPS-IR from 1 ps to the millisecond range.
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which are attributed to excited state species absorption (ESA),
and two negative bands. The first narrow negative band
centered between 390 and 410 nm is attributed to GSB
(depopulation of the trans-neutral form), and the second
broadband negative band ranging from 490 to 700 nm is
attributed to the stimulated emission (SE) of excited state
species. The SE band is characterized by a large band (490−
600 nm) with a minimum at 515 nm together with a red-
shifted tail (600−720 nm). The growth of the latter occurs
with a certain delay in comparison to the one centered at 515
nm (Figure S1a). A fast initial evolution around 1 ps can be
seen in the ESA bands centered at 335 and 455 nm together
with the GSB band and SE band centered at 515 nm; these
bands decrease to around half of their intensities (Figure S1b).
Importantly, within the same time, the red tail of the SE band
decays completely. This evolution is followed by the decay of
all of the transient absorption bands in ∼10 ps to form at 40 ps
a transient spectrum characterized by a positive band at 375
nm and a small negative band between 465 and 580 nm with a
maximum at 502 nm. The absence of SE at 40 ps after this
time indicates that processes in the ground state are being
probed. These evolutions are followed by the formation of a
new positive band at 390 nm (Figure S1c). The global analysis
yielded three time constants, an ultrafast component of 0.2 ps
assigned to decay of the Franck−Condon (FC) excited state
followed by two excited state decays with lifetimes of 0.7 ± 0.1
and 4.8 ± 0.3 ps (Figure S1d), in agreement with previous
results1,14 (Table S2).
Similar evolutions of species can be observed via TRMPS-

IR. The relaxation of the first excited state is characterized in
TRMPS-IR spectra by the recovery of the GSB bands (∼30%
decrease of the 1681 cm−1 band at 3 ps) and a decrease and
growth of positive bands at 1668 and 1651 cm−1. This initial

evolution is followed by an incomplete recovery of the GSB
bands during the relaxation of the second excited state. At 30
ps, both excited states have relaxed to the electronic ground
state, and the formation of a band at 1686 cm−1 superimposed
with a broad bleach band can be observed. The total recovery
of the GSB bands is ∼80%, in agreement with the determined
Off-to-On switching quantum yield of 18%. The growth of the
band at 1686 cm−1, slightly blue-shifted with respect to the
trans CO mode, is assigned to the formation of a cis-neutral
photoproduct based on observations in Dronpa and the HBDI-
associated DFT calculations6 (discussed below). The assign-
ment of the other chromophore modes at lower wavenumbers
is complex due to overlapping protein modes (e.g., at 1651
cm−1). From 30 ps to 1 ns, further spectral evolutions are
difficult to resolve due to baseline fluctuations (see 160, 500,
and 1000 ps at 1600 cm−1). The rsEGFP2 transient spectrum
recorded at 1 ns (Figure 2) displays two main positive bands at
1594 and 1651 cm−1 and a ground state bleach at 1633 cm−1.
Strong baseline fluctuations hinder the observation of the
photoproduct spectral evolution from 1 to 900 μs. Within the
first 500 ns, there is an increase in the amplitude of the positive
band at 1651 cm−1 and the GSB at 1633 cm−1. Finally, the
formation of two positive bands at 1491 and 1614 cm−1,
characteristic of the cis-anionic On state, can be seen in a few
hundred microseconds (see the transient spectrum at 900 μs
and FTIR spectra in Figure 1a).
As discussed above, baseline fluctuations need to be

corrected when performing a global decay analysis to obtain
intermediate species decay-associated difference spectra
(DADS) and their lifetimes. Here we apply a Savitzky−
Golay derivative filter, which to the best of our knowledge has
not yet been applied to TRIR or TRMPS-IR data. The
validation of the Savitzky−Golay derivative filter to correct

Figure 3. Methodology used to apply the Savitzky−Golay derivative filter to the TRMPS-IR data and obtain DADS and associated time constants.
(a) IR transient absorption spectra of rsEGFP2 after 400 nm femtosecond laser excitation of the Off form. (b) Savitzky−Golay (five-point spectral
window, third-order polynomial interpolation) first-order derivative of the time-resolved spectra. (c) Determination of the number of components
by SVD followed by a global decay analysis to obtain the derivative DADS and time constants. (d) Cumulative integrated DADS.
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baseline drifts was carried out on simulated data sets as
described in the Supporting Information (Figures S7−S9)
through a comparison with standard polynomial correction
methods (see Figures S10−S14 and Table S3). Considering
the simulations, after the baseline corrections, the most
relevant feature of the Savitzky−Golay derivative filter
compared with the polynomial correction is a much more
accurate determination by singular-value decomposition
(SVD) of the underlying number of components involved in
the dynamics (see the outcomes with the simulated data in
Figure S10). The analysis of TRMPS-IR data using the
Savitzky−Golay derivative filter method is shown in Figure 3
(data from 1 ns to 900 μs). The filter removes the baseline
drift, revealing the spectral evolutions in the derivative spectra
(Figure 3b). The associated time constants and (derivative)
DADS obtained from the global analysis of the preprocessed
derivative data can be seen in Figure 3c (bottom right panel).
The final baseline drift-corrected DADS are obtained via a
simple cumulative integration, to yield the DADS (Figure 3d).
After the application of the Savitzky−Golay filter, the global

fit of the data has been performed in two steps, from 1 ps to 2
ns and then from 1 ns to 900 μs; this prevents the high
amplitudes of the initial evolution from biasing long time lower
signal amplitude data. The SVD of the entire rsEGFP2
TRMPS-IR derivative data set highlighted the presence of
seven underlying components (three from 1 ps to 2 ns and
four from 1 ns to 900 μs). The results are displayed in Figure
4. Considering the higher signal-to-noise ratio of the TRUV−
vis data and the number of time points collected between 0

and 1 ps (the first time point recorded in TRMPS-IR is 1 ps),
we fixed the first time constant to 0.7 ps and left the other two
free for the TRMPS-IR data,34 obtaining values of 5.5 ± 0.1
and 117 ± 7 ps. The DADS of the first component (0.7 ps) is
characterized by a positive contribution of the excited state at
1620 cm−1 and a negative one at 1686 cm−1 [a negative DADS
for a positive signal in the transient spectra implies the
formation of this signal (Figure 4a, blue curve)], consistent
with the appearance of the positive band at 1686 cm−1 in the
original data [discussed above (Figure 2), 30 ps]. The 1620
cm−1 band can be assigned to the chromophore CC
vibration by comparison with the attributions by Warren et al.7

in Dronpa, although there may be contributions from protein
modes according to Laptenok et al.6 The 1686 cm−1 band is
assigned to the CO stretching of a cis chromophore and is
located near the CO stretching band of the trans
chromophore peaking at 1681 cm−1 (positive band in Figure
1). This red-shift of the CO stretching peak between a cis
chromophore and a trans chromophore has been observed and
considered the primary trans-to-cis isomerization signature for
Dronpa and Dronpa2 and the o-HBDI analogue.35 Concom-
itantly with the decay of the 0.7 ps excited state, a partial
recovery of the GSB is observed. The partial recovery of the
GSB signals indicates that the ultrafast isomerization occurs
through a conical intersection in which part of the
chromophore population evolves back to the original trans-
neutral conformer and the remainder forward to a cis-neutral
chromophore.

Figure 4. Results of global analysis of TRMPS-IR data. Left panels correspond to the cumulative integrated DADS reconstructed using the pre-
exponential factors obtained from the global fit analysis of the preprocessed traces with a weighted sum of four exponential functions (note the
DADS are already reintegrated). (a) Data from 1 ps to 2 ns. (b) Data from 1 ns to 900 μs. In the right panels, a selection of traces is represented
together with the corresponding fits and residuals. (c) Data from 1 ps to 2 ns. (d) Data from 1 ns to 900 μs. Note that the time axes are set on a
logarithmic scale.
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Contrary to the 0.7 ps component, the 5.5 ps (4.8 ps in
TRUV−Vis) DADS (Figure 4a, orange curve) is mainly
characterized by GSB recovery and ESA decay. The existence
of an SE band for the 4.8 ps DADS indicates the presence of an
ESA. The presence of a positive band that is red-shifted in
comparison to the maximum of the GSB band can also be
assigned to the presence of a hot ground state. This hot ground
state population is attributed to the relaxation of part of the
excited state species that, after the decay through a conical
intersection in 0.7 ps, relaxes back to the original trans form.
Such vibrational relaxation could explain the longer time
component found for the second ESA by TRMPS-IR (5.5 ps vs
4.8 ps) because IR signals are more affected by vibrational
cooling processes. Within the 5.5 ps component in TRMPS-IR,
essentially, the recovery of the main characteristic bands of the
trans-neutral chromophore peaking at 1515, 1602, and 1682
cm−1 is observed. The first two bands correspond to the phenyl
vibrations, and the last one corresponds to the CO
stretching of the imidazolinone group. Therefore, the 5.5 ps
component is attributed to a conformation that does not lead
to isomerization, while the 0.7 ps excited state corresponds to
the cis photoproduct precursor. Because the DADS of the
TRUV−vis data short component [0.7 ps (Figure S1f)] has a
red-shifted stimulated emission, it is assigned to a twisted
chromophore in the excited state while the 5.5 ps feature is
assigned to a planar chromophore in the excited state, similarly
to the case of fluorophores that show twisted intramolecular
charge transfer, and the emission from the TICT is red-shifted
in comparison to that from the localized excited state that
presents no change in geometry.36 Moreover, twisted HBDI
chromophores have lifetimes that are much shorter than those
of planar HBDI.37,38 The twisted geometry of the chromo-
phore in the excited state suggested by UV−vis and IR
probably differs from that captured by TR-SFX at 1 ps
considering that quantum mechanical calculations predicted a
zero transition dipole moment for the latter.1 On the contrary,
the same calculations predicted that the formation of the
twisted chromophore in the excited state is completed in <0.5
ps via a Hula−Twist mechanism. For the S1 state, they yielded
a major twisted chromophore conformation (τ = −73°, and Φ
= 11°) and an additional minor planar conformation (τ =
−30°, and Φ = −11°).1 The two excited state species (0.7 and
5.5 ps) may arise from a bifurcation of the FC state in 200 fs,
populating two distinct excited states. Alternatively, two
distinct chromophore ground state conformations may lead
to two excited states with different decay times; note that the
presence of two different coexisting trans forms was recently
reported for crystalline rsEGFP2.14,39,40 After the decay of the
5.5 ps component, the GSB bands recover to ∼80%. Because
no extra recovery of the main GSB band can be observed at
longer delay times, we consider that there is no thermal back
reaction from the intermediate photoproducts back to the Off
state. To support the proposed mechanism, we performed a
target fit analysis (Figure S5e) assuming that the population of
each excited state to be 50%. As described previously, the
decay time of the first component is fixed to 0.7 ps. All other
rate constants are fitted, and the results are shown in Figure S5.
The species associated difference spectra (SADS) and their
lifetimes are similar to those obtained from the exponential
global fit [DADS (Figure S5a) and SADS (Figure S5c)].
Finally, the Off-to-On photoswitching quantum yield calcu-
lated from the rate constants is 19% (Figure S5e), in

agreement with that measured with steady state irradiation
(Figure S2).
After the decay to the ground state, a species with a time

constant of 117 ± 7 ps was observed (Figure 4a, green curve),
in agreement with the 98 ± 16 ps time constant retrieved from
the UV−vis data (Figure S1). The corresponding species is
characterized by negative and positive bands at 1680 and 1691
cm−1 assigned to a shift of the CO stretching. Similarly,
negative signals at 1650 and 1620 cm−1 assigned to a protein
residues and phenyl ring stretches are also observed. The shift
of the CO stretching after the decay of the excited state
suggests the relaxation of the cis-neutral chromophore to its
final cis On-like neutral position [TR-SFX structure captured at
10 ns (Scheme 1)] and not solely to a protein rearrangement
as previously reported.14 The appearance of the cis isomer
(1691 cm−1 band) for rsEGFP2 in a few picoseconds following
an excited state isomerization reaction is different from
observations on the related Dronpa2 protein,6 where the cis
isomer (1702 cm−1 band) appears in 91 ns, after a protein
ground state reorganization of the picosecond formed
metastable intermediate. In Dronpa2, the assignment of the
1702 cm−1 band to the cis isomer was confirmed by 13C
isotope labeling.6 In rsEGFP2, the isomerization precedes the
change in protein structure. The difference is ascribed to a
significant difference in the structure between the two proteins
(see the X-ray structures of Dronpa and rsEGFP2 in Figure
S6), which include both On and Off structures of the
chromophore ground state and the H-bonding environment
of the CO imidazolinone group with the surrounding
residues.
Four time constants were needed to fit the signal evolutions

after 1 ns [DADS (Figure 4c,d) and SADS (Figure S5d)].
Note that the 2 ms time constant reported elsewhere (in
D2O)

14 cannot be obtained precisely as the longest time delay
probed by TRMPS-IR is 900 μs, and thus a 2 ms time constant
was used as fixed value in the fit. If it is omitted, the quality of
the fit is unaffected but the final state (offset) then fails to
reproduce the FTIR data, as required at long times (Figure
S4b). The other three time constants found are 42 ± 2 ns, 2.2
± 0.1 μs, and 67 ± 3 μs. In addition to the 2 ms time constant,
our previous UV−vis study14 reported two time constants of
5.16 and 88.4 μs (no evolution in the nanosecond range was
reported). The 10 ns intermediate state structure obtained by
TR-SFX features His149 in an Off-like position.14 Thus, the
first UV−vis time (5.16 μs) constant was attributed to the
structural evolution of His149 prior to the multistep
chromophore deprotonation (88.4 μs and 2 ms; time constants
both show significant deuterium isotope effects).14 The 67 μs
and 2 ms species IR DADS (Figure 4c; the two DADS are
represented solely in Figure S4a for the sake of clarity; SADS in
Figure S5d) revealed the formation of the phenolate vibration
band at 1491 cm−1, and this finding agrees with the D2O
isotope effect and multistep deprotonation observed by
Woodhouse et al.14 The movement of the His149 side chain
was expected to occur before the deprotonation steps14 and,
thus, can be attributed to the 42 ns or 2.2 μs constants found
in TRMPS-IR. The δ nitrogen atom (ND1) of His149 is
hydrogen-bonded to the chromophore phenolate in the On
state. The 42 ns evolution has important contributions in the
1651 cm−1 positive band (assigned to the amide mode of
residues interacting with the chromophore) and in the 1633
cm−1 GSB representative of the trans form [FTIR (Figure 1a)]
and thus agrees with the movement of an amino acid side

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.1c02920
J. Phys. Chem. Lett. 2022, 13, 1194−1202

1199

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.1c02920/suppl_file/jz1c02920_si_001.pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c02920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


chain interacting with the chromophore. The fact that the 2.2
μs DADS [SADS (Figure S5d)] shows only small variations in
the band intensities suggests rearrangements that provoke
small or no changes in the chromophore environment.
Therefore, we tentatively attribute the 2.2 μs evolution to
the β-barrel relaxation, involving particularly the seventh,
eighth, and tenth β-strands, which, as shown by rsFolder NMR
studies41 or Dronpa,42 are the strands undergoing major
distortions during the photoswitching process. Moreover,
NMR studies of GFP have shown that the β-barrel is rigid
on the pico- to nanosecond time scale, while significant
flexibility on the micro- to millisecond time scale has been
observed in β-strands 3, 7, 8, and 10 and in the α-helix carrying
the chromophore.43 This time scale agrees with the time
constant of 2.2 μs being attributed to β-barrel relaxation.
In summary, we hypothesize that once the cis-neutral

chromophore (117 ps) and the surrounding amino acids (42
ns) adopt their final position, a general relaxation of the
protein occurs (2.2 μs), which provokes changes in the pKa
that in turn triggers the chromophore deprotonation in the
micro- to millisecond time range (Scheme 2). The offset
obtained from the fit (Figure 4c) is in agreement with the
FTIR spectra and confirms both the deprotonation step
occurring in the millisecond range and the formation of the
final cis-anionic On state.14 The two-deprotonation processes
can be due to either a multistep deprotonation via Thr204 and
His149 to the solvent outside the protein as suggested for
GFP,44 which is triggered by a change in the pKa once all
protein rearrangements have taken place, or an average signal
of several protonation/deprotonation events between the
chromophore and His149 on a submillisecond time scale, as
suggested by recent studies on rsFolder,45 that finally connects
the water molecule that is hydrogen bonded to the
chromophore with the solvent via His149 and a chain of
three water molecules.14

Altogether, the UV−vis, TR-SFX, and TRMPS-IR results
allow us to suggest the following modified Off-to-On
photodynamical scheme for rsEGFP2 in solution (Scheme 2;
time constants are those obtained by exponential global
analysis).

The proposed scheme could be obtained because of the
TRMPS-IR study of rsEGFP2 photodynamics combined with
the Savitzky−Golay derivative filter (only one trans Off state is
considered).1 We revealed a previously unreported decay time
in the nanosecond range, which has been tentatively attributed
to the movement of the His149 side chain, and the few-
microsecond evolution reassigned to the relaxation of the β-
barrel (Scheme 2 and Table S2). More importantly, the
appearance of a cis-like chromophore band in a few
picoseconds is evidence of a subpicosecond twisted excited
state precursor that controls the trans-to-cis isomerization
followed by a hundred-picosecond relaxation in the ground
state to the protonated cis-On like chromophore. Ongoing
theoretical calculations of IR vibrations that take into account
the protein residues will allow us to assign precisely the
different bands observed to unveil the different chromophore−
protein interactions. Future studies of rsEGFP2 variants
mutating the His149 could verify the hypothesis that the
nanosecond time constant is assigned to histidine movement.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c02920.

Materials and methods (sample preparation, acquisition
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different vibration bands for HBDI in the literature
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results (Table S2), UV−vis photoswitching spectra
(Figure S2), thermal back reaction (Figure S3),
TRMPS-IR exponential global analysis and global target
fit analysis (Figures S4 and S5), X-ray structures of
rsEGFP2 and Dronpa (Figure S6), validation of the
Savitzky−Golay derivative filter on simulated TR data
sets and application of the Savitzky−Golay derivative
filter to simulated data sets (Figure S7), first-order

Scheme 2. Proposed Off-to-On Photoswitching Mechanism for rsEGFP2
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Savitzky−Golay derivative filter (Figure S8), integration
of derivative DADS (Figure S9), influence of the
baseline contribution on SVD (Figure S10), decay
times obtained after the correction of the baseline drifts
with a polynomial fit or via derivatives (Table S3), decay
traces with fits and residues (Figure S11), reconstructed
DADS (Figure S12), difference between the DADS from
fits and simulated data (Figure S13), and DADS with the
wrong selection of points for polynomial correction
(Figure S14) (PDF)
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